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ABSTRACT

Huntington’s disease (HD) is a genetic hereditary disorder characterized by aggrega-
tion of polyQ-expanded mutant Huntingtin (mHTT) protein and progressive neurodegen-
eration within different brain regions, but specially in cortex and striatum. The pathology
is associated with motor, cognitive and psychiatric symptoms. A hallmark of HD is the
aggregation of polyglutamine-expanded (polyQ) huntingtin from soluble oligomers to in-
clusion bodies. Still nowadays, the character of these aggregates and the transition to
the neuronal functional disorder, is poorly understood.

In this thesis, the progression of the disease was assessed in a spatiotemporal manner
in the R6/2 mice, a HD model, in order to find molecular signatures that could lead
first, to a more detailed description of the disorder and second, to the elucidation of
possible protein candidates that eventually have the ability of modify HD-related toxic-
ity. Initially, it was approached by mass spectrometry-based quantitative proteomics to
break down the spatiotemporal mechanisms of degeneration in HD. The formation of in-
soluble inclusion bodies throughout the disease progression correlated with the profound
remodeling of the soluble proteome. The complexity in protein numbers of the aggregates
was detailed through a quantitative characterization. This deep analysis unraveled the
dependency of the aggregates’ protein sequestration on specific biophysical features and
sequence domains.

Based on the proteomic data and applying different criteria, a follow-up study of some
proteins was carried out. Overexpression of a selected group of the sequestered proteins
improved the cellular viability in a cell line model of HD and reduced in most cases the
inclusion body size. The effect of most of those proteins was specific to a mHTT-toxicity
induced context. These results suggest that widespread loss of function contributes to
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aggregate-mediated toxicity.

The strong effect of one of the protein candidates in the viability assays, Hepatome-
derived grow factor (HDGF), lead to a closer examination. The effect of the protein
was confirmed in primary neurons, in both transient transfection and in long-term viral
transduction. Overexpression of HDGF in the striatum of R6/2 mice significantly rescued
their exploratory behavior and ameliorated their clasping phenotype.

In summary, the thesis represents a multi-disciplinary study in the R6/2 mouse model,
spanning from proteomics to in vivo overexpression of a validated sequestered protein,
which appears to be a potential therapeutic mHTT-toxicity modifier. Collectively, the
study provides an integrative approach to solve HD molecular mechanisms and con-
tributes to fill in the gap between identification of disease-associated pathways and their
corresponding phenotypes.



CHAPTER 1

INTRODUCTION

1.1 Neurodegenerative diseases

Neurodegeneration is the term that defines the progressive demise of neuronal struc-
ture and function, including their death. Among the hundreds of different neurode-
generative diseases (NDDs), the main focus has been given mainly to a few of them,
including Alzheimer’s disease (AD), Parkinson’s disease (PD), HD, and amyotrophic lat-
eral sclerosis (ALS). Other less common NDDs, though no less devastating, are also an
important challenge. At a subcellular level, they appear to be connected by many sim-
ilarities. Uncovering these analogies could be translated into therapeutic advances that
may ameliorate many diseases simultaneously. Among these common features we can
find atypical protein interaction networks, protein misfolding [49], as well as induced cell
death [146, 27]. NDDs diverge from each other in the different proteins that are mutated
which aggregate, in the states they adopt, in the aggregate location (extracellular or
intracellular; cytoplasmatic or nuclear), as well as in the affected neuronal populations.
Many NDDs are caused by genetic mutations which are, mostly, located in completely
unrelated genes. They, however, lead to protein misfolding, aggregation and neurode-
generation as common traits. These molecular defects in turn lead to alterations at the
cellular, circuit and behavioral levels.

One of the most challenging questions for personalized medicine today is, in fact,
the translation of genetic information into functional mechanisms that are applicable to
disease pathogenesis. In particular, in NDDs it is essential to address this issue. While
disease-causing mutations have been identified for most NDDs, the mechanistic details
of the pathology remain elusive for most of them. The progress of effective therapies has
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been limited by the restrictions of our knowledge regarding the causes and the mecha-
nisms by which neurons die in NDDs. Despite that, several neurobiological breakthroughs
have brought closer the possibility of effective therapeutic strategies for different NDDs
[110, 246]. It is accepted that progression of NDDs is largely mediated at the protein
level, thus investigating NDD-related proteins and their contexts seems to be a promising
approach to decipher disease mechanisms [246].

1.2 Huntington's disease

HD is a rare, autosomal dominant, neurodegenerative disease which was first described
in 1842, by Charles Oscar Waters, in a letter to Robley Dunglison's Practice of Medicine.
There, Waters reported the hereditary nature of a movement disorder that showed in-
voluntary twitches. Other early descriptions were also made, such as the one made by
Charles Gorman in 1846, who mentioned the localized incidence of HD in specific ge-
ographical regions; or Johan Christian Lund in 1860, who depicted also the hereditary
nature of dementia linked to certain arrhythmic movements. However, the most accu-
rate description of HD was made in 1872 by George Huntington, an American doctor,
who reported patients with hereditary dance-like movements and cognitive deficits in the
adulthood, which ultimately lead to insanity and suicide [114]. These dyskinetic muscle
twitchings were referred to as chorea, which derives from Ancient Greek and means dance,
therefore the disease was called Huntington’s chorea.

HD's global incidence is reported to be 3 per 100,000 [203]. The disease prevalence,
however, varies more than tenfold between different geographical regions [209], with lower
incidence in Asian populations and a higher one in places such as Australia, North Amer-
ica and western Europe, where prevalence can reach 1 per 10,000 [44, 203]. HD’s onset
tipically occurs in the third and fourth life decades [65]; nevertheless, there are patient
cases ranging from infancy to 80 years of age.

The different symptoms characterizing HD can be categorized in three groups. Motor
symptoms include the named chorea and ataxia in initial stages of the disease; tics, gait
balance impairments, dysarthria and dysphagia. As the disease progresses in later stages,
dystonia and bradykinesia take place [186]. Cognitive symptoms include impaired work-
ing memory, executive dysfunction, problems with attention or memory and progressive
dementia; all together appearing before motor manifestations [199]. Lastly, psychiatric
symptoms comprise depression, anxiety, irritability, apathy and obsessive-compulsive dis-
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orders [200, 124]. Progressively, patients are not able to talk, walk or maintain personal
needs. In the very late stages of HD, this leads to the risk of infections, falls or choking
[218]; psychosis and suicidal thoughts are prominent as well [267, 230].

Taking all this into account, life expectancy after a clinical diagnosis usually lies be-
tween 15 to 20 years due to the progressive action of the disease [260, 25]. Despite the
lack of a current cure for HD, different efforts have been taken to develop sypmtomatic
treatments [1, 271].

1.2.1 Genetics of HD

Despite the observations of the hereditary nature of the disease from the original de-
scriptions, the first clue on the genetic origin of the disease did not arrive until 1983 [93],
when the defect was mapped to chromosome 4 (4p16.3). Specifically, HD is caused by
the expansion of a polyglutamine-coding trinucleotide repeat (CAG; cytosine, adenine
and guanine) at the N-terminus of the first exon in the mutated huntingtin (HTT ) gene
[151]. The severity of the disease depends on the length of these polyQ stretches. Sub-
jects with CAG lengths less than 36 will not develop the disease and subjects bearing an
intermediate range of 36-39 CAG repeats, could display incomplete penetrance. Patients,
however, with a range above 40 repeats will display full-penetrance HD [180, 9].

The number of CAG repeats also inversely correlates with age of onset [9]. There is
a genetic anticipation phenomenon, which names the tendency for the age of onset to
be younger in the offspring than in the affected parent. Thus, pathological CAG repeat
segments can expand in successive generations leading to an increased disease severity
and/or decreased age of onset [206]. Molecularly, this has been attributed to the pres-
ence of a meiotically unstable intermediate allele [82], which can cause both sporadic
and inherited cases of HD. This anticipation is more common in paternal alleles as the
CAG segment is more unstable during spermatogenesis [215]. Instability of CAG-repeat
lengths, however, is also present in somatic cells, such as cortical neurons of HD patients,
but not in blood cells [245].

Nevertheless, CAG repeat length might be responsible only for 40% of the onset vari-
ation in patients [268]. There are other factors associated with onset and progression
of the disease. For instance, genetic modifiers involved in the pathology, such as SNPs,
present in the HTT gene, but also in genes implicated in transcriptional regulation (PGC-
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1α), neurotransmission (GluR6, A2A, NR receptors), intracellular transport and endo-
cytosis (HTT-associated protein-1, HAP1), autophagy (autophagy-related related gene,
Atg7), peroxisomal function (peroxisome proliferator-activated receptor C coactivator 1a,
PPARGC1A) and proteolysis (ubiquitin C-terminal hydrolase, UCHL1) [234].

1.2.2 Huntingtin protein

HTT is a soluble protein encompassing 3,144 aminoacids, which is ubiquitously ex-
pressed, with remarkable high levels through the nervous system [236]. In neurons, it
localizes in both soma and dendrites [60]. The role of HTT is fundamental in early embry-
onic development [36] and it was illustrated with the lethality of knock-out (KO) mouse
models and targeted gene disruption, where mice died before embryonic day 9 [183, 66].

Cellular functions of HTT have been shown to be multiple and variable. It serves dif-
ferent organelles and compartments and therefore it comprises several essential cellular
tasks, such as vesicle transport, interacting with vesicle membranes [79, 60]; cell divi-
sion, interacting with microtubules, the ER and the Golgi apparatus [68]; and cellular
transcription, interacting with nuclear proteins and chromatine [104, 227]. It also plays
a role in neuronal survival. Its inactivation in postmitotic neurons drives the neuron
to degeneration, causing motor deficits and finally, lethality [63]. On the contrary, its
overexpression protects striatal neurons in culture from apoptotic death after starvation
and heat stress [216].

Over the years, there have been several efforts to identify the structure of HTT pro-
tein by modelling and crystallography [128, 129]. Due to the large size of the protein,
along with the high number of protein interactors [144], these goal remained unresolved.
Recently, however, the structure of full length HTT was resolved by cryo-EM [92], sup-
porting the concept that HTT serves as a multivalent interaction hub [227].

HTT protein contains different functional domains apart from its polyQ stretch (Fig-
ure 1.1). At the amino terminus, just up-stream to the polyQ sequence, there is the
N17 domain, a highly-conserved stretch of 17 residues necessary for HTT nuclear/cytosol
localization, acting as a nuclear export signal (NES) [284]. N17 also incorporates a bind-
ing site for the nuclear exporter Trp (translocated promoter region) [45], which might
cause mHTT accumulation in nuclei when affected. Furthermore, it has been shown that
these first 17 aminoacids modify nuclear pathogenesis and disease severity in HD mouse
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Figure 1.1 – Schematic representation of HTT protein functional domains. HTT protein depicts different func-
tional domains. At the N-terminal end there is N17, a highly-conserved 17-residue stretch essential for HTT
nuclear/cytosol localization. Downstream there is the polyQ sequence, expanded in HD, followed by PRD. Exon
1 displays these three domains. Several clusters of HEAT repeat sequences are also schematically represented,
along with NLS and NES sequences.

models by regulating subcellular localization of known nuclear pathogenic mHTT species
[90]. Downstream the polyQ stretch there is a proline rich domain (PRD), exclusive
of mammals [250], which has a role in HTT aggregation [57], HTT turnover [241] and
protein-protein recognition [77]. In addition, HTT also displays a nuclear export signal
(NLS) [21], and a NES sequence at the C-terminus [273]. HTT possesses several HEAT
repeat sequences (Htt, Elongation factor 3, the PR65/A subunit of protein phosphatase
2A, and the lipid kinase TOR), which usually mediate protein-protein interactions in-
volved in cytoplasmic and nuclear transport, microtubule dynamics, and chromosome
segregation [248, 92].

Nonetheless, the specific role of HTT in neurodegeneration, remains yet undefined.
PolyQ repeats are not exclusive of mHTT and are present in other proteins [80]; it has
been suggested that they form a polar zipper structure neccessary for some transcrip-
tion factors [201]. In mHTT, however, the CAG expansion alters the three-dimensional
conformation of the protein, which modifies its molecular interactions, both with other
interactors and with itself [185]. The specific cascade of events that drives mHTT to
cause HD, remains insufficiently explored.



30 1. INTRODUCTION

1.2.3 Protein aggregation and toxicity

As the CAG expansion leads mHTT to aggregate, the first option for its HD related
toxicity would be a loss-of-function situation. However, it has been shown that a condi-
tional loss of endogenous HTT after embryonic development or heterozygosity does not
lead to HD phenotypes in mice or humans [63]. To the contrary, a gain-of-function situ-
ation might explain HD toxicity derived from the expanded polyQ stretch.

Upon processing, mHTT undergoes caspase or calpain proteolysis through its over-
lapping cleavage sites (Figure 1.1) [266, 76]. This process generates soluble monomeric
N-terminal fragments, which are considered to be more harmful to the cell compared
to the full mHTT [138]. These mHTT monomers accumulate in the cytoplasm until
their concentration exceeds a certain threshold value; then, monomers dimerize to form
soluble intermediate oligomers which are in equilibrium with the monomer population
[193]. These two species react subsequently together forming glutamine-amine bonds be-
tween different mHTT molecules, driving the formation of inclusion bodies (IBs) in the
nucleus, as well as in the cytoplasm [138, 156]. These fragments are considered to be
responsible for the formation of nuclear and perinuclear IBs, both in patients and mouse
models [61, 54]. IBs are a notable hallmark of the disease, but mHTT can form multiple
intermediates, as mentioned. Solving which species exist in situ and their pathogenic
significance is critical for uncovering HD molecular pathogenesis and therapeutic targets.

The role of these mHTTs IBs in neurodegeneration remains unclear. Some stud-
ies have correlated directly IB formation and toxicty [54]. In HD, IBs contain differ-
ent proteins in different proportions. IBs are strongly ubiquitinated and they contain
proteasome-associated proteins, which supports the consequence of a subsequent failure
of the degradation system and, eventually, cell death [100, 43]. The pool of chaperones
is also affected since many of them are sequestered into the IBs, leading to abnormal
protein folding [101]. Overexpression of different chaperones, such as Hsp70, ChiP or
TRiC, has been shown to shield against this misfolded-protein toxicity in vitro and in
vivo [171, 249]. In addition, toxicity from the IBs could also come from the seclusion of
differen transcription factors [64, 280]. IBs were suggested also to interfere with nuclear
transport [89], as well as with cellular membranes [17]. This sequestration leads ulti-
mately to inactivation of essential proteins from the celullar pool [130, 108, 107].

Other studies, in contrast, have proposed a protective role for IBs. For example,
IB formation over time correlates with neuronal survival and decreases toxic intracellular
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levels of diffused soluble mHTT [10]. The R6/2 mouse model displays prominent intranu-
clear mHTT IBs, but shows minor cell death [54, 62]. It has also been observed that many
of the IBs in striatum are present in neurons that are neurodegeneration resistant [137].
After treatment with antiapoptotic compounds or neurotrophic factors striatal neurons in
culture showed a reduction in cell death but an increase in the number of IBs [226]. Last
but not least, some neuropathological studies with HD-affected patients showed a poor
correlation in post mortem brains between mHTT IBs and intensity of clinical features
[94].

Thus, it is possible that IBs are a mechanism of protection used by the cell to mini-
mize mHTT toxicity. One of the hallmarks of human HD, which is not so prominent in
mouse models, is the outstanding loss of the striatum (up to 30% of total brain mass),
prior to death [261], and yet, it is possible to spot IBs in the remaining neurons of post
mortem sections [61]. As the IBs could be the cause of cell death, one possibility could
be that those visualized neurons are on their way to death. However, another hypothesis
is that these neurons have been surviving longer not despite, but due to the IB presence.
Aggregation would then be a protective phenomenon by which monomers and oligomers
of mHTT would be the toxicity-causing agents [191]. However, the question whether IBs
are neuroprotective or neurotoxic needs further investigation.

1.3 Neuropathology in HD

1.3.1 Impaired striatal circuitry

The pathology of HD mainly strikes the basal ganglia and, specifically, the caudate
nucleus and putamen within the striatum [102]. The focus on the striatum, however,
should not dim the evidence that HD impacts the whole brain. Other brain regions are
also affected, such as cortex, thalamus and also the white matter [55, 102]. The vulnera-
bility to HD, however, is not the same across all of these structures. As mentioned, the
most vulnerable is striatum, followed by cortex, while the hippocampus is involved at a
later stage, and the cerebellum remains exempt even longer [155, 260].

The aberrant function of the basal ganglia causes most of the neuropathological con-
ditions in HD [212], as they control voluntary actions. As previously mentioned, the neu-
ropathology arises in the main structure of the basal ganglia, the striatum and the cortex,
which provides different input categories to modulate accurate behavioral responses in
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the subject [172]. Because HD affects directly this corticostriatal circuitry mechanism,
these behavioral actions are disrupted. To comprehend the action and progression of HD
it is essential to understand the basics of this connection.

About 95% of striatal neurons are GABAergic medium-size spiny neurons (MSNs).
The current model of basal ganglia function displays two circuits with opposite effects on
movement, the direct and indirect pathways [6]. The two pathways originate from two
different populations of MSNs and form separate projections to different output struc-
tures. MSNs expressing enkephalin and dopamine D2 receptors form the indirect pathway,
which comprises the most vulnerable neurons in HD and the ones which are lost from
early stages of the disease. MSNs expressing substance P and D1 receptors, correspond to
the direct pathway and appear to resist the progression of HD until later stages [261, 214].

In a non-pathological context, the indirect pathway acts to inhibit movement [6, 134].
Striatopallidal MSNs inhibit GABAergic neurons in the GPe. This results in less inhibi-
tion of the glutamatergic projection in the STN. In turn, the glutamatergic projections
from the STN excite the GABAergic neurons in the GPi which results in greater inhibi-
tion to the thalamus and decreased signaling to the motor cortex (Figure 1.2 A). Thus,
dysregulation of MSNs in the indirect pathway results in uncontrolled involuntary move-
ments, such as chorea and tremor [16]. A schematic view of this alteration is shown in
Figure 1.2 B.

On the contrary, the direct pathway is implicated in movement facilitation [6, 134].
Striatonigral MSNs in the striatum receive excitatory, glutamatergic projections from the
cortex and thalamus. This results in excitation of the striatal GABAergic MSNs, which
in turn inhibits the GABAergic projection in the GPi. The inhibition of the inhibitory
GABAergic neurons in the GPi results in less inhibition on the thalamus glutamater-
gic neurons. This results in excitation of the motor cortex and initiation of voluntary
movement (Figure 1.2 A). Taking this into account, dysregulation of this subset of MSN
projection neurons would result in rigidity and bradykinesias [16], as showed in Figure
1.2 C. This dichotomy might explain the characteristic biphasic symptomology of HD,
as it depicts early involuntary movements but a characteristic slowness of movement in
later disease progression. Interestingly, most interneurons are largely spared. This mor-
phological and functional difference has been speculated to play a role in the differential
vulnerability of neurons observed in HD [42].
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Figure 1.2 – Schematic overview of the HD pathology. (A) Non-pathological context. (B) Early HD, excessive
movement. MSNs in the indirect pathway of the basal ganglia project to the GPe and are affected early in
the course of the disease (D2). This results in a reduced inhibition of the thalamus and therefore an increased
excitability of the motor cortex. (C) Late HD, inhibited movement. As HD progresses, MSNs projecting to
the internal segment of the GPi via the direct pathway (D1) are also impaired, leading to a strong increase in
the thalamus inhibition and a consequent abnormal reduction in the input to the motor cortex. ST, striatum;
GPe, external globus pallidus; GPi, internal globus pallidus; STN, subthalamic nucleus; Thal, thalamus; CX,
cortex. Red lines, inhibitory projections; green lines, excitatory projections; dashed lines, impaired projections.

1.3.2 Cellular traits in the pathology

As described above, the specific loss of striatal GABAergic MSNs affects the proper
functioning of the corticostriatal circuitry. This reduction of MSNs can be traced by the
decreased expression of several receptor subtypes such as D1 and D2 receptors [48], CB1
receptors [164], NMDA receptors [150] or TrkB receptors [81]. A variation of this nature
can alter the neural transmission balance between the two pathways, direct and indirect.
Moreover, there is a loss of GABA neurotransmitter in HD patients [125] and some stud-
ies have shown loss of D1 and D2 receptors in asymptomatic subjects [13], suggesting a
dysfunction prior to the onset of the disease.

There are other features at the cellular level that characterize the dysfunction of the
corticostriatal tract in HD. Previous studies have described the downregulation of synap-
tic vesicle fusion proteins (SNARE proteins) [177], as well as a hypometabolism of glucose
in asymptomatic patients [163], backing up the statements of different impairments prior
to a disease onset.

1.3.3 Molecular traits in the pathology

IBs that arise from mHTT protein develop in neurons of HD affected subjects [261]
and they might appear in asymptomatic patients, as described in the previous section
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[84]. For years, it was thought that glial cells did not display these inclusions [94]. How-
ever, recent evidence postulates certain aggregate load in oligodendrocytes and astrocytes
of HD subjects and several HD mouse models [120].

Neurons hold only one IB in the nucleus [19, 61] with ubiquitin immunoreactivity
[238]. Although reports of HD brains described IBs mainly in the nucleus, other work
found ubiquitinated accumulations of mHTT in some neuronal processes undergoing dys-
throphia and in the cytoplasm [94, 61]. These characteristic nuclear IBs are located all
accross the brain in the caudate nucleus, putamen, globus pallidus, substantia nigra, hip-
pocampus, thalamus, subthalamic nucleus, cortex and amygdala [186, 238].

mHTT also promotes mitochondrial dysfunction by decreasing ATP biogenesis [233],
affecting calcium buffering [196] and lowering mitochondrial trafficking [145]. This might
be one of the factors that explain increased MSN vulnerability to mitochondrial function
since they consume large amounts of ATP in order to keep a hyperpolarized state [31, 99].
Another disease risk could be axonal transport impairments caused by mHTT [176, 99],
which affect growth and maintenance of neuronal projections in MSNs bearing IBs.

1.4 Models for studying HD

1.4.1 In vitro models of HD

One of the very first in vitro models to study HD was generated in yeast, Saccha-
romyces cerevisiae. Yeast represents a useful tool to expose genes implicated in IB for-
mation, to study the potential toxicity of different polyQ lengths or to screen potential
pharmacological compounds [161]. Yeast models have been of major relevance for HD, for
example, for unraveling the relevance of chaperone-mediated folding of polyQ expansions.
Chaperone Hsp104 was published to be a modulator of aggregation of polyQ-containing
proteins [135] and overexpression of Hsp70 and Hsp40 inhibited the formation of amyloid-
like deposits by promoting detergent-soluble inclusions [179]. More recently, it has been
reported that the ribosome quality control machinery has a protective role in yeast, as
nuclear accumulation of Httex1-103Q enhances its cytotoxicity [283]. However, it is un-
clear whether this situation resembles what takes place in mammalian neurons.

Cellular models are useful tools to investigate HD pathology and to understand pos-
sible mechanisms of the disease. Different mammalian cell types in mitotic phase are
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available to study HD. This pool of different profiles allows to examine the pathology in
a variety of tissues in which the expression and impact of HD pathology is significant and
less discerned [225]. Some cell lines have been used to model HD features through trans-
fection of different constructs and evaluation of toxicity, aggregate kinetics, aggregate
localization or antibody suitability, such as human embryonic cell lines (HEK293T) [97],
monkey kidney fibroblast lines (COS-7) [194], mouse neuroblastoma (Neuro2a) [190, 277],
human neuroblastoma (SH-SY5Y) [263], or rat pheochromocytoma (PC12) [240], among
others.

Interestingly, various inducible cell models have also been generated to study mHTT
dynamics and generation of aggregates in a controlled manner by modulating the expres-
sion. The advantage of these systems lies in the time- and inducer-dependent regulation
of the gene of interest. With this approach, mostly cell lines with neuronal pheno-
types have been used in order to reproduce more accurately HD characteristics. For
example, Neuro2a (N2a), a cell line expressing HttEx1 under muristerone A-inducible
promoter [262] showed sensitivity to aggregates in a dose- and time-dependent manner;
the NG108-15 cell line expresses either full-length or truncated Htt gene under the Tet
promoter and shows formation of cytoplasmic and nuclear inclusions in a time- and polyQ
length-dependent manner [149]; the PC12 cell line has been a useful tool, expressing dif-
ferent versions of HttEx1-eGFP under the Tet promoter, both ON and OFF, displaying
inhibition of neurite outgrowth, as well as cell death coupled with transcriptional dys-
regulation [272, 116]. Although many cell lines have been used, there can be differences
when compared to primary cells. Therefore, primary neurons transiently transfected with
mHTT or prepared from HD transgenic mice are frequently used as in vitro model [254].

In vitro models are also a precious instrument to integrate and validate in vivo obser-
vations. Despite the variety of available cell lines, a major drawback is the lack of human
neuronal cell lines that can be representative of early neuronal differentiation. Currently,
induced pluripotent stem cells (iPCs) derived from either HD murine models or patients
are drawing more and more attention. These cells can be collected and subsequently re-
programmed for a different somatic fate [32]. mHTT does not impair the reprogramming
into neuronal progenitors or mature neurons [197]. HD iPSCs and the neural cell types
derived from them recapitulate some disease phenotypes found in both human patients
and animal models. These new tools are fundamental to better understand how mHTT
affects neuronal cells in a more physiological manner and to identify potential factors
responsible for the higher susceptibility of MSNs to degenerate [253, 117]. Nevertheless,
the use of iPSCs has been limited due to some of the inherent problems with cell line
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reproducibility and technological differences between laboratories.

1.4.2 In vivo models of HD

The development of transgenic models marked a breakthrough in HD research as they
represented valuable tools not only for characterizing HD associated molecular changes,
but also for identifying cytotoxic pathways related to mHTT and potentially testing pos-
sible therapies. The nematode Caenorhabditis elegans is the simplest established animal
model in HD [198]. Its simplicity of 302 neurons along with its transparency allows a
whole set of biochemical and behavioral studies that can be combined with longitudinal
live imaging experiments [28].

Another invertebrate model is the fruit fly, Drosophila melanogaster. It bears a fully
functional nervous system with a separation among specialized functions such as vision,
olfaction, learning and memory. Comparative genome analysis reported a similarity of
50% between fly and human genes [219]. As an important advantage, foreign genes
in Drosophila can be engineered to be expressed in a tissue- and time-specific manner,
in addition to the fantastic resource of available genetic tools [157]. Typically, polyQ-
expressing flies form nuclear inclusions and display protein aggregation, neurodegenera-
tion, behavioral deficits and a reduced lifespan [141].

One of the most important advances in HD research has been the generation of vari-
ous mouse models. Before it was possible to model the genetics of HD researchers used
lesion-based models where excitotoxic injuries were introduced in the striatum of the an-
imals to research the functional role of this brain structure in HD [47, 224, 26]. These
lesions typically induced cell death by excitotoxic mechanisms or by disruption of the
mitochondrial machinery, generated with the application of different aminoacids such as
quinolinic acid or 3-nitropropionic acid, which caused massive apoptotic cell death [59].
Some of these models reproduce motor abnormalities present in late stage HD patients
[18]. These classical lesion models produce behavioral responses and have contributed
substantially to the understanding of the corticostriatal pathway and the striatum in
HD. However, their nature does not consistently match the genetic basis and progressive
worsening of the human disease; there is no clear association between their mechanism of
action and the genetic cause of HD. Additionally, cell death in HD is progressive and the
age of onset inversely proportional to the number of CAG repeats in the mHTT protein
[9], whereas cell death in the toxin models is immediate and not progressive due to the
acute type of the lesions.
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The description of the genetic cause, the mutated HTT gene [151], was the starting
point for different attempts in the generation of genetic models suitable for not only
mimicking of the human symptoms, but also research in an appropriate proteomic and
genomic context. In fact, the first models showed the relevance of HTT protein in early
embryonic development, as they were KO models and demonstrated embryonic lethality
[213, 66]. These discoveries, however, did not lead to a broader knowledge of how mHTT
causes HD and it was still necessary to generate genetically modified animals more similar
to the human pathology. From there on, different mouse models for HD have been widely
generated, from transgenic ones expressing mHTT-Exon1, through full-length transgenic
models, to full-length knock-in (KI) ones.

Mouse models are widely used in research, as they show relatively rapid and pro-
gressive neurological phenotypes. However, there is still discussion regarding the point
that the adult-onset disease takes years to manifest in humans. Rodents are limited by
two main issues; their small brain size and neuroanatomical organization compared to
humans, as well as their shorter lifespans. To face these constraints, large animal models
expressing mHTT are also being used, such as sheep [118], minipigs [274] and non-human
primates [275]. The use of these animal models can be specially relevant in some aspects
that are particularly challenging in rodents. For example, mapping the progression of HD
in the presymptomatic stages or testing new therapeutic vectors in larger brains, which
could address long term safety and set a maximal therapeutic effect. Nevertheless, the use
of these animals in preclinical studies is expensive, their accessibility by all researchers is
limited and they need a very long term study plan, as compared to rodents.

The R6/2 mouse model

The first genetically modified mouse models of HD expressed a fragment of exon 1
of human HTT randomly integrated into the murine genome [168], specifically, the R6
lines, which included R6/0, R6/T, R6/1, R6/2, and R6/5 [154]. From those five R6 lines
originally generated, the two most widely used are R6/1 and R6/2. As the mHTT-Exon1
fragment that these lines carry is integrated randomly into the genome, transgenic mHTT
is expressed along with both endogenous Htt alleles. Regarding this point, these lines are
criticized for the fact that they only express a shortened HTT form, questioning its physi-
ological validity. However, N-terminal fragments are believed to be the most toxic species
in the mHTT cleveage process [83]. Both, R6/1 and R6/2 lines have been extensively
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studied and they resemble HD symptomology in a similar manner, being comparable to
some KI models [270].

In particular, the R6/2 line carried 144 CAG repeats at the time of publication. How-
ever, due to the intrinsic instability of the repeats, they have expanded over time. The
R6/2 model presents motor deficits as early as 5 weeks of age [154, 34], such as decline
on the rotarod test. Onset of motor symptoms takes place around the age of 8 weeks,
where motor and balance coordination are impaired, showing resting tremor, chorea-like
movements, stereotypies, clasping behavior, epileptic seizures, narcolepsy, weight loss and
spontaneous shuddering movements [207]. At this age, it was also shown by a MRI-based
study that there is a lack of striatal growth, instead of striatal atrophy, correlating the
motor symptoms with the brain volume loss [208]. Cognitive impairment was also char-
acterized by different behavioral tests [147], as well as other defects such as weight loss,
diabetes, resting tremor or seizures [154, 115]. All this eventually results in premature
death at around 12 weeks of age (Figure 1.3). In fact, at autopsy, brain weight is signifi-
cantly reduced, whereas neuronal death is minimal compared with behavioral symptoms
[62]. In contrast, one of the main characteristics of human HD is the massive loss of
striatal neurons [56]. It is possible that cell death follows a long phase of neuronal dys-
function in both mice and humans, but it remains unsolved why this transgenic model
does not show marked cell death until the last stages of the disease. An explanation might
be the short lifespan of the model, which might be caused by general metabolic disease
and seizures. Alternatively, because R6/2 mice are relatively resistant to kainic acid in
vivo, they might have protective mechanisms that are not present in humans [256, 264].

At the celullar level, the R6/2 model presents mHTT-associated inclusions in striatum

Disease progression

Figure 1.3 – Timeline overview of the R6/2 mouse model. Schematic representation of the life timeline of the
R6/2 mouse model, depicting the main prototypical and molecular events.
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and cortex as early as 3 weeks of age [167], similar to HD inclusions, which exhibit an
amyloid-like structure [166]. Although different brain regions have different proportion
of inclusions along the lifetime of the model, at the terminal disease stage there are in-
clusions in almost all neurons. For example, in the most vulnerable region in HD, the
striatum, it has been published that 98% of MSNs are inclusion positive by that time
point, in contrast to interneurons, which exhibit fewer inclusions [167, 133].

1.5 Proteomics in neurodegenerative diseases

The term proteome describes the whole protein load of a cell line, tissue, or organism.
Proteomic analysis takes an integrative view of biological processes by considering all
the proteins of a cell [37]. It includes different techniques, such as protein microarrays,
two-hybrid assays in yeast, crystallization or mass-spectometry (MS). Specifically, this
last approach is considered a key instrument for the field and both, its development and
improvement have been essential in studies of protein semi-quantitative measurements,
protein-protein interactions, protein localization and protein function [136]. Currently,
MS is the most popular method for detection and characterization of proteins since it pro-
vides not only details regarding the expression levels or post-translational modifications,
but also it is relevant for the identification of potential biomarkers in different disease
backgrounds.

In a context of neurodegeneration, finding biomarkers is a robust instrument for NDD
diagnostics and treatment evaluation [184]. For example, the analysis of CSF has been
shown to be a perfect biological source for different conditions that affect the CNS [37, 53].
Different studies have recognized CSF proteins that might act as possible biomarkers for
AD, PD or ALS [132, 95]. As another example, proteomics have also been used for ana-
lyzing oxidative stress in patients affected by NDDs such as AD [210].

The great power of proteomic approaches in the neurodegeneration field certainly
complements traditional procedures and allows the identification of multiple proteins
that were not previously linked to a specific disease. The identification of markers and
an the understanding of their interactions will help new potential therapeutic drugs to
be developed for early treatments of different NDDs.

In other diseases, such as HD, proteomics has become a progressively useful tool. Dif-
ferent interesting insights in HD have been reported thanks to the proteomic approach.
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Some studies have attempted to elucidate potential biomarkers through the CSF [52], as
well as more recently through the metabolome [87]. Analysis of the human HD brain
proteome suggested a link to different NDDs and to type-2 diabetes [229], which high-
lighted the interlinked processes of the disease.

1.6 Therapeutic approaches in HD

To date, there is unfortunately no cure for HD and no therapies that reverse or pre-
vent symptoms. There is a large and ongoing search for pharmacological interventions
for HD, but there is no treatment to terminate motor, cognitive, or psychological dys-
functions [165]. Because of the vast neurodegeneration and resulting symptoms, the
probability that only one therapy will treat the mentioned symptoms is unlikely. Medical
management in HD consists of treating each symptom area separately, although this is
ineffective. For example, choreatic movements may be treated with tetrabenazine, psy-
chological symptoms with neuroleptics, and cognitive symptoms with minocycline [25].
Another issue arises when looking at the side effects of the medications because treatment
of one symptom increases the prominence of another [30, 25].

Different approaches have been proposed to interfere directly with mHTT toxicty.
They could be categorized in blockade of HTT proteolysis with caspases or calpain in-
hibitors, decrease of aggregates or mHTT toxicity with chaperones and chemical com-
pounds, up-regulation of transcription with histone deacetylase inhibitors, re-supply of
the lost WT HTT protein functions, application of metabolic enhancers, blockade of exci-
totoxicity with NMDA antagonists and suppresion of mHTT with siRNA and anti-sense
oligonucleotide (ASOs) [110, 221]. Other approaches, instead of interfering with some
of the effects in the pathology, focuses on restorative strategies, typically on the striatal
neuronal loss [211]. For example, reconstruction of neuronal circuits in the brain by in-
trastriatal transplantation of striatal neuroblasts from human fetuses was reported as a
possible option [202]; or, neuroprotective strategies such as the delivery of neurotrophic
factors, as such proteins have shown a strong protection of neurons in various animal
models of striatal injuries [5].

1.6.1 Neurotrophic factors in HD

Neurotrophic factors (NF) are proteins which promote the survival of specific neu-
ronal populations. The course of action of these proteins includes the induction of
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different physiological effects such as morphological differentiation, nerve regeneration,
neurotransmitter expression and gene expression. Endogenous levels of NF usually elicit
an increase in the response to neuronal damage, suggesting a physiological regenerative
reaction [111]. Neurotrophins, glial cell line-derived neurotrophic factor family members
and ciliary neurotrophic factor (CNTF) have neuroprotective effects on different striatal
neuronal populations. Additionally, they maintain the integrity of the corticostriatal
pathway. Many neurotrophic and growth factors are localized to the nigrostriatal sys-
tem, suggesting a physiological role in the development, maintenance and/or recovery
of these neurons. In fact, many of the factors localized to the nigrostriatal system have
neuroprotective actions in HD animal models with exogenous administration [7]. Due
to these characteristics, NF may be suitable for the development of a neuroprotective
therapy for NDDs, including HD [5].

Among the studied NFs in HD, there are two interesting examples that may result
in viable candidates for treatment of the disease and have been under the scrutiny of
scientists for some time. The first one is CNTF, a member of an α-helical cytokine su-
perfamily that includes IL-6, LIF and leptin. CNTF is found in glia cells, both within
the CNS and the peripheral nervous system (PNS). CNTF is considered an injury factor
and it has been already reported its neuroprotective role in different models of NDDs
[5]. CNTF was delivered by different ways into striatal neurons in experimental animals
and it has shown to preserve the neurons in both, chemically-induced model of HD and
a transgenic one [8, 69, 279]. These and some other evidence led to the initiation of a
clinical trial in order to determine the effects of CNTF in HD patients [14]. CNTF was
delivered ex vivo by encapsulated baby hamster kidney cells implanted into the lateral
ventricle of HD patients. The trial reported the successful possibility of a long-term de-
livery of CNTF in human brain with the encapsulation method. However, the diffusion
of the factor from the ventricle to the parenchyma was limited, as revealed in primates
[174], therefore providing only little benefit to the patients [24].

The second NF of interest is brain-derived neurotrophic factor (BDNF), a member of
the neurotrophins family, which acts through the interaction with two distinct receptors,
the p75 neurotrophin receptor (p75NTR) and a member of the tropomyosine kinase (Trk)
receptor family, TrkB. BDNF is produced by cortical neurons in layers V and VI, antero-
gradely transported, released and finally taken up by GABAergic striatal neurons [159].
Wildtype HTT protein is assumed to regulate the activity of the BDNF promoter II,
affecting BDNF transcription [286]. Furthermore, downregulation of BDNF transcripts
in cortical neurons is induced by mHTT through an effect on DNA methylation [195].
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Accumulation of mHTT can lead therefore to a lower BDNF concentration in the stria-
tum, and reduced BDNF transcription; in addition, mHTT will also reduce BDNF vesicle
transport along microtubules [259]. Degeneration of cortical afferents also contributes to
the diminished BDNF support of striatal neurons [223]. Different studies have attempted
to enhance BDNF signaling in order to improve the HD phenotype. For example, the
peptide P42 was reported to act on the aggregation process at early stages of the disease
[11] and more recently, to ameliorate R6/2 behavior through BDNF signaling in pre- and
post-symptomatic phases [12, 46].

The substantial overlap between neurothrophins signaling pathways and those dys-
regulated by mHTT provides some support for targeting NF receptors as a therapeutic
strategy for HD. Support for this approach is provided by preclinical studies showing that
small molecule ligands for both types of NF receptors, Trks and p75NTR, reduce degen-
erative signaling or increase trophic signaling to prevent HD-related pathology in mouse
models of the disease [239]. Regarding Trk ligands, future studies will determine if novel
small molecules with optimized bioavailability can be identified and improve cognition
and/or motor ability in HD. Since the p75NTR ligand, LM11A-31, is already in Phase II
clinical trials for AD in the USA (Reference at ClinicalTrials.gov: NCT03069014), current
work is focused on preparing for HD clinical trials, including development of non-invasive
biomarkers capable of detecting the therapeutic efficacy of LM11A-31.

There are other NF which also promote survival of neurons and regulate normal func-
tion in the CNS, such as glial cell-line derived neurotrophic factor (GDNF) or fibroblast
growth factor (FGF) [112, 122, 5]. However, whether these NFs are a promising al-
ternative for human therapy, remains unknown. The main challenge with NFs is their
direct delivery, since a systemic one is often associated with side effects as their receptors
are widely distributed over the organism and the proteins do not cross the blood-brain
barrier. The chosen delivery method depends on the application, the delivery area, the
treatment duration and the balance of risks versus benefits. All of this points need to be
addressed in the future.

1.6.2 HDGF: a trophic factor harbored in the nucleus

HDGF, also known as high mobility group protein 1-like 2 (HMG-1L2), is a 27 kDa
protein implicated in multiple cellular functions, initially purified from the supernatant of
human hepatoma cell lines [182, 181]. HDGF-related proteins (HRPs) comprise a family
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with six members which subclassify in different groups depending on their charge, size
and sequence [58]. Specifically, HDGF is categorized as a small acidic protein within the
family [58]. HDGF is widely expressed with high levels in the brain, testis, lung and
spleen [70, 2], as well as in developing heart and tumoral cells [72]. Zhou et al. shed
some light onto its distribution, examining the localization of HDGF in the mouse ner-
vous system, where they found it to be abundantly expressed [285]. Expression of HDGF
within the brain takes place in different cell types, neurons, astrocytes, microglia and
oligodendrocytes [67].

HDGF is mainly localized to the nucleus and this localization is mandatory for its
mitogenic activity [131, 72]. Early studies also found the protein in the cytosol [189].
However, it was demonstrated that the full-length protein is exclusively expressed in the
nucleus [73]. The differential localization could be explained taking into account that
HDGF resides both in the cytoplasm and the nucleus depending on cell type, phase of
cell cycle and its specific function [73].

HDGF contains a well-conserved N-terminal amino acid sequence, the HATH domain
(homologous to the amino terminus of HDGF) [58]. The HATH domain comprises the
aminoacids 1-98 of HDGF and it is also referred to as the PWWP domain [58, 244].
Proteins including the PWWP domain are involved in transcriptional regulation, DNA
methylation, histone modification and DNA repair by interacting with histones, DNA
and proteins such as heparin [38, 113, 217]. The type of PWWP domain modulates its
binding and protein-protein interactions [113] and it often involves chromatin-associated
biological processes [205]. Zhao et al. identified the interactome of HDGF trough the
PWWP domain and found that HDGF it is a multifunctional protein which participates
in several cellular activities, such as ribosome biogenesis, RNA processing, splicing and
DNA damage repair [282].

HDGF can be secreted into the extracellular space [252], suggesting a role in auto/paracrine
communication. More recently, it was reported that HDGF is secreted via exosomes as
a mechanism to release HDGF [187]. Extracellular HDGF appears to signal through
transduction pathways from the cell surface [3]. The function of the protein is, never-
theless, not clear. It seems that HDGF plays a role in renal [189], liver [71] and heart
[72] development. On the other hand, it seems to be involved in cancer development as
well [188, 109, 20], as proliferation-inducing factor. In postmitotic neurons, HDGF may
have merely a neurotrophic function. Related to this, HDGF has been found to have a
neuroprotective role against motor neuron degeneration [160] and for injured adult retinal
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ganglion cells [106]. However, HDGF still misses a detailed characterization in this field,
especially in a neuronal disease context and only little information is available. Moreover,
HDGF has not been studied in the context of HD.

1.7 Aim of the thesis

The main focus of the present thesis can be divided into the following aims:

1. Investigation of molecular neurodegenerative signatures in the R6/2 HD mouse
model.

2. Functional characterization of protein candidates influencing mHTT toxicity.

3. Assessment of the therapeutic potential of HDGF overexpression in cell and animal
HD models.



CHAPTER 2

RESULTS

2.1 R6/2 mouse model characterization

R6/2 transgenic mice express mHTT-Exon1 under the control of the human HTT
promoter [154], as described in previous section. It has been shown that mouse colonies
raised in different laboratories display some differences in phenotype [105], which can
be due to genetic drift, dietary factors or housing conditions. Therefore, to establish a
basal line for our R6/2 colony, we characterized several parameters, both molecular and
behavioral.

For study time points we selected an early one at 5 weeks, before disease onset; an
intermediate time point at 8 weeks, on the border of visible motor deficits; and a late
time point at 12 week old, at the end of the lifespan of R6/2 mice [34, 54]. In agreement
with previous studies [54, 167], brains of R6/2 mice already displayed widespread IBs
at 5 weeks, with striatal IBs being more abundant over time compared with the cortical
region, but significantly smaller than cortical IBs (Figure 2.1).

R6/2 mice were also tested for locomotor activity on an accelerating rotarod and in
an open field (Figure 2.2), since the exact time point for the onset of motor impairments
varies between colonies and it depends also on the CAG length. It has been previously
published that very high repeat numbers lead to a delayed onset of disease, as well as
an attenuation of the HD-related phenotype [178, 51]. This variation occurs due to the
genetic instability of the CAG repeats, whose transcription elongation is regulated in a
tissue-dependent manner and therefore, contributes to the tissue-specific instability [85].
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Our R6/2 colony had a CAG repeat length ranging from 160 to 190 repeats, which
translated into a minor delay in the disease progression compared to the original R6/2
line [154]. This slight increment delayed the onset of motor defects in our colony to
10 weeks onwards, compared to published data [34]. R6/2 mice at 8 to 9 weeks of age
displayed no significant deficits on the accelerated rotarod and normal locomotion in the
open field, whereas at 11-12 weeks of age, the mutants were severely impaired in both
tests (Figure 2.2). Taken together, these data show that the R6/2 mice in our colony
develop the characteristic phenotypes described for this model, however, the onset of the
behavioral defects is slightly delayed compared to the original line.

2.2 Proteomic screening

2.2.1 The proteomic study: a spatiotemporal approach

For the analysis of proteome changes linked to neurodegeneration at the same time
points selected, we processed extracts from four brain regions related to the differential
vulnerability to HD: striatum (ST), being the most affected region; cortex (CO), hip-
pocampus (HC) and cerebellum (CE), as the region that remains relatively spared until
an advanced HD stage [260] (Figure 2.3). From each tissue sample, soluble and insol-
uble proteomes were measured by single-run LC-MS/MS. All proteomic analyses were
performed by Fabian Hosp at the Department of Proteomics and Signal Transduction, in
the Max Planck of Biochemistry, as stated in Appendix C.
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2.2.2 Proteome remodeling in R6/2 mice after disease onset

Through the experimental design described in Figure 2.3, we identified ∼ 12,500 pro-
teins in the soluble proteome. The soluble brain region data of WT mice provided a
communal resource with a spatiotemporal resolution for ∼8,500 proteins after filtering
for valid values [107].

As shown in Figure 2.4 A, the principal-component analysis (PCA) indicated a strong
separation on the soluble proteomes of R6/2 and WT mice. Firstly, there is an extensive
proteome remodeling during the disease progression shown by the clear separation of
R6/2 mice from other samples right before the onset and at the final stage of the disease
(8 and 12 week old). Secondly, proteomes from CE samples were strongly separated from
other brain regions, highlighting the fact that all the other three regions belong to the
forebrain. Thirdly, samples from R6/2 at 5 week old grouped indistinguishable with WT
samples, suggesting that at this early stage of the disease no major changes took place yet.

The analysis of the expression profiles of the animals, highlighted the remarkable
similarity between 5 week-old R6/2 and WT mice. There are, however, some protein
clusters which are already differentiated in their expression (green square, Figure 2.4 B).
The expression of mHTT causes a drastic proteome remodeling only three weeks later,
at 8 weeks of age, with several clusters strongly up- or down-regulated (colored clusters,
Figure 2.4 B). Clusters 2 and 3 include enriched up-regulated proteins related to chaper-
onin complex and proteasome accessory complex, respectively. On the contrary, clusters

Figure 2.3 – Experimental workflow scheme. Brain regions from R6/2 and WT mice were assessed by quantitative
LC-MS/MS. 5 week old,4 R6/2 and 4 WT; 8 week old, 3 R6/2 and 3 WT; 12 week old, 4 R6/2 and 4 WT.
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A

B

Figure 2.4 – Analysis of the soluble proteome: PCA analysis and proteome remodeling of R6/2 samples. (A)
PCA projections of all soluble samples reveal specific effects on the proteome driven by the genotype, age,
and differential spatial expression. (B) Hierarchical clustering of protein expression over time shows substantial
proteome shifts from early stages of HD onward. The two most up-regulated (red and orange) or down-regulated
(blue and cyan) clusters are indicated.

1 and 4 comprise enriched down-regulated proteins associated to the ribosome and energy
transport across the mitochondrial electron transfer chain, respectively. These observa-
tions are in line with the deficient energy metabolism and impairment of the ubiquitin-
proteasome system caused by HD [4, 192]. Overall, this proteomic analysis supplies a
detailed overview of protein changes in the R6/2 model on a proteome-wide scale.

2.2.3 Characterization of polyQ aggregates

A distinctive feature of HD is the presence of IBs, consisting of mHTT and sequestered
proteins. The identity of those proteins, however, remains unknown. To analyze the in-
soluble proteome of R6/2, which is largely composed of IBs, we had to pre-treat the
samples for MS analysis. The extreme insolubility of the IBs makes them resistant to
proteolytic digestion. Therefore, we purified polyQ aggregates in formic acid [130] previ-
ous to tissue-based quantitative proteomics (Figure 2.3), which allowed to identify several
hundred proteins and shown extensive protein sequestration to the insoluble fraction in
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the R6/2 brain.

We estimated protein abundances for a quantitative analysis of the aggregate compo-
sition through the iBAQ algorithm, which can roughly estimate the relative abundance
of proteins within each sample [231]. Only 10 proteins constituted more than 50% and
the top 50 proteins constituted more than 75% of the aggregate mass in 12 week old R6/2
striatum (Figure 2.5 A). These included not only histones and RNA-binding proteins, but
also proteins involved in neuronal plasticity, as well as myelin components [107]. This
last observation resulted a surprise, considering that the majority of inclusions are found

A B

C

Figure 2.5 – Characterization of polyQ Aggregates. (A) Distribution of iBAQ values for 12 week old R6/2 striata.
Pie chart distribution of annotations for the top 50 proteins. (B) Representative single-plane immunofluorescence
in a 12 week old R6/2 striatum showing colocalization of PLP1 protein with IBs; Nissl staining for neurons, grey;
EM48 staining for HTT IBs, red; PLP1 staining, green; asterisks mark white matter bundles of the striatum;
scale bar is 20 µm. (C) Close-up of the colocalization; arrowheads point to PLP1 sequestered in IBs; arrows
point to IBs without colocalization; scale bar is 10 µm.)
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in neurons. Co-immunostainings for the myelin protein Plp1, HttEx1 IBs, and a neuronal
marker revealed co-localization of Plp1 with aggregated HttEx1 in many neuronal IBs,
confirming that myelin proteins are true components of neuronal inclusions and excluding
the possibility of contamination (Figure 2.5 B and C).

We mapped the soluble proteome data to the insoluble fraction, based on the hy-
pothesis that such extensive proteome remodeling (Figure 2.4 B) should be mirrored in
the insoluble counterpart. This revealed that a high number of proteins down-regulated
in the soluble proteome, were enriched in the IBs (blue and cyan in Figure 2.6 A), im-
plying sequestration of those proteins and therefore, an extensive loss of function. This
depletion of sequestered proteins from the cellular pool likely impairs normal cellular
function. Interestingly, a large number of proteins up-regulated in the soluble proteome
were also enriched in the insoluble fraction (orange and red in Figure 2.6 A), such as
proteins related to the proteasome complex. This finding points to the up-regulation and
participation of chaperones and related proteins, which interact with the IBs and become
trapped.

BA

D

C

E

Figure 2.6 – Analysis of the insoluble proteome. (A) Volcano plot of the whole brain insoluble fraction, super-
imposing enrichment of the proteins that are dysregulated in the soluble fraction. The main protein candidates
followed up later on and endogenous Htt are indicated. Color code as in Figure 2.4. (B, C, D, F) Significant
enrichment of proteins with longer polyQ. (B) and LCRs (C), more CCDs (D), and higher molecular weight
(MW) (E) in 12 week old R6/2 over WT striata. Values are mean± SD. Mann-Whitney U test.
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We also analyzed common biophysical features of the IB component proteins that
could correlate to the protein sequestration. As shown in Figure 2.6 B-E, we evaluated
different motifs known to modulate aggregation: polyQ length, low complexity regions
(LCRs) length and number of coiled-coiled domains (CCDs) [228, 126, 74]. Insoluble
fractions from R6/2 striata contained significantly more aggregation-prone proteins than
WT controls, with a significant difference in CCDs and LCRs and a small trend for polyQ
length (Figure 2.6 B-D). Moreover, R6/2 samples were significantly enriched for proteins
with higher molecular weight (MW) (Figure 2.6 E). Due to their larger size, these pro-
teins are less stable, thermodynamically speaking, which might explain why their folding
is affected under conformational stress conditions [235].

Lastly, we estimated absolute protein abundance in IBs to quantify the degree of
sequestration at the different time points and compared the amount of each protein in
both proteomes, soluble and insoluble (Figure 2.7). The efficient enrichment of insoluble
proteins in our approach is confirmed by the observation of the insoluble ECM proteins
with the smallest soluble proportion (Figure 2.7, red dots). Endogenous Htt was also re-
cruited into the aggregates (Figure 2.7, pink dots). Lastly, in agreement with the increase
in aggregate size, we observed higher sequestration of protein mass over time, suggesting
progressive depletion of the pool of functional proteins. In 8-week-old animals, 80% of

Figure 2.7 – Protein sequestration degree in IBs. Ranking of proteins by iBAQ ratios representing protein sequestration
from the soluble to the insoluble proteome in R6/2 cortices. Gray boxes show the number of proteins that were only
identified in the insoluble proteome per age group, indicated by infinite iBAQ ratios. Proteins investigated in more
depth in further experiments are indicated on the curves.
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proteins were at least in a 1:1 ratio in the cortical IBs compared to the soluble pool.

2.3 Validation of protein candidates

2.3.1 Protein candidates selection and validation

From all the proteomic analysis, we were able to identify ∼300 proteins depleted from
the soluble proteome pool and at the same time enriched in the insoluble IBs. For our
initial selection of follow-up candidates outlined in Figure 2.8 A we applied the following
main selection factors: we focused on the protein candidates which were depleted from the
soluble fraction, enriched in the striatal R6/2 insoluble fraction compared to the control,
and at the same time their levels were significantly changed according to the three-way
ANOVA statistical analysis of age, genotype and brain region differences [107]. Filtering
through several other criteria (regulation statistically affected, literature evaluation and
available molecular tools), we selected a group of 19 candidates (Figure 2.8, Table 2.1)
for functional follow-up.

To validate the changes revealed by the proteomic analyses, we performed Western
blots (WB) for several candidates (HSP90, KIF3B and hnRNPA2/B1), and confirmed
their reduction in the soluble fraction at 8 and 12 weeks, which was in all cases significant
for the ST brain region (Figure 2.9 A-C).

One of the validated proteins was the amytrophic lateral sclerosis (ALS)-associated
protein hnRNPA2B1. ALS-linked hnRNPA2B1 mutations lead to an accumulation of
insoluble protein in the nucleus [158]. Through immunostaining, we demostrated that

300 candidates

150 candidates

28 candidates

18 candidates

13 candidates

11 candidates

10 candidates

significantly regulated

conditional selection

OE clones available/ resources

literature screening

viability assay + transfection efficiency

starvation control

IB size effect

BA

9

Figure 2.8 – Candidates selection. (A) Schematic summary of the validation steps in the protein candidates follow-up.
(B) Distribution of the protein candidates into functional groups, comprising a wide variety of functions.
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Table 2.1 – Information of protein candidates.
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Figure 2.9 – Validation of candidates from the proteomic screen: HSP90, KIF3B and hnRNPA2B1. (A-C) Quan-
tification of candidates in immunoblots of brain regions from 8 and 12 week old R6/2 mice, normalized to WT
controls (dotted line); Student’s t-test, *p<0.05; n=3-4. Values are mean± SD. (D) Representative single-plane
images of 12-week-old R6/2 striatum with nuclear hnRNPA2B1 accumulations; EM48 staining for HTT IBs, red;
hnRNPA2B1, green; DARPP-32 staining for MSNs, blue; arrowheads, DARPP32+ neurons containing IBs and
showing a nuclear accumulation of hnRNPA2/B1; scale bar is 10 µm. (E) Examples of two DARPP32+ neurons
showing colocalization (yellow) of hnRNPA2B1 with the IB; scale bar is 5 µm. (F) Quantification of nuclear accu-
mulation of hnRNPA2/B1 in DARPP32+ neurons with IBs, in the striatum of 12-week-old R6/2 mice; Student’s
t-test, *** p<0.001; Values are mean± SD; n=3 mice; 7 image fields each.

in R6/2 ST there is a nuclear accumulation of hnRNPA2B1 in most MSNs, as well as
its co-localization with HttEx1 IBs (Figure 2.9 D-F). In all neurons with hnRNPA2B1
accumulation, which represent 62% of all DARPP32 + cells (Figure 2.9 F), some degree of
colocalization was always observed between the IB and hnRNPA2B1, as shown in Figure
2.9 E, confirming its sequestration and therefore the enrichment in the insoluble proteome
fraction.

2.3.2 Overexpression of loss-of-function candidates in a HD cell model

For the follow-up of the selected protein we initially tested the Neuro2a (N2a) in vitro
cell model. N2a stable cell lines express C-terminally eGFP-tagged HttEx1 upon induc-
tion with ponasterone in three different polyQ lengths, Q18, Q64, and Q180 [262], Figure
2.10 A. Unfortunately, these cell lines repeatedly showed cell death resistance upon ex-
pression of the pathogenic polyQ lengths with no significant reduction either after 3 days
(Figure 2.10 B) or 4 days (Figure 2.10 C) expressing time.
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(A) but after 4 days expressing the polyQ lengths.

We then decided to move on to a different in vitro model and used inducible neuron-
like PC12 cells with stably integrated GFP-tagged HttEx1 with either 23 or 74 glutamines
(HD-Q23 and HD-Q74 cells) [272]. Upon induction with doxycycline to express HttEx1,
significant reduction in cell viability is observed for HD-Q74, but not HD-Q23 cells (Fig-
ure 2.11 A-C). We first checked through quantitative proteomics that all candidates were
expressed in this cell line. Indeed, all of them were endogenously expressed with medium
to high abundance (Figure 2.11 D). The soluble proportion of most cellular proteins in-
creased significantly after overexpression of the candidates in HD-Q74 cells, as well as, in
most cases, the soluble proportion of the candidate itself [107], meaning that the overex-
pressed protein is either blocking the IB sequestration of other proteins or the candidate
is indeed acting specifically. Moreover, transfection of a candidate increased its protein
levels compared to non-transfected controls [107].
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Figure 2.11 – Assessment of the in vitro model PC12-HTT-Exon1. (A) Scheme of the PC12-HTT-Exon1 induction
in the HD-Q23 and HD-Q74 cell lines. (B) Induction of HttEx1 expression in PC12 cells leads to polyQ length-
dependent cell death, as measure by MTT assay; multiple t-test (two-tailed) with Benjamini-Hochberg correction;
*FDR<0.05, ***FDR<0.001; n=3. (C) Representative images of HD-Q23 (top) and HD-Q74 (bottom) cell lines
60 hours after induction. Blue, DAPI; green, HttEx1-GFP; scale bar, 20 µm. (D) Ranking of HD-Q74 proteins
by iBAQ copy numbers, selected candidates are indicated in red.

Under the hypothesis that the selected protein candidates are in a context of loss of
function in the R6/2 brains, we overexpressed them in the in vitro system to evaluate
their effect on mHTT-induced toxicity. As shown in Figure 2.12 A (orange, lower panel),
overexpression of individual candidates significantly improved the viability of HD-Q74
cells in 12 of 18 cases, with a mean survival increase of 40%. For further analysis, we
excluded proteins that increased viability in the control HD-Q23 as well (Figure 2.12
A (grey, upper panel), AP2A2, NFASC and MAPT, as well as two other proteins that
repeatedly showed low transfection rates (DCTN1 and SBF1).

The influence of the overexpression on the viability, however, could be independent of
mHtt-Ex1 and due to a general effect on cell survival. Therefore, to rule out this possibil-
ity, we tested whether the candidates rescued the viability of non-induced HD-Q74 cells
under starvation conditions. We observed a significant rescue with CNP (Figure 2.12 B),
which was subsequently removed from the follow-up, along with DNM1 (FDR = 0.07).
Thus, we proved that for all the remaining candidates, there is a specific involvement in
mutant HttEx1 toxicity.
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to mCherry controls; n = 4. (B) Candidates’ effects on the viability of starved, non-induced HD-Q74 cells; multiple
two-tailed t test with Benjamini-Hochberg correction; *FDR<0.05; n = 3.

2.3.3 Characterization of the candidates’ rescue effect

To deeper characterize the effect of the candidates’ overexpression, we asked whether
there was an influence on aggregation as well. Overexpression of the candidates did not
have a significant effect on the number of GFP+ foci per cell (Figure 2.13 A), but their
size was significantly reduced in 10 of 11 cases (Figure 2.13 B).

In a more detailed analysis of this size reduction, we could show that the percentage
of small foci (<1 µm in diameter) increased significantly in 8 of the 11 cases, whereas the
percentage of large foci (>2.5 µm) was significantly reduced in all cases (Figure 2.13 C
and D). These findings indicate that overexpression of the proteins sequestered to HttEx1
IBs ameliorates mutant HttEx1 toxicity and decreases aggregate size, but not load.
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Figure 2.13 – Characterization of candidates overexpression effect in IBs. (A) Number of IBs per cell in HD-Q74
cells transfected with the candidates; multiple two-tailed t-test with Benjamini-Hochberg correction; *FDR <

0.05; n=3. (B) Log2FCs in IB diameter in HD-Q74 cells transfected with the candidates. Multiple two-tailed
t test with Benjamini-Hochberg correction; *FDR < 0.05, **FDR < 0.01; normalized to mCherry; n = 3. (C)
Distribution of IB diameter bins in HD-Q74 cells transfected with the candidates. Green, <1 µm; orange, 1 - 2.5
µm; brown, >2.5 µm. Multiple two-tailed t test with Benjamini-Hochberg correction; *FDR < 0.05, **FDR <

0.01; n = 3. (D) Representative images of HD-Q74 cells transfected with the indicated candidates or mCherry as
control. Blue, DAPI; red, myc candidate; green, HttEx1-GFP; scale bar, 20 µm.

2.4 Follow-up of mHTT-toxicity modifying candidates in primary neu-
rons and in vivo

2.4.1 Evaluation of HDGF effect in primary neurons through transfection

One of the protein candidates, HDGF, had a remarkable effect on the PC12-Q74 sur-
vival when overexpressed (Table 2.1, Figure 2.12). We then decided to further analyze
its toxicity-modifying potential by overexpressing it in primary cortical neurons. Trans-
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fection of polyQ-expanded HTT-Q97-mCherry, but not control HTT-Q25-mCherry or
mCherry, causes a significant reduction in neuronal survival (Figure 2.14). Remarkably,
co-transfection of HDGF significantly rescues neuronal viability, compared to the control
condition with GFP.
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Figure 2.14 – Viability assessment upon HDGF overexpression in cortical neurons. (A) Quantification of caspase-3
positive neurons to assess viability at DIV 7+2.; two-way ANOVA, *<0.05, **< 0.01, ***< 0.001, ****<0.0001;
values are mean± SD; n=4 experiments; 30-70 neurons counted per condition/ experiment. (B) Representative
maximum projections of neurons overexpressing HTT-Q97 and GFP (upper panels) or HDGF (lower panels).
Arrow heads point to cells shown at a higher magnification in the insets. Red, HTT-Q97-mCherry; green, GFP
or Flag tag; cyan, caspase-3; scale bar, 20 µm.
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2.4.2 Evaluation of candidates’ effect in primary neurons through transduction

In addition to HDGF, we selected several other protein candidates for a more detailed
follow-up based on their effect in the PC12 survival experiments (INA, Table 2.1, Figure
2.12) or their significant down-regulation in the proteomic analysis (RDX, PRRT2, Table
2.1) [107]. The degree of enrichment of these four candidates in the insoluble fraction for
the 12-week-old whole brain is displayed in Figure 2.6, as well as their degree of seques-
tration over disease progression in Figure 2.7.

A

B

H
T

T
97

-m
C

h
er

ry
 +

 
Y

FP
H

T
T

97
-m

C
h

er
ry

 +
 

H
D

G
F

YFP / α-FlagmCherryDAPI Merge

[%
] 

V
ia

bi
li

ty

YFP

H
DGF

IN
A

RDX

PRRT2
0

50

100

150
200

mCherry Q25 Q97

*
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DIV 7+20. Results are normalized to the control condition transduced with mCherry + YFP and measured by
MTT; two-tailed multiple t-test with Holm-Sidak correction; *<0.05; values are mean± SD; n=4, DIV 7+20. (B)
Representative maximum projections of DIV 7+12 neurons transduced with HTT-Q97 and YFP (upper pannels)
or HDGF (lower pannels). Arrowheads point to cells shown in the insets. White, DAPI; red, HTT-Q97-mCherry;
green, YFP or Flag tag; scale bar, 20 µm;
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In total, four candidates and YFP as control were co-overexpressed in cortical neu-
rons through lentiviral constructs, along with mCherry, HTT-Q25-mCherry or HTT-Q97-
mCherry. We confirmed HDGF rescue in this experimental approach as well, compared
to the control condition YFP + HTT-Q97-mCherry (Figure 2.15 A). There was no sig-
nificant effect for the rest of protein candidates and one of them, PRRT2, itself caused
neuronal toxicity (Figure 2.15 A). This lentiviral transduction allows a more detailed
characterization compared to a transient transfection. This is represented in the obser-
vation of a possible effect on the IB size, amount and localization (Figure 2.15 B), as
it seems that the overexpression of HDGF in presence of HTT-Q97-mCherry leads to
a general nuclear localization of the IBs, compared to their predominantly cytoplasmic
localization in the YFP control. Moreover, it might affect the IB size compared to the
YFP condition. Another intriguing observation is reflected in the decompression of het-
erocromatin shown by the DAPI staining in the neurons overexpressing HDGF. These
exciting preliminary findings require further quantification and more detailed analysis.

2.4.3 Characterization of HDGF effects in vivo

After suggesting that HDGF has a strong effect on the survival of both PC12-Q74
cell line (Figure 2.12) and primary neurons (both trough transient transfection, Figure
2.14, and lentiviral transduction, Figure 2.15), we speculated that it might have an effect
in vivo as well. To test our hypothesis, we performed intrastriatal injections of AAV8
constructs, bearing either HDGF or YFP, in R6/2 mice and their WT littermates at 4
weeks of age (Figure 2.16 A. Figure 2.16 B demonstrates the successful overexpression of
both vectors in the striatum after 3 weeks of expression.

We evaluated the experimental groups at 12 weeks of age in different behavior as-
says to check whether the overexpression of HDGF in the striatum has an effect at an
advanced stage of HD. Behavioral evaluation consisted of an assessment of the motor
performance by rotarod, angled horizontal ladder, open field and additionally, clasping
phenotype (Figure 2.16). There was no improvement in the rotarod performance; R6/2
mice injected with AAV8-HDGF had a similar latency to fall as R6/2 mice injected with
YFP (Figure 2.16 C). Due to the limited suitability of the rotarod to detect minor de-
fects or improvements in coordination, we also evaluated the performance in an angled
horizontal ladder, measuring both hindlimbs and forelimbs and quantifying the mistakes
in three different categories (hesitation, slip and miss, see Material and Methods). We
found no significant difference in any of the experimental groups for the ladder assessment
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Figure 2.16 – Behavioral assessment of AAV-injected mice. (A) Sagittal mouse brain section stained with Nissl
to schematically represent the injection sites of either AAV8-YFP or AAV8-YFP-p2a-Flag-HDGF. Grey area
represents the striatum. An identical pair of injections were performed in the contralateral hemisphere. (B)
Representative picture of the AAV8-YFP-p2a-Flag-HDGF expression after 3 weeks from the injection date, to
check the proper functioning of the viral constructs; scale bar, 1 mm. (C) Rotarod. (D) Angled horizontal ladder.
(E) Open field. (F) Representative heatmaps of open field. (G) Clasping score ; two-tailed multiple t-test with
Holm-Sidak correction (in A, C and E) or two-way ANOVA (in B); *<0.05, **< 0.01, ***< 0.001; values are
mean± SD; n= 6-9 mice per group.

(Figure 2.16 D). Interestingly, the total distance traveled in the open field was rescued in
HDGF-injected R6/2 mice up to WT levels (Figure 2.16 E and F). Moreover, we observed
a rescue of the clasping phenotype (Figure 2.16 G).

After being behaviorally tested, all animals were sacrificed and their brains were pro-
cessed to histologically assess HDGF overexpression. Upon a close look, one can notice a
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Figure 2.17 – Intrastriatal injections in R6/2 and WT mice. Representative maximum projections of AAV8 over-
expression of YFP or HDGF in 12 week old R6/2 and WT littermates. White, DAPI; red, mHTT ; cyan, flag
tag; green, YFP; scale bar, 15 µm.

difference in the DAPI staining (Figure 2.17). While neurons overexpressing YFP display
a normal DAPI staining, the neurons overexpressing HDGF exhibit an intriguing decom-
pression of constitutive heterocromatin foci, which could be related to a transcriptional
event. These results suggest that the overexpression of HDGF in the striatum has a
beneficial effect on some HD features in the R6/2 model.



CHAPTER 3

DISCUSSION

3.1 A spatiotemporal proteomic profiling in HD

We characterized the brain proteome of R6/2 and WT mice applying quantitative
proteomics. This spatiotemporal approach granted the investigation of molecular neu-
rodegenerative signatures in the HD model with a novel depth of more than 12,000
proteins. Other studies have addressed HD through a proteomic approach [148, 278, 40],
where they also focused in the striatum and cortex, two primary regions of HD dysfunc-
tion, with different success in the numbers of identified proteins, as well as the achieved
depth in the results. The more recent work of Langfelder et al. expanded the approach
strategy to more brain regions and different tissues, as well as different time points in a
KI HD mouse model [139]. To date, however, proteomic approximations exploring HD
pathogenesis centered either on expression level changes or on soluble HTT interactions.
Our approach, similarly to Langfelder et al., included other relevant regions for the eval-
uation of HD pathogenesis, apart from cortex and striatum. However, we focused into
broadening the knowledge of the interplay between soluble and insoluble aspects of the
proteome, a limited aspect of study [15], specifically when following disease progression
over time and in differentially affected brain regions.

The characterization of the soluble proteome during disease progression exposed ex-
tensive alterations in brain regions that are vulnerable to HD. At an early stage of the
disease, 5 weeks old, the expression profile of R6/2 mice appears almost identical to WT.
Nevertheless, it is worth noticing how some protein clusters already show differential ex-
pression. The remodeling appears to be most extensive at 8 weeks of age in the mice
expressing mHTT, the time point when this HD model enters in the onset of the disease,
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with crucial down-regulation and up-regulation of protein clusters compared to an early
stage of the disease. One hypothesis is that there is a massive stress condition on the cells
due to the aberrant mHTT expression and this leads to an up-regulation of chaperones
and proteasome components implicated in dealing with this misfolded protein, as shown
by the up-regulation of clusters 2 and 3. In parallel, down-regulation of clusters 1 and
4, related to ribosome and energy metabolism, highly affects the proteome remodeling.
One of the causes could be related to protein sequestration induced by mHTT and the
dysfunction of linked biochemical processes. In fact, defects in energy metabolism have
been observed in pre-symptomatic and symptomatic HD subjects, leading to evident ox-
idative damage by, for example, impairing the SOD activity and decreasing the ascorbic
acid flux, a known antioxidant in the brain [4].

The fact that our PCA analysis groups the samples in such clear distribution not only
highlights the previous point regarding the early-stage versus advanced-stage, but also
the difference between cerebellar samples and all remaining brain regions. This diver-
gence might be due to the different embryonic origin of the cerebellum, which may play
a role in the vulnerability of the different cells when dealing with mHTT.

It is interesting to mention the apparent discrepancy in both, the gradual alteration
of the soluble proteome over time and the degree of protein sequestration. In both cases,
the 8 week-old time point shows a stronger differentiation compared to the 12 week-old
time point. One might expect that the further in the disease development, the stronger
the alteration and the sequestration. There are two possible answers for this result, that
are not mutually exclusive. First, it can be that the general aging context at 12 week old
alters the already affected cellular environment. Second, from the 12 week-old animals,
two of them came directly from the Jackson Laboratory, as described in the subsection
5.1.7, whereas the rest of animals were obtained from the established in-house colony.
As mentioned previously, the gradual expansion of CAG repeats that inevitably occurs
during breeding of these mice might have led to an amelioration of the HD phenotypes,
including differences at a molecular level.

Our MS-based approach allowed us characterize in detail HttEx1 aggregates from the
different disease stages and the different brain regions. The data show that, at late stage
of the disease, mature aggregates are composed of several hundred of proteins, in line with
the increased size of IBs in the progression of HD in both, animal models and patients.
Interestingly, only a few proteins which are specifically expressed in the brain form the
bulk of the IB. This implies that the IB composition in HD is highly tissue specific, which
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would be important when considering mechanisms of toxicity. As the presence of myelin
components in such proportion in the insoluble fraction was surprising, one possibility
could be that some myelin from oligodendrocytes was being isolated through our protocol.
We could confirm its direct sequestration in the neurons by immunostaining, demonstrat-
ing that Plp1 (and probably other myelin proteins detected in the insoluble fraction) is
a true component of neuronal IBs and not a contaminant from oligodendrocytes. This is
in agreement with previous studies that also described the presence of myelin in neurons
[235, 258].

Regarding the molecular composition of the IBs, we identified a significant fraction of
constituent proteins bearing some common characteristics in their aminoacid sequence.
Specifically, these proteins were rich in aggregation-prone sequence motifs, such as CCDs
or LCRs, which are known to facilitate co-aggregation with other proteins. CCDs are
implicated in protein interactions and appear to interact with polyQ proteins, promoting
their pathogenic features [74]. On the other hand, LCRs act as molecular determinants of
RNA granule assembly [126] and therefore, are highly enriched in RNA-binding proteins.
It is no surprise then, that these proteins have a prominent presence in the IB compo-
sition since these domains exacerbate aggregation in an unbalanced protein interaction
situation, potentially giving place to some pathologies [50]. In a HD context, it was re-
cently published that LCR domains co-aggregate with mHTT and other LCR-containing
proteins in a HD in vitro model, increasing the formation of aggregates [130].

An interesting question that could be analyzed in further studies would be whether
these protein domains are also detected in insoluble aggregates found in other NDDs.
However, the only available studies to compare have taken place in post mortem human
tissue [98, 140]; taking into account that the frequency enrichment analysis of mouse
versus human motifs is problematic, it leads to a limited statistical power. Additionally,
it is hard to compare human data obtained from patients with a progression of years into
the disease to our study in the R6/2 model, which develops aggregates in a time window
of several weeks.

One critical advantage of the present study is the integration of the soluble and insol-
uble proteome analysis with a defined spatiotemporal resolution. This allowed to draw
molecular neurodegeneration signatures that have not yet been linked to HD pathogen-
esis. The R6/2 model is one of the best characterized and most widely used within HD
research, as reviewed in 1.4.2. Comparative studies have shown its similarity to full-length
models at different levels. However, it would be important to compare our spatiotemporal
analysis with other full-lenght HD models. As of today, there are only proteomic studies
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of full-length HD mice that either focus on protein interactors of the HTT protein [237]
or studies with limited sensitivity and resolution, usually reporting only a few tens of
significantly regulated proteins [265, 139].

In our study, one striking observation was the prevalent sequestration of proteins ex-
hibiting dysregulated expression levels in the soluble proteome. While up-regulation of
proteins in HD mice was more common for lower abundant proteins, down-regulation
was significantly more common for highly abundant proteins; for example, members of
the Crmp family, where one of its members has been shown to be a HTT-toxicity sup-
presor [242]. Given that the majority of these proteins were depleted from the soluble
protein pool and sequestered into the aggregates, it suggests widespread loss-of-protein
function during HD progression. While it has been reported that IBs can be protective
by sequestering the more toxic soluble oligomers [10, 96], the persistent recruitment of
soluble proteins observed here argues that IBs have a deleterious impact on the cell, caus-
ing a major impairment of protein homeostasis by a widespread loss-of-function situation.

3.1.1 Considerations and outlook

The amount of data generated by the present spatiotemporal study can be over-
whelming. In this regard, different criteria than the used here could have been applied
for following analysis. For example, we selected candidates which were mainly depleted
from the soluble fraction as well as highly represented in the striatal insoluble fraction.
However, if the proteomic data would be analyzed based on other criteria, it is logical to
assume that other protein candidates would have been revealed. These assumption opens
numerous possibilities for studying not only the data, but the biological information that
we could extract from it.

For future considerations, the proteomic approach could be further improved by addi-
tional cellular and subcellular fractionation steps. Brain regions posses great complexity
and present certain cellular heterogeneity where mixed populations with different vul-
nerability could lead to more specific answers, if analyzed individually. One way of ap-
proaching this challenge could be the application of laser-capture microdissection along
with automated methods to collect cells. This would facilitate the specific isolation and
offer the possibility to investigate small defined areas or individual neurons, aiding data
interpretation. Another possibility would be to use FACS sorting of genetically labeled
cell types.
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3.2 mHTT-toxicity modifiers revealed

Our rescue experiments suggested that re-supplying potential loss-of-function candi-
dates improved the viability of an in vitro cell model in the context of HttEx1 toxicity.
This effect was probably underestimated given that the overexpression assays were done
in population-based conditions, with transfection rates from 20 to 40%, which means that
the further selected candidates had a clear strong effect on the rescue. A possibility for
future studies could be to follow up the two specific candidates that were excluded due
to their viability improvement in the starvation condition (CNP and DNM1). All the
protein candidates that were further analyzed did not have any beneficial effect under
the stress of starvation, which points to the fact that none of those candidates affected
the activation of the general survival pathways, thus being specific actors in the toxicity
related to mHTT. Nevertheless, it would be interesting to investigate whether the two
excluded candidates can further affect not only the aggregate load and the size of the
IBs, but also whether they would improve a HD pathological context more significantly
than the other selected candidates.

Surprisingly, a large number of our candidates reduced aggregate size but not over-
all aggregation load. It is possible that each of the selected candidates is essential for
cell survival and their overexpression simply re-supplies the cell with a necessary factor.
Besides, it is important to consider that a protein with a high affinity for the IBs may
occupy much of the interaction surface and thereby, decrease sequestration of endogenous
proteins, as implicated by the increase of the soluble proportion of most proteins upon
transfection of the candidates into HD-Q74 cells. This scenario may also explain why
many of the candidates reduced IB size. It must be noted, interestingly, that SRGAP3
did not improve the viability of the in vitro model but it did, on the other hand, reduce
the IBs size. This would argue that blocking the sequestration capacity of the IBs by
SRGAP3 overexpression is not sufficient for subsequently improving cell survival. The
rescue effect of the other candidates is therefore likely not entirely due to shielding the
IB surface and preventing other proteins from interacting with the IBs. Our data suggest
that overexpression of candidate proteins could increase cell viability by interfering with
multistage aggregate formation, but this is one possibility which does not exclude other
simultaneous processes. The analyzed candidates are somehow able to promote overall
recovery but the molecular mechanism underlying the observed increase in cell viability
requires further analysis for each individual case.
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An arguable limitation to the in vitro validation could be the failure to differentiate
the PC12-HD lines to neuron-like cells. In response to NGF, PC12 cells differentiate
into sympathetic-like neurons and extend long neurites, providing a useful model for the
investigation of neuronal differentiation, signaling and other neurobiological events [88],
such as the context of our study. The lack of differentiation in our case could be due, as
one explanation out of many, to a loss or mutation in the NGF receptor, which would
impair subsequent signaling cascades leading to neurite formation. To prevent prolifera-
tion, we maintained the cell lines in minimal serum conditions in the experimental setup
so they remained in a quiescent-like state. Other studies have used PC12 cell lines as
well without differentiating for addressing questions related to HD [242]. Nevertheless, to
overcome this limitation, we addressed the capacity of some of the candidates in a more
physiological system, primary cortical neurons, where we could confirm the effect on the
viability in the context of mHTT toxicity.

Transient transfection allows to evaluate the effect of a protein of interest in a rela-
tively fast and convenient way. However, it depends on the expression and transfection
efficiency of such protein. From the four proteins selected from the proteomic study to
follow up in primary neurons (HDGF, INA, RDX and PRRT2), only HDGF was suit-
able for an evaluation through transient transfection. To overcome this drawback and
also to perform a deeper characterization of the candidates’ effect, we developed in-house
lentivirus for each of the candidate constructs. This approach conceded a longer time
of expression and therefore a more detailed analysis. For example, PRRT2 expression
resulted in toxicity, independently of the protein co-overexpressed. A study from 2017
[22], showed that overexpression of PRRT2 strongly impaired the cell viability and pro-
moted cell apoptosis in glioma cells, where it is also down-regulated compared to normal
brain tissue. There is a possibility that this anti-apoptotic effects take place, in a similar
manner, in the cortical neuron milieu. Whether a finer tritation of the lentivirus would
make a difference in the toxicity, remains unclear. In any case, because of methodological
difficulties we did not pursue this candidate further.

RDX and INA did not cause a significant improvement in the neuronal viability in
the presence of HTT-Q97-mCherry, whereas the beneficial effect of HDGF was confirmed
again. Interestingly, a couple of observations stand out from the evaluation. Firstly, the
IB load derived from the aggregation of HTT-Q97-mCherry in the HDGF transduced
condition seems not only strikingly smaller, but the IBs mostly localize within the nu-
cleus, in contrast to the YFP transduced control, where they lie in the cytoplasm. The
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location of protein aggregates firmly influences the survival of cells. While aggregates
within the nucleus barely influence cellular function, deposits of identical proteins within
the cytoplasm interfere with important transport pathways between the nucleus and the
cytoplasm [269]. This results in a blockage of protein and RNA transport in and out
of the nucleus. In a long-term context, this leads to the death of the affected cells and
progression of the pathology. Nevertheless, how all this process develops, mechanistically
speaking, should be further addressed.

Secondly, there is the differential decompression of constitutive heterocromatin foci.
In a murine nucleus in interphase, pericentric constitutive heterochromatin (PCH) can be
visualized as dense DAPI regions, termed chromocenters, with each chromocenter con-
sisting of multiple pericentric regions from different chromosomes [91]. PCH is the main
constituent of mouse heterochromatin and is formed by major satellite repeats that com-
prise 10% of the genome. They are critical for genetic stability and centromere formation.
Some controlled dynamical changes of pericentric heterochromatin structure may occur,
which associate with brief bursts of major satellite transcription, such as cell differenti-
ation [251, 86] or embryonic development [35, 220]. Nevertheless, in most somatic cells,
PCH is transcriptionally repressed with high levels of H3K9me3 and condensed chromatin
fibers [222]. Regarding HDGF, there is published evidence of its PWWP domain acting
as a histone methyl-lysine reader [217], recognizing both DNA and histone methylated
lysines. This involvement in chromatin-associated processes could be the starting point
for elucidating the consequences of its overexpression in the future.

3.2.1 Considerations and outlook

The multiplicity of gene copies that are carried by transgenic mice (two murine copies
plus the mutated human one) have risen awareness about how representative are these
models in the genetics of the human disease. Although transgenic mice show many fea-
tures, both behavioral and neuropathological when compared to humans patients, they
do not match perfectly. For instance, IB formation in the R6/2 line is more extensive and
neuronal loss is less striking than in human HD [62]. In addition, supplementary pathol-
ogy not associated with the disease could be taking place due to the random insertion of
the human HTT gene in the mouse genome [119]. This could eventually interfere with
the proper function of other genes unrelated to HD. The pathogenic mechanism of the
truncated HTT in the R6/2 model could be questionable since that fragment may not be
produced in the human HD brain. HTT is a big protein with many potential functional
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domains and its conformation and function may show variable changes. Therefore, it is
likely that we are creating artificial properties when HTT is cut into different fragment
sizes.

All these concerns motivated the generation of KI models. These models replace a
portion of the mouse Htt gene with a mutant human copy that contains an expanded
CAG region. The zQ175 KI line was developed in an attempt to have the HTT gene
in a proper genetic context and displays a more similar phenotype to adult-onset HD
[169]. The recent availability of this model in the lab will allow not only to validate the
proteomic study, but also to confirm the potential therapeutic effect shown in vivo by
one of the follow-up candidates, HDGF. On the other hand, it is important to mention
that the exon1 of HTT is enough to recapitulate many HD features and additionally,
R6/2 mice have extensive similarities with KI models on pathological, transcriptional,
and electrophysiological levels [51, 139, 270].

3.3 HDGF as possible therapeutic candidate in HD

Our data revealed that HDGF rescues neuronal viability in vitro in the context of Ht-
tEx1 toxicity. Given our hypothesis of loss-of-function protein candidates, we approached
it experimentally with their overexpression. In the case of HDGF, this could be a con-
cern due to the published evidence on the protein in relation with its dysregulation in
different cancer types. It is reported that HDGF is an important regulator of many
cancer cell activities during transformation, apoptosis, angiogenesis and metastasis, [127]
and it appears to function as an unfavorable prognostic marker for human glioma [276],
carcinoma [142] and cervical adenocarcinoma [255], among others. As a summary of pre-
vious studies, a reduction of HDGF in tumor cells gives as outcome smaller tumors, less
angiogenesis and reduced metastatic capacity. However, Sedlmaier et al. investigated
the direct influence of an initial overexpression of HDGF, showing that there is no evi-
dence of the HDGF transforming capacity in tumor development [232]. They proposed,
instead, that HDGF has a possible role in cell differentiation and that it promotes tumor
progression after secondary up-regulation [232].

Despite its known role in the development and pathogenesis of some malignancies,
there is not much known about HDGF in a neurological context. The distribution of
the protein in the murine brain has been characterized in two publications [2, 67]. The
signaling pathway for growth factors implies induction of a typical kinase pathway at the
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plasma membrane, which leads to an intracellular phosphorylation cascade. Recently,
it has been reported that growth factors act as transcriptional cofactors in the nucleus.
Although HDGF has been identified as a growth factor, its receptor on the cell membrane
remains unclear. One candidate is nucleolin, which has been identified and validated as
a HDGF-interacting membrane protein in hepatoma cells. Upon binding to nucleolin,
HDGF activates the downstream PI3K/AKT signaling pathway [39]. Similar to other
cell types, HDGF is targeted to the nucleus in neurons. Nuclear localization of HDGF
is critical for the mitogenic activity of HDGF in different cells [131] and it promotes
de novo lipogenesis through activating SREBP-1-mediated lipogenic gene transcription
[173], which is neccessary for proliferation. However, the clear presence of HDGF mRNA
in post-mitotic neurons and the extranuclear expression of the growth factor in cultured
differentiated neurons [2], points to a function that is not limited to proliferative activity.
Interestingly, LEDGF, which is also a member of the HRP family, enhances the survival
of skin fibroblasts, keratinocytes, photoreceptor and retinal pigment epithelial cells [162,
152]. Thus, HDGF might also function as survival factor in adult brain. Indeed, its role
in neuronal survival has been demonstrated for hippocampal and spinal motor neurons
in vitro [160, 285], as well as for retinal ganglion cells in vivo [106].

Little is also known about the potential role HDGF may play in a neurodegenerative
context. There is, however, a relevant hint from published work some years ago that could
point in the appropriate direction. HDGF bears a 32% aminoacid homology to HMG1,
which has been reported to have intranuclear and extracellular functions [175] and it is
an abundant constituent of mammalian nuclei [23]. The work of Qi et al. suggested that
a compensatory expression of HMGs ameliorates polyQ-induced pathology in primary
neurons and in Drosophila polyQ models [204]. In addition, HMGs repress toxic stress
signals induced by mHTT or transcriptional repression [204]. The possibility that HMGs
may be regulators of polyQ disease pathology opens the door to a robust evidence for
HDGF as well. Among the different roles in which HMGs have been implicated, they
can act as a factor related to tumor metastasis [247], sustaining the thought that they
function in the extracellular space. In HDGF, the absence of the HMG box, which is
essential for binding DNA, also suggests that HDGF has extracellular roles, which is
supported by the evidence of HDGF secretion [187].

Our results show a remarkable rescue in the open field traveled distance in the HDGF-
injected animals, comparable to WT levels. The open field test is classically used to assess
animal basal locomotor activity and exploration. The test is based on conflicting innate
tendencies of avoiding bright light and open spaces, which ethologically mimic a situation
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of predator risk, and of exploring novel environment. It can also be used for general as-
sessment of anxiety in murine models. It had been shown that anxiolytics administration
increases exploration time in the center of the open field, while stressful stimuli decrease
the number of center visits [41]. However, there is an intrinsic challenge to dissociate
impaired locomotor activity from anxiety-induced suppression of exploration. Therefore,
it remains unclear whether this rescue in our tested animals is due to an improvement
in some specific motor functions or a reduction in the anxiety levels. A possible comple-
mentary analysis to help the distinction could be to quantify the rearing frequency, in
which rodents stand on their hindlimbs to explore [243]. Pairing the open field analysis
with other anxiety measures, such as elevated plus maze, could help the clarification.

Interestingly, HDGF-injected mice were also rescued in the clasping phenotype. Nor-
mal mice spread their four limbs when suspended by their tails, whereas R6/2 mice tightly
clasp their hind- and forelimbs against their thorax and abdomen. The pathophysiology
of this abnormal response is not fully understood. Nevertheless, the paw clasping test is
a very widely used way of characterizing HD mouse models, and is often used in studies
examining novel treatments, partly due to it being easy and fast to perform [143]. It
is tempting to speculate that HDGF overexpression has a wider effect than its cellular
context, influencing not only the striatum but also the connectivity associated and re-
sponsible for this phenotype.

For all the animals that have undergone behavior experiments it would be essential
to check the accuracy of the injection sites. It will be interesting to assess different histo-
logical parameters that could shed some light onto the mechanism of rescue in vivo, such
as evaluation of any change in the IB size and/or amount, quantification of a possible
reduction in the inflammation markers and the evaluation of HDGF levels in different
brain regions. It also remains an open question, up to further analysis, whether some of
the neurons containing HDGF could have taken it up from the neighboring secretion, in
a paracrine manner, and whether HDGF might perform a specific function in the cyto-
plasm related to mHTT.

In order to approach a more exhaustive evaluation of the effect of HDGF overexpres-
sion in HD, different lines of action can be taken. Firstly, there are several motor tests
that could help narrowing the characterization of the phenotype in the injected R6/2,
such as measuring the grip strength, climbing or the running wheel test, which could
detect improvement with different group sizes. This test can be automated, requiring a
low amount of manual input, making it suitable for preclinical drug testing [103]. Sec-
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ondly, it would be very interesting to analyze whether the lifespan of the HDGF-injected
R6/2 is affected. Since the R6/2 is such a dramatic model, even a mild extension could
mean a significant improvement, mechanistically speaking. Thirdly, an important insight
could come into play by applying transcriptomic, as well as proteomic analysis. Such
approaches could answer different questions at a molecular level regarding, for example,
how are the mHTT levels affected under the overexpression of HDGF, which other pro-
tein sets are responding in the same context, how are the protein interactions changing
among each other, etc.

Last, but not least, a catalog of different possibilities also opens when discussing
injection sites. The observed effect upon overexpression of HDGF arises from two pair of
striatal injections in each hemisphere. However, it remains an open question whether the
same improvement, or a different one, in the phenotype could be achieved with cortical
localized injections or a combination of both, striatal and cortical, given the relevance of
the cortiostriatal pathway.

3.3.1 Considerations and outlook

In this project, I have shown HDGF to be a promising mHTT-toxicity modifier. How-
ever, many open questions still remain. First, it is not clear through which receptor
HDGF might exert its action in neurons. The work from Chen et al. demonstrated the
function of nucleolin as a cell surface receptor for HDGF in hepatocellular carcinoma cells
[39]. However, additional molecules may participate in the formation of surface HDGF-
nucleolin signaling complex. The published work postulates that nucleolin protein may
serve as high-affinity receptor for HDGF, whereas the other co-receptor proteins may
confer the specificity for HDGF recognition in the signaling cascade. The identity and
functions of these HDGF-binding membrane proteins remain unclear and require further
characterization. Moreover, it is still an open question whether this signaling axis acts
similarly in neurons.

The localization of the protein should also be interrogated in future studies. In a
mHTT-toxicity context, which effect would it have to fully re-locate the protein to the
cytoplasm? HDGF is harbored in the nucleus, but it might be able to exert its neuropro-
tective role from a different biological compartment. This information would be useful
to mechanistically characterize the effect of the protein towards mHTT toxicity.

Another open line for studying is the extracellular application of HDGF. The fact
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that the protein can act in a para- and autocrine manner through a cell surface receptor
is a clear advantage for future therapeutic approaches. HDGF could be then exogenously
applied to the targeted cells with an adequate concentration, which would remove the
drawback of an endogenous cell delivery method.

Finally, as it would be interesting to confirm HDGF effect in a different HD mouse
model, such as the zQ175 KI line, the targeted time points relevant for the disease should
be adapted since it develops HD in a more delayed manner compared to the R6/2 model.
It would represent another step into a possible pre-clinical HD treatment.



CHAPTER 4

CONCLUSION

4.1 Concluding remarks

In the present work, I provided an array of data which displays a quantitative picture
of the dynamics of the aggregate proteome in relation to the brain proteome, by studying
HD progression in the R6/2 mouse model in a spatiotemporal manner.

In summary, the thesis contributed to a more detailed description of the HD patho-
genesis on (1) proteome changes upon disease progression and (2) the characterization
of polyQ aggregates. The overexpression of different loss-of-function protein candidates,
which arose from the proteomic data set, (3) showed an improvement in the viability of a
HD cell model. (4) The follow-up of one of those proteins, HDGF, revealed an enhance-
ment in the phenotype of the R6/2 mice when overexpressed in the striatum by AAV.

These findings provide new insights into the molecular pathways underlying HD patho-
genesis, and pave the way for development of more refined therapies.
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4.2 Thesis graphical overview
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Figure 4.1 – Graphical schematic summary of the thesis. Summary of the developed thesis showing the
different phases of the study.



CHAPTER 5

MATERIALS AND METHODS

5.1 Materials

5.1.1 Reagents

Table 5.1 – List of critical reagents used.

Name Source Identifier

TransIT-Lenti Mirus # MIR6603

16% PFA Electron Microscopy Sciences # 15710

Doxycycline Sigma-Aldrich # D9891

G418 Thermo Fisher Scientific # 10131035

Hygromycin B Thermo Fisher Scientific # 10687010

Laminin Thermo Fisher Scientific # 23017015

Lipofectamine 2000 LifeTechnologies # 11668027

Lipofectamine LTX with Plus Reagent LifeTechnologies # P36930

MTT reagent Sigma-Aldrich # M5655

Poly D-Lysin Sigma-Aldrich # P7886

5.1.2 Genotyping primers
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Table 5.2 – Primers used for genotyping

Name Sequence

R6/2 Forward CCG CTC AGG TTC TGC TTT TA

R6/2 Reverse TGG AAG GAC TTG AGG GAC TC

5.1.3 Buffers

Table 5.3 – List of buffers

Buffer name Composition
PBS, pH 7.3 137 mM NaCl

2.7 mM KCl
4.3 mM Na2HPO4∙7H2O
1.4 mM KH2PO4

TBS-T 20 mM Tris, pH 7.5
120 mM NaCl
0.1% Tween 20

TAE 2 M Tris acetate
50 mM EDTA

Borate, pH 8.5 50 mM Boric acid
12.5 mM Sodium tetraborate (Borax)

TBS-5 50 mM Tris-HCl, pH 7.8
130 mM NaCl
10 mM KCl
5 mM MgCl2

Citrate 10 mM sodium citrate, pH 6
0.05% Tween 20

Electrophoresis 5x (10 l) 154.5 g Tris base
721 g Glycine
50 g SDS

Protein transfer (1 l) 3.03 g Tris base
14.4 g SDS
200 ml Methanol

Protein running 5x (10 l) 154.5 g Tris base
721 g Glycine
50 g SDS
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Table 5.4 – List of solutions

Solution name Composition
Lysis 50 mM Tris, pH 7.5

150 mM NaCl
2 mM EDTA
1% TritonX‐100
Protease inhibitor (Roche)

Blocking 0.2% BSA
5% DS
0.2% lysine
0.2% glycin
0.02% SA

Primary antibody blocking PBS
0.3 % Triton X-100
2 % BSA
0.02 % SA

Secondary antibody blocking PBS
0.3 % Triton X-100
3 % DS

Albumin-gelatin 45% albumin
1.5% gelatin
1 M SA, pH 6.5

5.1.4 Commercial kits

Table 5.5 – List of critical commercial kits used.

Kit name Source Identifier

NucleoBond Xtra Maxi Macherey-Nagel # 740414.5

QIAprep Spin Miniprep Quiagen # 27106

Nucleo Spin Gel and PCR Clean-up Quiagen # 740609.25

Pierce LDH Cytotoxicity Assay Kit Thermo Fisher Scientific # 88953

CalPhos mammalian transfection kit ClonTech # K2051-1
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5.1.5 Media

Table 5.6 – List of media

Media name Composition

PC12 culture DMEM (+ 4.5 g/l D-Glucose, - Pyruvate)
1 % Penicilin/ Streptomicin
1 % G418
Hygromicin B, 70 µg/ml
5% FBS
10% FHS
1 %  Glutamax

HEK293T maintenance DMEM (+ 4.5 g/l D-Glucose, - Pyruvate)
1 % Penicilin/ Streptomicin
1 % G418
1 % Glutamax
10% FBS
1% G418

HEK293T lentivirus production DMEM (+ 4.5 g/l D-Glucose, - Pyruvate)
1 % Glutamax
10% FBS
1 % NEAA
1 % HEPES

Neuronal dissection HBSS (+ CaCl2, + MgCl2)
1 % Penicilin/ Streptomicin
1% HEPES
1%  Mg2SO4

Primary neuronal culture Neurobasal medium (- L-Glutamine)
1 % Penicilin/ Streptomicin
1 % L-Glutamine
1x B27 supplement
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5.1.6 Molecular constructs

Plasmid constructs

Table 5.7 – List of plasmids. [78, 153, 281]

Plasmid 
Insert

Backbone Tag Resistance Source Identifier

AARS pCMV6-Entry Myc-Flag Kan BioCat RC202136-OR

AP2A2 pCMV6-Entry Myc-Flag Kan BioCat RC203018-OR

CACNB3 pCMV6-Entry Myc-Flag Kan BioCat RC207229-OR

CHMP3 pCMV6-Entry Myc-Flag Kan BioCat RC220006-OR

CNP pCMV6-Entry Myc-Flag Kan BioCat RC207038-OR

DCTN1 pCMV6-Entry Myc-Flag Kan BioCat RC211975-OR

DNM1 pCMV6-Entry Myc-Flag Kan BioCat RC206284-OR

DPSYL2 pCMV6-Entry Myc-Flag Kan BioCat RC231368-OR

HDGF pCMV6-Entry Myc-Flag Kan BioCat RC204148-OR

HNRNPA2B1 pCMV6-Entry Myc-Flag Kan BioCat RC219318-OR

HSP90AA1 pcDNA3 HA Amp Sessa lab (YSM) AddGene #22487 [78]

HTT-Q25 pcDNA Myc-mCherry Amp Hartl lab (MPIB) n/a

HTT-Q97 pcDNA Myc-mCherry Amp Hartl lab (MPIB) n/a

INA pCMV6-Entry Myc-Flag Kan BioCat RC202877-OR

KIF3B pCMV6-Entry Myc-Flag Kan BioCat RC213911-OR

MAPT mApple-C1 mApple Kan Davidson lab (NHMFL) AddGene #54924

NCAM1 pCMV6-Entry Myc-Flag Kan BioCat RC207890-OR

NFASC
Modified pEGFP-

N1
HA Kan Bennett lab (DUSOM) AddGene #31061 [281]

PRRT2 pCMV6-Entry Myc-Flag Kan BioCat RC202304-OR

RAC1 pRK5-myc Myc Amp Kirschner lab (OSU) AddGene #37030 [153]

RDX pCMV6-Entry Myc-Flag Kan BioCat RC207953-OR

SBF1 pCMV6-Entry Myc-Flag Kan BioCat RC222090-OR

SRGAP3 pCMV6-Entry Myc-Flag Kan BioCat RC214288-OR

mCherry pcDNA n/a Kan Hartl lab (MPIB) n/a

GFP PCI-Neo HA Amp Klein lab (MPIN) n/a

pSPAX2 pSPAX2 n/a Amp Edbauer lab (GCND) n/a

pVSVg pVSVg n/a Amp Edbauer lab (GCND) n/a

For the remaining plasmids used in this study but not presented in Table 5.7, they
were acquired using the gene synthesis services of GenScript.
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Viral constructs

Table 5.8 – List of viral constructs.

Type Plasmid Insert Backbone Promoter Tag Titer Resistance Source

Lentivirus

YFP pFhSynW2 Synapsin N/A 4.46E+05 Amp This study

YFP-HDGF pFhSynW2 Synapsin Flag 6.58E+04 Amp This study

YFP-INA pFhSynW2 Synapsin Flag 5.88E+04 Amp This study

YFP-PRRT2 pFhSynW2 Synapsin Flag 2.57E+04 Amp This study

YFP-RDX pFhSynW2 Synapsin Flag 3.01E+04 Amp This study

mCherry pFhSynW2 Synapsin Myc 3.81E+05 Amp Klein lab

HttQ25-mCherry pFhSynW2 Synapsin Myc 6.40E+04 Amp Klein lab

HttQ97-mCherry pFhSynW2 Synapsin Myc 6.57E+03 Amp Klein lab

AAV
YFP AAV2/8 CAG n/a 2.40E+12 n/a UAB (Spain)

YFP-HDGF AAV2/8 CAG Flag 5.59E+12 n/a UAB (Spain)

5.1.7 Experimental models

Bacterial Strains

Table 5.9 – List of bacterial strains

Bacterial strain Source Identifier

DH5α In-house production n/a

Stellar ClonTech # 636763
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Cell lines

Table 5.10 – List of cell lines

Cell line Origin Source Identifier

N2a HDExon1-Q18 Mouse neuroblastoma Nukina lab (JUIC) n/a

N2a HDExon1-Q64 Mouse neuroblastoma Nukina lab (JUIC) n/a

N2a HDExon1-Q180 Mouse neuroblastoma Nukina lab (JUIC) n/a

PC12 HDExon1-Q23 Rat pheochromocytoma Rubensztein lab (CU) n/a

PC12 HDExon1-Q74 Rat pheochromocytoma Rubensztein lab (CU) n/a

HEK293T Human embrionic kidney ClonTech # 632180

Mouse lines

Table 5.11 – List of mouse lines

Mouse line Source Identifier

CBA In-house colony n/a

C57BL/6 In-house colony n/a

CD1 In-house colony n/a

R6/2 (B6CBA-Tg 
(HDexon1) 62gpb/1J) 

The Jackson Laboratory # 002810

R6/2 mice were generated in the lab of Gillian Bates [154]. For the proteomic study,
female R6/2 mice (B6CBA-Tg(HDexon1)62gpb/1J) carrying a 150 ± 5 CAG repeat ex-
pansion and female non-transgenic littermate controls at five weeks of age were obtained
from the Jackson Laboratory (Bar Harbor, Maine, USA).

For further studies, an R6/2 colony was established at the animal facility of the Max
Planck Institute of Biochemistry (Martinsried, Germany) from male R6/2 mice (B6CBA-
Tg(HDexon1)62gpb/1J) obtained from Jackson Laboratory. The colony was maintained
by crossing carrier males to CBA x C57BL/6 F1 females. Only female R6/2 mice were
used for experiments. All mice were housed under SPF conditions with ad libitum access



86 5. MATERIALS AND METHODS

to standard food and water. They were maintained consistent with local animal welfare
guidelines (Regierung von Oberbayern).

5.1.8 Antibodies

Primary antibodies

Table 5.12 – List of primary antibodies.

Antigen Species Dilution Source Application Identifier

anti-Caspase-3 Rabbit 1:500 Cell Signaling IF # 9661S

anti-DARPP-32 Rabbit 1:500 Abcam IF # ab40801

anti-DARPP-32 Goat 1:250 Lifespan Biosciences IF # LS-C150127

anti-flag Mouse 1:1000 Origene IF # TA50011

anti-flag Rabbit 1:500 Sigma-Aldrich IF or MS # F7425

anti-GAPDH Rabbit 1:5000 Cell Signaling WB # 2118

anti-GFP Chicken 1:1000 Invitrogen IF # 110262

anti-GFP Rat 1:1000 Chromotek MS # 3h9

anti-HA Rat 1:500 Sigma-Aldrich IF # 11867423001

anti-HA Rabbit 1:500 Sigma-Aldrich IF # H6908

anti-HDGF Rabbit 1:200 Abcam IF # ab128921

anti-hnRNPA2B1 Mouse 1:100 or 1:500
Santa Cruz 

Biotechnology
IF or WB # sc-514165

anti-HSP90 Rabbit 1:1000 New England Biolabs WB # 4877

anti-Huntingtin (EM48) Mouse 1:500 Milipore IF # MAB5374

anti-Huntingtin(MW8) Mouse 1:500 DSHB IF MW8

anti-KIF3B Mouse 1:500
Santa Cruz 

Biotechnology
WB # sc-514165

anti-myc Rabbit 1:250 Cell Signaling IF # 2278

anti-myc Rabbit Sigma-Aldrich IF # C3956

anti-NeuN Mouse 1:1000 Milipore IF # MAB377

anti-PLP1 Rabbit 1:100 Abcam IF # ab28486

anti-β-Actin Mouse 1:2500 Sigma-Aldrich WB # A5316
NeuroTrace 640/660 Nissl 

Stain
n/a 1:1000

Thermo Fisher 
Scientific

IF # N21483
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Secondary antibodies

Table 5.13 – List of secondary antibodies.

Antigen Species Dilution Source Application

anti-rabbit, mouse, goat, chicken 
IgG, Cy2/Cy3/Cy5-conjugate

Donkey 1:200 Jackson ImmunoResearch IF

anti-rabbit, mouse, goat, chicken 
IgG, HRP-linked

Donkey 1:1000 - 1:5000
Cell Signaling or Jackson 

ImmunoResearch
WB

5.1.9 Instruments and equipment

Table 5.14 – List of critical equipment and instruments used.

Instruments and equipment Resource

Confocal TCS SP8 microscope Leica

C1000 Touch thermocycler Biorad

Vibratome 1000S Leica

Rotarod NG Ugo Basile

Stereotaxic frame Kopf Instruments

TriStar 942 plate reader Berthold Technologies

Avanti JXN-30 ultracentrifuge Beckman Coulter

5.1.10 Software

Table 5.15 – List of used software. [257, 123]

Name Resource

Perseus v1.5.2.11 [257]

ImageJ v1.49i NIH

EthoVision XT Noldus

Cell Profiler v2.1.1 [123]

GraphPad v5.00 GraphPad Software
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5.2 Methods

5.2.1 Mouse husbandry

Genotyping

For the genetic analysis, 1 mm of tail from each mouse was lysed in 100 µl of 50
mM NaOH for 45 min at 95 °C, vortexing every 15 min and subsequently neutralized by
adding 100 µl of 1.5 M Tris-HCl pH 8.8. Tail lysates were stored at 4 °C until further
use. This DNA solution was used for the genotyping by PCR. A PCR master mix was
prepared and mixed with 1 µl of the respective DNA sample to a total volume of 50 µl:

Table 5.16 – PCR master mix

Master mix for genotyping

Volume (µl) Reagent

42 H2O

0.5 Forward primer

0.5 Reverse primer

5 Thermo Pol Reaction buffer (New England Biolabs)

0.5 dNTPs-mix (25 mM each) (Fermentas)

0.5 Taq Polymerase (New England Biolabs)

The resulting mix was run with the following programm:

Table 5.17 – PCR programm for R6/2 genotyping

Step # Temp °C Time Note
1 94 2 min
2 94 20 sec
3 65 15 sec -0.5 ºC per cycle decrease
4 68 10 sec
5 Repeat steps 2-4 for 10 cycles 

(Touchdown)
6 94 15 sec
7 60 15 sec
8 72 10 sec
9 Repeat steps 6-8 for 28 cycles
10 72 2 min
11 10 Hold infinite
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Determination of CAG repeats

During the study, CAG repeat length was determined from ear punches by the service
of Laragen. Only males with CAG repeats under 180 were used for breedings.

Preparation of Mouse Brain Regions

Mice were euthanized by carbondioxide inhalation. Whole brains were then dissected
from each mouse, washed once in ice-cold PBS and divided in halves by sagittal dissection
on ice. One cerebral hemisphere was further dissected at 4 °C in order to obtain CE, HC,
ST and CO. Dissected brain regions were immediately flash-frozen in liquid nitrogen and
stored at -80 °C until further use.

Transcardial perfusions

Mice were injected with a mixture of 1.6 % ketamine (Medistar) and 0.08 % xylazine
(Bernburg) in saline. After checking for the absence of reflex, mice were transcardially
perfused for 4 min at a speed of 1.5 ml/min with cold PBS and for additional 4 min with
cold 4 % PFA . Brains were subsequently removed and post-fixed in 4 % PFA overnight.
Brains were stored at 4 °C in PBS with 0.02 % sodium azide until further use.

5.2.2 Molecular biology and biochemistry

DNA constructs cloning and amplification

DNA of interest was digested overnight with the corresponding enzyme (New Eng-
land Biolabs) following manufacturer’s instructions. Proper digestion of the construct of
interest was checked on a 2% agarose gel following electrophoresis.

DNA fragments were amplified using PFU polymerase (Promega) according to manu-
facturer’s instructions. Both vectors and inserts of interest were purified from agarose gels
following electrophoresis with QIAquick Gel Extraction Kit (Quiagen) following manu-
facturer’s instructions. Ligation between vector and insert was performed using T4 DNA
ligase (New England Biolabs) overnight at 16°C, in a total volume of 30 µl. Amount of
vector was 50 ng and amount of insert used varied based on different stoichiometric ratios
(1:1, 1:3, 1:5 and a negative control without insert). Then, 1-5 µl of the ligation reaction
were used for transforming 50 µl of either DH5α or Stellar (ClonTech) electro-competent
cells in a pre-chilled cuvette (Bio-Rad, Gene Pulser Cuvettes, 0.2 cm electrodes). Cu-
vettes were exposed to a pulse in the electroporation chamber (Bio-Rad, Puls Controller),
and cells were subsequently transferred to a 14 ml Falcon tube in 200 µl LB medium. The



90 5. MATERIALS AND METHODS

transformed cells were incubated for 1 h at 37°C and 230 rpm shaking. Subsequently,
they were plated on LB agar plates containing ampicillin or kanamycin, depending on
the insert resistance and left to grow overnight at 37 °C. Cultures of single colonies were
grown overnight at 37 °C and 230 rpm in LB medium supplemented with 100 µg/ml
ampicillin or kanamycin as required. For purification of the plasmid DNA, maxi-prep or
mini-prep kit were used. Plasmid DNA concentration was measured using a NanoDrop
1000 Spectrophotometer (Thermo Scientific). Sequences of all constructs were verified by
sequencing at Eurofins.

DNA electrophoresis

Depending on the size of the DNA fragments needed to be separated, 1 or 2 % agarose
gels were prepared in TAE buffer. The agarose was dissolved in the buffer by boiling.
Subsequently, SYBR Safe (Thermo Fisher) was added to a concentration of 0.6 %. The
solution was then poured into a plastic tray and left to cool until polymerized. Gel
electrophoresis was performed at 150-200 V, and DNA fragments were visualized by UV
light using a Gel Doc XR+ (Biorad).

Western Blotting

Dissected brain regions were homogenized in lysis solution. For SDS-PAGE, 100 µg
of proteins were separated in a 10% gradient gel and transferred to a PVDF membrane.
The membrane was blotted with the following primary antibodies: hnRNPA2B1, HSP90,
KIF3B and Beta-Actin. After incubation with HRP-conjugated secondary antibodies,
bound antibodies were visualized by chemiluminescence. The intensity of the bands was
quantified by Image J software.

5.2.3 Cell lines and primary neurons

Immortalized cell lines

Mouse N2a neuroblastoma cell lines were a kind gift from Professor Nobuyuki Nukina
(Juntendo University Graduate School of Medicine). The three lines were cultured and in-
duced as instructed. Briefly, cells were maintained in media comparable to the HEK293T
one, line at 37°C, 10% CO2 and treated with 2.5 mM dbcAMP (Sigma) for differentia-
tion and 1 µM ponasterone A (Thermo Fisher) for induction of HttEx1-Q18/Q64/Q180.
When cells were reaching a confluency around 70-80%, they were washed with pre-warmed
PBS and incubated with Trypsin-EDTA (Sigma) for 3 min. Subsequently, cells were taken
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up and newly seeded as needed

Rat PC12 pheochromocytoma cell lines stably transfected with either GFP-fused
Huntingtin Exon1-Q23 or Q74 were a kind gift from Professor David Rubinsztein (Cam-
bridge Institute for Medical Research). Both lines were cultured and induced as described
in Wyttenbach et. al.[272]. Briefly, cells were maintained with medium for PC12 cell line
at 37°C, 10% CO2. When cells were reaching a confluency around 70-80%, they were
washed with pre-warmed PBS and subsequently, cells were taken up and newly seeded as
needed. Induction of the Htt-Exon1-Q23 or Q74 was carried out by adding doxycycline
(Sigma-Aldrich) at 1 µg/ml. After induction with doxycycline, cells were kept at 1% HS
to maintain them in a quiescent-like state.

Human HEK293T cell line was maintained in medium for HEK293T cells at 37°C,
10% CO2. At a confluency of 80%, cells were re-seeded as described above.

Lentiviral production

Viral productions were performed in HEK293T cells as previously described [75].
Briefly, HEK293T were seeded with culture media for viral production at a confluency
of 75-80%. Subsequently, they were cotransfected using TransIT-Lenti (Mirus) with the
cDNA of interest and the lentiviral expression constructs psPAX2 and pVSVg with a ratio
of 2,9: 1,7: 1, respectively. After 6 h of transfection, media was renewed. After another
48 h, supernatant was harvested and spun down at 600 g for 5 min to remove cell debris.
Subsequently, virus particles were filtered through 0.45 µm filters and concentrated by
ultracentrifugation at 100000 g during 2 h in an Avanti JXN-30 ultracentrifuge (Beckman
Coulter). Pellets were then left in TBS-5 buffer at 4 °C overnight. On the next day
they were aliquoted and stored at - 80°C until further use. Lentiviral titers ranged
from 4, 55 · 105 as the highest (YFP lentivirus), to 6, 9 · 104 as the lowest (Q97-mCherry
lentivirus).

Primary neuronal cell culture

For all primary neuronal cultures, plates or coverslips were coated with 0.5 µg/ml
poly-D-lysine (Sigma) for 2 - 12 h. After washing with PBS, they were coated with 5
µg/ml laminin (Gibco) for a minimum of 2 - 4 h. All cultures were made using E15-
E15.5 CD1 embryos in medium for neuronal dissection. Briefly, brain was dissected out
of the skull and hemispheres were cut off the rest of the brain. Meninges were removed
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and then the cortex was dissected. Tissue was then trypsinized in 2 ml Trypsin at 37
°C for 20 min. Trypsin activity was neutralized by adding 5 % FBS in medium for
primary neuronal culture. FBS was subsequently removed by two washes with medium
for primary neuronal culture. Cells were then mechanically dissociated in 1 ml of medium
by pipetting around 20 times and diluted in extra medium. Cell counting was conducted
in 10 µl volume in a Neubauer counting chamber (Blaubrand, Brand). Neurons were
seeded at different densities depending on the culture plate used in primary neuronal
culture media and maintained at 37°C, 5% CO2. Half of the medium was changed after
6-7 days in culture.

Neuronal transfection and transduction

Transfection of primary neurons was performed by the calcium phosphate method as
described by Jiang et al. [121]. Briefly, a transfection mix was prepared by adding DNA
and calcium chloride into H2O. After mixing by flicking the tube, HBS 2x solution was
layered on top of the solution in a drop-wise manner. The solution was then briefly mixed
by flicking the tube. The transfection mix was left incubating for 30 min at RT. Coverslips
with neurons were transferred into fresh plating medium and 30 µl of the transfection
mix was added per 24 well plate well in a dropwise manner. Cells were incubated at 37
°C for 2 - 3 h and then transferred into another plating medium, which had been acidified
for at least 30 min at 10 % CO2. After 30 min neurons were transferred back into their
original medium.

Transduction of primary neurons was carried out by adding adjusted amounts, ac-
cording to their titer, of the different lentivirus. The lentiviral microvolume was mixed
with some media from the cultured wells and then added back to the plates.

Cell toxicity assays

N2a and PC12 cells were seeded on coverslips in 24-well cell culture plates for both
immunofluorescence microscopy studies and viability assays. After 12 h PC12 cells were
transfected with either mCherry plasmid as control, or the different candidates’ plas-
mids and induced 5 h after transfection. All plasmid transfections were performed with
Lipofectamine LTX with Plus Reagent (Thermo Fisher Scientific) according to manufac-
turer’s instructions. For viability studies, 50 µl of the medium from each well and each
condition were taken at 60 h post-transfection. The LDH assay was performed according
to manufacturer’s instructions (Pierce LDH cytotoxicity Assay Kit, Thermo Fisher Sci-
entific) and absorbance was measured at 490 nm in a TriStar 942 plate reader (Berthold
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Technologies). For the starvation assay in PC12 cells, all serum was removed from the
beginning of the experiment.

Alternatively, MTT at 5 mg/ml in PBS was used as another colorimetric assay for
assessing viability of cell lines and primary neurons. For this, 20% of the original well
volume was added in form of MTT and incubated at 37°C, 10% CO2 for 2 h. Then, 100
% of the original volume was added in form of solubilizer solution and incubated at 37°C,
10% CO2 overnight. On the next day absorbance was measured at 570 nm in the plate
reader.

5.2.4 Histology

Tissue preparation and immunohistochemistry

Brains of female R6/2 mice and control littermates of different ages were collected
after transcardial perfusion with 4% PFA in PBS, followed by overnight fixation in 4%
PFA in PBS. Whole brains were then embedded in albumin-gelatin medium and sectioned
on a vibratome 1000S (Leica). For some stainings, antigen retrieval was performed in
10 mM sodium citrate buffer at 90 °C for 20 min. Floating sections of 50 µm were
permeabilized with 0.5% TritonX-100 for 20 min and then blocked for 2 h with blocking
solution. Sections were incubated with the primary antibody overnight at 4 °C . The
following primary antibodies were used in primary antibody solution for brain sections:
anti-mHtt (EM48 and/or MW8), anti-DARPP-32, anti-PLP1, anti-hnRNPA2B1, anti-
HDGF. After washing three times with PBS, sections were incubated with the secondary
antibodies in the secondary antibody solution: Cy2-, Cy3- or Cy5-conjugated against the
respective species of the primary antibody. NeuroTrace 640/660 Nissl Stain was added
with the secondary antibodies in some cases. Nuclei were counterstained with DAPI
(Sigma-Aldrich). Sections were washed three times with PBS and mounted with Mowiol
(in-house preparation).

Immunocytochemistry

PC12 cells coverslips were fixed 60 h post-transfection in 4% PFA in PBS for 15
min, then permeabilized in 0.1% TritonX-100 for 5 min and washed three times in PBS.
Primary neurons coverslips were fixed either at 48 h post-transfection or 7 to 10 days
post-transduction. Blocking was performed for 30 min as described above. Coverslips
were incubated for 1 h at RT with primary antibodies: anti-myc, anti-flag and anti-HA,
followed by Cy3-conjugated anti-rabbit secondary antibody. Nuclei were counterstained
with DAPI and coverslips were mounted with ProLong Gold antifade reagent (Life Tech-
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nologies). Sections and coverslips were examined at a Confocal TCS SP8 microscope
(Leica). Images were taken using a 20x and a 40x objective.

Aggregate quantification in cells and tissue

Aggregates were quantified using an in-house macro on the freeware ImageJ version
1.49i (NIH). For R6/2 brain sections, aggregates were counted in 20 different confocal
stacks in each brain region, in a total of three independent experiments. For PC12 cells,
aggregates were analyzed in 20 different fields of view for each candidate, in a total of
three independent experiments. For the quantification of cells with hnRNPA2B1 nuclear
accumulation, images were analyzed with an in-house developed pipeline for CellProfiler
[33], in 20 different fields of view for each mouse brain, in a total of three R6/2 mouse
brains. The fluorescence intensity analysis was conducted with ImageJ. All quantification
were performed in a blinded setting.

5.2.5 In vivo experiments

Surgical procedures

R6/2 mice and their littermates underwent surgical procedures at 4 weeks of age.
Mice were injected intraperitoneally with 20% mannitol to improve spreading of the
virus in the brain tissue [29], administered a painkiller (metamizol, 10 µl/ 10 mg body
weight), anesthetized for surgery with isoflurane (1.5 to 2 %, Cp-pharma) and placed in a
stereotaxic frame (Kopf Instruments). Body temperature was maintained with a heating
pad, and a systemic anesthetic (carprofen, 100 µl/10 mg body weight) was administered
subcutaneously. After opening the head skin and aligning to bregma for the accuracy
of the injections, the skull was drilled. Mice were bilaterally injected with 0.2 µl of the
AAV virus (with a final concentration of 7% mannitol [29]) in the striatum by using
the following coordinates, adjusted for 4 week-old mice, calculated with respect to the
bregma:

Table 5.18 – Set of coordinates used for the stereotaxic injections

Stereotaxic injection

Axis Left hemisphere Right hemisphere

A/P -1.7 -2.1 1.7 2.1

M/L 1 0.3 1 0.3

D/V -3 -3 -3 -3
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Viral titers of AAV8-CAG-eYFP and AAV8-CAG-eYFP-p2a-Flag-HDGF were 2, 4 ·
1012 gc/ml and 5, 59 · 1012 gc/ml, respectively. For each of the four injections the glass
capillary was left in position for 3 min. For all mice, skull holes were covered with
bone wax and the incision was closed with sutures. Body weight was measured before
surgery and the following week to control the recovery. In total, 31 mice where injected,
distributed in the following experimental groups:

Table 5.19 – Experimental groups for the injected mice

WT R6/2

AAV8-CAG-eYFP
AAV8-CAG-eYFP-
p2a-Flag-HDGF

AAV8-CAG-eYFP
AAV8-CAG-eYFP-
p2a-Flag-HDGF

8 9 6 8

All the experimental procedures and postoperative care was carried out in accordance
with regulations from the government of Upper Bavaria.

Behavior

For the characterization of the basal colony, motor performance was measured weekly
from 8 to 12 weeks of age. Mice injected with the virus were assessed at 12 weeks of age.
Rotarod analysis was performed on a Rota-Rod NG (Ugo Basile), set to accelerate from
5 to 40 rpm over a 300 s period, after a training period of two consecutive days at 5 rpm
during 300 s. Latency to fall was recorded on three trials, with each trial separated by
a 15 min rest period. The average of the three trials was considered the resulting data
point for each mouse.

Locomotive activity was assessed as well using the open field test. To best measure
the activity of the mice, trials were conducted one hour after the beginning of their dark
cycle. Mice were placed into a custom-made 40x40 cm open field box arena and total
distance traveled was recorded for 10 min. Between trials, the floor of each chamber was
washed to minimize any odors left by mice on previous trials that could potentially affect
exploratory behavior.

Finally, mice were placed upon a custom-made horizontal ladder with a descending
slope of 30°C. The apparatus was made of clear Pexiglas walls and metal rungs inserted



96 5. MATERIALS AND METHODS

to create a floor. The number of times the animal mistakes through the ladder (total er-
ror score) was evaluated by using a variation of a published scoring system [170] through
video recording after a training period of two consecutive days. Briefly, the three cat-
egories used for quantifying the number of mistakes consisted in hesitation, when the
limb aimed for one rung but was placed on another one; slip, when the limp was placed
on a rung, then slipped off when bearing weight; miss, when the limb missed the rung
and a fall occurred. Distance between ladder rungs in the training was set at 1 cm and
increased to 2 cm for the experiment. All tests were carried out blindly to the treatment.

5.2.6 Data analysis

The type of statistical analysis is indicated in the figure legend. The same case
applies for statistical information such as the value of n, mean, SD and significance level.
If asterisks are used to point the significance level, then the key is reported in the figure
legend as well. Statistical analysis were performed using Perseus or GraphPad Prism
v5.00 (GraphPad Software, USA).
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SUMMARY

Aggregation of polyglutamine-expanded huntingtin
exon 1 (HttEx1) in Huntington’s disease (HD) pro-
ceeds from soluble oligomers to late-stage inclu-
sions. The nature of the aggregates and how they
lead to neuronal dysfunction is not well understood.
We employed mass spectrometry (MS)-based quan-
titative proteomics to dissect spatiotemporalmecha-
nisms of neurodegeneration using the R6/2 mouse
model of HD. Extensive remodeling of the soluble
brain proteome correlated with insoluble aggregate
formation during disease progression. In-depth and
quantitative characterization of the aggregates un-
covered an unprecedented complexity of several
hundred proteins. Sequestration to aggregates de-
pended on protein expression levels and sequence
features such as low-complexity regions or coiled-
coil domains. In a cell-based HD model, overexpres-
sion of a subset of the sequestered proteins in most
cases rescued viability and reduced aggregate size.
Our spatiotemporally resolved proteome resource
of HD progression indicates that widespread loss
of cellular protein function contributes to aggre-
gate-mediated toxicity.

INTRODUCTION

Cellular environment is characterized by very high protein

concentrations, increasing the danger of aggregation. Thus,

maintenance of protein solubility is a fundamental aspect of

cellular homeostasis. Aggregates play a prominent role in

many neurodegenerative diseases (NDDs) (Ross and Poirier,

2004). Misfolding and aggregation can disrupt cellular function

in two ways, loss of endogenous protein function or gain of a

novel toxic function, and there is evidence that both processes

occur in disease (Winklhofer et al., 2008). The aggregation

cascade involves multiple intermediate conformations, such as

globular and fibrillar structures, up to the late-stage inclusion

bodies (IBs) (Knowles et al., 2014).

Huntington’s disease (HD) is an autosomal dominant NDD

characterized by neuropsychiatric and motor impairments (Sau-

dou and Humbert, 2016). It is caused by a CAG repeat expansion

in exon 1 of the huntingtin (HTT) gene, which leads to an

expanded polyglutamine (polyQ) stretch in the N terminus of

the huntingtin protein (The Huntington’s Disease Collaborative

Research Group, 1993). A hallmark of this disorder is the appear-

ance of cytoplasmic and intranuclear huntingtin aggregates

(Davies et al., 1997; DiFiglia et al., 1997), which interfere with

several cellular processes, such as proteostasis, transcription,

vesicular trafficking, and energy metabolism (Orr and Zoghbi,

2007; Saudou and Humbert, 2016).

Obtaining insights into the composition of huntingtin IBs is

of particular importance in understanding HD mechanisms. So

far, it has been challenging to characterize the protein composi-

tion of IBs, because they remain insoluble even in very high

detergent concentrations. Efforts to purify late-stage polyQ ag-

gregates culminated in the identification of only a few tens of pro-

teins, mainly heat shock factors (Mitsui et al., 2002), components

of the ubiquitin-proteasome pathway (Doi et al., 2004), and

certain transcription factors (Dunah et al., 2002; Shimohata

et al., 2000). Given the size of the IBs—up to several micrometers

(Gutekunst et al., 1999)—it is likely that they contain far more

proteins. Moreover, the quantitative composition of IBs and its

variation among brain regions is almost entirely unknown.

Mass spectrometry (MS)-based quantitative proteomics is

powerful technology for systems-wide analysis of complex

cellular processes (Aebersold and Mann, 2016). To date,

Cell Reports 21, 2291–2303, November 21, 2017 ª 2017 The Authors. 2291
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



proteomic approaches exploring HDpathogenesis have focused

either on expression level changes or on soluble huntingtin inter-

actions (Culver et al., 2012; Langfelder et al., 2016; Shirasaki

et al., 2012). In contrast, knowledge of the interplay between sol-

uble and insoluble aspects of the proteome is limited (Baldo

et al., 2012), particularly when following disease progression

over time and in differentially affected brain regions.

Here, we investigate molecular neurodegeneration signatures

in amouse HDmodel byMS-based quantitative proteomics with

spatiotemporal resolution.We describe the soluble and insoluble

proteomes of four brain regions, as well as the cerebrospinal

fluid proteome at three time points of disease progression.

Acid-based hydrolysis of the aggregates allows us to charac-

terize them in depth by quantitative MS. Our data enable com-

parison of the degree of protein sequestration from the soluble

pool to IBs over time, as well as analysis of sequence features

of the sequestered proteins. Functional follow-up in a cellular

HD model reveals that increasing expression levels of seques-

tered proteins in many cases restores cellular function and alters

the nature of HttEx1 aggregates, suggesting that widespread

loss of protein function due to sequestration contributes to HD

pathogenesis.

RESULTS

R6/2 transgenic mice express N-terminal exon 1 of polyQ-

expanded huntingtin under control of the human huntingtin pro-

moter (Mangiarini et al., 1996). For our analysis of neurodegener-

ation-associated proteome changes, we selected an early time

point at 5 weeks, before disease onset; an intermediate time

point at 8 weeks, on the verge of visible motor deficits; and a

late time point at 12 weeks, at the end of the lifespan of R6/2

mice (Carter et al., 1999; Davies et al., 1997). We prepared solu-

ble and insoluble extracts from four brain regions (striatum, cor-

tex, hippocampus, and cerebellum), which show differential

vulnerability to HD, with striatum being most severely affected

and cerebellum remaining relatively spared until advanced

disease stages (Vonsattel and DiFiglia, 1998). To relate the

proteome changes in the brain to those in a proximal body fluid,

cerebrospinal fluid was also analyzed (Figure 1).

Spatiotemporal Brain Proteome Resource of Wild-
Type Mice
Recently, we compiled an in-depth cell-type- and region-spe-

cific proteomic catalog of the adult mouse brain with a depth

of �13,000 proteins (Sharma et al., 2015). Building on that anal-

ysis by using the peptide identifications as a library (Supple-

mental Experimental Procedures), we now identified 12,498

proteins in the soluble proteome alone using single-run liquid

chromatography-tandem mass spectrometry (LC-MS/MS). Of

these, we chose 8,455 proteins by stringent filtering for valid

values (Figure 2A; Table S1A; Supplemental Experimental

Procedures). Correlation analysis indicated a high degree of

reproducibility between replicates (R = 0.84 overall; R = 0.90

for biological replicates) (Figure S1A). First, we investigated the

soluble proteome of wild-type (WT) controls. Protein abun-

dances spanned seven orders of magnitude, with only 217 pro-

teins amounting to 50% of the total protein mass (Figure 2A).

Gene Ontology (GO) biological processes correlated with overall

protein abundances in expected ways (Figure 2A; Tables S1B

and S1C). High-abundant proteins tended to have a smaller

molecular mass (Figure 2B), as in other tissues (Wi�sniewski

Figure 1. Experimental Design

Brain regions from R6/2 and WT mice were assessed by quantitative LC-MS/MS. From each tissue sample, soluble and insoluble proteomes were measured.

IBs were enriched by repetitive SDSwashes and hydrolyzed in formic acid. Cerebrospinal fluid from eachmousewas also analyzed. Number of animals: 5 weeks,

4 R6/2 and 4 WT; 8 weeks, 3 R6/2 and 3 WT; 12 weeks, 4 R6/2 and 4 WT.
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et al., 2014), presumably reflecting evolutionary constraints

on biosynthesis costs (Warringer and Blomberg, 2006). Our

approach uncovered several brain region-specific protein clus-

ters (Lein et al., 2007; Sharma et al., 2015). For instance, proteins

involved in dopaminergic signaling were enriched in the striatum,

which receives extensive dopaminergic innervation (Figure 2C;

Table S1D) (Gerfen and Surmeier, 2011). As expected for the

narrow time window of the analysis compared to the lifespan

of WT animals, little changes in protein expression were de-

tected at different time points (Figure S1B) (Walther and Mann,

2011). Collectively, our soluble brain region data of WT mice

provide a comprehensive resource for the community, with

copy numbers and spatiotemporal resolution for almost 8,500

proteins.

Extensive Brain Proteome Remodeling during Disease
Progression in R6/2 Mice
Principal-component analysis (PCA) on the spatiotemporally

resolved soluble proteomes of R6/2 and WT mice showed clear

separation of samples with two major effects (Figure 3A). First,

R6/2 mice after disease onset (8 and 12 weeks) were separated

from other samples, reflecting extensive protein remodeling dur-

ing pathogenesis (Figure 3A). Second, cerebellar proteomes

were strongly separated from other brain regions. Only a few

proteins were responsible for driving separation in the PCA (Fig-

ure 3B). Spatial drivers included brain region-specific proteins,

whereas age- and disease-driving proteins were enriched for

GO terms such as ‘‘regulation of synaptic part’’ (p < 6.0E�19,

Benjamini-Hochberg-corrected false discovery rate [BH-FDR]),

‘‘neuron projection’’ (p < 1.4E�12), or ‘‘associated with oxidative

phosphorylation’’ (p < 7.5E�9).

To identify significant differences among the genotypes, brain

regions, and time points, we employed three-way ANOVA. This

revealed hundreds of significant protein changes for each of

the three factorial groups and their combinations (Figure S2A).

Concordant with the PCA results, the three individual groups ex-

hibited similar numbers of significant protein changes. The com-

bination of age and genotype contributed almost asmuch as age

and genotype separately, indicating that age and genotype

jointly drove the extensive proteome remodeling in our dataset.

To investigate spatiotemporal changes of the soluble proteome

in more detail, we tested for differences in any functional anno-

tations to the background protein distribution and observed

that protein annotations changed spatiotemporally and in accor-

dance with known features of HD progression (Figure S2B; Sup-

plemental Experimental Procedures) (Geiger et al., 2012). One

example is the increased expression of proteins involved in

neurotransmitter secretion at early disease stages in hippocam-

pus and striatum (8weeks) followed by a decrease at later stages

(12 weeks) (Chen et al., 2013). Another finding is the loss of pro-

tein expression associated with the calcineurin complex in the

cortex (Gratuze et al., 2015). We have compiled a list of annota-

tion changes across brain regions and time (Table S1E) and find

many potentially interesting clues for the selective spatial dis-

ease progression, such as reduced cortical expression of

annotations associated with amino acid import and ion trans-

membrane transporter activity or reduced striatal expression of

annotations associated withmRNA splicing (Figure S2B). Hence,

our dataset provides a rich resource of brain region-specific

changes in R6/2 mice to formulate testable hypotheses about

HD pathogenesis.

Expression profiles of R6/2 and WT animals at 5 weeks were

largely identical, although specific protein clusters already ex-

hibited different expression (Figure 3C). Just three weeks later,

expression of mutant HttEx1 caused extensive remodeling of

the proteome with marked up- and downregulation of thousands

of proteins (Figure 3C, colored clusters). The two upregulated

clusters were enriched in proteins of the chaperonin containing

TCP1 complex (cluster 2, p < 2.0E�4, BH-FDR) and proteasome

accessory complex (cluster 3, p < 4.0E�3), whereas the two

downregulated clusters were enriched in proteins associated

with the ribosome (cluster 1, p < 9.5E�4) and energy transport

A B C

Figure 2. Spatiotemporal Brain Proteome Resource

(A) Ranking of brain proteins by iBAQ (intensity-based absolute quantification) copy numbers from highest to lowest. Strongest enrichment for each quartile is

displayed for GO categories ‘‘biological process’’ and ‘‘cellular component’’; BH-FDR, Benjamini-Hochberg-corrected false discovery rate. Cumulative protein

mass from the highest to the lowest abundant protein shows that only a few proteins make up most of the protein mass.

(B) iBAQ copy numbers for �8,500 proteins inversely correlate with molecular mass. Data points are colored by local point density.

(C) Spatial resolution exposes functional brain region specificity. Three selected clusters display distinct protein expression across the four regions. p value,

BH-FDR corrected; EF, enrichment factor of the most enriched GO term; MaxLFQ intensity, normalized label-free protein intensity.

See also Figure S1 and Table S1.
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across the mitochondrial electron transfer chain (cluster 4, p <

9.0E�4) (Table S1F). This is consistent with the deficient energy

metabolism and impairment of the ubiquitin-proteasome system

in HD (Acuña et al., 2013; Ortega and Lucas, 2014). Our analysis

now provides the underlying protein changes in the R6/2 model

on a proteome-wide scale.

A hallmark of HD neuropathology is the selective degeneration

of striatal medium spiny neurons (MSNs), which has been linked

to transcriptional dysregulation of cyclic AMP (cAMP) and CREB

signaling (Vonsattel and DiFiglia, 1998; Wyttenbach et al., 2001).

We found Pde10a, a cAMP or cyclic guanosine monophosphate

(cGMP)-hydrolyzing enzyme highly enriched in MSNs, to be

markedly downregulated in R6/2 striatum (Figure 3D). It is one

of the earliest and most significantly downregulated gene prod-

ucts in HD patients and a promising target to restore cyclic

nucleotide (cNMP) signaling in affected neurons (Giampà et al.,

2010). Furthermore, Pde10a ligands are used in positron emis-

sion tomography (PET) to assess the extent of disease and

predict conversion to HD (Russell et al., 2014).

We next asked whether other proteins follow the same profile

and thus might serve as markers of HD progression. Following

the Euclidean distance of the top 20 expression profiles most

similar to Pde10a revealed a set of proteins with interrelated

functions, such as cNMP metabolism, neurotransmitter, and

specifically dopaminergic signaling (Figure 3D; Figure S2C).

The first group included Pde10a-related Pde1b, as well as

Darpp-32, which is widely used as a marker for both MSNs

and the attenuation of dopaminergic signaling in HD (Jiang

et al., 2011). Further candidates were also associated with dopa-

minemetabolism, such asDrd1, a dopamine receptor expressed

in MSNs whose striatal loss correlates with cognitive decline

(Chen et al., 2013). Adenylate cyclase 5 (Adcy5) is predominantly

expressed in the striatum and has been linked to rarer forms of

chorea and dystonia (Carapito et al., 2015). A transcriptomics

and proteomics study identified 17 of our 21 potential markers

among the top 50 hub genes of a striatal module negatively

associated with CAG repeat length in a different HD mouse

model (Langfelder et al., 2016). Thus, our data define a set of

MSN-specific proteins that can be used to assess cNMP-linked

dopaminergic imbalances.

Inflammatory Profile in the Cerebrospinal Fluid
Proteome
The cerebrospinal fluid is an invaluable source in assessing path-

ological alterations of the CNS (Kroksveen et al., 2011). We next

asked whether HD signatures in the soluble brain proteome

correlate with changes in the cerebrospinal fluid. A total of

778 cerebrospinal fluid proteins were quantified with our

single-shot workflow after filtering out likely contaminants (Table

S2A; Supplemental Experimental Procedures). Unsupervised

A B

C

D

Figure 3. Drastic Proteome Remodeling of R6/2 Mice after Disease Onset

(A and B) PCA projections (A) and PCA loadings (B) of all soluble samples reveal specific effects on the proteome driven by the genotype, age, and differential

spatial expression. Data points in (B) are colored by local point density.

(C) Hierarchical clustering of protein expression over time shows substantial proteome shifts from early stages of HD onward. The twomost upregulated (red and

orange) or downregulated (blue and cyan) clusters are indicated.

(D) Top 20 Euclidean distance tracking of protein expression profiles similar to Pde10a over time and across brain regions; gray boxes indicate striatal expression

(upper panel). Boxplots ofZ-scoredMaxLFQ intensities for the striatal top 20 set (lower panel). Reduced expression of all targets inR6/2 samples compared toWT.

See also Figure S2.
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hierarchical clustering separated R6/2 and WT samples, indi-

cating changes in protein secretion to the cerebrospinal fluid

upon expression of mutant HttEx1 (Figure 4A). Among the

most dysregulated proteins we found peptidase regulators

increased in the cerebrospinal fluid of R6/2 mice (Figures 4B

and 4C; Table S2B). The presence of proteolytic enzymes re-

flects inflammatory processes, and our data suggest that several

members of the cathepsin family dominantly contribute to these

processes, because they aremajor drivers of the PCA separation

between R6/2 and WT samples (Ossovskaya and Bunnett,

2004). Finally, we compared correlations of protein expression

changes between the brain and the cerebrospinal fluid proteome

(Figure 4D). Although expression changes in the brain over time

correlated between R6/2 mice (R > 0.5), the correlation between

soluble brain proteomes and cerebrospinal fluid was low (R <

0.1) (Figure 4D). This indicates that global expression changes

in the soluble proteome are not necessarily reflected in the

cerebrospinal fluid proteome.

In-Depth Characterization of the Insoluble Proteome
In Vivo

Huntingtin-containing IBs are a hallmark of HD, but the identity

and quantity of their constituent proteins are largely unknown.

In agreement with previous studies (Davies et al., 1997; Meade

et al., 2002), brains of R6/2 mice already displayed widespread

IBs at 5 weeks, with striatal IBs being significantly smaller than

cortical ones (Figures S3A–S3C).

Although purification of late-stage aggregates is straightfor-

ward due to their extreme insolubility, this biophysical property

also makes them resistant to proteolytic digestion, a precondi-

tion for MS analysis. Concentrated formic acid can dissolve

polyQ aggregates (Hazeki et al., 2000; Kim et al., 2016), and

here we demonstrate that it is compatible with tissue-based

quantitative proteomics (Figure 1; Supplemental Experimental

Procedures). This purification approach, when coupled to

state-of-the-art MS, identified several hundred proteins and re-

vealed extensive protein sequestration to the insoluble fraction

in the R6/2 brain, including endogenous mouse Htt (Figure S4;

Table S3). For quantitative analysis of the aggregate composi-

tion, we used the iBAQ (intensity-based absolute quantification)

algorithm to estimate protein abundances (Schwanhäusser

et al., 2011). Only 10 proteins constituted more than 50% and

the top 50 proteins constituted more than 75% of the aggregate

mass in 12-week-old R6/2 striatum (Figure 5A). Apart from

histones and RNA-binding proteins, these included proteins

involved in neuronal plasticity, as well as myelin components

A DB

C

Figure 4. Altered Cerebrospinal Fluid Proteome in R6/2 Mice

(A) Hierarchical clustering of cerebrospinal fluid protein expression reveals good separation of R6/2 and WT mice; row bars indicate filters for known GO an-

notations related to secretion (see Supplemental Experimental Procedures for details).

(B) PCA projections of all cerebrospinal fluid samples show good separation between WT and R6/2 mice.

(C) Corresponding PCA loadings of (B) reveal strong inflammatory response in R6/2 animals. The color bar displays the 1D annotation score with the two most

enriched annotations for R6/2 mice; the annotation score indicates the center of the protein distribution of each significant annotation category relative to the

overall distribution of values. p value, BH-FDR corrected.

(D) Correlation of protein expression changes between different disease stages is high within the soluble proteome (purple inlay) but low for the comparison of the

soluble proteome with the cerebrospinal fluid (green inlay) of R6/2 mice.

See also Table S2.
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(Table S3). Co-immunostainings for the myelin protein Plp1,

aggregated HttEx1, and a neuronal marker revealed co-localiza-

tion of Plp1 with aggregated HttEx1 in many neuronal IBs, con-

firming that myelin proteins are true components of neuronal

inclusions (Figures S3D and S3E).

Most sequestered proteins contributed little to overall aggre-

gate mass. There was a general tendency for abundant cellular

proteins to also be among the more abundant aggregate pro-

teins (median R = 0.40 across all conditions) (Figure S5). GO

analysis revealed many proteins associated with native hunting-

tin function and the proteostasis network to be enriched in the

R6/2 insoluble fraction, including known interactors and aggre-

gation modifiers of polyQ-expanded huntingtin. Several mem-

bers of the TCP-1 ring complex (TRiC) and the Hsp40, Hsp70,

and Hsp90 families made up �1.5% of the insoluble fraction

mass. All five members of the collapsin response mediator pro-

tein (Crmp) family, also known as dihydropyrimidinase-related

proteins (Dpysl), were also enriched (Figure 5B). A study identi-

fied Crmp1 as a suppressor of huntingtin toxicity (Stroedicke

et al., 2015). Apart from confirming these known aggregate con-

stituents, our data provide a large number of new proteins with

potential links to HD (Table S3A).

We hypothesized that the extensive soluble proteome re-

modeling in HD should be reflected in the insoluble proteome.

A B
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Figure 5. In-Depth Characterization of PolyQ Aggregates

(A) Distribution of iBAQ values for 12 week R6/2 striata. Pie chart distribution of annotations for the top 50 proteins.

(B and C) Proteins with dysregulated soluble expression (color coding from Figure 3C) are enriched in R6/2 insoluble fractions, superimposing enrichment for all

12 week brain regions together. The most enriched insoluble proteins and endogenous Htt is indicated.

(D–G) Significant enrichment of proteins with longer polyQ (D) and LCRs (E), more CCDs (F), and highermolecular weight (MW) (G) in 12weekR6/2 overWT striata.

Mann-Whitney U test.

See also Figures S3–S5 and Table S3.
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Mapping our soluble proteome data to the insoluble fraction

revealed a large number of proteins that were downregulated

in the soluble proteome and enriched in the aggregates (blue

and cyan in Figures 5B and 5C; Figure S4), suggesting wide-

spread loss of protein function by sequestration. Conversely,

we also found many proteins that were upregulated in both

the soluble and the aggregate proteomes (orange and red in

Figures 5B and 5C; Figure S4; Table S3B). Among the latter,

the TRiC chaperonin and the GO term ‘‘proteasome accessory

complex’’ were highly overrepresented (p < 4.0E�5 and p <

3.2E�3 BH-FDR, respectively) (Table S3E), confirming specific

upregulation of chaperones that interact with aggregates but

become entangled with them. Potential loss-of-function candi-

dates (reduced in the soluble proteome and increased in the

insoluble proteome) often had a significantly higher abundance

compared to proteins upregulated in the soluble proteome (Fig-

ure S6A), consistent with a sequestration mechanism that de-

pletes the cellular pool of these proteins, thereby impeding

cellular function.

Next, we asked whether sequestration into the aggregates

correlated with certain biophysical features. We focused on

polyQ length, low-complexity regions (LCRs), and coiled-coil do-

mains (CCDs), motifs known to modulate protein aggregation

(Fiumara et al., 2010; Kato et al., 2012; Li and Li, 2004; Schaefer

et al., 2012). Insoluble fractions from R6/2 striata contained

significantly more aggregation-prone proteins than WT controls,

with a robust effect size for CCDs and small effect sizes for polyQ

and LCRs (Figures 5D–5F; Figures S6B–S6D). In addition, R6/2

samples were significantly enriched for proteins with higher

molecular weight (Figure 5G; Figure S6E). Larger proteins tend

to be less thermodynamically stable, which may explain why

their folding is compromised under conditions of conformational

stress (Sharma et al., 2012).

To quantify the degree of sequestration, we estimated

absolute protein abundance using the iBAQ algorithm and

compared the amount of each protein in the soluble and insol-

uble proteome (Figure 6A; Figure S6F). Extracellular matrix

(ECM) proteins had the least soluble proportion, reflecting their

insolubility and demonstrating efficient enrichment of insoluble

proteins in our protocol (Figure 6A, marked in red). Endoge-

nous Htt was also recruited into the aggregates (Figure 6A,

marked in pink). In concordance with the increase in aggregate

size, we observed increased sequestration of protein mass

over time, hence progressively depleting the pool of functional

proteins. In 8-week-old animals, a full 80% of proteins were at

least in a 1:1 ratio in the cortical IBs compared to the soluble

pool.

To determine whether the IB composition varies over time

and across brain regions, we tested for differences in any func-

tional annotations to the background protein distribution (Fig-

ure 6B; Table S3F; Supplemental Experimental Procedures)

and found spatiotemporal changes of protein annotations, re-

flecting many known features of HD pathogenesis. Transcrip-

tional and epigenetic dysregulation is an early event in HD,

and we found that IBs at 5 weeks were already significantly en-

riched in DNA- and chromatin-binding elements (FDR < 0.05).

Conversely, late-stage IBs at 8 to 12 weeks were enriched in

proteins associated with glutamate receptor signaling and syn-

aptic transmission, correlating with the onset of motor pheno-

types (FDR < 0.05, respectively). Similarly, we observed spatial

changes such as enrichment of SMAD-binding proteins in

cortical IBs (FDR < 0.05), or depletion of proteins involved in

Wnt signaling pathways in striatal IBs (FDR < 0.05), linked to

synaptic degeneration (Galli et al., 2014). Our proteomic anal-

ysis therefore demonstrates that protein sequestration is both

brain region and time specific and may link dynamic changes

in the IBs to the phenotype.

A

B

Figure 6. Functional Attributes of PolyQ Aggregates

(A) Ranking of proteins by iBAQ ratios representing protein sequestration from

the soluble to the insoluble proteome in R6/2 cortices. Gray boxes show the

number of proteins that were only identified in the insoluble proteome per age

group, indicated by infinite iBAQ ratios.

(B) Annotation matrix of protein attributes, such as complexes, gene ontol-

ogies, and pathways, highlighting changes in the spatiotemporal composition

of the insoluble fraction. The color code indicates normalized median abun-

dance of the proteins belonging to each category relative to the distribution of

all proteins. Selected annotations are highlighted. Red, most abundant; blue,

least abundant. Mann-Whitney U test (BH-FDR < 0.05).

See also Figure S6 and Table S3.
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Overexpressing Loss-of-Function Candidates Rescues
PolyQ Length-Dependent Toxicity and Alters IB Size
We identified several hundred proteins that were depleted from

the soluble pool and increased in insoluble aggregates. To test

whether this represents widespread loss of protein function,

we selected a group of 18 candidates for functional follow-up

based on several criteria, including their profiles in the prote-

omics experiments and association with neuronal functions

but no previous link to HD (Figure S7A; Table S4). For several

candidates, reduction in protein levels in the soluble fraction

was confirmed by western blot (Figure 7A; Figure S7B). Among

the selected candidates was the amytrophic lateral sclerosis

(ALS)-associated protein hnRNPA2B1. ALS-linked hnRNPA2B1

mutations lead to an accumulation of insoluble protein in the nu-

cleus (Martinez et al., 2016). Immunostaining in R6/2 striatum

demonstrated a nuclear accumulation of hnRNPA2B1 in most

MSNs, as well as its co-localization with HttEx1 IBs (Figures

S7C–S7E).

For the follow-up of the selected proteins, we used inducible

neuron-like PC12 cells with stably integrated, GFP-tagged

HttEx1 with either 23 or 74 glutamines (HD-Q23 and HD-Q74

cells). Induction of HttEx1 led to polyQ length-dependent cell

death (Figure S7F) (Wyttenbach et al., 2001). Quantitative prote-

omics revealed that all candidates were expressed in this cell line

with medium to high abundance (Figure S7G), and induction

of HttEx1 did not substantially alter their expression (Fig-

ure S7H). Furthermore, in most cases, transfection of a candi-

date increased its protein levels compared to non-transfected

controls (Figure S7I). Overexpression of individual candidates

significantly improved the viability of HD-Q74 cells in 12 of 18

E

FD

G

A

B

C

Figure 7. Overexpression of Loss-of-Function Candidates Ameliorates HttEx1 Phenotypes

(A) Left: quantification of candidates in immunoblots of 8- and 12-week-old R6/2 striata, normalized to WT (dotted line). Student’s t test, *p < 0.05; n = 3–4. Right:

representative examples of immunoblots from 12-week-old striata.

(B) Log2 fold changes (log2FCs) in viability of HD-Q23 (upper panel) or HD-Q74 (lower panel) cells transfected with the candidates as measured by lactate

dehydrogenase (LDH) assay. Multiple one-tailed t test with Benjamini-Hochberg correction; *FDR < 0.05, **FDR < 0.01; normalized to mCherry controls; n = 4.

(C) Candidates’ effects on the viability of starved, non-induced HD-Q74 cells. Multiple two-tailed t test with Benjamini-Hochberg correction; *FDR < 0.05; n = 3.

(D) Log2FCs in IB diameter in HD-Q74 cells transfected with the candidates. Multiple two-tailed t test with Benjamini-Hochberg correction; *FDR < 0.05, **FDR <

0.01; normalized to mCherry; n = 3.

(E) Distribution of IB diameter bins in HD-Q74 cells transfected with the candidates. Yellow, <1 mm; orange, 1–2.5 mm; red, >2.5 mm.Multiple two-tailed t test with

Benjamini-Hochberg correction; *FDR < 0.05, **FDR < 0.01; n = 3.

(F) Representative images of HD-Q74 cells transfected with selected candidates. Blue, DAPI; red, myc candidate; green, HttEx1-GFP; scale bar, 20 mm.

(G) Log2FCs in the soluble fraction of proteins after overexpression of candidates in HD-Q74 cells, determined by changes in iBAQ ratios (soluble to insoluble).

The red dot indicates the iBAQ ratio of the candidate. Multiple two-tailed t test with Benjamini-Hochberg correction; ***FDR < 0.001; n = 3. NCAM1 was not

identified in the insoluble fraction in this experiment.

See also Figure S7.
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cases (BH-FDR < 0.05), with a mean survival increase of 40%

(Figure 7B, lower panel). Three proteins (Ap2a2, Mapt, and

Nfasc) that increased the viability of control HD-Q23 cells (Fig-

ure 7B, upper panel) and two proteins that repeatedly exhibited

low transfection rates (Dctn1 and Sbf1) were excluded from

further analyses. To distinguish between a general effect on

cell survival and a specific involvement in mutant HttEx1 toxicity,

we tested whether the candidates rescued the viability of non-

induced HD-Q74 cells under starvation and observed a rescue

with only one protein, Cnp (Figure 7C). Thus, the effects of the

remaining candidates were specific for mutant HttEx1 toxicity.

We next asked whether the HttEx1 toxicity-modifying proteins

also had an effect on aggregation. Overexpression of the candi-

dates did not change the number of GFP+ foci per cell (Fig-

ure S7J) but did reduce their size in 10 of 11 cases (Figure 7D).

Moreover, the percentage of small foci (<1 mm in diameter)

increased significantly in 8 of the 11 cases, whereas the percent-

age of large foci (>2.5 mm) was significantly reduced in all cases

(Figures 7E and 7F). As an orthogonal approach, we employed

membrane filter trap assay, which also did not reveal a signifi-

cant change in the aggregation load (Figure S7K). Finally, the sol-

uble proportion of most cellular proteins increased significantly

after overexpression of the candidates in HD-Q74 cells, as well

as, in most cases, the soluble proportion of the candidate (Fig-

ure 7G). Thus, overexpression of the proteins sequestered to

HttEx1 IBs ameliorates mutant HttEx1 toxicity and decreases

aggregate size, but not load.

DISCUSSION

We applied quantitative proteomics to investigate molecular

neurodegeneration signatures in an in vivomodel of HD. Employ-

ing a recently published proteomic resource of the mouse brain

(Sharma et al., 2015) and a single-run LC-MS/MS workflow, we

characterized the brain proteome of the R6/2 mice and WT con-

trols to a depth of more than 12,000 proteins. Spatiotemporal

characterization of the soluble proteome during disease pro-

gression uncovered extensive alterations in brain regions vulner-

able to HD. The data provide a resource to the community, which

is available via a user-friendly database (http://maxqb.biochem.

mpg.de/mxdb/). The value of such data is illustrated by the iden-

tification of several MSN-specific proteins whose signaling is

compromised in HD and that are already used for PET imaging.

These clinically relevant proteins emerge from our analysis and

thus validate the R6/2 model, which is one of the best character-

ized and most widely used HD mouse models. Comparative

studies demonstrated its extensive similarity with full-length

Huntingtin models at pathological, transcriptional, and electro-

physiological levels (Cummings et al., 2009; Langfelder et al.,

2016; Woodman et al., 2007). Nevertheless, it will be necessary

to extend our approach to full-length models in the future.

Furthermore, our dataset contains a number of additional pro-

teins that have closely related expression regulation in the

course of HD, making them promising candidates for imaging

or other applications. Another example emerged upon matching

the soluble brain and cerebrospinal fluid proteomes. Several

proteomic analyses have proposed potential biomarkers of HD

progression in cerebrospinal fluid , mostly linked to inflammation

(Dalrymple et al., 2007; Fang et al., 2009). Here, we also

observed a strong inflammatory signature in the cerebrospinal

fluid of R6/2 mice. However, proposed biomarkers have failed

to be validated for clinical trials (Byrne andWild, 2016). We found

an overall low correlation between changes in the soluble prote-

ome and the cerebrospinal fluid, which needs to be considered

when attempting to identify biomarkers in cerebrospinal fluid.

The use of formic acid to chemically cleave aggregated pro-

teins, in combination with quantitativeMS, enabled us to perform

the first in-depth characterization of HttEx1 aggregates in vivo

and in a stage- and brain region-dependent manner. This generic

approach provides an unbiased tool to study insoluble aggre-

gates in other misfolding diseases. In the case of HD, we find

that the insoluble fraction containing late-stage HttEx1 aggre-

gates consists of several hundred proteins, concordant with

the very large size of IBs in model systems and patients. Just

a few proteins, generally only expressed in the brain, make up

the bulk of the aggregate mass. This suggests that the aggregate

composition in HD, and perhaps in other NDDs, is highly tissue

specific. The presence of several myelin-associated proteins

was surprising, because these are expressedmainly in glial cells.

However, in our recent brain proteome resource (Sharma et al.,

2015), as well as in the Human Protein Atlas (Uhlén et al.,

2015), myelin was also detected in neurons, and we could

confirm the presence of Plp1 in IBs by immunostaining. There-

fore, we believe that these proteins derive mostly from neuronal

IBs, not from oligodendrocytes.

Few aggregate constituents were known previously, such as

proteostasis network components, native huntingtin interactors,

and several transcription factors. However, most identified pro-

teins represent diverse biological functions. We found that these

proteins are rich in aggregation-prone motifs, such as CCDs or

LCRs. CCDs and LCRs are molecular recognition motifs, regu-

lating oligomerization of higher-order structures among both

RNAs and proteins (Cumberworth et al., 2013; Kato et al.,

2012). CCDs are prominently involved in protein-protein interac-

tions and can interact with polyQ proteins, promoting their ag-

gregation (Fiumara et al., 2010). RNA-binding proteins, which

figure prominently in the aggregates, are particularly rich in

LCRs, because they can be molecular determinants of RNA

granule assembly (Han et al., 2012; Kato et al., 2012). The forma-

tion of such reversible structures allows increase of local con-

centrations of relevant interactors. However, because LCRs

also promote protein binding promiscuity and aggregation pro-

pensity, this comes at the cost of undesirable, non-productive

interactions, leading to several diseases (Cumberworth et al.,

2013). We have shown in a cell model of HD that LCR domains

co-aggregate with mutant HTT and other LCR-containing pro-

teins, exacerbating aggregate formation (Kim et al., 2016). Our

current results suggest that LCRs are also responsible for pro-

moting co-aggregation in vivo. Several elements of the protein

folding machinery also contain LCRs (Hageman et al., 2010). It

is tempting to speculate that the presence of these sequences

in both aggregation-prone and aggregation-counteracting pro-

teins represents a balance that has co-evolved over time.

Our insoluble fraction showed little overlap with recently pub-

lished protein aggregation sets. Of all insoluble proteins in our

dataset, less than 5% overlapped with interactors of artificial
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amyloid-like beta sheet proteins (Olzscha et al., 2011), and less

than 1% were shared with either RNA-binding proteins contain-

ing prion-like domains (Li et al., 2013) or stress granules (Jain

et al., 2016). The little overlap between these aggregation-asso-

ciated proteins indicates that proteins from our insoluble dataset

specifically co-aggregate with mutant HttEx1.

The integrative aspect of jointly analyzing the soluble and

insoluble proteome, combined with the spatiotemporal resolu-

tion, allowed us to elucidatemolecular neurodegeneration signa-

tures that have not yet been linked to HD. Hundreds of proteins

were downregulated in the soluble proteome and upregulated in

the insoluble proteome. This prevalent sequestration of proteins

into the aggregates suggests widespread loss of protein function

in HD. Although it has been reported that IBs are protective by

sequestering toxic soluble oligomers (Arrasate et al., 2004;

Haass and Selkoe, 2007), the substantial depletion of soluble

proteins observed here suggests a major impairment of protein

homeostasis in the cell.

In accordance with this hypothesis, our rescue experiments

demonstrated that overexpression of loss-of-function candi-

dates ameliorated HttEx1 toxicity in a cellular HD model. The

molecular mechanism underlying the observed increase in cell

viability requires further analysis. It is possible that each of the

selected candidates is necessary for cell survival and overex-

pression simply re-supplies the cell with an essential factor. In

addition, a protein with a strong affinity for HttEx1 aggregates

may occupy much of the aggregates’ interaction surface and

thereby reduce sequestration of endogenous proteins, as sug-

gested by the increase of the soluble proportion of most proteins

upon transfection of the candidates into HD-Q74 cells. The latter

scenario may also explain why many of our candidates reduced

IB size. Our data therefore suggest that overexpression of candi-

date proteins could increase cell viability by interfering with

multistage aggregate formation. Soluble interactors of both

native and mutant NDD proteins have been identified as disease

modifiers (Hosp et al., 2015; Kaltenbach et al., 2007). Most pro-

teins in the insoluble aggregates, however, are most likely not

associated with the native function of the disease protein. Given

the high proportion of toxicity mediators in our validation set, it is

likely that the total set of potential loss-of-function proteins con-

tains further candidates that would be interesting to study in the

context of HD.

In summary, we provide a rich resource comprising (1)

changes in the proteome upon disease progression, (2) protein

copy numbers, (3) degree of protein sequestration to the IBs,

and (4) correlation of proteomes across different brain regions,

time, and aspects of the brain and cerebrospinal fluid proteome.

Altogether, these data paint a quantitative picture of the dynamic

aggregate proteome in relation to the brain proteome. This high-

lights the power of integrative approaches to elucidatemolecular

mechanisms of HD, helping to bridge the gap between identifica-

tion of disease-associated pathways and their corresponding

phenotypes.

EXPERIMENTAL PROCEDURES

Further details and an outline of resources used in this work can be found in

Supplemental Experimental Procedures.

Cell Lines

Rat PC12 pheochromocytoma cell lines stably transfected with either GFP-

fused Huntingtin Exon1-Q23 or Huntingtin Exon1-Q74 were a gift from David

Rubinsztein (Cambridge Institute for Medical Research). Both lines were

cultured and induced as described (Wyttenbach et al., 2001). Briefly, cells

were maintained at 70 mg/mL hygromycin B (Thermo Fisher Scientific) in

standard medium consisting of high-glucose DMEM (Sigma-Aldrich) with

100 U/mL penicillin/streptomycin (Sigma-Aldrich), 2 mMGlutaMAX (Life Tech-

nologies), 10% heat-inactivated horse serum (HS) (Life Technologies), 5% Tet-

approved fetal bovine serum (Clontech), and 100 mg/mL G418 (Thermo Fisher

Scientific) at 37�C, 10%CO2. Induction of HttEx1-Q23 or HttEx1-Q74was car-

ried out by adding doxycycline (Sigma-Aldrich) at 1 mg/mL. After induction with

doxycycline, cells were kept at 1% HS to maintain them in a quiescent-like

state.

Mouse Strains

For the proteomic study, female R6/2 mice (B6CBA-Tg(HDexon1)62 gpb/1J)

carrying a 150 ± 5 CAG repeat expansion and non-transgenic littermate con-

trols at 5 weeks of age were obtained from the Jackson Laboratory (Bar Har-

bor, Maine, USA) and sacrificed at the age of 5, 8, and 12 weeks. For further

studies, an R6/2 colony was established at the animal facility of the

Max Planck Institute of Biochemistry, Martinsried, from male R6/2 mice

(B6CBA-Tg(HDexon1)62 gpb/1J) obtained from the Jackson Laboratory.

The colony was maintained by crossing carrier males to CBA x C57BL/6

F1 females. Only female R6/2 mice were used for experiments. All animals

used in this study had ad libitum access to standard mouse food and water

and were maintained consistent with an animal protocol approved by the

local authorities (Regierung von Oberbayern, animal protocol 55.2-1-54-

2532-168-2014).

LC-MS/MS Analysis

MS analysis was performed using Q Exactive mass spectrometers (Thermo

Fisher Scientific, Bremen, Germany) coupled online to a nanoflow ultra-high

performance liquid chromatography (UHPLC) instrument (Easy1000 nLC,

Thermo Fisher Scientific). Peptides were separated on a 50-cm-long (75 mm

inner diameter) column packed in house with ReproSil-Pur C18-AQ 1.9 mm

resin (Dr. Maisch, Ammerbuch, Germany). Column temperature was kept at

50�Cby an in-house-designed ovenwith a Peltier element, and operational pa-

rameters were monitored in real time by the SprayQc software (Scheltema and

Mann, 2012). Peptides were loaded with buffer A (0.1% [v/v] formic acid) and

eluted with a nonlinear gradient of 5%–60% buffer B (0.1% [v/v] formic acid,

80% [v/v] acetonitrile) at a flow rate of 250 nL/min. Peptide separation was

achieved by 245 min gradients (soluble proteome), 120 min gradients (cere-

brospinal fluid), or 60 min gradients (insoluble proteome). The survey scans

(300–1,700 m/z, target value = 3E6, maximum ion injection times = 20 ms)

were acquired at a resolution of 70,000, followed by higher-energy collisional

dissociation (HCD)-based fragmentation (normalized collision energy = 25) of

up to 10 dynamically chosen, most abundant precursor ions. The MS/MS

scans were acquired at a resolution of 17,500 (target value = 1E5, maximum

ion injection times = 120 ms). Repeated sequencing of peptides was mini-

mized by excluding the selected peptide candidates for 20 s.

Statistical Analysis

The type of statistical test (e.g., ANOVA or Mann-Whitney U test) is annotated

in the figure legend and/or in the Supplemental Experimental Procedures

segment specific to the analysis. In addition, statistical parameters such as

the value of n, mean or median, SD, and significance level are reported in

the figures and/or in the figure legends. When asterisks are used to signify

the significance level, the key is reported in the respective figure legend.

Statistical analyses were performed using Perseus or R as described in

Supplemental Experimental Procedures for individual analysis.
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PRIDE: PXD004973.

2300 Cell Reports 21, 2291–2303, November 21, 2017



SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and four tables and can be found with this article online at

https://doi.org/10.1016/j.celrep.2017.10.097.

AUTHOR CONTRIBUTIONS

F.H. performed wet lab and MS experiments and analyzed the data. S.G.-A.

performed wet lab and imaging experiments and analyzed the data. I.D. per-

formed cerebrospinal fluid extraction and mouse brain dissection. M.H.S.

and J.C. developed bioinformatic tools. M.S.H., F.M., and F.-U.H. provided re-

agents and advised research. F.H., S.G.-A., I.D., R.K., and M.M. interpreted

the data. F.H. and M.M. conceived the project and wrote the manuscript. All

authors read and approved the manuscript.

ACKNOWLEDGMENTS

We thank our colleagues at the Max Planck Institutes of Biochemistry and

Neurobiology, especially G.H.H. Borner and D. Hornburg for help and fruitful

discussions; S. Kroiss, K. Mayr, I. Paron, G. Sowa, and B. Splettstösser for
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Abstract 

Huntington’s disease (HD) is a devastating hereditary movement disorder, characterized by 

degeneration of neurons in the striatum and cortex. Studies in human patients and mouse HD models 

suggest that disturbances of neuronal function in the neocortex play an important role in the disease 

onset and progression. However, the precise nature and time course of cortical alterations in HD have 

remained elusive. Here, we use chronic in vivo two-photon calcium imaging to monitor the activity of 

single neurons in layer 2/3 of the primary motor cortex in awake, behaving R6/2 transgenic HD mice 

and wildtype littermates. R6/2 mice show age-dependent changes in neuronal activity with a clear 

increase in activity at the age of 8.5 weeks, preceding the onset of motor and neurological symptoms. 

Furthermore, quantitative proteomics demonstrate a pronounced downregulation of synaptic proteins 

in the cortex, and histological analyses in R6/2 mice and HD patient samples reveal reduced inputs 

from parvalbumin-positive interneurons onto layer 2/3 pyramidal cells. Thus, our study provides a time-

resolved description as well as mechanistic details of cortical circuit dysfunction in HD. 

 

Significance statement 

Funtional alterations in the cortex are believed to play an important role in the pathogenesis of 

Huntington’s disease (HD). However, studies monitoring cortical activity in HD models in vivo at a 

single-cell resultion are still lacking. We have used chronic two-photon imaging to investigate changes 

in the activity of single neurons in the primary motor cortex of awake presymptomatic HD mice. We 

show that neuronal activity increases before the mice develop disease symptoms. Our histological 

analyses in mice and in human HD autopsy cases furthermore demonstrate a loss inhibitory synaptic 

terminals from parvalbimun-positive interneurons, revealing a potential mechanism of cortical circuit 

impairment in HD. 
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Introduction 

Huntington’s disease (HD) is an incurable hereditary neurodegenerative disorder, characterized by 

choreatic movements in combination with cognitive decline and psychiatric symptoms. HD is caused 

by an expansion of the CAG repeat in exon 1 of the Huntingtin gene (Huntington's Disease Collborative 

Research Group, 1993), resulting in the expression of the aggregation-prone mutant Huntingtin (mHTT) 

protein with an elongated polyglutamine (polyQ) tract. mHTT interferes with multiple cellular functions, 

including transcription, energy metabolism, protein homeostasis and intracellular transport (Labbadia 

and Morimoto, 2013; Saudou and Humbert, 2016). The striatum is the most vulnerable region in HD, 

however, prominent pathological changes are also observed in the neocortex (Vonsattel and DiFiglia, 

1998; Raymond et al., 2011; Waldvogel et al., 2012). Importantly, ample evidence points towards the 

disturbance of cortical function and impairment of corticostriatal communication as crucial early events 

in HD (Miller et al., 2011; Unschuld et al., 2012; Estrada-Sanchez and Rebec, 2013; Veldman and 

Yang, 2017). Imaging studies in HD gene expansion carriers demonstrate that cortical thinning and 

abnormalities of cortical activity contribute to the onset, progression and clinical variability of HD 

(Reading et al., 2004; Rosas et al., 2005; Rosas et al., 2008; Schippling et al., 2009; Nopoulos et al., 

2010; Orth et al., 2010; Waldvogel et al., 2012). In particular, primary motor cortex (M1) is among the 

regions showing the earliest changes (Rosas et al., 2008), and the degree of cell loss in this area 

correlates with the motor impairments (Thu et al., 2010). In addition, analyses of tissue-specific 

conditional mouse models revealed the requirement of mHTT in both the striatum and the cortex for 

driving the full extent of HD phenotypes (Gu et al., 2005; Gu et al., 2007). Likewise, mHTT lowering in 

both regions is necessary for an efficient rescue of HD-related deficits (Wang et al., 2014; Estrada-

Sanchez et al., 2015).  

Cortical pyramidal neurons (principal cells, PCs) are known to be a vulnerable cell population in HD 

(Estrada-Sanchez and Rebec, 2013). HD mouse models display multiple morphological and 

electrophysiological abnormalities in these cells. Reduced dendritic arborizations and a decline in the 

density and stability of dendritic spines on PCs were observed in the somatosensory cortex (Klapstein 

et al., 2001; Murmu et al., 2013; Murmu et al., 2015). These defects were paralleled by lower levels of 

several synaptic proteins and a decrease in excitatory synapse density at an advanced disease stage 

(Murmu et al., 2015). In addition, electrophysiological recordings revealed changes in both excitatory 
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and inhibitory inputs onto layer 2/3 (L2/3) PCs (Gu et al., 2005; Spampanato et al., 2008; Cummings et 

al., 2009).  

Although the main focus in cortical HD pathology has been on PCs, there is also increasing evidence 

for an involvement of cortical interneurons (INs). Reductions in certain populations of INs were detected 

in human postmortem HD brains (Kim et al., 2014; Mehrabi et al., 2016). Furthermore, studies in 

conditional mouse models demonstrated the importance of mHTT expression in INs for the 

development of cortical pathology and behavioral defects (Gu et al., 2005), and attributed certain 

electrophysiological and behavioral alterations specifically to IN dysfunction (Dougherty et al., 2014). 

Despite these insights into the impairments occurring in PCs and INs, it has remained unclear how 

cortical network function is affected in vivo before disease onset and at different disease stages, and 

which molecular and circuit mechanisms underlie these functional alterations.  

Here, we use chronic in vivo two-photon calcium imaging in awake, behaving HD mice to monitor the 

activity of large populations of L2/3 neurons in the M1 area at single-cell resolution. Our imaging 

experiments reveal disturbances of neuronal activity that precede the onset of symptoms. Proteomic 

analyses show a pronounced downregulation of synaptic proteins in the cortex, whereas histological 

findings in HD mouse brains and in human postmortem tissue point to a loss of parvalbumin (PV)-

positive inhibitory synapses on PCs, providing a possible circuit mechanism for the cortical dysfunction 

in HD mice. 
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Materials and Methods 

Transgenic mice 

R6/2 mice (Mangiarini et al., 1996) transgenic for the 5′ end of the human huntingtin gene were 

maintained in a specific pathogen-free animal facility by crossing R6/2 males to F1 C57Bl6/CBA 

females. The presence of the transgene was verified by PCR with the following primers: forward, 5′- 

CCGCTCAGGTTCTGCTTTTA-3′, reverse, 5′- TGGAAGGACTTGAGGGACTC-3′. CAG repeat length 

was determined by Laragen and averaged 192 repeats. Mice were kept in inverted 14-10 h light-dark 

cycle from surgery on, had free access to food and water and showed no signs of inflammation or 

metabolic compromise. All procedures were performed in accordance with mouse protocols approved 

by the Government of Upper Bavaria (55.2-1-54-2532-168-2014, 55.2-1-54-2532-19-2015).  

 

Behavioral tests 

Rotarod. Rotarod test was performed on a Rota-Rod NG (Ugo Basile). Mice were first trained on two 

consecutive days for 300 s at 5 rpm, and then tested on the accelerating rotarod from 5 to 40 rpm over 

a 300 s period. Latency to fall was recorded on three trials separated by 15 min resting periods, and 

the average value was taken for analysis.  

Open field. Locomotor activity in the open field was assessed one hour after the beginning of the dark 

cycle. Mice were placed into a custom-made 40x40 cm arena, and total distance traveled was recorded 

for 10 min. The floor of the chamber was washed between the trials to minimize any olfactory cues that 

could affect exploratory behavior. 

 

Virus injection and cranial window surgery 

For in vivo calcium imaging, an adeno-associated virus (AAV1/2) containing the genetically encoded 

calcium indicator GCaMP6s (Chen et al., 2013) and the bright structural marker mRuby2 (Lam et al., 

2012) under the control of the human synapsin-1 promoter was used to label cortical neurons (Rose et 

al., 2016). Intracerebral injections of AAV and cranial window implantation were performed within the 

same surgery in 3.5-week-old mice deeply anesthetized with an intraperitoneal (i.p.) injection of 

ketamine/xylazine (130 and 10 mg kg−1 body weight, respectively). The analgesic carprofen (5 mg kg−1 

body weight, subcutaneously) and the anti-inflammatory drug dexamethasone (10 mg kg−1, i.p.) were 

administered shortly before surgery. To increase viral uptake and spread, mannitol (20% solution; 30 
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ml kg−1 body weight, i.p.) was applied 20 min prior to virus injection (Burger et al., 2005). During surgery, 

the virus (titer: ~1012 infecting units per ml) was injected into L2/3 of M1 cortex (3 injection sites with 

stepwise 300 nl injections at 150, 200 and 250 µm depth). Next, a cranial window over the right cortical 

hemisphere was implanted as previously described (Holtmaat et al., 2009). Briefly, a circular piece of 

skull (4 mm in diameter) was removed over the fore- and hindlimb area of M1 (position: 1.3 mm lateral 

and 1.0 mm anterior to bregma) using a dental drill (Foredom). A round coverslip (VWR; d=4 mm) was 

glued to the skull using histoacryl glue (B.Braun) and dental acrylic cement (Kerr Vertise Flow). After 

surgery, mice received a subcutaneous injection of the antibiotic cefotaxime (60 mg kg−1) and were 

placed in a warm environment for recovery. After 10 days, a small custom-made metal bar (1 cm x 3 

cm; 0.06 g) with a round opening was glued onto the coverslip with dental acrylic cement to allow for 

stable head fixation under the objective and repeated repositioning of mice during subsequent imaging 

sessions. Imaging began after a 21-day resting period after surgery. 

 

Handling and ball training 

At the age of 5 weeks, mice were handled on 5 consecutive days for 10 min until they were familiarized 

with the trainer and routinely ran from hand to hand. In the subsequent ball training mice got adjusted 

to the experimental setup and head fixation. Ball training sessions that were repeated on 3 consecutive 

days were set in the dark (infrared (IR) light source) and lasted for 30 min. Mice were head-fixed by the 

metal bar to a custom-made holder and placed onto a styrofoam ball (d=20 cm) that floated on 

pressurized air and was custom-installed under the microscope objective (Dombeck et al., 2007). 

Mouse behavior (resting or running) was observed with an IR-sensitive camera (USB 2.0, 1/3"CMOS, 

744x480 pixel; 8 mm M0814MP2 1.4-16C, 2/3", megapixel c-mount objective; TIS) without exposure to 

additional stimuli or learning tasks. After the third session, mice had adjusted to the head fixation and 

showed alternating running and resting behavior.  

 

Two-photon calcium imaging in behaving mice 

During the experiment, the same conditions as during ball training were applied. Mouse behavior was 

tracked at 15 Hz with an IR-sensitive video camera (TIS) and custom software (Input Controller, TIS). 

In addition, to track ball motion, a computer gaming mouse (G500S, Logitech) was positioned along the 

ball axis, controlled by a raspberry pi3 and custom written scripts using PuTTY to count ball rotation 
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events (1000 counts/s). To synchronize in vivo two-photon imaging, behavioral video recording and ball 

speed measurements, a 900s lasting TTL pulse (5V) was sent to relevant hardware using Matlab 

(Mathworks). In vivo calcium imaging was performed with an upright multiphoton microscope (Bergamo 

II, Thorlabs) equipped with a Ti:Sapphire laser with dual beam (InSight DeepSee, Spectra Physics), a 

8 kHz galvo/resonant scanner and a 16x, 0.8 NA water immersion objective (Nikon). The laser 

intensities were modulated with Pockels cells (Conoptics). The following wavelengths and emission 

filters were used to simultaneously image the two fluorophores: 920 nm / 525±25 nm (GCaMP6s) and 

1040 nm / 607±35 nm (mRuby2). ThorImage 2.4 software (Thorlabs) was used for microscope control 

and image acquisition. To measure neuronal activity, time series images of selected positions/fields of 

view (FOVs) with bright expression of the calcium indicator were acquired at 10 Hz for a total duration 

of 900 s. For each mouse, two FOVs were acquired per imaging time point at the depth of 150-350 m. 

Efforts were made to keep the GCaMP6s fluorescence constant throughout the entire experiment (<50 

mW laser power out of objective). For each FOV, an image of the blood vessel map was acquired under 

epifluorescence light to ensure return to the same position in serial experiments. In addition, the 

information about XYZ-coordinates provided by the microscope stage was documented for each image 

position. The structural marker mRuby2 was used to precisely adjust the FOV in the z-plane. After 

imaging, the animal was returned back to its housing cage for rest. At the last imaging time point, the 

same FOVs were additionally imaged for 300 s during isoflurane (1.5%) anesthesia.  

 

Time series image processing and data analysis 

Image analysis was performed with ImageJ (NIH) and Matlab software using custom written 

procedures. First, full frame images were registered and motion corrected in ImageJ using the moco 

plugin (Dubbs et al., 2016). Next, regions of interest (ROIs) were drawn manually around individual 

somata based on both maximum and mean intensity projections of all frames. For neighboring cells 

with direct contact, pixels containing signal from both neurons were excluded from the selection. For 

each imaging time point, the ROIs were visually inspected in the GCaMP and mRuby channel to ensure 

that the same cells were analyzed throughout the imaging period. The fluorescence intensity of all pixels 

inside each ROI was averaged and mean values were imported into Matlab for further processing as 

described previously (Liebscher et al., 2016). To account for neuropil contamination, the following 

correction method was applied: the initial ROI was fitted with an ellipse and this ellipse was stretched 
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by 6 pixels. All pixels of the initial ROI, as well as those in neighboring ROIs were excluded from the 

resulting larger ellipse. Next, the corrected ROI signal was computed as follows: FROI_comp = FROI - 0.7 x 

(Fneuropil - median (Fneuropil)) with FROI_comp representing the neuropil compensated fluorescence of the 

ROI, FROI referring to the fluorescence signal of the initial ROI selection and Fneuropil to the signal 

stemming from the neuropil (Liebscher et al., 2016). To estimate the baseline level (F0), each 

fluorescence trace was divided by the median of all values smaller than the 70th percentile of the entire 

trace and subtracting 1 from those values, which reflects the baseline well as judged by visual 

inspection. Cells were classified as active in a particular experiment if they crossed a threshold of 

baseline + 3 x SD of the ∆F/F trace at least once for a minimum of 10 consecutive frames (1 s). 

Video sequences acquired for behavioral tracking were analyzed in EthoVision (Noldus), using the 

activity analysis tool. Briefly, a ROI was drawn manually around the forepaws. Changes in pixels 

induced by forepaw movement were registered as activity change and plotted over time by determined 

algorithms. For direct comparison of video and imaging data at equal frame numbers, the 15 Hz videos 

were reduced to 10 Hz using the signal.resample function from Scipy and imported into Matlab for 

further analysis. 

 

MS data analysis and visualization 

All data was obtained from the proteomic dataset published by Hosp et al. (2017). Principal component 

analysis (PCA) was conducted with the Perseus software package (Tyanova et al., 2016). Annotations 

were based on GOCC, GOBP, GOMF, CORUM, Pfam domains and KEGG pathway annotations with 

the exception of the main PCA drivers, which were complemented by manual annotations based on 

literature searches. All other analyses and data visualizations were performed with R software (R 

Development Core Team, 2008). Significantly changed protein expression was defined as a 

combination of a p-value lower than 0.05 and an expression change of at least two-fold compared to 

littermate controls. 

 

Immunofluorescent staining and confocal microscopy 

Mice were transcardially perfused with phosphate-buffered saline (PBS) followed by 4% 

paraformaldehyde (PFA) in PBS. Brains were dissected out, post-fixed in 4% PFA at 4°C for 48 h, and 

coronal brain sections (70 μm) were cut on a microtome (VT 1000S, Leica). Free-floating sections were 
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permeabilized in 0.5% TritonX-100 for 30 min and blocked in 5% normal donkey serum, 0.2% bovine 

serum albumin (BSA), 0.2% glycine, 0.2% lysine, 0.02% sodium azide in PBS for 2 h at room 

temperature, followed by overnight exposure to primary antibodies in 0.3% TritonX-100, 2% BSA, 

0.02% sodium azide in PBS. The following primary antibodies were used: rabbit anti-PV, 1:500 

(Abcam); mouse anti-NeuN, 1:500 (Millipore), guinea-pig anti-VGlut1 (Millipore), guinea-pig anti-vGlut2 

(Millipore), mouse anti-PSD-95 (Sigma), mouse anti-Gephyrin (Synaptic systems), and rabbit anti-

VGAT (Synaptic systems). After several washes with PBS, sections were incubated in corresponding 

Alexa secondary antibodies (Invitrogen) diluted 1:300 for 2 h followed by 10 min DAPI (Sigma) staining, 

several PBS washes and mounting with fluorescent mounting medium (DAKO). Fluorescence images 

were acquired with a Leica TCS SP8 confocal microscope using a 63x, 1.40 NA oil immersion objective 

(Leica). Image analysis was performed blindly with ImageJ and R. Briefly, images of pre- and 

postsynaptic stainings were converted into binary masks in ImageJ. Puncta of 2 pixels or less were 

excluded from further analysis. The coordinates of the remaining puncta were extracted using the 

“analyze particles” function. The distance of every presynaptic particle to every postsynaptic particle 

was then calculated using the Pythagorean equation and matrix calculations in R. A distance of 1 m 

or less was counted as a synapse. For PV puncta quantification, the PC circumference was traced 

manually and measured with ImageJ. The area of the cell body and the surrounding PV staining were 

extracted and the PV-positive pixels counted using a custom written macro. The area of PV terminals 

around the cell body was normalized to the cell body perimeter. 

 

Patient material 

5 m paraffin sections from the primary motor cortex of 3 HD autopsy cases and 3 age-matched 

controls were obtained from Neurobiobank Munich, Ludwig-Maximilians University Munich. 

Demographic information is provided in Table 1. The experiments were approved by the local ethics 

committee. Sections were deparaffinized in Xylene twice for 5 min, hydrated in a decreasing ethanol 

concentration series, and transferred to warm tap water for 5 min. Antigen retrieval was conducted in 

boiling Tris-EDTA buffer (10 mM Tris, 1mM EDTA, 0.05 % Tween 20, pH 9.0) for 15 min. Slides were 

then transferred to tap water and blocked with BLOXALL Blocking Solution (Vector Laboratories) for 

10 min and subsequently with 2.5 % horse serum for 30 min. The following primary antibodies were 

used: rabbit anti-PV, 1:250 (Abcam) and mouse anti-CamK2α, 1:250 (Abcam). After several washes 
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with PBS, sections were incubated in corresponding Alexa secondary antibodies (Invitrogen) diluted 

1:300, and Neurotrace, 1:500 (Life technologies) for 2 h followed by 10 min DAPI (Sigma) staining, 

several PBS washes and mounting with fluorescent mounting medium (DAKO). Fluorescence images 

were acquired with a Leica TCS SP8 confocal microscope using a 63x, 1.40 NA oil immersion 

objective (Leica). PCs in L2/3 were identified by their triangular shape, the presence of a nucleolus 

seen with Neurotrace, and/or through Camk2α-positive staining. Image analysis was performed with 

ImageJ and R. For PV puncta quantification, the circumference of the pyramidal neuron was traced 

manually, dilated by 1.5 µm and measured with ImageJ. The area of the cell body and the surrounding 

PV staining was extracted and the PV-positive pixels counted using a custom written macro. The area 

of PV terminals around the cell body was normalized to the cell body perimeter. 

 

Experimental design and statistical analysis  

Female R6/2 mice and female wildtype (WT) littermates were used in all experiments. Behavioral tests 

were conducted with groups of 7-10 WT and 10 R6/2 mice. For chronic imaging experiments, 6 WT and 

5 R6/2 mice were used. Proteomic data was from 4 WT and 4 R6/2 5-week-old mice and 3 WT and 3 

R6/2 8-week-old mice. Immunostainings were performed on brain sections of 5 WT and 5 R6/2 mice at 

5 weeks of age, and 5 WT and 4 R6/2 mice at 8 weeks of age. Human data was from 3 HD and 3 age-

matched control autopsy cases. For behavioral tests, comparisons were made with two-way ANOVA 

with Bonferroni´s multiple comparison test. Two-way repeated measures ANOVA was used to reveal 

effects of genotype and time in chronic imaging experiments. Pearson’s Chi-square test was applied to 

evaluate changes in activity categories. Exact binomial two-sided test was used for binomially 

distributed data. Two-tailed unpaired Student’s t-test was applied for comparisons of two groups in 

histological analyses. Data were analyzed in a blinded manner. Data are expressed as mean ± SEM 

unless indicated otherwise, with p<0.05 defining differences as statistically significant (*p<0.05; 

**p<0.01; ***p<0.001; n.s. - not significant). 
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Results 

Chronic two-photon calcium imaging in the cortex of R6/2 mice 

We investigated neuronal activity in R6/2 transgenic mice, which express mHTT-exon 1 with a 

pathological polyQ expansion under the human HTT promoter and are characterized by an early onset 

and rapid progression of disease (Fig. 1A) (Mangiarini et al., 1996; Carter et al., 1999; Meade et al., 

2002). In spite of considerable brain atrophy, no obvious cell death is observed in this line until the age 

of 12 weeks (Mangiarini et al., 1996; Dodds et al., 2014). Overt neurological symptoms such as tremor, 

dyskinesia and balance impairment start at 9-11 weeks of age (Mangiarini et al., 1996). The exact age 

of onset of motor impairments varies between different R6/2 colonies and is dependent on the CAG 

repeat length. Surprisingly, very high repeat numbers, which occur due to the genetic instability of the 

repeats, lead to a later onset and overall attenuation of the HD-related phenotypes (Morton et al., 2009; 

Cummings et al., 2012). The CAG repeat length in our colony averaged 192 ± 2 repeats and was higher 

than in the original line (~150 repeats) (Mangiarini et al., 1996). We therefore characterized the motor 

phenotype in our colony by testing the mice on an accelerating rotarod and in the open field. 8 to 9-

week-old R6/2 mice showed no significant deficits on the rotarod and normal locomotion in the open 

field, whereas by the age of 12-13 weeks, they were severely impaired in both tests (Two-way ANOVA 

with Bonferroni´s multiple comparison test; Rotarod, 8-9 weeks, p>0.05; 12-13 weeks, p<0.001; Open 

field, 8-9 weeks, p>0.05; 12-13 weeks, p<0.001; Fig. 1B). We conclude that the onset of motor defects 

in our colony occurs after 9 weeks of age and is thus slightly delayed compared to other reports (Carter 

et al., 1999; Murmu et al., 2013), likely due to the expansion of CAG repeats and/or differences in 

housing conditions. 

 

To study longitudinal changes in neuronal function before and around the onset of disease, we 

chronically monitored calcium responses in L2/3 neurons in the M1 cortex of R6/2 mice and WT 

littermates. Mice were injected with AAV1/2-Syn1-mRuby2-P2A-GCaMP6s (Rose et al., 2016), which 

allows functional imaging along with morphological labeling of the neurons (Fig. 1C-D). Because of the 

rapid disease progression in this mouse line, we performed virus injections and cranial window 

implantations at the age of 3.5 weeks (Fig. 1A). Two-photon imaging sessions of 15 min each were 

started 3 weeks after the surgery and carried out at weekly intervals between 6.5 and 9.5 weeks of age 

(Fig. 1A). Populations of 100-200 L2/3 neurons were imaged in awake head-restrained animals during 
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voluntary locomotion in the dark on a spherical treadmill restricted to movement around one axis 

(Dombeck et al., 2007) (Fig. 1E). The experiments ended before the animals developed overt 

neurological symptoms. During the imaging sessions, mice exhibited spontaneous running behavior, 

which was recorded by an IR-sensitive video camera and/or by an optical mouse sensor (Fig. 1E).  

 

Increased neuronal activity in HD mice before disease onset 

Calcium responses were observed in many L2/3 neurons, with activity remaining quite stable during 

the imaging period in WT mice, but increasing on average in R6/2 mutants (Fig. 2A-B). Accordingly, the 

average frequency of calcium transients stayed unchanged between the imaging sessions in WT mice, 

while it increased in R6/2 animals starting from 8.5 weeks of age (WT, 1612 neurons from 6 mice; R6/2, 

2589 neurons from 5 mice; Repeated measures ANOVA, Genotype: F(1, 12597) = 2.01, p = 0.16; Age: 

F(3, 12597) = 82.91, p < 0.001; Interaction F(3, 12597) = 101.2, p < 0.001; Fig. 2C). The change in 

transient frequency was also evident when we only analyzed the periods during which the animal 

remained stationary (only experiments with a minimum of 1% stationary time were included in the 

analysis; WT, 1346 neurons from 6 mice; R6/2, 2589 neurons from 5 mice; Repeated measures 

ANOVA, Genotype: F(1, 11599) = 0.08, p = 0.78; Age: F(3, 11599) = 73.43, p < 0.001; Interaction F(3, 

11599) = 102.66, p < 0.001; Fig. 2D), indicating that the elevated activity was independent of 

locomotion. Next, we quantified the fraction of active cells (exhibiting at least one calcium transient 

during an imaging session, see Materials and Methods) at different time points. This analysis revealed 

a higher fraction of active cells in R6/2 mice from 8.5 weeks onwards (WT, 7 FOVs from 6 mice; R6/2, 

10 FOVs from 5 mice; Repeated measures ANOVA, Genotype: F(1, 45) = 1.11, p = 0.31; Age: F(3, 45) 

= 3.84, p = 0.02; Interaction F(3, 45) = 3.73, p = 0.02; Fig. 2E). After the last awake imaging session, 

mice were also imaged under isoflurane anesthesia. In agreement with previous studies, the fraction of 

active cells was lower in anesthetized compared to awake animals (Greenberg et al., 2008). However, 

consistent with our findings in awake animals, we observed more active cells in R6/2 mice than in WT 

littermates (WT, 1612 neurons from 6 mice; R6/2, 2589 neurons from 5 mice. Wilcoxon rank-sum test, 

p=0.038; Fig. 2F). In summary, these data demonstrate elevated neuronal activity in the cortex of HD 

mice before the onset of neurological and motor impairments. 

  

Altered dynamics of single-cell activity in HD mice  
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We next asked whether individual neurons changed their activity levels during the imaging period and 

whether the presence of mHTT had an impact on this dynamics. For each of the imaging time points, 

we quantified the reoccurrence rate of active cells, i.e. the fraction of cells that were active at the given 

imaging time point and remained active in each of the following imaging sessions. In WT mice, the 

reoccurrence rates of active cells steadily declined throughout the imaging period, consistent with 

previous studies describing a high variability of neuronal activity patterns in the motor cortex (Rokni et 

al., 2007; Peters et al., 2014; Clopath et al., 2017). In R6/2 animals this decline also occurred, but 

slowed down from 8.5 weeks onwards, resulting in a higher reoccurrence rate compared to WT controls 

(WT, 7 FOVs from 6 mice; R6/2, 10 FOVs from 5 mice; Repeated measures ANOVA, 6.5 to 9.5 weeks: 

Genotype: F(1, 45) = 2.61, p = 0.12; Age: F(3, 45) = 130.0, p < 0.001; Interaction F(3, 45) = 3.97, p = 

0.01. 7.5 to 9.5 weeks: Genotype: F(1, 30) = 8.59, p = 0.01; Age: F(2, 30) = 94.42, p < 0.001; Interaction 

F(2, 30) = 5.33, p = 0.01. 8.5 to 9.5 weeks: Genotype: F(1, 15) = 2.01, p = 0.18; Age: F(1, 15) = 94.42, 

p < 0.001; Interaction F(1, 15) = 2.01, p = 0.18; Fig. 3A). These results suggest that the increase in 

neuronal activity detected in R6/2 mice is at least partially due to more cells staying active between the 

imaging sessions. 

 

We further examined activity levels of single neurons by subdividing the imaged cells into four activity 

categories: silent (0 Ca2+ transients/min), rarely active (>0-0.5 transients/min), intermediately active 

(>0.5-4 transients/min), and highly active (>4 transients/min) (Fig. 3B). In the first two imaging sessions, 

the distribution of cells into these four categories was not significantly different between R6/2 and WT 

mice (Fig. 3C). However, a clear shift in the distribution was observed in the R6/2 animals between 7.5 

and 8.5 weeks of age (WT, 1612 neurons from 6 mice; R6/2, 2589 neurons from 5 mice; Pearson’s Chi-

square test, R6/2 vs. WT at 6.5 weeks, p = 0.5347; at 7.5 weeks, p = 0.901; at 8.5 weeks, p = 0.0495; 

at 9.5 weeks, p=0.0198), which was due to an increase in the fraction of intermediately active cells, as 

well as reduction in the fraction of silent cells, while the rarely active and the highly active fractions did 

not change significantly (Fig. 3C). The increase in the intermediately active category in the R6/2 mice 

at 8.5 weeks was to a large extent due to cells that were classified as silent at 7.5 weeks (26% of silent 

cells became intermediately active in WT vs. 54% in R6/2; Exact binomial test, p = 1.798e-07). Taken 

together, these results indicate that activity dynamics are altered in R6/2 mice. The observed increase 
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in activity can at least in part be attributed to more silent cells changing into the intermediately active 

category, as well as more cells staying active between the imaging sessions. 

 

Downregulation of synaptic proteins in R6/2 cortex before disease onset  

To gain insight into the potential molecular mechanisms underlying the dysregulated activity in the 

cortex, we took advantage of the spatiotemporally resolved mass spectrometry-based proteomic 

dataset from R6/2 mice and WT littermates that we obtained previously, including changes in the soluble 

proteome and composition of insoluble mHTT inclusion bodies (Hosp et al., 2017). For the present 

study, we focused on cortical samples from 5-week-old (early presymptomatic) and 8-week-old animals 

(just before the onset of neuronal activity changes). Principal component analysis (PCA) revealed a 

clear separation of soluble cortical samples of 8-week-old R6/2 mice from the samples of 5-week-old 

R6/2 and all WT animals (Fig. 4A). We next asked which proteins accounted for this separation. 

Interestingly, the largest functional group among the main PCA drivers that were downregulated in 8-

week-old R6/2 mice were synapse-related proteins (28%, 7 out of 25 proteins; the fraction of synapse-

related proteins in the total proteome was 7%, 703 out of 9937 proteins) (Fig. 4B-C, Extended Data 

Table 4-1). In contrast, no synaptic proteins were found among the main PCA drivers upregulated in 

R6/2 mice (0 out of 25; Fig. 4B).  

 

While there were no major changes in the soluble cortical proteome of 5-week-old mice, a global 

downregulation of multiple proteins in the soluble fraction occurred at 8 weeks of age in the R6/2 cortex 

(Fig. 4D-F), consistent with the data from other brain regions (Hosp et al., 2017). At 8 weeks of age, we 

also observed a pronounced decrease in synaptic protein levels (Fig. 4F). Importantly, the fraction of 

downregulated synaptic proteins (19%, 137 out of 703 proteins) was significantly higher than the 

downregulated fraction of the total proteome (12%, 1153 out of 9938 proteins) (Exact binomial test, 

p=0.0434; Fig. 4D and Extended Data Table 4-2), pointing towards a specific loss of synaptic proteins 

that is not merely due to the general remodeling of the whole proteome. We next asked if this 

downregulation of synaptic proteins might be due to their sequestration within mHTT inclusions. Out of 

137 synaptic proteins reduced in the soluble fraction at 8 weeks, 60 were detected in the insoluble 

proteome, which largely consists of mHTT inclusions. Remarkably, only 1 of the detected proteins was 

significantly increased in R6/2 mice, while 6 were decreased, and 53 not significantly altered (Fig. 4G, 
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Extended Data Table 4-3). Sequestration within mHTT inclusions is therefore likely not a major 

mechanism of synaptic protein decrease at an early stage of HD progression. This is distinct from the 

situation in 12-week-old R6/2 brains, where many proteins downregulated in the soluble pool are 

enriched in the insoluble material, indicative of their recruitment to mHTT inclusion bodies (Hosp et al., 

2017). In summary, our proteomic results reveal a broad downregulation of synaptic components 

already before disease onset.   

 

Loss of PV-positive inhibitory inputs onto PCs 

Lower levels of synaptic proteins in the R6/2 mice might reflect a loss of synapses. A decrease in 

synapses in the R6/2 cortex at an advanced disease stage has been reported previously (Murmu et al., 

2015). However, it has remained unclear whether synapse numbers are already reduced before 

disease onset. We therefore performed immunostainings for excitatory and inhibitory pre- and 

postsynaptic markers in L2/3 of the M1 cortex of 8-week-old animals and quantified densities of 

opposing VGlut1/2; PSD-95 puncta as putative excitatory synapses and opposing VGAT; Gephyrin 

puncta as putative inhibitory synapses (Fig. 4H-I). These experiments did not reveal significant changes 

in total excitatory or inhibitory synapse densities at 8 weeks (3 FOVs per mouse from 5 WT and 4 R6/2 

mice. Student’s t-test; excitatory synapses, p=0.8279; inhibitory synapses, p=0.6773; Fig. 4H-I). 

However, since cortical thickness is already significantly reduced in R6/2 mice at this age (WT, 5 mice, 

R6/2, 4 mice; Student’s t-test, p=0.0003; Fig. 4K), the overall number of synapses is likely to be 

decreased. While higher-resolution methods will be required for a more precise quantification, our 

current results therefore suggest that both excitatory and inhibitory synapse numbers are reduced in 

R6/2 mice already before disease onset. 

 

We next focused on a more specific subset of synapses, PV-positive IN terminals on PCs. PV cells 

represent the most numerous IN subtype in the cortex, form synaptic terminals on the perisomatic 

region of their target cells and constitute the strongest source of inhibition onto PCs (Pfeffer et al., 2013; 

Tremblay et al., 2016). Interestingly, we found several specific markers of PV INs, including Pvalb, 

Calb1, and Plcxd3 (Tasic et al., 2016; Tasic et al., 2017; Mayer et al., 2018), to be downregulated in 

the soluble cortical proteome of R6/2 mice, as well as Synaptotagmin 2, a specific marker of PV synaptic 

terminals (Sommeijer and Levelt, 2012), to be downregulated in the insoluble fraction (Fig. 4F-G). 
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Immunostainings revealed a significant reduction in the area of PV+ terminals surrounding NeuN-

labeled PC cell bodies in L2/3 of the M1 cortex of R6/2 mice at 8 weeks, but not at 5 weeks of age (WT, 

74 PCs from 5 mice and 63 PCs from 5 mice for 5 and 8 weeks of age, respectively; R6/2, 74 PCs from 

5 mice and 58 PCs from 4 mice for 5 and 8 weeks of age, respectively; Student’s t-test, 5 weeks, 

p=0.3131; 8 weeks, p=0.0257. Fig. 5A-B).  

 

To validate these histological findings in human disease cases, we performed immunostainings for PV+ 

terminals in postmortem brain tissue of HD patients and age-matched controls. Consistent with the 

results from R6/2 mice, we observed a marked reduction in the area of PV+ puncta around L2/3 PCs 

in the primary motor cortex (Ctrl, 69 PCs from 3 brains; HD, 75 PCs from 3 brains; Student’s t-test, 

p=1.436e-15. Fig. 5C-D). In summary, loss of PV+ inhibitory inputs onto PCs occurs both in R6/2 mice 

and in human HD cases, suggesting that weakened inhibition from PV+ INs might at least partially 

explain dysregulated cortical activity in HD. 
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Discussion 

Using chronic in vivo imaging in awake animals, we demonstrate an overall increase in cortical activity 

in HD mice. While our results are in agreement with previous reports describing dysregulation of activity 

and higher excitability in rodent models of HD (Walker et al., 2008; Cummings et al., 2009; Miller et al., 

2011), we were able for the first time to observe these changes at a single-cell resolution, in awake 

animals already at a presymptomatic stage. Our findings therefore suggest that impaired cortical activity 

might critically contribute to disease onset. We also show that the excessive activity is not related to 

voluntary locomotion. This activity might therefore be aberrant, leading to higher noise in the cortical 

networks and thereby degrading information processing, as observed previously in a mouse model of 

Alzheimer’s disease (Liebscher et al., 2016).  

 

Our chronic imaging approach further revealed altered activity dynamics at single-cell level, with more 

neurons remaining active between imaging sessions, as well as more cells changing from silent to 

intermediately active. Highly dynamic activity patterns that are characteristic of the motor cortex and 

believed to be important for motor learning (Peters et al., 2014) therefore appear to be compromised in 

these mice. These findings provide a possible mechanism for the motor learning impairments observed 

in HD mouse models (Trueman et al., 2007; Woodard et al., 2017) as well as HD patients (Heindel et 

al., 1988).  

 

Dysfunction of cortical circuitry might in turn lead to profound changes of neuronal function in the 

striatum. Early in HD progression, hyperactivity of striatal neurons was described R6/2 mice (Rebec et 

al., 2006), and elevated glutamate levels were detected in the striatum of HD patients (Taylor-Robinson 

et al., 1996). These alterations could in part be due to increased activation of the striatum by cortical 

inputs. Remarkably, removal of cortical afferents resulted in amelioration of HD phenotypes in R6/2 

mice (Stack et al., 2007), and expression of mHTT in cortical neurons was necessary and sufficient to 

cause functional impairments of the striatal compartment in a corticostriaral network reconstructed in 

vitro (Virlogeux et al., 2018). It remains to be tested whether restoration of normal cortical activity levels, 

e.g. with the help of chemogenetic tools, would also be sufficient to rescue or delay HD symptoms. 
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Searching for the underlying circuit mechanisms of impaired cortical activity, we observed a reduction 

in inhibitory PV+ inputs onto PCs in R6/2 mice, which we confirmed in HD autopsy cases. These findings 

suggest that abnormalities of cortical function in HD could at least in part be explained by weakened 

inhibition. Reduced frequency of inhibitory postsynaptic currents has been described in L2/3 PCs in the 

motor and somatosensory cortex in several HD mouse models at a symptomatic stage (Gu et al., 2005; 

Spampanato et al., 2008; Cummings et al., 2009). Consistently, human studies with the use of 

transcranial magnetic stimulation also revealed abnormal cortical excitability due to dysfunctional 

inhibition in presymptomatic and early-stage HD patients (Schippling et al., 2009; Philpott et al., 2016), 

emphasizing the translational value of our findings. 

 

Several previous reports suggested that PV cells might play a role in HD pathogenesis. PV INs develop 

mHTT inclusion bodies and show electrophysiological changes in HD mouse models (Meade et al., 

2002; Spampanato et al., 2008). Selective expression of mHTT in this IN population results in specific 

HD-related phenotypes, including impaired cortical inhibition (Dougherty et al., 2014). It should, 

however, be noted that our results do not exclude a possible involvement of other IN subtypes in the 

cortical HD pathology. With the help of the available genetic tools for labeling specific IN subpopulations 

and manipulating their activity in vivo (Taniguchi et al., 2011), in future studies it should be possible to 

uncover the precise roles of particular IN subtypes in this disease. Interestingly, impairments in the 

function of inhibitory neurons have also been suggested to underlie neural circuit defects in mouse 

models of Alzheimer’s disease (Verret et al., 2012; Busche and Konnerth, 2016). Excitation/inhibition 

imbalance and resulting dysregulation of cortical activity may therefore represent common phenomena 

in various neurodegenerative disorders.  

 

What might be the molecular link between expression of mHTT and defects of neuronal communication 

in the cortex? Our proteomic analyses demonstrated a major downregulation of synaptic proteins in 

R6/2 mice. In addition to confirming reductions in synaptic proteins shown at advanced disease stages 

in HD mice and human brain samples (Morton and Edwardson, 2001; Morton et al., 2001; Smith et al., 

2007; Skotte et al., 2018), our dataset reveals a broad downregulation of synaptic components that 

occurs already before disease onset. Surprisingly, the majority of synaptic proteins that were 

downregulated in the soluble fraction were not altered in the insoluble material at 8 weeks of age, 
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arguing against sequestration as a major mechanism of synaptic protein depletion at this disease stage 

(Murmu et al., 2013; Kim et al., 2016; Hosp et al., 2017). One likely mechanism of synaptic protein 

reduction might be transcriptional dysregulation, as genes related to synaptic signaling were among the 

most prominent dysregulated gene clusters in transcriptomic analyses of HD mice and human iPSC-

derived neural cultures (Tang et al., 2011; Langfelder et al., 2016; HD iPSC Consortium, 2017). While 

synapse loss and downregulation of synaptic proteins might be expected to go along with a reduction 

in neuronal activity, we and others (Cummings et al., 2009) in fact observed the opposite effect in the 

cortex of HD mice. This underscores the complexity of HD pathogenic mechanisms and the value of in 

vivo imaging studies in deciphering cortical microcircuit alterations in disease models. Taken together, 

our chronic single-cell resolution imaging approach, in combination with state-of-the-art proteomic 

analyses and histological experiments, points towards disturbed cortical excitation/inhibition balance 

preceding disease onset as a key mechanism in HD pathogenesis.  
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Figure legends 

Figure 1. Chronic two-photon calcium imaging in R6/2 mice. A, Experimental design and timeline of 

R6/2 phenotypes. B, Left: Latency to fall on the accelerating rotarod. Right: Distance travelled in the 

open field. ***p<0.001. C, Scheme of a cranial window over the M1 cortex. D, Coronal brain section 

showing AAV-mediated (AAV1/2-Syn1-mRuby2-P2A-GCaMP6s) expression of mRuby2 (red) and 

GCaMP6s (green) in L2/3 neurons in M1. E, Imaging setup. A mouse head-fixed under a two-photon 

microscope is placed on a styrofoam ball floating on pressurized air. Neuronal activity is monitored 

through a cranial window. Running behavior is registered by an IR-sensitive video camera and a speed 

sensor. Scale bars: D, left image, 50 m; right image, 20 m. 

 

Figure 2. Increased neuronal activity before disease onset in R6/2 mice. A, Top: Examples of imaged 

areas in WT and R6/2 cortex superimposed by  activity maps. Color coding shows normalized maximal 

activity. Bottom: Activity traces of neurons labeled on the images above. B, Raster plots of neuronal 

activity in WT and R6/2 mice during the imaging sessions at 6.5 and 8.5 weeks of age. Cells are sorted 

by activity at 6.5 weeks. Running episodes are depicted in white and stationary periods in black at the 

bottom of the plots. C, Cumulative distributions of calcium transient frequencies at the indicated time 

points in WT (left) and R6/2 (right) animals. Note a shift in the distribution towards higher frequencies 
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occurring at 8.5 weeks in R6/2 mice. D, Cumulative distributions of calcium transient frequencies during 

stationary periods at the indicated time points in WT (left) and R6/2 (right) animals. E, Fraction of active 

cells at different imaging time points in WT and R6/2 mice. F, Fraction of active cells under isoflurane 

anesthesia at 9.5 weeks. *p<0.05. Scale bar in a, 50 m. 

 

Figure 3. Altered dynamics of single-cell activity. A, Reoccurrence rate of active cells in WT and R6/2 

mice. B, Example traces of highly active, intermediately active, rarely active and silent neurons. C, 

Alluvial plots showing changes between the four activity categories at different imaging time points in 

WT (left) and R6/2 (right) animals. *p<0.05. 

 

Figure 4. Downregulation of synaptic proteins in R6/2 cortex. A, PCA projections of soluble cortical 

samples from 5- and 8-week old R6/2 mice and WT littermates. B, Main PCA drivers of the separation 

that are downregulated (yellow frame) and upregulated (green frame) in 8-week-old R6/2 mice. 

Synapse-related proteins are highlighted in red. Main drivers were defined as the top 25 proteins 

accounting for the separation of samples in the PCA. C, Functional groups of the main PCA drivers 

downregulated in 8-week-old R6/2 mice (indicated by the yellow frame in B). See also Table 4-1. D, 

Fraction of proteins significantly up- or downregulated in the soluble fraction of the R6/2 cortex at the 

indicated ages. See also Table 4-2. E-F, Volcano plots showing proteins significantly up- or 

downregulated in the soluble fraction of 5-week-old (E) and 8-week-old (F) R6/2 cortex. Empty black 

circles, all significantly regulated proteins; empty red circles, significantly regulated synaptic proteins. 

G, Volcano plot of the cortical insoluble fraction at 8 weeks, showing only proteins significantly 

downregulated in the soluble proteome at this age (see F). See also Table 4-3. Significantly 

downregulated PV cell markers are shown as filled yellow circles and labelled on the plots in F and G. 

H-I, Representative images (left) and quantification (right) of excitatory (H) and inhibitory (I) synapses 

in the L2/3 of the M1 area at 8 weeks. Synapses were identified by the overlap or close apposition 

(arrows) of a presynaptic (red) and postsynaptic (green) marker. K, M1 cortex width in 8-week-old R6/2 

and WT mice. *p<0.05; ***p<0.001. Scale bar in I, 3 m. 
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Figure 5. Reduction in inhibitory inputs from PV INs in R6/2 and HD patient cortex. A-B, Representative 

images (A) and quantification (B) of PV synaptic terminals (red) on NeuN-labeled PC cell bodies (green) 

in L2/3 of M1 cortex from R6/2 and WT controls. C-D, Representative images (C) and quantification (D) 

of PV synaptic terminals (red) on Neurotrace-labeled PC cell bodies (green) in L2/3 of M1 cortex from 

HD autopsy cases and controls. Scale bars in A and C, 10 m.  

 

Table 

Table 1. Demographic data of HD patients and controls. 

Case no. Sex Age at death 

HD 1 Male 70 

HD 2 Male 60 

HD 3 Male 56 

Ctrl 1 Male 62 

Ctrl 2 Male 70 

Ctrl 3 Female 60 

 

 

Extended data 

Extended Data Table 4-1. Main PCA drivers for the soluble cortical proteome. 

Extended Data Table 4-2. Soluble cortical proteome of R6/2 mice at 5 and 8 weeks. 

Extended Data Table 4-3. Insoluble fraction of R6/2 cortical samples at 5 and 8 weeks. 
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