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Stellingen

1. While controlled aggregation of proteins is often suggested as being
cytoprotective (Arrasate et al., 2004), aggregation within neuronal processes is
toxic and detrimental to neuronal health (Gunawardena and Goldstein, 2005;
Wooten et al., 2006; Seidel et a:.. 2010) meaning that aggregate prevention or
clearance at the earliest possible st:te may be the preferred way to go in searches
for therapy

2. Neurodegeneration in Polyglutamine diseases has 2 components: a general
component that arises from a toxic gain-of-function protein aggregation
pathology and that is cell- and tissue-type independent and a specific component
that arises from the loss or gain of function of the disease-specific protein that
determines tissue specificity of the disease (Helmlinger et al., 20006; Duncan et
al., 2011, This thesis).

3. Neuronal death in polyQ diseases results not from a single cause, but from
cumulative stress build up, encompassing blocking axonal transport, continuous
pressure on the protein quality control system, transcriptional dysregulation and
other sources (this thesis).

4. It is needless to state that a human disease can never be accurately replicated in
an animal model and that studies in animal models therefore have to be carefully
designed to answer specific questions (de Jong and Maina, 2010). At the same
time, carefully designed studies in animal models are indispensible to develop
and test new concepts of ongoing disease processes and possible treatments.

5. Post mortem analysis of human tissue is not only essential for the diagnosis and
the initial description of diseases, but through careful analysis it can provide
further insight into underlying disease processes.

6. The idea to include a (christian) creator god as a scientific theory as proposed by
some schools is incompatible with the principles of science that deal with the
analysis of the measurable world. Since a godly intervention is not measurable,
creationism thus has no place in the biological sciences at all (Greener, 2007).

7. Since Europe is running out of natural resources, knowledge becomes our
primary asset: it is therefore of utmost importance to provide free education for
everyone.

8. The Schengen area not only facilitates travel and commerce but also scientific
exchange, while the drawbacks are often overdramatized and in reality, marginal
(Studie iiber den erweiterten Schengenraum, Bundeskriminalamt, 2009).

9. The results of many studies, which were financed by public grants, are published
in scientific journals, which are often prohibitively expensive and not available to
the general public. Yet, the same public already paid for this research, and is
entitled to its results. Thus, results from publically funded research should be
available to everyone, for free.

10. Germans have the tendency to write overly long, verbose and contrived sentences
in an attempt to articulate all their thoughts and opinions on a given subject,
without breaking up the structure of the sentence or dividing the—subjest-inte ————
different sentences, instead resorting to subordinate clauses 3nfcotmiplex U
wording, often erring on the wrong side of both readability and iwfatmadteon M
density (this thesis). Ribliotheek C
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1.1 The Neurodegenerative diseases

The neurodegenerative diseases are characterized by the progressive dysfunction and
death of neuronal cells, often in a conserved and disease specific manner. While many
more diseases can affect the brain, by convention any disease with a known vascular
(e.g. Morbus Binswanger), toxic (e.g. Morbus Wemicke-Korsakow), infectious (e.g.
syphilis) or autoimmune (e.g. multiple sclerosis) cause is excluded from this group.
There is a grey area concerning the prion diseases, which are by their nature infective,
but since the infectious particle is a protein and not an organism or a virus, these are
typically also included in the neurodegenerative diseases [16].

The symptoms of a neurodegenerative disease are highly specific, usually with disease-
typical cardinal and secondary symptoms, corresponding to the underlying
neurodegeneration. This degeneration can also lead to observable loss of volume of
affected brain regions or to the formation of scar tissue within the central nervous
tissue consisting mainly of astroglia, and commonly referred to as astrogliotic scar
[41]. Most neurodegenerative disorders have a fixed set of degenerating areas, often
even a sequence in which the different systems are affected. However, subtypes with
slight alterations in the pathological process are lanown to exist, e.g. juvenile SCA3
(see below) has a slightly different set of symptoms than the adult onset form [12, 16].
Furthermore, the same brain sites can be affected by different diseases, leading to
partial overlap in symptoms (see chapter 2). The symptom of parkinsonism for
example is caused by loss of neurons in the substantia nigra [28]. It is primarily
associated with Parkinson’s disease, but may also occur in spinocerebellar ataxia 3
(SCA3) or multiple system atrophy [12].

Neurodegenerative diseases are often accompanied by marked histological changes and
are frequently associated with the presence of protein aggregates [50, 53]. These
aggregates primarily consist primarily of a disease typical protein, although other
components may be sequestered into the aggregate. They exhibit a high amount of
beta-sheet structures as well as beta cross links, and are resistant to detergents, which is
why they are usually referred to as insoluble [53]. Protein aggregations can be
visualized by diverse histochemical and immunohistochemical methods. While
aggregates are present in most of the neurodegenerative diseases, the direct connection
to the degenerative process is still under investigation. Initial studies attributed toxic
properties to the aggregates themselves, however, more recent research focuses on 1)
oligomeric precursor aggregates, 2) the prion like properties of disease proteins, 3)
stress to the protein quality control caused by the aggregates as well as 4) sequestration
of vital factors into the aggregate [9].

The diseases that are of interest for this thesis will be presented in more detail in the
following part of the chapter (Alzheimer’s disease, Parkinson’s disease, Huntington’s
disease and Spinocerebellar Ataxia types 2, 3, 6 and 7). The experimental 3 chapters
following the introduction of the diseases are concerned with the link between protein
aggregation and neurodegeneration: The degeneration of the central auditory systems
in the spinocerebellar ataxias Type 2, 3 and 7 (chapter 2), the aggregation and



degeneration pattern of a rare case of familial Parkinson’s disease (Chapter 3), as well
as the occurrence of axonal aggregations of ataxin-3 in spinocerebellar ataxia type 3
(chapter 4).

Disease Protein Disease

tau Alzheimer’s disease, Pick’s disease, Agyrophilic grain disease,
Progressive supranuclear palsy, Corticobasal degeneration,
Frontotemporal dementia, Frontotemporla dementia with
parkinsonism linked to chromosome 17

alpha-synuclein Parkinson’s disease, Lewy Body dementia, Multiple system

atrophy
TDP43 Subfoms of Frontotemporal dementia
Prion protein Creutzfeld Jakob disease, variant Creutzfeld Jakob disease, kuru
Beta amyloid Alzheimer’s disease, Cerebral amyloid angiopathy
Polyglutamine Huntington’s disease, dentatorubropllidoluysian atrophy,
Proteins spinobulbar muscular atrophy, spinocerebellar ataxia 1, 2, 3, 6, 7
and 17

Table 1.1: Disease proteins and diseases

This table depicts disease proteins, as well as the diseases associated with them. Note that
Polyglutamine proteins are not related, but share a polyglutamine sequence within their
aminoacid sequences

These chapters are followed by an introduction into the core concepts of the cellular
protein quality control systems and how they affect different neurodegenerative
diseases (chapter 5) and experimental chapters on how components of the protein
quality systems are altered in post-mortem brain tissue (chapters 6-8).




1.2. The tauopathies: Alzheimer’s disease

The tauopathies are a group of diseases marked by the intracellular aggregation of the
tau protein (table 1.1), of which 6 splicing variants are known. Tau localizes to
microtubules, where it acts as a stabilizing agent [17, 20]. The protein is highly
expressed in the human brain. Under certain conditions the tau protein can become
hyperphosphorylated, which causes it to assemble into characteristic paired helical
filaments which in tum assemble into larger aggregates, which have proven to be
detrimental to the cell [3, 21].

In Alzheimer’s disease (AD) the hyperphosphorylated tau protein aggregates into
typical flame shaped neurofibrillary tangles (Fig. 1.2A). Additionally, the disease also
displays aggregations of another disease typical protein, the amyloid-beta protein,
which aggregates into extracellular plaques. These plaques display a characteristic
development from unordered diffuse stainings to plaques with a highly condensed
amyloid-beta core positive for the amyloid-beta 40 isoform (Fig. 1.2B-D) [15].

AD is not only the most prevalent tauopathy, but also the most frequent
neurodegenerative disease known [31]. Its incidence is 0.5%-0.8% overall and
increases drastically with age. AD is mostly idiopathic, but certain genetic risk factors
(e.g. ApoE4) as well as mutations resulting in true familiar forms (e.g. APP, PSEN) are
known to exist [5, 35, 43]. The protein aggregation follows a conserved pattern, which
is covered by the staging system proposed by Braak and Braak [7]. The areas affected
in the earliest stages are the entorhinal /transenentorhinal cortex, as well as the
hippocampus (Fig. 1.1).
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Figure 1.1: Alzheimer staging and correlation to Abeta pathology in different brain areas
The left column depicts spreading of pathology in the Hippocampal area of AD patiens, grey
shades indicate pathology, arrows depict leading characteristics. 4 columns to the right depict
micrographs of tau staining from the anterior and posterior hippocampus as well as the
temporal and occipital cortices. The arrowheads indicate borders for the relevant
neuroanatomical regions for each given stage.

(adapted from Alafuzoff et al. 2008; Braak and Braak, 1995)



AD patients present with progressive dementia and memory loss. Usually, at the time
of diagnosis the brain already exhibits marked neurodegeneration. These symptoms
correlate well with the early and grave affection of the entorhinal/transentorhinal
cortex as well as the CA1-4 regions of the hippocampus, which are involved in
memory formation and processing. In later stages, the neuronal loss becomes
macroscopically visible [31].

Figure 1.2: Protein Aggregation in Alzheimer’s disease

(A) Typical flame shaped neurofibrillary tangles as seen in the Hippocampus of Alzheimer’s
disease, reactive for the AT-8 antibody, which is specific for the hyperphosphorylated form of
the tau protein. B-D) Abeta plaques in different stages. (B) depicts the early diffuse form, (C)
depicts a mature plaque with a visible core and (D) a “burnt out” structure with only the core
remaining.




1.3. The synucleinopathies: Parkinson’s disease

Figure 1.3: Aggregates of Parkinson’s
disease

(A) Eosinophilic Lewy bodies in a pigment-
rich neuron of the substantia nigra (arrows).
(B) Lewy body (arrow) and Lewy neurites
(arrowheads) stained with an anti-alpha
synuclein antibody. (C) Oligodendrolial
coiled bodies stained with an anti-alpha
synuclein antibody.

The synucleinopathies are marked by
aggregation of the alpha-synuclein protein
(table 1.1). Alpha-synuclein itself is highly
expressed in the human brain, and is
mainly located in the synaptic terminals,
where it localizes to the lipid membranes of
synaptic vesicles. The alpha synuclein
positive aggregates exist in different forms:
the rounded lewy bodies located in
neuronal somata, the elongated, neuritic
lewy neurites as well as the
oligodendorglial coiled bodies and
astrocytic aggregates (Fig. 1.3). The types
of aggregates and their distribution in the
affected brain depend on the disease [37].

The most prevalent synucleinopathy known
is Parkinson’s disease (PD), a motor
disease of old age with serious non-motor
symptoms. PD exhibits Lewy bodies, Lewy
neurites, diffuse astroglial aggregates and
oligodendroglial coiled bodies (Fig. 1.3)
[28]. As has been shown recently, the
alpha-synuclein aggregation “invades”
healthy neuronal areas and even transplants
over time, the method of propagation is
however still unknown [34]. A theoretical
explanation for this 1is permissive
templating, a model where oligomeric
aggregates of alpha-synuclein enter cells by
unknown means and, given a permissive
cell environment, act as a template for
further aggregation of alpha-synuclein
protein, resulting in macroscopically
visible alpha-synuclein aggregates [24].



PD has an incidence of 1% at age 65, with an increasing prevalence in older ages [28].
The majority of all cases of PD are idiopathic. However, several other causes are
known such as chemically induced as well as inheritable forms, three of which are
located within the disease protein alpha-synuclein (A30P, E46K, AS3T) [32, 42, 58].
Since these mutations are very rare and have only recently been discovered,

pathological data in these familial forms is scarce (chapter 3).
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The sequence in which the protein aggregation affect the patient brain is very specific,
and has been staged (Fig. 1.4) [8]. Aside from the possible compromitation of neuronal
function by aggregates there is a pronounced neurodegeneration of specific
catecholaminergic neuron groups, most prominently the substantia nigra and the locus
coeruleus. This leads to a marked, macroscopically visible discoloration of the
aforementioned areas [28]. This results in a loss of input into the basal ganglio
thalamocortical loop, an important motor control system. Clinically, PD patients
exhibit hypokinesia and tremor as primary symptoms, furthermore they may exhibit
rigidity, flexed posture, freezing and loss of postural reflexes. PD patients exhibit a
good and sustained response to dopamine replacement therapeutics, such as Levodopa
[28].



1.4. The Polyglutamine diseases: Huntington’s disease and the Spinocerebellar
ataxia types 2, 3, 6 and 7

The polyglutamine diseases are a set of genetically and clinically diverse diseases
(table 1.1). They are all caused by the expansion of a polymorphic CAG repeat
sequence within a disease specific protein. Except for this CAG repeat, the disease
proteins show no significant sequence homologies and are otherwise unrelated. The
diseases are inheritable, in a dominant manner, and new mutations of the disease locus
are rare [38, 46].

Onset and severity of the diseases are closely and inversely related to the length of the
polyCAG sequence, with a longer expansion beyond a certain threshold leading to an
earlier onset of the disease symptoms (Figure 1.5) [23]. Furthermore, an already
elongated sequence has the tendency to expand further in following generations, in a
process is known as anticipation. Anticipation does not happen in SCA6, which is
known for its very short CAG repeat length [38].

4 = 3CAB (R - 0.84)

+ =—— SCA2¢2 = 0.89)

+ = SCA7{? =094)

+ ——— HD (2 =097

SCA1 (2 « 0.95)
SBMA (7 = 0 89)
fo— DRPLA (2 - 0 94

4 —— SCATYMID (2 = 0.97

+

Nurriber of CAG codons

Figure 1.5: Age of onset related to CAG-repeat length in several polyglutamine diseases
Several ages of onset were compiled from literature and correlated to CAG repeats lengths (+).
From these data points disease specific curves were compiled.

(reproduced from Gusella and MacDonald, 2000)
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The CAG sequence within the disease gene is translated into a polyglutamine (PolyQ)
sequence. The extension of this sequence alters the biochemical properties of the
diseased protein and relates to its propensity to cause aggregation. The disease
phenotype is most likely caused by this toxic gain of function of the protein, as the
disease is dominant and there is no clear gene dosage effect. In the majority of the
polyQ diseases, protein aggregates are recognizable [38, 39, 57].

All polyQ diseases lead to neuronal degeneration. Although a certain overlap exists
between several of the diseases, specific symptoms help to differentiate the disease.
The same is true for the underlying degeneration. Most theories link the disease
protein’s increased propensity to aggregate with neuronal death, however, no
mechanism has been clearly identified. While initial theories proposed a role of the
large, visible, nuclear protein inclusions, more recent works propose oligomers or
small aggregates as the toxic species. In addition, disturbance of axonal transport
processes or/and other related and unrelated cellular functions rather than neuronal loss
per se may be the cause for — at least the earlier — clinical manifestations of the disease
[36, 511].

Huntington’s disease

HD is the most common polyQ

. disease worldwide [25]. It is caused
o 2 N by an expansion of the CAG repeat
-y within the huntingtin gene. In healthy

\ ‘} individuals, this sequence has less
4 .K. then 36 repeats, with 36-40 repeats

_ there is incomplete penetrance, a
* C repeat length beyond 40 results in the
. disease phenotype [25, 55]. The age

: of onset correlates inversely to the
’ CAG repeat length. While shorter
_.?' 2 ‘ i — repeats do not result in the disease
Figure 1.6: Polyglutamine aggregates in phenotype recent 'reports shop/gan
Huntington’s disease increased propensity of any CAG
Depicted here are p62 positive polyglutamine  repeat length beyond 28 to expand in

aggregates in Huntington’s disease, axonal following generations [55].
aggregates (arrowheads) have been described in

Huntington’s disease earlier, NNI (arrow) are also

knownin SCAI, 3 and 7.

Huntingtin in its native state is a 348 kDa protein, and completely soluble [13]. The
protein is expressed in moderate amounts in both neuronal and non neuronal tissue, and
has been implicated to have an important role in early neuronal development, transport

11



and transcription processes [10, 25]. Htt knockout mutants are not viable, mouse htt -/-
mutants die before day 9 of embryogenesis [10].

Grade 2

Grade 1

D. &5%

Figure 1.7: Grading of Huntington’s disease
Huntington’s disease is graded by the shape of the
severely affected striatum, with neuronal loss and
gliosis. In grade 1 patients and controls no
macroscopic change is visible, the nucleus appears
convex (A). Grade 2 patients exhibiting slight
reduction of the nuclear volume, wit a less convex
outline (B). Grade 3 patients display marked
neuronal and volume loss resulting in a straight
borderline (C). Grade 4 patients display almost
total atrophy of the nucleus, resulting in a concave
outline (D).

(adapted from Vonsattel et al., 1985)

Expanded huntingtin is known to
aggregate into dot like neuronal nuclear
inclusion bodies (NNI) and elongated
axonal aggregates (Fig. 1.6) [13]. The
link between NNI and
neurodegeneration is still unclear and
may represent a late event in disease
progression, maybe leading to or
associated with neuronal death. Axonal
aggregates of disease proteins however
might be detrimental to neuronal
function in an earlier stage of the
disease and ultimately culminate in or
lead to NNI [22]. Whether axonal
aggregates are also formed in other
polyQ diseases has as of yet not been
systematically investigated (chapter 4).

Jerky, uncontrollable  movements,
referred to as chorea, are present in the
majority of HD patients, but can be
transitory in early onset cases. Further
symptoms include mental decline with
executive dysfunction and depression,
rigidity, motor impersistence, dysphagia
as well as oculomotor symptoms [25,
29, 55]. The symptoms are progressive
and can be linked to the graded
pathology. Patients usually die after an
average of 20 years after diagnosis due
to  complications from falling,
dysphagia, cachexia and aspiration [29].

HD mainly affects the medium spiny neurons of the striatum but affects further parts of
the brain during the progression of the disease, which leads to a mass loss and dilation
of the ventricles readily recognizable by imaging techniques. Secondary locations of
degeneration include the cerebral cortex, thalamus, hypothalamus, hippocampus,

12



brainstem, as well as the cerebellar Purkinje cell layer [25, 54, 55]. The disease has
been graded into 4 stages (Fig. 1.7) [54]

Spinocerebellar ataxia type 2

SCA2 is caused by the expansion of the protein ataxin-2. The disease is one of the
more frequent spinocerebellar ataxias, with a very large prevalence in the Holguin
province of Cuba [2]. Healthy patients have a CAG repeat length of 31 or less, 32-34
repeats lead to incomplete penetrance, while a longer expansion results in the fully
fledged disease phenotype [27, 33, 38, 40, 49].

Ataxin-2 is a 140kDa protein, which is unrelated to other polyQ proteins. The protein
is expressed widely in neuronal as well as non-neuronal tissue, with its function still
being unresolved. It exhibits several RNA interacting motif's, associates with other
RNA interacting proteins and localizes to RNA containing stress granules. In
centrifugation experiments, it localizes to the fraction of the endoplasmatic reticulum
(331

The main symptoms of SCA2 are gait ataxia/dysarthria or rigidity/bradykinesia
coupled with early and marked slowing of saccades. Further symptoms include
myoclonus or fasciculation like movements, diminished reflexes, frequent cramps and
tremor. Since these symptoms can occur in other diseases, the final diagnosis is usually
carried out genetically [33, 38, 40, 49].

The disease pathology affects the medulla oblongata, pons, thalamus and cranial nerves
and leads to a pallor of the substantia nigra. The degeneration results in a pronounced
loss of volume. The ataxia exhibited by most patients is caused by the olivo-ponto-
cerebellar degeneration. The affection of several ingestion related brain areas leads to
dysphagia, aspiration and finally to death by aspiration pneumonia [33]. Furthermore,
affection of the auditory pathways will be described in chapter 2.

Spinocerebellar ataxia type 3

SCA3 is the most common type of spinocerebellar ataxia [49]. It is caused by an
expansion of the PolyCAG sequence in the ATXN3 gene, which codes for the ataxin-3
protein. In healthy conditions, the polyCAG stretch has 12-40 repeats, while a repeat
length of 53+ shows full penetrance and leads to disease phenotype [40].

Ataxin-3 is a protein widely expressed in neuronal and non neuronal tissue. Its function
in healthy conditions is still subject to research. Recent studies elucidated a de-
ubiquitinating function, as well as 2 ubiquitin interacting motifs. Likewise, it has been
revealed that ataxin-3 is necessary for the correct formation of muscle tissue in mice,
by stabilizing several key factors at the protein level [14, 56].

13



Protein aggregations, with mutant ataxin-3 as primary component, have been described
before in SCA3, most promininently in the form of NNI [57]. They are a frequent and
ubiquitous occurrence in SCA3, in fact, end stage cases often exhibit NNI in the
majority of the central nervous neurons, regardless if the area is affected by
neurodegeneration or not [47]. While a direct link between NNI and neurodegeneration
has been suggested earlier, it was not possible to correlate neuronal loss with the
distribution of NNI [47]. However, as other studies in animal models point out, nuclear
localization is important for ataxin-3 toxicity [6]. Yet, several alternative sources of
stress to the neurons have been suggested [22, 51].

The cardinal symptoms of SCA3 are limb, stance and trunk ataxia. This is
accompanied by several other symptoms such as dysarthria, dysphagia, oculomotor
dysfunctions, pyramidal signs, dystonia, bradykinesia, lower motor neuron neuropathy,
peripheral neuropathy and rarely parkinsonism [45, 49]. Furthermore, affection of the
auditory pathways will be described in chapter 2. In late stages the dysphagia becomes
more prominent, leading to continued aspiration and resulting in death by aspiration
pneumonia [48]

Patients exhibit a pronounced neuronal loss within the brainstem and parts of the
mesencephalon. The neurodegeneration is severe and leads to a loss of brain volume
which is macroscopically visible, especially of the brain nerves, which often are
severely degenerated. The causative grey matter loss affects all of the major brain
nerve nuclei, motor and somatorsensory pathways, and the cerebellar Purkinje cell
layer as well as deep cerebellar nuclei.

Spinocerebellar ataxia type 6

In comparison to the other polyQ diseases SCA6 is a relatively milder disease.
Although the disease symptoms are still grave, it is rarely life determining [38, 40, 49].
The disease is caused by the comparatively short expansion of a polyQ repeat in
CACNAIA, a voltage gated calcium channel [44]. Even in disease cases, the
expansion is usually too short to detect the disease protein with a polyQ specific
antibody, and protein aggregation is still debated (see chapter 6) [52].

The disease symptoms usually encompass a cerebellar ataxia accompanied by
dysarthria and gaze evoked nystagmus. Other noncerebellar symptoms are less
frequent, but can include a decreased vibration and positions sense, impaired eye
movements and, later in the course of the disease, spasticity and hyperreflexia. The
symptoms progress slowly and are usually compatible with a normal life span [38, 40,
49].

The primary site of degeneration is the cerebellum with affection of the Purkinje cell

layer as well as the deep cerebellar nuclei, the atrophy is macroscopically observable.
Extracerebellar sites of degeneration include motor and sensor systems of the

14



brainstem and the midbrain, as well as loss of giant Betz motoneurons of the cerebral
cortex [19].

Spinocerebellar ataxia type 7

Spinocerebellar ataxia type 7 is one of the less frequent SCAs, and caused by the
expansion within the ATXN-7 gene [49]. This gene is known for its strong tendency
for anticipation, which leads to large leaps in CAG repeat length between generations
coupled with a comparatively high incidence of new mutations [11]

The disease gene ATXN-7 has a toxic threshold of 34 repeats. Expansions beyond this
threshold result in the fully fledged disease phenotype. 34-36 repeats result in an
incomplete penetrance, while a repeat length of 28-33 does not result in any disease
phenotype but show a strong tendency for anticipation. Expansions of more than 300
repeats have been reported, which result in infant onset and rapid death [11]. Its normal
function is related to the formation of the STAGA complex, which controls the
transcription of a number of genes, several of which are important for correct eye
function [26].

Apart from a marked cerebellar ataxia, dysarthria and dysphagia, SCA7 patients
present with a distinct and progressive loss of vision, due to affection of the retina [4].
This results in blindness in advanced cases, which sets the disease clearly apart from
any of the other PolyQ disorders. These symptoms may be accompanied by brisk
reflexes and oculomotor abnormalities [38, 40, 49].

Neuronal loss and gliosis are present in the cerebellum, the medulla oblongata, the
pons, and to a lesser extent in the globus pallidus, substantia nigra, and red nucleus.
The retinal atrophy is marked and unique among the spinocerebellar ataxias. SCA7
cases exhibit NNIs, although those are rare compared to SCA3 or HD [38, 40, 49]. An
additional affection of the auditory systems will be described in chapter 2.
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1.5. Aim of the studies, Part 1 (Protein aggregation and Neuro-degeneration)

In many neurodegenerative diseases, the aggregation of a disease typical protein is
coupled with the death of neurons. This may result in a macroscopically visible atrophy
of white and grey matter areas.

To study the underlying connection between disease protein aggregation and
neurodegeneration, biological models are necessary. Unlike the study of human tissue
which can only provide snapshots of the disease situation, biological models can
provide the opportunity to study different, even presymptomatic stages and allow for in
vivo imaging. However given the length of the pathological process, which can easily
exceed 10 years in most of the neurodegenerative diseases, compared with the live
expectancy of a lab animal or a culture models, and the complexity of the human brain
compared with these models, it is clear that these disease models are difficult to
establish. This is why examination of the pathoanatomy in the diseases human brain
provides a necessary baseline.

Neurodegenerative diseases often exhibit grave and life determining symptoms,
especially in the later stages, which can mask some of the more discrete clinical
manifestations. In order to maximize the quality of life of the late stage patients, any
hint of additional symptoms which may be overlooked in standard clinical care is
appreciated. Pathoanatomical investigation can provide those hints by investigating
brain areas with a known function and comparing those with the clinical picture.

1) Involvement of the auditory brainstem system in spinocerebellar ataxia type 2
(SCA2), type 3 (SCA3) and type 7 (SCA7)

SCA2, 3 and 7 are known for their severe motor phenotype, which dominate the
clinical picture, and marked atrophy of the brainstem and the somatomotor and —sensor
components known to be affected in the spinocerebellar ataxias. To enable better care
for the patients, investigation of other possibly affected systems located in the
brainstem is warranted, as in this case, the auditory system.

2) First appraisal of brain pathology owing to A30P mutant alpha-synuclein.
Since the discovery of the PD causing alpha-synuclein mutants, these have seen
intensive use in diverse PD models (Kriiger et al.,, 1998). A comparison between
idiopathic and inherited PD is necessary to validate the use of these models.

3) Axonal inclusions in spinocerebellar ataxia type 3.

Axonal aggregates, as known from HD, have been suggested as inhibitors of axonal
transport (Di Figlia et al.,, 1997, Gunawardena and Goldstein, 2005). Huntington’s
disease is known to express axonal aggregations. This study investigates, if these
potentially dangerous structures are present in the polyQ disease SCA3 as well.

16



References

1.

10.

Alafuzoff I, Arzberger T, Al-Sarrai S, Bodi I, Bogdanovic N, Braak H, Bugiani
O, Del-Tredici K, Ferrer I, Gelpi E, Giaccone G, Graeber MB, Ince P,
Kamphorst W, King A, Korkolopoulou P, Kovacz GG, Larionov S, Meyronet
D, Monoranu C, Parchi P, Patsouris E, Roggendorf W, Seilhean S, Tagliavini
F, Stadelmann C, Streichenberger N, Thal DR, Wharton SB, Kretzschmar H.
Brain Pathol 2008;18:484-496.

Auburger G, Orozco-Diaz G, Capote R, Gispert S, Perez M, Cueto M,
Meneses M, Farrall M, Williamson R, Chamberlain S, Heredero L. Autosomal
dominant ataxia: Genetic evidence for locus heterogeneity from a Cuban
founder effect population. Am J Hum Genet 1990;46:1163-1177.

Ballatore C, Lee VM, Trojanowski JQ. Tau mediated neurodegeneration in
Alzheimer’s disease and related disorders. Nat Rev Neurosci 2007;8:663-672.

Benomar A, Le Guemn E, Diirr A, Ouhabi H, Stevanin G, Yahyaoui M, Chkili
T, Agid Y, Brice A. Autosomal-dominant cerebellar ataxia with retinal
degeneration (ADCA type II) is genetically different from ADCA type I. Ann
Neurol 1994;35:439-444.

Bertram L, Tanzi R. Alzheimer type dementia. In: Dickson DW, editor.
Neurodegeneration: The molecular pathology of dementia and movement
disorders. Basel: ISN Neuropath Press; 2003;40-46.

Bichelmeier U, Schmidt T, Hiibener J, Boy J, Riittiger L, Héabig K, Poths S,
Bonin M, Knipper M, Schmidt WJ, Wilbertz J, Wolbutg H, Laccone F, Riess
O. Nuclear localization of ataxin-3 is required for the manifestation of
symptoms in SCA3: in vivo evidence. J Neurosci. 2007;27:7418-28.

Braak H, Braak E. Staging of Alzheimer’s disease-related neurofibrillary
changes. Neurobiol Aging 1995;16:271-278.

Braak H, Del Tredici K, Riib U, De Vos RA, Jansen Steur EN, Braak E.
Staging of brain pathology related to sporadic Parkinson’s disease. Neurobio
Aging 2003;24:197-211.

Bucciantini M, Giannoni E, Chiti F, Baroni F, Formigli L, Zurdo J, Taddei N,
Ramponi G, Dobson CM, Stefani M. Inherent toxicity of aggregates implies a
common mechanism for protein misfolding diseases. Nature 2002;416:507-
511.

Cattaneo E, Zuccato C, Tartari M. Normal Huntingtin function: an alternative
approach to Huntington’s disease. Nat Rev Neurosci 2005;6:919-930.

17



18

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

David G, Abbas N, Stevanin G, Diirr A, Yvert G, Cancel G, Weber C, Imbert
G, Saudou F, Antoniou E, Drabkin H, Denmill R, Giunti P, Benomar A, Wood
N, Ruberg M, Agid Y, Mandel JL, Brice A. Clonging of the SCA7 gene
reveals a highly unstable CAG repeat expansion. Nat Genet 1997;17:65-70.

Dickson DW, editor. Neurodegeneration: The molecular pathology of
dementia and movement disorders. Basel: ISN Neuropath Press; 2003.

DiFiglia M, Sapp E, Chase KO, Davies SW, Bates GP, Vonsattel JP, Aronin
N. Aggregation of huntingtin in neuronal intranuclear inclusions and
dystrophic neurites in Brain. Science 1997;277:1990-1993.

do Carmo Costa M, Bajanca F, Rodriguez AJ, Tome RJ, Cothals G, Macedo-
Ribeiro S, Paulson HL, Logarinho E, Maciel P. Ataxin-3 plays a role in the
mouse myogenic differentiation through regulation of integrin subunit levels.
PLoS One 2010;5:e11728

Duyckaerts C, Dickson DW. Neuropathology of Alzheimer’s disease. In:
Dickson DW, editor. Neurodegeneration: The molecular pathology of
dementia and movement disorders. Basel: ISN Neuropath Press; 2003;47-65.

Ellison D, Love S, Chimelli L, Harding B, Lowe J, Roberts GW, Vinter HV,
editors. Neuropathology. Barcelona: Mosby international; 1998.

Garcia ML, Cleveland DW. 2001. Going new places using an old MAP:
microtubules and human neurodegenerative disease. Curr Opin Cell Biol
13:41-48.

Gibb WR. Funtional neuropathology in Parkinson’s disease. Eur Neurol
1997;38 Suppl 2:21-25

Gierga K, Scheelhaas HJ, Brunt ER, Seidel K, Scherzed W, Egensperger R, de
Vos RA, den Dunnen W, Ippel PF, Petrasch-Parwez E, Deller T, Schols L,
Riib U. Spinocerebellar ataxia type 6 (SCA6): neurodegeneration goes beyond
the known brain predilection sites. Neuropathol Appl Neurobiol 2009; 35:515-
527.

Goedert M, Hasegawa M. The Tauopathies: Toward an experimental animal
model. Am J Pathol 1999 January; 154: 1-6.

Goedert M, Spiillantini MG, Jakes R, Crowther RA, Vanmchelen E, Probst A,
Gotz J, Biirki K, Cohen P. Molecular dissection of the paired helical filament.
Neurobiol Aging 1995;16:325-334.



22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Gunawardena S, Goldstein LS. Polyglutamine diseases and transport problems:
deadly traffic jams on neuronal highways. Arch Neurol 2005;62:46-51.

Gusella JF, MacDonald ME. Molceular genetics: unmasking polyglutamine
triggers in neurodegenerative disease. Nat Rev Neurosci 2000;1:109-115.

Hardy J, Expression of normal sequence pathogenic proteins for
neurodegenerative disease contributes to disease risk: ‘permissive templating’
as a general mechanism underlying neurodegeneration. Biochem Soc Trans
2005;33:578-581.

Hedreen JC, Roos RAC. Huntington’s disease. In Neurodegeneration: The
molecular Pathology of Dementia and Movement Disorders. Ed DW Dickson.
Basel: ISN Neuropath Press; 2003;229-41.

Helmlinger D Hardy S, Abou-Sleymane G, Eberlin A, Bowman AB,
Gansmiiller A, Picaud S, Zhogby HY, Trottier Y, Tora L, Devys D.
Glutamine-expanded ataxin-7 alters TFTC/STAGA recruitment and chromatin
structure leading to photoreceptor dysfunction. PLoS Biol 2006;4:e67

Hemandez A, Magarino C, Gispert S, Santos N, Lunkes A, Orozco G,
Heredero L, Beckmann J, Auburger G. Genetic mapping of the spinocerebellar
ataxia 2 (SCA2) locus on chormosome 12q23-q24.1. Genomics 1995;25:433-
435.

Jellinger KA, Mizuno Y. Parkinson’s diseae. In: Dickson DW, editor.
Neurodegeneration: The molecular pathology of dementia and movement
disorders. Basel: ISN Neuropath Press; 2003;159-187.

Kagel M, Leopold NA. Dysphagia in Huntington’s disease: a 16-year
retrospective. Dysphagia 1992;7:106-114.

Kawaguchi Y, Okamoto T, Taniwaki M, Aizawa M, Inoue M, Katayama S,
Kawakami H, Nakamura S, Nishimura M, Akiguchi I, Kimura J, Narumiya S,
Kakizuka A. CAG expansions in a novel gene for Machado-Joseph disease at
chromosome 14q32.1. Nat Genet 1994;8:221-228.

Knopman D. Alzheimer type dementia. In: Dickson DW, editor.
Neurodegeneration: The molecular pathology of dementia and movement
disorders. Basel: ISN Neuropath Press; 2003;24-39.

Kriiger R, Kuhn W, Muller T, Woitalla D, Graeber M, Kosel S, Przuntek H,

Epplen JT, Schéls L, and Riess O. Ala30Pro mutation in the gene encoding
alpha-synuclein in Parkinson’s disease. Nature Genet 1998;18:106-108.

19



20

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Lastres-Becker I, Riib U, Auburger G. Spinocerebellar ataxia 2 (SCAZ2).
Cerebellum 2008;7:115-24

Li JY, Englund E, Holton JL, Soulet D, Hagell P, Lees AJ, Lashley T, Quinn
NP, Rehncrona S, Bjorklund A, Widner H, Revesz T, Lindvall O, Brundin P.
Lewy bodies in grafted neurons in subjects with Parkinson’s disease suggest
host to-to-graft disease propagation. Nat Med 2008;14:501-503.

McGowan E, Eriksen J, Hutton M. A decade of modeling Alzheimer’s disease
in transgenic mice. Trends Genet 2006;22:281-289.

Michalik A, van Broeckhoven C. Pathogenesis of polylglutamine disorders:
aggregation revisited. Hum Mol Genet 2003;12 Spec No 2: R173-186.

Norris EH, Giasson BI, Lee VM. Alpha-synuclein: normal function and role in
neurodegenerative diseases. Curr Top Dev Biol 2004;60:17-54.

Orr HT, Zoghbi HY. Trinucleotide repeat disorders. Annu Rev Neurosci 2007;
30: 575-621.

Paulson H. Protein fate in neurodegenerative proteinopathies: Polyglutamine
diseases join the (mis)fold. Am J Hum Genet 1999;64:339-345.

Paulson H. The spinocerebellar ataxias. J Neuroophthalmol 2009;29:227-237.

Pekny M, Nilsson M. Astrocyte activation and reactive gliosis. Glia
2005;50:427-434.

Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, Dutra A, Pike
B, Root H, Rubenstein J, Boyer R, Stenroos ES, Chandrasekharappa S,
Athanassiadou A,. Papapetropoulos T, Johnson WG, Lazzarini AM, Duvoisin
RC, Di Iorio G, Golbe LI, Nussbaum RL. Mutation in the alpha-synuclein gene
identified in families with Parkinson’s disease. Science 1997;276:2045-2047.

Price DL, Sisodia SS. Mutant genes in familial Alzheimer's disease and
transgenic models. Annu Rev Neurosci 1998;21:479-505.

Riess O, Riib U, Pastore A, Bauer P, Schols L. SCA3: neurological features,
pathogenesis and animal models. Cerebellum 2008;7:125-137.

Riess O, Schéls L, Bottger H, Nolte D, Vieira-Saecker AM, Schimming C,
Kreuz F, Macek M Jr, Krebsova A, Macek M Sen, Klockgether T, Ziihlke C,
Laccone FA. SCA6 is caused by moderate CAG expansion in the alphal A-
voltage-dependent calcium channel gene. Hum Mol Genet 1997;6:1289-1293.



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Ross CA. Introduction to Trinucleotide Repeat Disorders. In: Dickson DW,
editor. Neurodegeneration: The molecular pathology of dementia and
movement disorders. Basel: ISN Neuropath Press; 2003;226-228.

Riib U, Brunt ER, Petrasch-Parwez E, Schéls L, Theegarten D, Auburger G,
Seidel K, Schultz C, Gierga K, Paulson H, von Broeckhoven C, Deller T,
deVos RA. Degeneration of ingestion-related brainstem nuclei in
spinocerebellar ataxia type 2, 3, 6 and 7. Neuropathol Appl Neurobiol 2006a;
32: 635-649.

Riib U, de Vos RA, Brunt ER, Sebestény T, Auburger G, Bohl J,
Ghebemedhin E, Gierga K, Seidel K, den Dunnen W, Heinsen H, Pauslon H,
Deller T. Spinocerebellar ataxia type 3 (SCA3): thalamic neurodegeneration
occurs independently from thalamic ataxin-3 immunopositive neuronal
intranuclear inclusions. Brain Pathol 2006b;16:218-227.

Schols L, Bauer P, Schmidt T, Schulte T, Riess O. Autosomal dominant
cerebellar ataxias: clinical features, genetics, and pathogenesis. Lancet Neurol
2004;3:291-304.

Soto C. Unfolding the role of protein misfolding in neurodegenerative
diseases. Nat Rev Neurosci 2003;4:49-60.

Takahashi T, Katada S, Onodera O. Polyglutamine diseases: where does
toxicity come from? What is toxicity? Where are we going? J Mol Cell Biol
2010;2:180-191.

Trottier Y, Lutz Y, Stevanin G, Imbert G, Devys D, Cancel G, Saudou F,
Weber C, David G, Tora L, Agid Y, Brice A, Mandel JL. Polyglutamine
expansion as a pathological epitope in Huntington's disease and four dominant
cerebellar ataxias. Nature 1995;378:403-406.

Vekrellis K, Stefanis L. Protein aggregation and the UPS. In: The Proteasome
in Neurodegeneration. Eds Stefanis L, Keller JN. New York: Springer;
2003;40-55.

Vonsattel JP, Myers RH, Stevens TJ, Ferrante RJ, Bird ED, Richardson EP jr.
Neuropathological classification of Huntington’s disease. J Neuropathol Exp
Neurol 1985;44:559-577.

Walker FO. Huntington’s disease. Lancet 2007;369:218-228.

Winborn BJ, Travis SM, Todi SV, Scaglione KM, Xu P, Williams AJ, Cohen
RE, Peng J, Pauslon HL. The deubiquitinating enzyme ataxin-3, a

21



22

polyglutamine disease protein, edits Lys63 linkages in mixed linkage ubiquitin
chains. J Biol Chem 2008;183:26436-26443.

57. Yamada M, Sato T, Tsuji S, Takahashi H. CAG repeat disorder models and
human neuropathology: similarities and differences. Acta Neuropathol
2008;208:71-86

58. Zarranz JJ, Alegre J, Gomez-Esteban JC, Lezcano E, Ros R, Ampuero I, Vidal
L, Hoenicka J, Rodriguez O, Atares B, Llorenz V, Gomez Tortosa E, del Ser
T, Munoz DG, de Yebenes JG. The new mutation, E64K, of alpha-synuclein
causes Parkinsonism and Lewy body dementia. Ann Neurol 2004;55:164-173.



Chapter 2

Involvement of the auditory brainstem
system in spinocerebellar ataxia type 2
(SCA2), type 3 (SCA3), and type 7 (SCA7)

' Seidel K, 'Hoche F, 2Brunt ER, ®Auburger G, * Schéls L, ®Biirk K, ¢ de
Vos RA’, den Dunnen W, ' Bechmann |, ® Egensperger R, * ' Van
Broeckhoven C, ' Gierga K, 'Deller T, ' Riib U

! Institute of Clinical Neuroanatomy, J. W. Goethe University,D-60590 Frankfurt/Main, Germany

2 Department of Neurology, University Medical Center Groningen, University of Groningen, NL-5970 RB
Groningen, The Netherlands

% Section Molecular Genetics, Department of Neurology, J. W. Goethe University, D-60590 Frankfurt/Main,
Germany

* Center of Neurology and Hertie-Institute for Clinical Brain Research, University of Tiibingen, D-72076
Tiibingen, Germany

3 Institute of Cell Biology, Department of Immunology, University of Tiibingen, D-72076 Tiibingen, Gerrmany
¢ Laboratorium Pathologie Oost Nederiand, NL-7512 AD Enschede, T he Netherlands

" Department of Pathology and Laboratory Medicine, University Medical Center Groningen, University of
Groningen, NL-5970 RB Groningen, The Netherlands

8 Institute of Pathology and Neuropathology, University Hospital Essen , D-45122, Germany

® Neurodegenerative Brain Diseases Group, Department of Molecular Genetics, VIB; and

" University of Antwerp, BE-2610 Antwerpen, Belgium

Published in: Neuropathology and Applied Neurobiology 2008;34:479-491

23



Summary

Aims: The spinocerebellar ataxias type 2 (SCA2), type 3 (SCA3) and type 7 (SCA7)
are clinically characterized by progressive and severe ataxic symptoms, dysarthria,
dysphagia, oculomotor impairments, pyramidal and extrapyramidal manifestations, and
sensory deficits. Although recent clinical studies reported additional disease signs
suggesting involvement of the brainstem auditory system, this has never been studied
in detail in SCA2, SCA3 or SCA7.

Methods: We performed a detailed pathoanatomical investigation of unconventionally
thick tissue sections through the auditory brainstem nuclei (i.e. nucleus of the inferior
colliculus, nuclei of the lateral lemniscus, superior olive, cochlear nuclei) and auditory
brainstem fiber tracts (i.e. lateral lemniscus, trapezoid body, dorsal acoustic stria,
cochlear portion of the vestibulocochlear nerve) of clinically diagnosed and genetically
confirmed SCA2, SCA3 and SCA7 patients.

Results: Examination of unconventionally thick serial brainstem sections stained for
lipofuscin pigment and Nissl material revealed a consistent and widespread
involvement of the auditory brainstem nuclei in the SCA2, SCA3, and SCA7 patients
studied. Serial brainstem tissue sections stained for myelin showed loss of myelinated
fibers in two of the auditory brainstem fiber tracts (i.e. lateral lemniscus, trapezoid
body) in a subset of patients.

Conclusions: The involvement of the auditory brainstem system offiers plausible
explanations for the auditory impairments detected in some of our and other SCA2,
SCA3 and SCA7 patients upon bedside examination or neurophysiological
investigation. However, further clinical studies are required to resolve the striking
discrepancy between the consistent involvement of the brainstem auditory system
observed in this study and the comparatively low frequency of reported auditory
impairments in SCA2, SCA3 and SCA7 patients.

Key words: auditory system - brainstem - brainstem auditory evoked potentials -
polyglutamine diseases - spinocerebellar ataxias
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Introduction

The spinocerebellar ataxias type 2 (SCA2), type 3 (SCA3) and type 7 (SCA7) represent
progressive and currently untreatable ataxic disorders and owing to the underlying
genetic defect are assigned to the group of CAG-repeat or polyglutamine disorders [19,
34, 48]. As is the case with all of the other currently known CAG-repeat or
polyglutamine disorders SCA2, SCA3 and SCA7 are molecular biologically
characterized by the presence of expanded and meiotic unstable CAG-repeats at
specific gene loci (SCA2: chromosome 12q23-p24.1; SCA3: chromosome 14q24.3-
q32.2; SCA7: chromosome 3pl2-p21), which encode the disease specific proteins
harboring an elongated polyglutamine tract (SCA2: ataxin-2; SCA3: ataxin-3; SCA7:
ataxin-7) [9, 17-20, 22, 37, 48]. The normal SCA2 allele contains 14-31, the normal
SCA3 allele 12-47, and the normal SCA7 allele 4-35 CAG-repeats. In affected patients
and at-risk carriers the mutated SCA2 allele is expanded to approximately 35-64, the
mutated SCA3 allele to 52-84, and the mutated SCA7 allele to 38-72 CAG-repeats [9,
17-20, 22, 37, 48]. Owing to a pronounced meiotic instability of the SCA7 CAG-repeat
extreme expansions of over 200 CAG-repeats may occur in infantile SCA7 patients
[20, 22].

The clinical pictures of advanced SCA2, SCA3 and SCA?7 patients along with severe
ataxia consistently include dysarthria and dysphagia, pyramidal and extrapyramidal
motor disorders, specific oculomotor disorders and somatosensory deficits [6, 9, 11,
14, 19, 20, 22, 34, 47, 48]. In addition, recent clinical studies have shown that in
SCA2, SCA3 and SCA?7 patients disease symptoms may occur suggesting involvement
of the auditory brainstem nuclei (i.e. impaired hearing and altered brainstem auditory
evoked potentials) [1, 9, 12, 16, 19, 20, 22, 36, 47]. In the present study, we performed
a detailed pathoanatomical investigation of the auditory brainstem system in clinically
diagnosed and genetically confirmed SCA2, SCA3 and SCA7 patients in order to test
the hypothesis that this system is among the targets of the degenerative processes of
SCA2, SCA3 and SCA7.

Patients and methods

In the present post-mortem study we examined the brains of twelve patients with
clinically diagnosed and genetically confirmed spinocerebellar ataxia (SCA) (three
SCA2 patients: 2 females, 1 male; mean age at disease onset: 30.33 £ 25.5 years; mean
age at death: 56.0 + 31.5 years - seven SCA3 patients: 2 females, 5 males; mean age at
disease onset: 33.9 = 13.9 years; mean age at death: 56.0 + 18.9 years - two SCA7
patients: 1 female, 1 male; mean age at disease onset: 41.5 + 12.0 years; mean age at
death: 67.0 £ 14.1 years; Table 1) and thirteen age and gender-matched control
individuals without medical histories of neurological or psychiatric diseases (3 females
10 males; mean age at death: 57.15 + 15.9 years; Table 1). The examination of these
brains was approved by the ethical board of the Faculty of Medicine at the J. W.
Goethe University of Frankfurt/Main, Germany.
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Case Age Gender Clinical CAG Onset of | Duration
diagnosis initial of
symptoms | disease
1 25 F SCA2 52 6 19
2 55 M SCA2 40 30 25
3 88 F SCA2 36 55 33
4 24 M SCA3 81 13 11
5 45 M SCA3 69 25 20
6 52 M SCA3 69 30 22
7 56 M SCA3 74 30 26
8 60 M SCA3 73 38 22
9 75 F SCA3 68 46 28
10 80 F SCA3 65 55 25
11 57 M SCA7 47 33 24
12 77 F SCA7 39 50 27
13 17 M Control n.d. - -
14 40 M Control n.d. - -
15 50 M Control n.d. - -
16 53 M Control n.d. - -
17 54 M Control n.d. - -
18 57 M Control n.d. - -
19 60 M Control n.d. - -
20 61 M Control n.d. - -
21 63 M Control n.d. - -
22 65 M Control n.d. - -
23 69 F Control n.d. - -
24 74 F Control n.d. - -
25 80 F Control n.d. - -

Table 2.1: Synopsis of the SCA patients and control individuals studied.
Patient number, age at death (years), gender (F= female; M = Male), clinical diagnosis (SCA2 =

spinocerebellar ataxia type 2, SCA3

spinocerebellar ataxia type 3, SCA7 = spinocerebellar

ataxia type 7), number of expanded CAG repeats (CAG) in the diseased SCA2, SCA3 or SCA7
allele, age at onset of initial disease symptoms (years), and duration of SCA2, SCA3 or SCA7
(years) (n.d. — not determined).

The clinical records of all SCA patients described progressive gait, stance, and limb
ataxia, as well as dysarthria and saccadic smooth pursuits. In addition, eleven of them
showed dysmetrical horizontal saccades (cases 1-8, 10-12; Table 1) and suffered from
progressive dysphagia (cases 1, 3-12; Table 1). Disease symptoms noticed in the
medical records of the SCA patients suggesting involvement of the auditory brainstem
system included: loss of wave III of brainstem auditory evoked potentials (BAEP) at
age 14 (case 1; Table 1), reduced peak V of BAEP at age 29 (case 5; Table 1), and

reduced hearing detected upon bedside examination at age 47 (case 11; Table 2.1).
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Genetic examination of the CAG-repeat expansion in the mutated alleles confirmed the
clinical diagnosis in all of the SCA patients under consideration (Table 2.1) [9, 10, 17,
18,37].

Tissue preparation

Autopsy was performed in the SCA
patients within 21.08 + 13.0 h and in the
control individuals within 20.4 £ 10.1 h
postmortem. Subsequent to the fixation
of the brains of the SCA patients and
control individuals in a 4% aqueous
formaldehyde solution, the brainstems
together with the cerebella were cut
perpendicular to the brain axis of
Meynert at the level of the inferior
colliculus. Thereafter, the brainstems
were removed from the cerebella by
sagittal sections through the cerebellar
peduncles, embedded in polyethylene
glycol (PEG 1000, Merck, Darmstadt,
Germany) [50], and cut into complete
sets of serial 100-um thick horizontal
sections. The first set of serial free-
floating sections underwent a combined
staining for lipofuscin  pigment

Figure 2.1: The levels of the gray and white
matter components of the human brainstem
auditory pathway

Median view of a mediosagittal section through
the human brain. The sectional planes of the
schematized horizontal sections through the brain
stem presented in Figures 2 A-F are indicated by
lines (plane of the section in Figure 2 A = line A;
plane of the section in Figure 2 B = line B; plane

of the section in Figure 2 C = line C; plane of the
section in Figure 2 D = line D; plane of the section
in Figure 2 E = line E; plane of the section in

(aldehyde fuchsin) and Nissl material
(Darrow red) [S, 39, 45] and was used
for the anatomical identification of the

Figure 2 F = line F). auditory brainstem nuclei [2, 27-30, 33,

38, 55] (Figs. 2.1, 2.2; 2.3A, D; 2.4A,

D) and for the assessment of their
neurodegeneration in the SCA patients. In each instance, the second set of serial free-
floating sections was stained according to a modified Heidenhain procedure to
highlight brainstem auditory pathways (Figs. 2.1, 2.2; 2.5A, D) [15, 38]. The third set
of serial free-floating sections of the SCA patients and control individuals was
immunostained with a rabbit polyclonal antibody against glial fibrillary acidic protein
(GFAP; 1.500, Dako, Germany) to visualize reactive astrogliosis. In the SCA2 patients
and three control individuals the fourth set of serial free-floating sections was
immunolabelled with the monoclonal mouse anti-polyglutamine antibody 1C2 (1:1000,
Chemicon, Temecula, CA, USA) to highlight intraneuronal proteins aggregates
harboring an expanded polyglutamine tract [54]. Furthermore, immunocytochemistry
was performed to assess the presence of neuronal intranuclear aggregates (NI)
consisting of the pathologically altered forms of the disease proteins ataxin-3 or ataxin-
7. Therefore, the fourth set of serial free-floating serial brainstem sections of the SCA3
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patients and three control individuals were immunostained with a polyclonal anti-
ataxin-3 antibody (1:2000) [35], whereas this same set of serial sections of the SCA7
patients and of two control individuals was immunostained with a polyclonal anti-
ataxin-7 antibody (1:2000) [21].

The specificity of the immunolabelling was assessed by omission of the primary
antibodies. Incubation with the primary antibodies was performed for 12 h at room
temperature followed by incubation with biotinylated anti-rabbit immunoglobulins for
1.5 h at room temperature. Bound antigens were visualized with the AB-complex
(Vectastain, Vector Laboratories, Burlingame, California, USA) and 3,3-
diaminobenzidine-tetra-HC/H,0, (DAB, D5637 Sigma, Taufkirchen, Germany).

The extent of degeneration of the auditory brainstem nuclei, myelin loss of auditory
brainstem fiber tracts and reactive astrogliosis in the SCA patients was scored as none
discernible (-), obvious (+), or severe (++) (Tables 2.2, 2.3). The presence of
intraneuronal aggregates with an expanded polyglutamine tract in the SCA2 patients
and the occurrence of NI in the SCA3 and SCA7 patients was classified as absent (-) or
present (+) (Table 2.2). The neuropathological findings of the two SCA7 patients have
been recently reported [40, 42].

Owing to the small numbers of SCA2 and SCA7 patients studied, detailed statistical
analysis was only performed in the SCA3 patients. To this end, Kendall’s rank
correlation coefficient tau (t) was applied to determine whether the extent of the
degeneration of the auditory brainstem nuclei and fiber tracts was dependent upon
either the individual length of the CAG-repeats in the mutated SCA3 allele or the
duration of the disease [9].

Anatomical remarks

Nucleus of the inferior colliculus

The inferior colliculus represents the caudal elevation of the midbrain tectal plate and
contains the ovoid nucleus of the inferior colliculus (NIC) (Fig. 2.2A). The NIC
borders ventrally on the lateral lemniscus (LL) and medially on the periaqueductal
gray. In primates the N/C harbors predominantly small-sized oval, spindle-shaped or
triangular nerve cells, which tend to be orientated in its caudal portion predominantly
with their long axis directed dorsomedially and in its rostral portions in a haphazard
manner [2, 28, 30, 33, 38, 55].

Nuclei of the lateral lemniscus

The nuclei of the lateral lemniscus are embedded in the LL and comprise a dorsal
nucleus of the lateral lemniscus (DNLL) and a poorly developed ventral nucleus of the
lateral lemniscus (VNLL) (Figs. 2.2B, C; 2.3A; 2.5A). The DNLL is located between
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the sagulum and the lateral parabrachial nucleus (Figs. 2.2 B), reaches the caudal pole
of the midbrain pedunculopontine and is built up of medium-sized, loosely arranged
oval or multipolar nerve cells. The VNLL also harbors medium-sized, loosely arranged
round or oval cells, as well as a dense glial network. Its caudal portion lies in the
ventrolateral part of the pons and is dorsally related to the superior cerebellar peduncle
(Figs. 2.2C; 2.3A: 2.5A), whereas its rostral portion lies in the dorsolateral part of the
pontine tegmentum, approximates the lateral parabrachial nucleus and assumes an
oblong outline with the long axes directed dorsoventrally [2, 28, 30, 33, 38, 55].

Superior olive

The human superior olive (SO) is situated in the ventrolateral corner of the caudal
pontine tegmentum, is largely embedded into the trapezoid body and consists of a
prominent medial superior olive (MSO), a reduced lateral superior olive (LSO), and a
surrounding periolivary cell group (PO) (Figs. 2.2D; 2.3D). The MSO represents a
vertical and slender column of about three transversely oriented neurons in width.
These medium-sized spindle-shaped neurones of the MSO are surrounded by a dense
glial network (Figs. 2.2D; 2.3D). The LSO lies dorsolateral to the MSO and is
composed of medium-sized, round or ovoid nerve cells (Figs. 2.2D; 2.3D). The PO
form a hollow sphere surrounding the MSO and LSO and consists of predominantly
medium-sized round or ovoid nerve cells (Figs. 2.2D; 2.3 D) [2, 27-30, 33, 38, 55].

Cochlear nuclei

The cochlear nuclei are located at the pontomedullary junction and comprise a dorsal
and a ventral subnucleus. The dorsal cochlear nucleus (DC) lies on the dorsolateral
surface of the inferior cerebellar peduncle (ICP) and along with a small number of
giant nerve cells harbors predominantly medium-sized and elongated nerve cells, most
of which are arranged with their long axes parallel to the dorsolateral surface of the
ICP (Figs. 2.2E, F; 2.4A). The most ventrally situated nerve cells of the DC are
intimately related to the ventral cochlear nucleus (VC) (Figs. 2.2E, F). The pear-
shaped VC lies at the ventrolateral aspect of the ICP, is penetrated by the cochlear
fibers of the vestibulocochlear nerve (VIIIc), which are passing to the DC, and is built
up of medium-sized, multipolar ovoid or round nerve cells, the majority of which are
directed with their long axes dorsomedially. The rostral portion of the V'C is divided by
the entering vestibular division of the vestibulococlear nerve (VIIIv) into a medial and
a lateral subdivision (Figs. 2.2E, F; 2.4D) [2, 28, 30, 33, 38, 55].

Brainstem auditory fiber tracts

The cochlear division of the vestibulococlear nerve (VIlIc) enters the lateroventral
aspect of the brainstem near the pontomedullary sulcus and provides the auditory
impulses from the spiral ganglion destined for the cochlear nuclei (Figs. 2.2E, F). The
auditory channels, which arise from the cochlear nuclei predominantly terminate in the
NIC and converge via the dorsal acoustic stria (DAS), trapezoid body (TZ), and the
lateral lemniscus (LL) (Figs. 2.2A-E; 2.5A, C) towards this midbrain nucleus. The
transversely oriented 7Z and DAS originate from the dorsal and ventral cochlear nuclei
(Figs. 2.2D, E), whereby the TZ crosses the ventral part of the pontine tegmentum and
continues at the lateral part of the pontine tegmentum as the LL (Fig. 2.2D; 2.5C). The
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DAS originates from the DC (Figs. 2.2E), passes over the ICP, and traverses the
pontine reticular formation to reach the contralateral SO, where it also passes over into
the LL. The LL, containing the nuclei of the same name, is situated in the lateral parts
of the rostral pons and caudal midbrain. It ascends to the /C, where most of its fibers
terminate (Figs. 2.2A-C; 2.5A). Finally, the link between the auditory brainstem
system and the thalamic medial geniculate body is provided by the brachium of the
inferior colliculus (BIC), which leaves the IC [2, 28, 30, 33, 38, 55].
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Figure 2.2 (previous page): The gray and white matter components of the human brainstem
auditory pathway.
Auditory brainstem nuclei are underlined by gray shading and auditory brainstem fiber tracts by light
gray shading. (A) Schematized frontal section through the caudal midbrain showing the nucleus of the
inferior colliculus (NIC) and the lateral lemniscus (LL). (B) Schematized horizontal section through
the rostral pons with the lateral lemniscus (LL) and the dorsal nucleus of the lateral lemniscus (DNLL).
(C) Schematized horizontal section through the caudal pons showing the lateral lemniscus (LL) and the
ventral nucleus of the lateral lemniscus (VNLL). (D) Schematized horizontal section through the
pontomedullary junction with the medial superior olive (MSO), lateral superior olive (LSO), and the
periolivary cell group (PO), and trapezoid body (7Z). (E) Schematized horizontal section through the
most rostral portion of the medulla oblongata depicting the dorsal acustic stria (DAS), the cochlear
(VIIIc) and vestibular divisions (VII[v) of the vestibulocochlear nerve, and the dorsal (DC) and ventral
cochlear nuclei (VC). (F) Schematized horizontal section through the rostral medulla oblongata
depicting the cochlear division of the vestibulocochlear nerve (VIIIc), and the dorsal (DC) and ventral
cochlear nuclei (VC).
(Abbreviations: ARC — Arcuate nucleus; CR — Central raphe nucleus; DAS — Dorsal acustic stria; DC
— Dorsal cochlear nucleus; DNLL — Dorsal nucleus of the lateral lemniscus; DR — Dorsal raphe
nucleus; DSCP — Decussatio of the superior cerebellar peduncle; DTG — Dorsal tegmental nucleus; GI
Gigantocellular reticular nucleus; GRN — Great raphe nucleus; JCP — Inferior cerebellar peduncle; IO
— Inferior olive; LC — Locus coeruleus; LL — Lateral lemniscus; LPB — Lateral parabrachial nucleus;
LR - Linear raphe nucleus; LSO — Lateral superior olive; MCP —- Medial cerebellar peduncle; ML —
Medial lemniscus; MLF — Medial longitudinal fascicle; MPB — Medial parabrachial nucleus; MSO —
Medial superior olive; MV — Medial vestibular nucleus; NIC — Nucleus of the Inferior colliculus;
PAG - Periaqueductal gray; PBG — Parabigeminal nucleus; PN — Pontine nuclei; PNO — Pontine
reticular formation, oral subnucleus; PO — Periolivary cell group; PPH — Prepositus hypoglossal
nucleus; PPTc — Pedunculopontine nucleus, compact part; PPTd — Pedunculopontine nucleus, diffuse
part; PYR — Pyramidal tract; RTTG — Reticulotegmental nucleus of the pons; SAG - Sagulum; SCP —
Superior cerebellar peduncle; SPV — Spinal trigeminal nucleus; SPV — Spinal trigeminal tract; SUV —
Superior vestibular nucleus; SV — Spinal vestibular nucleus; 7Z — Trapezoid body; VC — Ventral
cochlear nucleus; VNLL — Ventral nucleus of the lateral lemniscus; VI — Abducens nucleus; VII —
Facial nucleus; VII — Facial nerve; VIlIc — Cochlear division of the vestibulocochlear nerve; VIIIv —
Vestibular division of the vestibulocochlear nerve)
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Results

Degenerative findings

The auditory brainstem nuclei consistently underwent neurodegeneration in our SCA
patients. The inferior colliculus (IC) showed marked neuronal loss in two of the SCA2,
in all SCA3 and in one of the SCA7 patients, while it was severely in another SCA7
patient (Tables 2.1, 2.2). An additional marked to severe neuronal loss was observed in
the dorsal and ventral nuclei of the lateral lemniscus of the SCA2, SCA3 and SCA7
patients (Tables 2.1, 2.2; Figs. 2.2 A-C). Among the auditory brainstem nuclei studied,
the nuclei of the superior olive underwent the most severe degeneration. They were
more or less devoid of nerve cells in one of the SCA2, five of the SCA3 and in one of
the SCA7 patients (Tables 2.1, 2.2: Figs. 2.3 D-F). In the remaining SCA2, SCA3 and
SCA7 patients the medial superior olive, lateral superior olive and the periolivary cell
group were markedly involved (Tables 2.1, 2.2). The dorsal and ventral cochlear
nuclei, likewise, were consistently degenerated and showed a marked to serious loss of
nerve cells in all of the SCA patients under consideration (Tables 2.1, 2.2; Figs. 2.4A-
F).
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Figure 2.3: The ventral nucleus of the lateral lemniscus and the superior olive in SCA2,
SCA3 and SCA7

Horizontal sections through (A) the caudal pons of a representative 54-year-old male control case
(case 17; Table 1) and (D) the pontomedullary junction with (A) the ventral nucleus of the lateral
lemniscus (VNLL) and (D) the medial superior olive (MSO), lateral superior (LSO) and
periolivary cell group (PO). (B) Degenerated VNLL of a 24-year-old male SCA3 patient (case 4;
Tables 1, 2) and (C) of a 57-year-old male SCA7 patient (case 11; Tables 1, 2). (E) Severe
neuronal loss in all three subnuclei of the superior olive in a 25-year-old female SCA2 patient
(case 1; Tables 1, 2) and (F) in an 80-year-old female SCA3 patient (case 10; Tables 1, 2). Note
the additional degeneration of the facial nucleus (VII) in both SCA patients. For topographical
orientation, see figures 2 C, D. (A-F: aldehydefuchsin-Darrow red staining, 100 pm PEG
sections).

(Abbreviations: LSO — Lateral superior olive; ML — Medial lemniscus; MSO — Medial superior
olive; PN — Pontine nuclei; PO — Periolivary cell group; LL — Lateral lemniscus; 7Z — Trapezoid
body; VNLL — Ventral nucleus of the lateral lemniscus; VII — Facial nerve; VII — Facial nucleus).
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Figure 2.4: The dorsal and ventral cochlear nuclei in SCA2, SCA3 and SCA7

Horizontal sections through the rostral medulla oblongata of a 63-year-old male control case
without any previous medical history of neurological or psychiatric disease (case 21; Table 1)
showing (A) the dorsal cochlear nucleus (DC) and (D) the ventral cochlear nucleus (VC). (B)
Severe neurodegeneration of the DC of a 25-year-old female SCA2 patient (case 1; Tables 1-2)
and (C) obvious involvement of the DC of a 57-year-old male SCA7 patient (case 11; Tables 1,
2). (E) Severe neuronal loss in the VC of a 45-year-old male SCA3 patient (case 5; Tables 1, 2)
and (F) in an 77-year-old female SCA7 patient (case 12; Tables 1, 2). For topographical
orientation, see figures 2 E, F. (A-F: aldehydefuchsin-Darrow red staining, 100 pm PEG
sections).

(Abbreviations: DC — Dorsal cochlear nucleus; VC — Ventral cochlear nucleus; /CP — Inferior
cerebellar peduncle; Vilic — Cochlear division of the vestibulocochlear nerve; VIIlv — Vestibular
division of the vestibulocochlear nerve).



Loss of myelinated fibers in the auditory brainstem pathways was confined to the
lateral lemniscus and trapezoid body of our SCA patients. Loss of myelinated fibers
was observed in the lateral lemniscus of one SCA2, five SCA3 and in the two SCA7
patients (Tables 2.1, 2.3; Figs. 2.5A, B). The trapezoid body was involved in one
SCA2, two SCA3 and in the two SCA7 patients (Tables 2.1, 2.3; Figs. 2.5C, D).

Application of Kendall’s rank correlation coefficient tau (t) revealed that the extent of
the degeneration of the auditory brainstem nuclei and fiber tracts in the SCA3 patients
was independent of the individual length of the CAG-repeats in the mutated SCA3
allele and the duration of the disease (all P values > 0.10).

300 guwy *
i e

Figure 2.5: Myelin loss in the lateral lemniscus and trapezoid body in SCA3 and SCA?7 patients
Horizontal sections through (A) the caudal pons and (C) the pontomedullary junction of a 57-year-old
male control case without a medical history of neurological or psychiatric disease (case 18; Table 1)
showing (A) the lateral lemniscus (LL), and (C) the trapezoid body (7Z). (B) Loss of myelinated fibers
in the LL of a 45-year-old female SCA3 patient (case 5; Tables 1, 3) and (D) in the TZ of a 57-year-
old male SCA7 patient (case 11; Tables 1, 3). For topographical orientation, see figures 1 C, D. (A-D:
modified Heidenhain staining, 100 um PEG sections).

(Abbreviations: VNLL — Ventral nucleus of the lateral lemniscus; MSO — Medial superior olive; LL —
Lateral lemniscus; 7Z — Trapezoid body).
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Case | (IC) [ (DNLL) [ (VNLL) [ (MSO) | (LsO) | (PO) | (DC) (VC)
1 N + ++ ++ ++ ++ ++ ++ ++
NI - - - - - = - =
2 N = + + + + + + +
NI - - - - - - - -
3 N + + + + + + + +
NI - - - - - - - =
4 N + ++ ++ ++ ++ + + +
NI + + + + + + + +
5 N + + + + + ++ ++ ++
NI + + + + + + + +
6 N + + + + + + + +
NI + + + + + + + +
7 N + + + ++ ++ + + +
NI + + + + + + + +
8 N + + + ++ ++ + + +
NI + + + + + + + +
9 N + + + ++ ++ ++ + +
NI + + + + + + + +
10| N + + + ++ ++ ++ ++ ++
NI + + + + + + + +
11| N + ++ ++ ++ ++ + ++ ++
NI + + + + + + + +
12 | N ++ ++ ++ + + + + +
NI + + + + + + + +

Table 2.2: Neurodegeneration

Extent of neurodegeneration (N) (none discernible —, obvious +, severe ++) and presence of
immunoreactive neuronal intranuclear neuronal inclusions (NI) (absent -, present +) in the auditory
brainstem nuclei of the SCA2, SCA3 and SCA7 patients studied.

(Abbreviations: IC — Inferior colliculus; DNLL — Dorsal nucleus of the lateral lemniscus; VNLL—
Ventral nucleus of the lateral lemniscus; MSO — Medial superior olive; LSO — lateral superior olive; PO —
periolivary group; DC — dorsal cochlear nucleus; VC — ventral cochlear nucleus).
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[CaselLateral lemniscus|Trapezoid body

Dorsal acoustic

Vestibulocochlear

(LL) (T2) stria nerve, cochlear portion|
(DAS) (Vilic)
1 + + - -
2 - - - -
3 N - - -
4 - - - -
5 + - E =
6 + c - -
7 + + - -
8 + E - -
9 - N N -
10 + + - -
11 + + - -
12 + + - -

Table 2.3: Loss of myelinated fibers
Extent of loss of myelinated fibers (none discemible —, obvious +, severe ++) in the auditory
brainstem fiber tracts of the SCA2, SCA3 and SCA?7 patients studied.

Associated tissue changes

GFAP-immunoreactive astrocytes were present in all auditory brainstem nuclei of all
SCA patients studied (data not shown), whereas no intraneuronal nuclear or
cytoplasmic protein aggregates harboring an expanded polyglutamine tract could be
detected in the auditory brainstem nuclei of the SCA2 patients, all of the auditory
brainstem nuclei of all SCA3 patients displayed ataxin-3 immunopositive neuronal
intranuclear aggregates and those of all SCA7 patients ataxin-7 immunopositive
neuronal intranuclear aggregates (Tables 2.1, 2.2).
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Discussion

In the present pathoanatomical study we confirmed the hypothesis that the brainstem
auditory system, along with the vestibular, oculomotor, somatosensory, ingestion—
related and precerebellar brainstem systems [11, 12, 39, 40-46] is among the consistent
targets of the degenerative processes of SCA2, SCA3 and SCA?7. Such a consistent and
severe impairment of the auditory brainstem system, to the best of our knowledge, has
never before been reported in other human neurodegenerative diseases. In Alzheimer’s
disease for example only minor and inconsistent pathological changes have been
detected in a subset of auditory brainstem nuclei of some affected patients [32, 49].

The majority of auditory brainstem nuclei were more severely involved in our SCA2
patients and SCA7 patients with the longest CAG-repeats in the mutated alleles, and
involvement of auditory brainstem fiber tracts was confined to our SCA2 patient with
the longest CAG-repeat in the mutated SCA2 allele. Close inspection of our data and
statistical analysis revealed no consistent correlations between the extent of
degeneration of the auditory brainstem nuclei and fiber tracts and the individual length
of CAG-repeats or the disease duration in our sample of SCA2, SCA3 and SCA7
patients. In view of these findings the nature of the relationship between these two
factors and the course of the pathological processes of SCA2, SCA3 and SCAY7 is still
an open question.

The involvement of the auditory brainstem system seen in our study offers plausible
explanations for the auditory disease signs detected in some of our and other SCA2,
SCA3 and SCA7 patients upon bedside examination or neurophysiological
investigation [1, 9, 12, 16, 19, 20, 22, 36, 47]. In addition, this consistent involvement
may also suggest that auditory dysfunctions such as impairments of perception of the
frequency, intensity, and temporal patterns of sounds, disturbed analysis of spatial
attributes of sound sources (i.e. location, distance and movement), impaired
discriminative (signal/noise) hearing, impaired speech discrimination, or pathologically
altered brainstem auditory evoked potentials (BAEPs) [2, 23, 25-27, 29, 53, 55] may
represent common SCA2, SCA3 and SCA7 disease signs.

However, there is a striking discrepancy between the consistent involvement of the
brainstem auditory system and the low frequency of reports of impaired hearing in our
and other SCA2, SCA3 and SCA7 patients. The following reasons may account for the
rarity of such reports: (1) The pathology in the auditory brainstem system in some
affected cases may not suffice to cause clinically relevant auditory dysfunctions. (2)
The clinical picture of SCA2, SCA3 and SCA?7 patients is dominated by progressive
ataxic symptoms, dysarthria and dysphagia and in some SCA7 patients also by visual
impairments. Accordingly, more subtle sensory disease symptoms often may escape
the attention of affected patients and/or their caregivers [29]. (3) Clinicians still are
unaware of the involvement of the auditory brainstem system in SCA2, SCA3 and
SCAT7. Therefore, it is conceivable that they do not expect auditory symptoms and are
not inclined to perform detailed clinical or extensive neurophysiological examinations.
(4) The patients’ self-reports regarding the presence of auditory dysfunctions may be

38



inaccurate and less reliable [5, 8, 50, 51], and even detailed bedside examination may
fail in detecting auditory impairments [3]. For all of these reasons, further clinico-
pathological studies are required to resolve the discrepancy between the consistent
involvement of the brainstem auditory pathway and the low frequency of reports of
auditory impairments in the SCA2, SCA3 and SCA7. Along with the question of the
prevalence of auditory impairments, from a clinical point of view, such studies should
address the following questions: (1) Are SCA2, SCA3 and SCA7 associated only with
subclinical auditory impairments or with auditory impairments of clinical relevance,
which further reduce the quality of life of the severely handicapped patients [7, 8, 52]?
(2) Is the communication with affected SCA2, SCA3 and SCA7 patients not only
hampered by dysarthria, but also by concomitant auditory dysfunctions [8]? (3) Do
auditory dysfunctions along with the well-known immobility and dysarthria contribute
to the reduced social interaction of SCA2, SCA3 and SCA7 patients [7, 8, 29, 51, 52]?
(4) Do auditory impairments along with visual deficits encroach spatial orientation in
affected SCA2, SCA3 and SCA7 patients [7]?

The majority of studies concerning the structure-function relationship of the auditory
brainstem system have been performed in experimental animal studies [2, 55]. In view
of the anatomical differences between the auditory brainstem system of humans and of
animals, however, it is difficult to apply the results of animal studies to humans [25,
27-29, 55]. Although it is well-known that the auditory spatial field is recreated in the
auditory brainstem system, the exact mechanisms of and the brainstem structures
contributing to the analyses of attributes of sound sources in humans are not entirely
known [23, 28, 30, 53, 55]. In addition, while BAEPs can be used to assess the
brainstem auditory pathway [2], controversy exists over the generators of the various
wave components of the human BAEPs [2, 23, 25, 27, 55]. Accordingly, loss of wave
III of the BAEPs in one of our SCA2 patients (case 1; Table 2.2) can be interpreted as
a possible consequence of damage to the cochlear nuclei or to the nuclei of the superior
olive, and the reduction of peak V of the BAEPs in one of our SCA3 patients (case 5;
Tables 2.1-3) as a result of the neuronal loss in the inferior colliculus or loss of
myelinated fibers in the lateral lemniscus.

Although we have recently shown in a case study that the auditory brainstem system
may also be involved in spinocerebellar ataxia type 4 [13], SCA2, SCA3, and SCA7
currently represent the sole known neurodegenerative diseases associated with a
consistent and considerable pathology in the auditory brainstem system. They are
genetically well-defined neurodegenerative diseases, thus facilitating unequivocal
identification of affected patients and at-risk individuals and recruiting of appropriate
test persons for clinical studies. Considering the 'natural experiment' in the auditory
brainstem system described in our study these ataxic diseases offer the unique
opportunity for detailed clinico-pathological studies of the human auditory brainstem
system. Such studies may clarify the unresolved questions regarding the occurrence of
auditory disease signs in SCA2, SCA3 and SCA7 and improve our knowledge with
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respect to the analyses of sound source attributes and the generators of auditory evoked
potentials within the human brainstem.
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Abstract

Familial Parkinson disease (PD) due to the A30P mutation in the SNCA gene encoding
alpha-synuclein is clinically associated with PD symptoms. In this first
pathoanatomical study of the brain of an A30P mutation carrier, we observed neuronal
loss in the substantia nigra, locus coeruleus, and dorsal motor vagal nucleus, as well as
widespread occurrence of alpha-synuclein immunopositive Lewy bodies, Lewy
neurites, and glial aggregates. Alpha-synuclein aggregates ultrastructurally resembled
Lewy bodies, and biochemical analyses disclosed a significant load of insoluble alpha-
synuclein, indicating neuropathological similarities between A30P disease patients and
idiopathic PD, with a more severe neuropathology in A30P carriers.
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Introduction

The identification of the SNCA gene on chromosome 4q21-23 encoding alpha-
synuclein as the first gene responsible for autosomal dominantly inherited Parkinson
disease (PD) and the subsequent characterization of 3 point mutations in this gene —
AS3T, E46K, and A30P— revealed a close clinical relationship between familial PD
and idiopathic PD (IPD) [13, 15, 16, 26]. Together with familial forms of PD due to
multiplications of the SNCA gene, these 3 point mutations have attracted
neuropathological interest, because of hopes that insights into the pathomechanisms of
inherited PD could be helpful to unravel the unknown pathogenesis of the frequent
synucleinopathy IPD [22]. Contrasting the close clinical similarities, the
neuropathological relationship between familial PD caused by mutations in the alpha-
synuclein—encoding SNCA gene and IPD is not well understood, because
neuropathological data on familial PD are limited [8, 15, 26]. To gain more insight into
the neuropathology of familial PD, we performed the first pathoanatomical study of the
brain of an A30P mutation carrier in the SNCA gene.

Subjects and Methods

The 69-year-old male index patient from the German A30P family received diagnosis
of PD at the age of 54 years and was successfully treated with L-dopa for the next 2
years [12]. The clinical course until age 65 years included occurrences of L-dopa -
related complications (ie, hallucinations). With further disease progression, the patient
lost independence in all activities of daily living and was unable to walk without
assistance. During the last years prior to his death, the patient also suffered from a
progressive cognitive decline. At the age of 69 years, he became mutistic, dysphagic,
and bedridden, and was kept alive by percutaneous endoscopic gastrostomy (PEG). He
died of respiratory failure in a poor state of general health.

The brains of the A30P patient and 6 control individuals (1 female, 5 males; mean age
at death 60.7 + 12.8 years) were examined in accordance with the Ethics Committee
guidelines of the Faculty of Medicine at Goethe University of Frankfurt am Main
(Table 3.1). The brain of the A30P patient displayed severe depigmentation of the
substantia nigra, and a slight atrophy of the frontal, temporal, and parietal cerebral
lobes (Fig 3.1B).

Controls IPD IPD DLB A30P A53T
N 2 1 1 1 1 1
Sex Male Male Female Male Male Female
PD duradtion - 5yrs 6 yrs 2yrs 13 yrs 9yrs
Age at Death 74.8 years | 63 yrs 75 yrs 76 yrs 69 yrs 71 yrs
Braak stage - 3 O 4-5 6 6

Table 3.1: Table 6: Clinical and pathological characteristics of brain donors used for biochemical
studies.
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After fixation of the brains by immersion in 4% buffered formaldehyde solution, the
cerebral, cerebellar, and brainstem tissue blocks of the A30P patient and of 5 control
cases were embedded in polyethylene glycol (PEG 1000, Merck, Darmstadt,
Germany). The first set of serial tissue sections were stained for lipofuscin pigment
(aldehyde fuchsin) and Nissl material (Darrow red), and employed for anatomical
orientation and the assessment of neurodegeneration [4]. The second set of tissue
sections was treated with a rabbit polyclonal antibody against glial fibrillary acidic
protein (GFAP) (1:500, Dako, Glostrup, Denmark) to highlight reactive astrogliosis. A
third set of serial sections was used to visualize LBs, LNs, and glial inclusions by
means of immunoreactions for alpha-synuclein [6]. The fourth set of serial tissue
sections was immunostained with the anti-tau antibody AT8 (1:2000; Innogenetics,
Ghent, Belgium) or PHF-1 (1:2000; kind gift of P. Davies, Albert Einstein College of
Medicine, New York, USA) to visualize tau-immunopositive cytoskeletal changes
related to Alzheimer’s disease (AD) or other known human tauopathies. In addition, an
advanced silver pyridine Campbell-Switzer method was applied to recommended
tissue sections of the A30P patient to identify B-amyloid deposits [3, 23]. The tissue
sections stained with primary antibodies against GFAP, alpha-synuclein, and tau were
incubated with a secondary biotinylated antibody (1:200) directed against the primary
antibody for 1.5h at room temperature. Immunoreactions were visualized with the AB
complex (Vectastain, Vector Laboratories, Burlingame, USA) and 3,3-
diaminobenzidine-tetra-HCI/H,0, (DAB, D5637 Sigma, Taufkirchen, Germany).
Omission of the primary antibodies resulted in non-staining.

The severity of neuronal loss and the frequency of alpha-synuclein-immunopositive
Lewy bodies (LBs), Lewy neurites (LNs), and glial inclusions in the brain of the A30P
index patient were semiquantitatively assessed (not discernible, -; slight, +; marked,
++; severe, +++; Tables 3.2-3.6).

Subcellular fractionation of frontal or entorhinal cortex tissue from the A30P patient, 1
patient from a Greek-American kindred carrying the A53T mutation in the SNCA gene
[16], 1 patient with dementia with Lewy bodies (DLB), 2 IPD patients, and 2 control
individuals (Table 1) was performed as described previously [6,24]. Western blots
using 3 different antibodies against alpha-synuclein (N-terminus: PA1-38705, Affinity
Bioreagents, Golden, CO; NAC domain: Mc42, Translabs, UK; C-terminus:15G7; AG
Scientific, San Diego, CA) were reproduced 3 times with similar results, with each
sample loaded at least 2 times on different blots.

Electron microscopy was performed to elucidate the ultrastructure of neuronal alpha-
synuclein aggregates in the substantia nigra, basal nucleus of Meynert, and dorsal
motor vagal nucleus (DMV) of the A30P patient and 1 patient with IPD as control
(female; age at death, 76 years; disease duration, 26 years; Braak stage 5) as described
previously [12].
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Results

Investigation of pigment-Nissl stained tissue sections revealed neuronal loss in the pars
compacta of the substantia nigra (Fig 3.1D, E), locus coeruleus, and DMV (Fig 3.1F,
G). LBs and LB-like inclusions occurred as spherical, reniform, or globose neuronal
inclusions with smooth surfaces (Fig 3.2A). LNs had a club-or corkscrew-shaped
appearance, or were short and stubby or slender, elongated, and thread-like (Fig 3.2A).
Alpha-synuclein-immunopositive LBs were present in all areas of the cerebral cortex
(neocortex: predominantly in layers V and VI; ento-and transentorhinal regions:
predominantly in layers II, III, V, and VI; subiculum, presubiculum, hippocampal
CAl, CA2, and CA3 sectors: predominantly in pyramidal layers) (Fig 3.1A, B), in all
nuclei of the basal forebrain, basal ganglia, amygdala, and hypothalamus (Fig 3.3C, D),
in select regions of the thalamus (Fig 3.3E-H), subthalamus (Fig 3.4A), and brainstem
(Fig 3.4B-F), and in the cerebellum (Tables 3.2-3.6).
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Figure 3.1: Macroscopic brain aspects in A30P and A30P mutation-related nerve cell loss

(A) Lateral aspect of the left cerebral hemisphere of a 53-year-old male individual without a prior
medical history of neurological or psychiatric disease. (B) Lateral aspect of the left cerebral
hemisphere from the A30P index patient. Note the widened sulci of the frontal (arrowheads), temporal
(asterisk), and parietal lobes (arrow). (C) Pedigree of the German A30P family indicating the deceased
index patient (black arrow; filled black symbols: affected family members according to the United
Kingdom Parkinson's Disease Brain Bank criteria; filled gray symbols: individuals displaying subtle
extrapyramidal symptoms; circles: females; squares: males; oblique slashes: deceased individuals;
open symbols: healthy family members). (D) Frontal section through the rostral midbrain of a typical
59-year-old male control case with the dorsal portion of the substantia nigra (SN). (E) Severely
degenerated SN of the A30P index patient. (F) Horizontal section through the mid portion of the
medulla oblongata of an 84-year-old male control case showing the dorsal motor vagal nucleus
(DMV). (G) Markedly degenerated DMV of the A30P index patient. Arrows point to surviving nerve
cells. D-G: aldehyde fuchsin-Darrow red staining, 100um PEG sections. I = first generation; II =
second generation; III = third generation; IV = fourth generation; V = fifth generation; PP
peripeduncular nucleus; RD = red nucleus; CP = cerebral peduncle; SOL = solitary tract; IC
intercalate nucleus; XII = hypoglossal nucleus.
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Figure 3.2: Alpha-synuclein immunocytochemical and electron microscopic findings in the A30P
index patient

(A) Lewy bodies (LBs) (large arrows) and Lewy neurites (arrowheads) in the dorsal motor vagal
nucleus. Small arrows point to coiled bodies. (B) Gleason score glial fibrillary acidic protein (GFAP)-
immunopositive astrocytes in the transentorhinal cortex containing alpha-synuclein immunopositive
deposits (arrowheads). (C) Substantia nigra: Typical coiled-up alpha-synuclein immunopositive
oligodendroglial inclusion (brown) surrounding the nucleus (blue) of the affected oligodendrocyte. (D)
The dorsal motor vagal nucleus of the A30P patient exhibits various LBs (arrows) with a dark inner
core and a ring-like light outer zone. (E, F) Electron micrograph of the LB in the lower left corner of D
(asterisk). The LB shows a dense granular core (Co), surrounded by a lighter outer zone (OZ), which
contains loosely arranged filaments (F). (G, H) Electron micrograph of an LB found in an idiopathic
Parkinson disease case. Note the high structural similarity of the LBs from both cases. (A) Anti-alpha-
synuclein immunocytochemistry; (B) anti-GFAP (3,3'-diaminobenzidine [DAB], brown)/anti-alpha-
synuclein (SK4700, blue-gray) double immunostaining; (C) antitransferrin (SK4700, blue-gray)/anti—
alpha-synuclein (DAB, brown) double immunostaining; (A—C) 100um PEG sections; (D) toluidine
blue-stained semithin section, 0.75pm; (E-H) uranyl acetate and lead citrate contrasted ultrathin
section, 100nm).
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Figure 3.3 (previous page): Predominantly neuronal alpha-synuclein immunopositive inclusion
bodies in the cerebral cortex, amygdala, hypothalamus, and thalamus)

(A) Allocortical entorhinal region: abundant alpha-synuclein immunopositive LBs in the deep layers V
and VI (arrows). (B) Allocortical hippocampus: Severe affection of the CA1l, CA2, and CA3 sectors
and slight affection of the fascia dentata (FD) by alpha-synuclein immunopositive neuronal inclusions
bodies. (C) Amygdala: Close-meshed network of alpha-synuclein immunopositive LBs and LNs in the
central nucleus (CE) and markedly affected intercalated nucleus (IC). (D) Hypothalamus: Remarkable
involvement of the tuberomammillary nucleus (TUM). (E) Dense mesh of alpha-synuclein
immunopositive LBs and LNs in the intralaminar central medial (CEM) and cucullar (CU) thalamic
nuclei, as well as in the anterodorsal nucleus (AD) of the thalamus. Note the additional slight
involvement of the thalamic anteroprincipal (AP) and mediodorsal nuclei (MD). (F) Severe affection
of the thalamic intralaminar central medial (CEM) nucleus and the paraventricular nuclei (PV). (G)
Selective vulnerability of the islands of the intralaminar central lateral nucleus (CL) of the thalamus
intermingled among the nearly unaffected nerve cells of the medial subnucleus of the pulvinar (PU m).
(H) Dense network of LBs and LNs in the limitans-suprageniculate complex (LI-SG) lying at the
border between the thalamus and the midbrain. Note the marked involvement of the pretectum (PR).
(A-H: anti-alpha-synuclein immunocytochemistry, 100 pm PEG sections). Abbreviations: AD —
Anterodorsal nucleus of the thalamus; AP — Anteroprincipal nucleus of the thalamus; CA1 — CAl
sector of the hippocampus; CA2 — CA2 sector of the hippocampus; CA3 — CA3 sector of the
hippocampus; CE — Central nucleus of the amygdala; CEM — Central medial nucleus of the thalamus;
CL — Central lateral nucleus of the thalamus; CU — Cucullar nucleus of the thalamus; FD — Fascia
dentata; FO — Fornix; IC — Intercalate nucleus of the amygdala; LI-SG — Limitans-suprageniculate-
complex of the thalamus; MD — Mediodorsal nucleus of the thalamus; PR — Pretectum; PU m —
Pulvinar, medial subnucleus; PV — Paraventricular nuclei of the thalamus; TUM — Tuberomammillary
nucleus of the hypothalamus; IV — Cortical layer IV; V — Cortical layer V; VI — Cortical layer VI

In the thalamus, basal nucleus of Meynert, substantia nigra, DMV, gigantocellular
reticular nucleus, raphes magnus nucleus, and intermediate reticular zone, we observed
alpha-synuclein—-immunopositive neurons without LBs or LNs. These neurons,
however, were characterized by the presence of fine alpha-synuclein—-immunopositive,
slightly brownish, and loosely scattered cytoplasmic granules sparing the nucleus and
often extending into the processes of nerve cells. In addition, alpha-synuclein
immunopositivity and/or LB-like inclusions were observed in central nervous white
matter components (Fig 3.2E—-H).
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Figure 3.4 (previous page): Alpha-synuclein immunopositive neuronal and oligodendroglial
inclusions in subthalamic and brainstem nuclei, as well as alpha-synuclein immunopositive
brainstem fiber tracts

(A) Abundance of alpha-synuclein immunopositive neuronal (arrow) and oligodendroglial
inclusions in the zona incerta (ZI) and slightly affected subthalamic nucleus (SU) (arrow). (B) High
prevalence of alpha-synuclein immunopositive LBs (arrow), LNs, and coiled bodies in the
substantia nigra (SN). Note the considerable affection of the red nucleus (RD). (C) Dense network
of alpha-synuclein immunopositive LBs and LNs in the precerebellar reticulotegmental nucleus of
the pons (RTTG) and markedly affected oral subnucleus of the pontine reticular formation (PNO).
(D) Large amounts of LBs and LNs in the raphe magnus (RMG) and gigantocellular reticular nuclei
(GI). Additional LBs (arrow) are present in the dorsal accessory subnucleus of the inferior olive
(IOD). (E) Severe affection of the dorsal motor vagal (DMV) and solitary nuclei (SOL), as well as
alpha-synuclein immunopositive vagal nerve (X). (F) Severe alpha-synuclein immunopositive
inclusion body pathology in the intermediate reticular zone (IRZ) and the precerebellar lateral
reticular nucleus (LRT). Note the alpha-synuclein immunopositive fibers of the dorsal
spinocerebellar tract (arrows). Alpha-synuclein immunopositive (G) vestibular nerve (VIII) and (H)
olivocerebellar fibers (arrowheads). (A-H: anti-alpha-synuclein immunocytochemistry, 100 um PEG
sections). Abbreviations: DMV — Dorsal motor vagal nucleus; ICP — Inferior cerebellar peduncle;
IOD - Inferior olive, dorsal accessory subnucleus; IOP — Inferior olive, principal subnucleus; IRZ —
Intermediate reticular zone; GI — Gigantocellular reticular nucleus; LRT — Lateral reticular nucleus;
PNO - Pontine reticular formation, oral subnucleus; RD — Red nucleus; RMG — Raphe magnus
nucleus; RTTG — Reticulotegmental nucleus of the pons; SN — Substantia Nigra; SOL - Solitary
nuclei; SOL — Solitary tract; SU — Subthalamic nucleus; ZI — Zona incerta; VIII — Vestibular nerve;
X - Vagal nerve

Alpha-synuclein-immunopositive coiled bodies (Fig 3.2A, C; Fig 3.2A, B) and glial
fibrillary acidic protein-immunopositive astrocytes were present in all gray and white
matter components of the telencephalon, diencephalon, brainstem, and cerebellum of
the A30P patient. Anti-alpha-synuclein/anti-transferrin double immunostaining
confirmed the purely oligodendroglial localization of the coiled bodies, and AT8 and
PHF-1 immunostaining excluded their tau immunoreactivity (Fig 3.2C). Alpha-
synuclein-immunopositive and tau-negative astrocytes (Fig 3.2B) occurred in all nuclei
of the amygdala and the septum, striatum, claustrum, select thalamic nuclei (ie, central
lateral nucleus, limitanssuprageniculate complex), temporal neocortex, and ento- and
transentorhinal regions. No colocalization of tau with alpha-synuclein was observed in
neurons and oligodendrocytes of the dorsal raphe nucleus and the intermediate reticular
zone (Fig 3.5).
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Figure 3.5: No colocalization of alpha-synuclein and tau pathologies in the
dorsal raphe nucleus and intermediate reticular zone of the A30P patient
Immunofluorescent images displaying concomitant (A) alpha-synuclein and (B) tau
inclusion pathologies in the intermediate reticular zone of the A30P patient, which
(C) do not colocalize. (D) The alpha-synuclein and (E) tau aggregates likewise (F) do
not colocalize in the dorsal raphe nucleus of the A30P patient. (A-F:
Immunofluorescence staining of alpha-synuclein inclusion pathology with alexa 568
chromogen (red) and tau inclusion pathology with alexa 488 (green), 100 pm PEG
sections).

The Alzheimer disease (AD)-related cortical cytoskeletal pathology as assessed by
AT8 and PHF-1 immunostaining corresponded to Braak stage II, and the brain B-
amyloidosis to phase 1 of the schema proposed by Thal and colleagues [3,23].

Ultrastructural studies confirmed neuronal loss in the substantia nigra and DMV
nucleus. The majority of remaining nigral neurons underwent dark cell degeneration.

Several surviving nigral neurons displayed round somatic inclusions with a denser
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center and a lighter outer zone as a correlate of LBs. In the DMV nucleus, LBs were
detected with a dark dense core (Fig 3.2D) and a broad lighter outer zone reflecting the
classical brainstem type of LB [11]. They were frequently localized in the cytoplasm of
nerve cells, but also occurred in the neuropil, suggesting dendritic or axonal
localization. Electron microscopy revealed a dense dark granular center and a ring-like
outer zone with abundant fibrils (Fig 3.2E, F), similar to the ultrastructural
characteristics of LBs from an IPD patient (Braak stage 5; Fig 3.2G, H).

Biochemical sequential extraction of alpha-synuclein of frontal cortex of controls,
DLB patients, IPD patients (Braak stage 3 and stage 5), the A30P patient and an AS3T
patient revealed soluble monomeric alpha-synuclein in all samples (Tris-HCI; Fig.
3.6A). The presence of monomeric and oligomeric alpha-synuclein species in the urea
fraction was not observed in controls and disclosed insolubility of alpha-synuclein that
was most prominent in the A30P case and DLB patient (Fig 3.6A). A30P alpha-
synuclein insolubility was prominent in both the entorhinal and frontal cortex of the
A30P patient substantiating immunohistochemically determined LB load in these 2
brain areas (Fig 3.6B).
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Central nervous gray component L C

Cerebral cortex | Frontal neocortex ++ +
Temporal neocortex ++ +

Parietal neocortex ++ +

Occipital neocortex ++ +

Cingulate gyrus ++ +

Insula ++ ++

Entorhinal cortex ++ +

Transentorhinal cortex ++ +

Presubiuclum + +

Parasubiculum + +

Subiculum ++ +

Hippocampus — CA1 sector ++ +

Hippocampus — CA2 sector ++ +

Hippocampus — CA3 sector ++ +

Hippocampus — Fascia dentata + +

Basal forebrain | Anterior olfactory nucleus ++ +
Claustrum +++ +

Septal nuclei ++ +

Bed nucleus of the stria terminalis +++ ++

Nuclei of the diagonal band of Broca +++ +

Basal nucleus of Meynert +++ +

Basal ganglia | Ventral striatum ++ ++
Ventral pallidum ++ ++

Caudate nucleus + ++

Putamen + +

Pallidum + ++

Amygdala Medial nucleus ++ ¥
Central nucleus +++ +

Intercalated nucleus ++ +

Periamygdaloid cortex ++ +

Accessory basal nucleus +++ +

Basal nuclei ++ +

Lateral nucleus ++ +

Accessory cortical nucleus +++ +

Transitory zone ++ +

Granular nucleus +++ +

Table 3.1: Distribution and extent of alpha-synuclein immunopositive neuronal and oligodendroglial
inclusions in the cerebral cortex, basal forebrain, basal ganglia and amygdala of the A30P index
patient affected by both LBs and/or LNs and coiled bodies (L, Lewy bodies and/or Lewy neurites; C,
coiled bodies; not discernible 0, mild +, marked ++, severe +++).
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Central Nervous Grey component L
Thalamus Anterodorsal nucleus +++
Anteroprincipal nucleus +
Ventral anterior nucleus ++
Central medial nucleus +++
Mediodorsal nucleus +
Parataenial nucleus ++
Paraventricular nuclei +++
Paracentral nucleus ++
Cucullar nucleus +++
Laterodorsal nucleus +
Centromedian nucleus +
Parafascicular nucleus ++
Subparafascicular nucleus +++

Ventral lateral nucleus

Ventral posterior lateral nucleus

Ventral posterior medial nucleus

Ventral posterior medial nucleus, parvocellular
part

Lateral posterior nucleus

Lateral geniculate body

Medial geniculate body +++

+ 4+ + + 4+ 4+
O Tk T T I T s T c S i S S S A e (2

Central lateral nucleus +
Pulvinar, anterior nucleus +
Pulvinar, medial nucleus +
Pulvinar, lateral nucleus +
Pulvinar, inferior nucleus +++
Limitans-suprageniculate complex ++
Reticular nucleus

Hypothalamus | Periventricular preoptic nucleus + +
Paraventricular nucleus + +
Median preoptic area + +
Supraoptic nucleus + +
Intermediate nucleus + +
Lateral hypothalamic area + +
Anterior hypothalamic area + +
Arcuate nucleus + +
Dorsomedial nucleus + +
Ventromedial nucleus + +
Mammillary nuclei + +
Tuberomammillary nucleus ++ +
Lateral tuberal nucleus + +
Posterior hypothalamic area ++ +

++ +

Supramammillary nucleus

Table 3.2: Distribution and extent of alpha-synuclein immunopositive neuronal and
oligodendroglial inclusions in the thalamus and hypothalamus of the A30P index patient affected by
both LBs and/or LNs (L, Lewy bodies and/or Lewy neurites; C, coiled bodies; not discernible 0,
mild +, marked ++, severe +++).




Central Nervous Grey component L C
Subthalamic | Zona incerta T+ +
nuclei Subthalamic nucleus + +
Midbrain Central gray ot .
Superior colliculus + +
Dorsal raphe nucleus it .
Pedunculopontine nucleus i+t +
Parabigeminal nucleus + +
Trochlear nucleus + +
Interpeduncular nucleus ++ +
Ventral tegmental area e +
Substantia nigra
Inferior colliculus o ++
. ++ +
Edinger-Westphal nucleus - +
Oculomotor nucleus + +
Red nucleus + +
Rostral interstitial nucleus of the medial - +
longitudinal fascicle ++ +
Nucleus of the posterior commissure et n
Peripeduncular nucleus . A
Pretectum i o
Pons Pontine nuclei + ++
Mesencephalic trigeminal nucleus + +
Locus coeruleus ++ +
Parabrachial nuclei ++ +
Pontine reticular formation, oral nucleus ++ +
Dorsal raphe nucleus ++ +
Reticulotegmental nucleus of the pons +++ +
Superior vestibular nucleus ++ +
Primary trigeminal nucleus + +
Motor trigeminal nucleus + +
Pontine reticular formation, caudal nucleus ++ +
Central raphe nucleus +++ +
Abducens nucleus + +
Raphe interpositus nucleus ++ +
Lateral vestibular nucleus ++ +
Parvocellular reticular nucleus ++ +
Facial nucleus + +
Superior olive + +
Prepositus hypoglossal nucleus +++ +
Dorsal paramedian nucleus + +
Arcuate nucleus + +
Spinal trigeminal nucleus ++ +
Dorsal paragigantocellular reticular nucleus ++ +
Gigantocellular reticular nucleus +++ +
Cochlear nuclei + +
Raphe magnus nucleus +++ +

Table 3.3: Distribution and extent of alpha-synuclein immunopositive neuronal and oligodendroglial
inclusions in subthalamic nuclei, the midbrain and pons of the A30P index patient affected by both
LBs and/or LNs (L, Lewy bodies and/or Lewy neurites; C, coiled bodies; not discemible 0, mild +,
marked ++, severe +++).
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Central Nervous Grey component L C

Medulla Inferior olive + +
oblongata Medial vestibular nucleus ++ +
Spinal vestibular nucleus ++ +

Solitary nuclei +++ +

Dorsal motor vagal nucleus +++ +

Intercalate nucleus ++ +

Hypoglossal nucleus + +

Medial reticular nucleus ++ +

Intermediate reticular zone ++ +

Medial reticular nucleus ++ +

Lateral reticular nucleus ++ +

External cuneate nucleus + +

Cuneate nucleus + +

Gracile nucleus + +

Cerebellum Purkinje cell layer + +
Granular cell layer + +

Dentate nucleus + +

Fastigial nucleus + +

Table 3.4: Distribution and extent of alpha-synuclein
oligodendroglial inclusions in the medulla oblongata and cerebellum of the A30P index patient
affected by both LBs and/or LNs (L, Lewy bodies and/or Lewy neurites; C, coiled bodies; not

discernible 0, mild +, marked ++, severe +++).

immunopositive neuronal

and
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Central nervous white component

White matter — Frontal cerebral lobe
White matter — Temporal cerebral lobe
White matter — Parietal cerebral lobe
White matter — Occipital cerebral lobe
Fornix

Internal capsule

External capsule

Extreme capsule

Triangular area of Wernicke

Anterior commissure
Mammillothalamic tract
Habenulo-interpeduncular tract
Posterior commissure

Cerebral peduncle

Oculomotor nerve

Lateral lemniscus

Medial lemniscus

Medial longitudinal fascicle

Superior cerebellar peduncle
Pontocerebellar fibres

Medial cerebellar peduncle

T Tk T T i S S S S S S A A A A

IR K I K I R I e R R R R

Abducens nerve ++
Facial nerve +
Spinal trigeminal tract +
Dorsal acustic stria +
Vestibulocochlear nerve ++
Inferior cerebellar peduncle +
Olivocerebellar fibers ++
External arcuate fibers ++
Solitary tract +
Vagal nerve ++
Hypoglossal nerve ++
Dorsal spinocerebellar tract ++ ++
Ventral spinocerebellar tract ++ +
Gracile fascicle + +
Cuneate fascicle + +
Cerebellar white matter + +

Table 3.5: Extent of alpha-synuclein immunoreactive fibers in the central nervous white matter
components of the A30P index patient showing additional oligodendroglial inclusions (IF,
immunoreactive fibers; C, coiled bodies; not discemible 0, mild +, marked ++, severe +++).
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Discussion

Our study provides first insights into the pathoanatomy of familial PD caused by the
A30P mutation in the SNCA gene and demonstrates a widespread central nervous
occurrence of alpha-synuclein-immunopositive inclusions and the advantage of
investigations of complete tissue series for the identification of more subtle
pathological alterations [4, 15].

Application of sensitive immunostaining methods revealed tau-immunoreactive
cortical cytoskeletal pathology in the index patient. Because no additional taupositive
neuronal and glial inclusions associated with other known human tauopathies were
observed, the cortical tau pathology most likely corresponded to the early Braak AD
stage II [3]. In addition, alpha-synuclein immunocytochemistry in the A30P patient did
not reveal features of neuronal inclusions or the distribution pattern of alpha-synuclein-
immunopositive oligodendroglial inclusions typical for multiple system atrophy [4].

As in IPD, the A30P patient’s brain showed neuronal loss in the substantia nigra,
DMV, and locus coeruleus and displayed recognized neuronal pathologies (ie, LBs,
LNs, and LB-like inclusions) in brain structures typically affected in IPD (e.g. neo-and
allocortex, thalamus, cerebellum, substantia nigra, pedunculopontine nucleus, DMV),
as well as in brainstem nuclei and central nervous fiber tracts that are not or are only
less severely affected in IPD (e.g. rostral interstitial nucleus of the medial longitudinal
fascicle, reticulotegmental nucleus of the pons, medial vestibular nucleus,
spinocerebellar tracts, and cerebellar peduncles) [S, 21]. In addition, as in IPD,
alphasynuclein— immunopositive astroglial and oligodendroglial inclusions were
present in the A30P patient [25].

Among the currently known brain pathologies reported in familial PD forms caused by
mutations or multiplications in the SNCA gene, the brain pathology of the A30P index
patient most closely resembled the brain alterations observed in IPD individuals
[8,9,15,26]. Neuropathological discrepancies that strengthen the pathogenic role of
A30P mutant alpha-synuclein and may indicate different etiopathogenic mechanisms
included: (1) substantial and more severe load of alpha-synuclein aggregates in the
cerebellum and precerebellar and occulomotor brainstem nuclei than in IPD; and (2)
presence of more glial aggregates, named coiled bodies, in the A30P brain than in IPD.
The presence of concurrent tau pathology in AS53T mutation carriers or the
accumulation of alpha-synuclein and tau within the same neuronal aggregates in
carriers of alpha-synuclein multiplications underscore important discrepancies between
IPD patients and the A30P mutation carrier studied here [8, 9].

Considering the current knowledge in the field of functional neuroanatomy the
pathoanatomical abnormalities seen in the A30P patient studied here can account for
the clinical and paraclinical disease signs recorded in his medical history. These
include: (1) neurodegeneration of the substantia nigra for parkinsonian features,
postural instability, decreased striatal F-dopa uptake in the F-DOPA PET scan, and
striatal hypometabolism in the FDG PET scan [6, 1, 11]; (2) presence of neuronal
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inclusions in the reticulotegmental nucleus of the pons for saccadic horizontal smooth
pursuits [20]; (3) occurrence of neuronal inclusions in the rostral interstitial nucleus of
the medial longitudinal fascicle for vertical gaze palsy [14]; (4) occurrence of neuronal
inclusions in the abducens nucleus and nerve for diplopia in the horizontal plane [14];
(5) atrophy of the frontal, temporal, and parietal lobes for cortical hypometabolism in
the FDG PET scan and neuropsychological deficits (i.e., executive dysfunctions:
impaired word fluency; verbal, logical, and visual memory deficits; visuospatial and
visuoperceptive impairments) [1, 2]; (6) atrophy of the frontal, temporal, and parietal
lobes, degeneration of the locus coeruleus, and occurrence of prosencephalic and
brainstem neuronal inclusions (allocortex, insula, cingulate gyrus, basal forebrain
nuclei, amygdala, limbic nuclei of the thalamus, ventral tegmental area) for progressive
cognitive decline [6, 10]; (7) degeneration of the dorsal motor vagal nucleus and
occurrence of neuronal inclusions in ingestion-related brainstem structures (i.e.
trigeminal, parvocellular reticular, dorsal motor vagal, hypoglossal, and solitary nuclei,
intermediate reticular zone, facial and vagal nerves, solitary tract) for dysphagia [19].

A pathological relationship between the alpha-synuclein pathology of A30P and IPD is
also supported (1) by our ultrastructural analyses of LBs in the A30P mutation carrier
in comparison to an IPD patient, and (2) by our biochemical findings, which showed
insolubility of alpha-synuclein in the A30P patient and in IPD patients. This
insolubility reflects a substantial aggregate forming capacity of A30P mutant alpha-
synuclein and contrasts with previous in vitro observations on fibril formation of
different mutant alpha-synuclein species [7].

In summary, the pathological similarities between the A30P patient and IPD strongly
support the view that familial PD caused by the A30P mutation in the SNCA gene not
only is closely related to IPD clinically, but also pathologically. Although additional
postmortem A30P studies are required to ultimately define this neuropathological
relationship, our study provides major implications for the validation of transgenic
animal models for PD.
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Abstract

Protein aggregation is a major pathological hallmark of many neurodegenerative
diseases including the polyglutamine diseases. Aggregation of the mutated form of the
disease protein ataxin-3 into neuronal nuclear inclusions is well described in the
polyglutamine disorder spinocerebellar ataxia type 3 (SCA3 or Machado-Joseph
disease). In contrast, nothing is known regarding the occurrence of neuropil aggregates
in SCA3. Therefore, we performed a systematic immunohistochemical study of serial
thick sections through the brains of seven clinically diagnosed and genetically
confirmed SCA3 patients. Using antibodies against ataxin-3, p62, ubiquitin, the
polyglutamine marker 1C2 as well as the universal aggregation marker TDP-43 we
analyzed the neuronal localization, composition and distribution of neuropil aggregates
within the brain of these SCA3 patients. The analysis revealed an axonal localization of
the neuropil aggregates and their widespread occurrence in fiber tracts of the functional
and neurotransmitter systems known to undergo neurodegeneration during SCA3.
Similar to neuronal nuclear inclusions, the axonal aggregates were ubiquitinated and
immunopositive for the proteasome and autophagy associated shuttle protein p62,
indicating an involvement of the neurons’ protein quality control system in the
occurrence of these aggregates. Rare TDP-43 positive axonal inclusions were also
observable. Based on these novel observations we hypothesize that axonal inclusions
may be detrimental to axonal transport mechanisms and contribute to the degeneration
of nerve cells which occurs in SCA3, due to the good correlation between affected
fiber tracts and degenerating neuronal nuclei.
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Introduction

Spinocerebellar ataxia type 3 (SCA3) is an autosomal dominantly inherited progressive
neurodegenerative disease. It usually begins in adulthood and is associated with gait,
stance, and limb ataxia, dysarthria, dysphagia, oculomotor dysfunction, pyramidal and
extrapyramidal signs, peripheral neuropathy, as well as aspiration pneumonia due to
dysphagia [1, 9, 27, 33, 39].

Along with dentatorubral-pallidoluysian atrophy, Huntington’s disease, spinobulbar
muscular atrophy and the spinocerebellar ataxias types 1, 2, 6, 7 and 17, SCA3 belongs
to the polyglutamine diseases [21, 25, 27, 40, 45]. These severe neurodegenerative
diseases are caused by expanded and meiotically unstable CAG-repeat sequences at
disease-specific gene loci encoding elongated polyglutamine sequences in the disease
protein [21, 25, 40]. The SCA3 disease gene, ATXN3, codes for the disease protein
ataxin-3 [20], contains 12-40 CAG-repeats in healthy individuals and approximately
53+ CAG-repeats in affected SCA3 patients and at-risk carriers [27]. Onset and
severity of SCA3 correlates with the length of the expanded CAG-repeats [11].

Ataxin-3 is widely expressed in neuronal and non-neuronal tissue [3, 29, 48] and tends
to aggregate into neuronal nuclear inclusion bodies (NNIs) in vitro and in vivo when
the polyglutamine sequence is expanded. It is well-known that these NNIs of the
disease protein are ubiquitinated, contain other proteins, including heat shock proteins
(HSPs) and transcription factors [18, 26, 29, 30, 38, 51], are frequently observed in
brain tissue of SCA3 patients and are regarded as an important morphological hallmark
of neurodegeneration in animal models [5]. However, the exact role of NNIs in
neuronal cell death that occurs in SCA3 remains uncertain [24, 52]. Since, however,
NNIs are present in degenerated as well as spared brain regions in advanced SCA3,
NNIs are not thought to be directly pathogenic in affected nerve cells [35].

Building on our initial findings of uncommon large ataxin-3 immunopositive
aggregates in the neuropil of the cell poor pontine reticular brainstem formation of
several SCA3 patients, we performed the first systematical study of these neuropil
aggregates and report here their axonal localization, composition and brain distribution.
The ataxin-3 immunopositive axonal inclusions newly described in the present study
are also immunopositive for ubiquitin and p62 (Sequestosome-1, SQSTM-1), but
immunonegative for hyperphosphorylated tau and alpha-synuclein.
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Patients and Methods

Patients and control individuals

In the present investigation we studied the brains of seven patients with clinically and
genetically diagnosed SCA3 (5 males, 2 females, mean age at death 58.1 + 13.9 years),
along with the brains from two individuals without medical histories of
neuropsychiatric diseases (Tab. 1). These two brains were employed as negative
controls for the immunohistochemical analyses.

Informed consent was obtained from all patients, in accordance with the medical
ethical committee of the University Medical Centre Groningen, the Netherlands, where
the autopsies were performed. The ethical board of the Faculty of Medicine at the
Johann Wolfgang Goethe University of Frankfurt/Main, Germany, also approved the
examination of the brains.

All of the SCA3 patients suffered from gait, stance and limb ataxia, dysarthria,
dysphagia and a variety of oculomotor dysfunctions. Genetical diagnosis was carried
out in all SCA3 patients by genotyping the DNA extracted from peripheral
lymphocytes with polymorphic dinucleotide repeat sequences that flank the specific
ataxin-3 gene loci [20, 50]. In the SCA3 patients studied, the length of the normal
CAGe-repeats varied from 14 to 27, while the pathologically expanded CAG-repeats
varied from 62 to 81 (Tab. 1).

Age at ;
Age at death CAG-repeat . Disease
Gase (yrs) Sender length o:;seeta(;?s) duration (yrs)

SCAS3 patients

1 24 M 23/81 13 11

2 45 M 21/69 25 20

3 52 M 14/69 30 22

4 56 M 25/74 30 26

5 62 F 20/73 35 27

6 80 F 27/65 55 25

7 85 M 21/62 59 26
Control cases

8 87 M n.d. = R

9 74 F n.d. = -

Table 4.1: Information on SCA3 patients and healthy controls.

Patient number, age of death (years), gender (F, female; M, male), number of CAG-repeats in the
healthy/diseased SCA3 allele, age at onset of initial disease symptoms (years) and duration of disease
(years) (n.d. not determined)

Brain tissue preparation

The brains of all SCA3 patients and control individuals were fixed in a 4% phosphate-
buffered, aqueous formaldehyde solution (pH 7.4). Thereafter, tissue blocks from the
left cerebral hemispheres and brainstems were embedded in polyethylene glycol (PEG
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1000, Merck, Darmstadt, Germany) [44] and cut into sets of uninterrupted series of 100
um-thick frontal sections (cerebral tissue blocks) or 100 um-thick horizontal sections
(brainstem tissue blocks) [8, 32]. Brainstem tissue blocks from case 7 were also
embedded in paraffin and cut into 10 um thick horizontal sections.

In each instance, one set of cerebral and brainstem serial sections was stained with
Darrow red for Nissl material and aldehyde-fuchsin for lipofuscin pigment and used for
topographical orientation and assessment of neurodegeneration [8].

Immunohistochemistry

For the identification and subcellular localization of neuropil aggregates, we employed
the anti-ataxin-3 antibody [29] on select 100 um cerebral and brainstem sections (see
Tab. 2 for a list of the primary antibodies). The primary incubation lasted 20h at room
temperature. This was followed by incubation with a secondary, biotin conjugated
antibody for 90 minutes at room temperature (1:300). Subsequently, we used the ABC-
complex (Vectastain, Vector Laboratories, Burlingame, CA, USA) and 3,3-
diaminobenzidine-tetra-HCI/H,0, (DAB, D5637 Sigma, Taufkirchen, Germany) to
visualize positive immunoreactions, resulting in a brown staining.

Double immunostaining procedures were employed to examine the intraaxonal
localization, topographical distribution and composition of neuropil aggregates. Axonal
markers (i.e. the AT270 antibody, directed against the cytoskeletal protein tau; the anti-
neurofilament antibody, directed against neuron specific intermediate filaments [15,
43]) were used to ascertain axonal localization of neuropil aggregates. Additional
monoclonal antibodies were applied as whole cell markers to identify protein
aggregates within neurites of serotonergic (i.e. PHS8, directed against tryptophan
hydroxylase), as well as dopaminergic or noradrenergic neurons (i.e. MAB 152,
directed against tyrosine hydroxylase) [4, 17].

In addition to the polyclonal rabbit anti-ataxin-3 antibody, we employed the
monoclonal 1H9 anti-ataxin-3 [48], TDP-43 [47] and the 1C2 polyglutamine
antibodies as aggregate markers [49]. The possible association of the axonal aggregates
of SCA3 with the proteasomal shuttle protein p62, known to contribute to aggregations
in human neurodegenerative diseases, was investigated with an antibody directed
against p62 [7, 12, 22, 23, 41, 42]. Axonal and whole cell stainings were visualized
with SK4700, aggregation markers with DAB.

For double immunostaining we followed the single staining procedure as described
above. After the DAB staining reaction, the slides were rinsed carefully and incubated
with an additional primary antibody (axonal or whole cell marker) for 20h at room
temperature, followed by incubation with a secondary antibody at room temperature
for 90min. This second staining reaction was then visualized with the SK 4700 Kit
(Linaris, D-97877 Wertheim, Germany), resulting in a blue-grey staining.
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Double immunofluorescent staining was applied to ascertain 1C2 and TDP-43
positivity of axonal aggregates, and to investigate the colocalization of ataxin-3
aggregates with components of the protein quality control and degradation pathways,
or with the disease proteins of human tauopathies and synucleinopathies. For this,
sections were treated for 10 min with 0.06% sudan-black for quenching of
autofluorescence. Subsequently, the sections were incubated with both the monoclonal
mouse and polyclonal rabbit primary antibodies for 20h at room temperature, followed
by secondary incubation for 90min with Alexa 488, Alexa 568 or Alexa 594
conjugated secondary antibodies (1:1000, Invitrogen, Carlsbad, CA, USA). Both the
primary and the secondary antibodies were applied simultaneously. We used the 1C2
antibody to confirm the presence of proteins with an expanded polyglutamine sequence
in the axonal aggregates [49]. Ubiquitin [10] and p62 antibodies were employed to
investigate a possible colocalization of axonal ataxin-3 aggregates with components of
the protein quality control and degradation pathways. The anti-tau AT8 antibody and
an anti-alpha-synuclein antibody [6, 14] were used to examine the association of
axonal ataxin-3 aggregates with the hyperphosphorylated tau or alpha-synuclein
proteins.

Several of the listed antibodies required pre-treatment for antigen retrieval. To unmask
hidden epitopes when using the 1H9 antibody, sections were autoclaved in 10 mM
citrate buffer (pH 6.0) for 20 minutes. For the anti-neurofilament and anti-p62
antibodies we employed 10 mM citrate buffer (pH 6.0) at 90 °C for 30 minutes. For the
anti-alpha-synuclein antibody we used 100% formic acid at room temperature. For the
1C2/neurofilament double immunostaining we employed 3x10 minutes microwaving
in tris Buffer (pH 9.0), followed by 3 minutes treatment in 99% formic acid at room
temperature. The specificity of the immunolabelling was verified by omission of the
primary antibodies which resulted in complete absence of immunopositive structures.
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Host
Detection Clone S Dil. Source Goal
species
Ataxin-3 i Rabbit 1750 Henry Paulson Aggregate
polyclonal laboratory marker
Ataxin-3, Mouse Chemicon Aqaredate
epitope E214- | 1HY | O | 1:2500 (Millipore), farfer
L233 Billerica, MA, USA
A t
Mouse Cell Signaling rc?g:S:r:;I
Ubiquitin padt | O0° | 1:750 Technology, : o
Danvers, MA, USA y
marker
Rabbit . ffg:f::;
P62 Sc-25575 1:100 Delaware, CA, P .
polyclonal activity
USA
marker
Polyglutamine Mouse Chemicon Aggregate
ysstlretch 1c2 monoclonal 1:2000 (Milipore), Er?r?arkger
Billerica, MA, USA
Alpha- Sheep W.P Gai Aggregate
. - 1:2000
synuclein polyclonal laboratory marker
H hospho- M ics, )
yperphospho ATS ouse 1:2000 Innogenlc§ Ghent Aggregate
rylated tau monoclonal Belgium marker
Microtubule-
aI:;g(:L:atL:a: AT270 Mouse 1:3000 Pierce Endogen, Axonal
. monoclonal ' Rockford, IL, USA marker
protein tau
Rabbit Abcam Axonal
N fil t b 30309 1:1 '
eurotiamen a polyclonal 00 Cambridge, UK marker
Chemicon
Tryptoph Serot i
arongiss | P | monosonal | 11000 | ipore). | TEROREE
M Billerica, MA, USA
. . Chemicon Dopaminergic
T Rabbit
; d’;‘j‘s'::e MAB152 | achal 1:2000 (Millipore), and
S — Billerica, MA, USA | noradrenergic
cell marker
Rabbit
TDP-43 ) abbi 11000 Georg Aubuerger Aggregate
polyclonal laboratory marker

Table 4.2: Information on the primary antibodies.

Antigen detected by antibody, clone or catalogue designation (omitted with donated antibodies), host
species and clone type, working dilution for the antibody, source of the antibody, specific goal of the
antibody usage
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Evaluation of the distribution of axonal aggregates

The severity of the axonal ataxin-3 pathology was assessed in select tissue sections. If
a given tract bore an axonal inclusion at least once in all sections investigated in one
patient, the fiber tract’s axonal pathology was scored as mild for this patient (score: 1).
If it contained single aggregates in the majority of the investigated sections or 3 or
more aggregates in a single section of a given patient, axonal pathology was rated as
moderate (score: 2). If a tract displayed 3 or more aggregates in more than half of all
sections of one patient, axonal pathology was rated as severe (score: 3).

Statistics

SPSS version 16.0 was used for statistical analysis. Bivariate correlations between
patient data and morphological findings were evaluated using Spearman’s Rho. Two-
tailed tests were performed and considered significant at p < 0.05.

Results

In contrast to the control individuals, the combined application of the tau-antibody
AT270 [15], as axonal marker, and the rabbit anti-ataxin-3 antibody [29], as a marker
of ataxin-3 protein aggregation, revealed intensively labelled intra-axonal inclusion
bodies in all seven SCA3 patients (Fig. 1; Tab. 3).

78



h

Figure 4.1: Double immunostainings with anti-ataxin-3 and the axonal marker
AT270

Stainings show axonal aggregates (arrows) in the pyramidal tract (a), oculomotor nerve
(b), facial nerve (c, d), hypoglossal nerve (e-g) and nigrostriatal tract (h) of representative
SCA3 patients. Axonal aggregates can vary in regards to morphology between ovoid (a-
d), elongated (h) or irregular (e, g). Size is also variable, from small (e) to several times
the axonal diameter (c, d, g). Note the pallor of the tau staining, indicating axonal dilation
(arrowhead) (c), and the comparatively large axonal diameter compared to the unaffected
neighbouring axons (arrowheads) (g). Eccentric placement of inclusions in the axon is
rarely observable (arrow) (e). (a-h: Anti-ataxin-3 immunostaining with DAB - brown;
AT270 stain with SK4700 - blue-grey; 100 pm PEG sections)
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Except for the external and extreme capsules and the hippocampal alveus, all of the
evaluated brain fiber tracts were at least mildly affected by these axonal inclusions
(Tab. 3). Among the most severely affected fiber tracts were the medial longitudinal
fascicle, and the rubrospinal and nigrostriatal tracts. Additional consistently affected
fiber tracts included the cranial nerves (oculomotor, trigeminal, facial, vagal and
hypoglossal nerves), the cuneate and gracile fascicles, the lateral lemniscus, the central
tegmental tract, the internal arcuate fibers, the dorsal spinocerebellar tract, the
lenticular ansa and the inferior thalamic peduncle (Figs 1-6; Tab. 3).

Figure 4.2: Combined immunostainings with anti-ataxin-3 and anti-tryptophan hydroxylase
or anti-tyrosine hydroxylase antibodies

Stainings depict axonal aggregates (arrows) in serotonergic nerve cells of the caudal raphe nuclei (a,
b), dopaminergic nerve cells of the substantia nigra (c) and noradrenergic nerve cells of the locus
coeruleus of a typical SCA3 patient (d). Note the ataxin-3 immunopositive aggregate in the axonal
hillock of a neuron of the caudal raphe nuclei (arrow) (b). (a, b: Anti-ataxin-3 immunostaining with
DAB - brown; PH8 immunostaining with SK4700 - blue-grey; c, d: Anti-ataxin-3 immunostaining
with DAB - brown; Anti-TH immunostaining with SK4700 - blue-grey; 100 pm PEG sections)
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Figure 4.3 Combined immunostaining with AT270/p62 and AT270/ataxin-3

p62 immunopositive axonal aggregates (arrows) in the hypoglossal nerve (a) and in neurites
within the substantia nigra of a representative SCA3 patient (b). Ataxin-3 immunopositive axonal
aggregates (arrows) in the hypoglossal nerve of a typical SCA3 patient (c, d). (a, b: Anti-p62
immunostaining staining with DAB - brown; AT270 staining with SK 4700 - blue-grey; c, d: 1H9
anti-ataxin-3 immunostaining with DAB - brown; Anti-neurofilament immunostaining with SK
4700 - blue-grey; 100 pm PEG sections)

Most axonal aggregates were irregular in shape (Figs. le, g), some were ovoid (Figs.
la-d), or elongated and displayed a neuritic-like shape (Figs. 1f, h). The size of axonal
aggregates varied from approximately the diameter of the corresponding axon (Fig. 1b)
to a size substantially larger than the normal axonal diameter (Figs. 1c, d, g). These
larger aggregates were often accompanied by a comparative thickening of the
corresponding axon (Figs. lc, g). Sometimes thinning of the tau staining within the
affected axon, proximal to the aggregations was visible, which indicates a dilation of
the axonal structure (Fig. lc). Ataxin-3 immunopositive axonal aggregates could be
observed in all portions of the affected axons (i.e. axon hillock, proximal, middle and
distal portions of the axon) (Fig. 2b). Several of the affected axons displayed numerous
abnormal aggregates (Figs. 1d, f; 2a, d). Double immunostainings with the 1H9 or anti-
p62 antibodies as aggregate markers and the anti-neurofilament or AT270 antibodies as
an axonal markers yielded identical staining results (Figs. 3 a-d). A few TDP-43
positive axonal inclusions were also observable (data not shown).
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Figure 4.4: 1C2 and anti-neurofilament double immunofluorescence.

The oculomotor nerve (a, d) of a representative SCA3 patient shows 1C2 immunopositive
aggregates indicating that ataxin-3 with an expanded polyglutamine stretch is a component of
these aggregates (b, ¢, e, f). The low staining intensity of neurofilament indicates that these
aggregates occur independently of age related neurofilament aggregation (a, d). (a-f: Anti-
neurofilament immunostaining with alexa 488 — green; 1C2 immonostaining with Alexa 594 —
red; 10 pm paraffin sections).
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Figure 4.5: Anti-ataxin-3 and anti-ubiquitin double immunofluorescence.

Ataxin-3 immunopositive axonal aggregate in the vestibulocochlear nerve of a representative SCA3
patient (a-c). The colocalization of ubiquitin (red) and ataxin-3 (green) indicates polyubiquitination
of this axonal aggregate (a-c). Reversed staining pattern of axonal aggregates in the nigrostriatal
tract of an additional SCA3 patient (d-f). These aggregates, likewise, show colocalization of
ubiquitin (green) and ataxin-3 (red) (d-f). (a-c: Anti-ataxin-3 immunostaining with Alexa 488 -
green; Anti-ubiquitin stain with Alexa 568 - red; d-f: Anti-ataxin-3 immunostaining with Alexa 568
- red: Anti-ubiquitin stain with Alexa 488 - green; 100 um PEG sections)

Combined immunostaining with anti-ataxin-3 antibody and anti-tryptophan
hydroxylase PH8 [17] or anti-tyrosine hydroxylase [4] antibodies demonstrated the
axonal localization of ataxin-3 immunopositive aggregates in nerve cells of the
serotonergic raphe nuclei (Fig. 2a, b), in dopaminergic nigral neurons (Fig. 2c), and in
the noradrenergic nerve cells of the locus coeruleus (Fig. 2d). Additional double
immunostainings confirmed the presence of expanded polyglutamine stretches in the
axonal protein aggregates (Fig. 4), demonstrated their ubiquitination [10] (Fig. 5) and
immunopositivity for the shuttle protein p62 [22] (Fig. 3a, b, 6a-f). These staining
results were highly similar to those with the anti-ataxin-3/AT270 double staining.
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Finally, the axonal inclusions in all of the SCA3 patients were immunonegative for
abnormal tau and alpha-synuclein protein aggregations (data not shown), and did not
demonstrate significant accumulations of neurofilament (Fig. 4).

1 pn

10 prm

A0 prn 0 pm

Figure 4.6 Anti-ataxin-3 and anti-p62 double immunofluorescence.

Ataxin-3 immunopositive axonal aggregates in the pontocerebellar fibers (a-c) and in
nerve cells of the caudal raphe nuclei of a representative SCA3 patient (d-f). The shuttle
protein p62 (green) (a, d) is colocalized with ataxin-3 (red) (b, c, e, f) in these axonal
aggregates (a-f: Anti-p62 immunostaining with Alexa 488 — green; Anti-ataxin-3
immunostaining with Alexa 568 — red; 100 um PEG sections)

Statistical analysis revealed a significant negative correlation between the axonal
scores of the SCA3 patients and the length of the CAG-repeat in the mutated SCA3
gene (Spearman’s Rho -0.793, p = 0,033).
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Hypoglossal nerve 10
Lateral lemniscus 10
Vagal nerve 10
Trigeminal nerve 11
Facial nerve 11
Gracile fascicle 11
Rubrospinal tract 12
Nigrostratal tract 13
Medial longitudinal fascicle 14
Axonal scores 27 37 57

Table 4.3: Distribution and severity of axonal pathology in SCA3 patients.
Investigated brain fiber tract, rating of axonal ataxin-3 pathology sorted by increasing severity (none: 0;
slight: 1-5; marked: 6-10; severe: 11+) indicated by diffierent shades of grey (n.d. not determined)
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Discussion

Aggregation of mutant disease protein is a well known phenomenon in the
polyglutamine diseases [21, 26, 40, 45]. In SCA3, mutant ataxin-3 tends to aggregate
into NNIs with many affected neurons exhibiting more than one inclusion body, both
in and outside of areas affected with neurodegeneration [29, 33, 35, 38]. While the
exact role of these aggregates in the pathological mechanisms of SCA3 is still subject
to research, they represent an acknowledged pathological hallmark of this disease.
NNIs can be recognised by both ataxin-3 specific antibodies as well as the anti-
polyglutamine 1C2 antibody, implicating mutant ataxin-3 as the main component of
NNI [49]. Furthermore, a variety of additional proteins are found to be associated with
NNI (e.g. ubiquitin, p62, heat shock proteins, transcription factors) [18, 26, 29, 30, 38,
51]. Since polyubiquitination is a known prerequisite for proteasomal degradation and
the shuttle protein p62 plays a crucial role in cellular pathways handling aberrant
protein  aggregation (e.g. ubiquitin-proteasome pathway, autophagy), the
immunostaining of aggregates with antibodies against ubiquitin and p62 most likely
reflects attempts by affected neurons to target the misfolded ataxin-3 into the
aforementioned protein degradation pathways [2, 7, 10, 22, 29, 41, 42].

Although many reports have provided detailed analyses of the distribution pattern of
NNIs in SCA3 brains, the occurrence of axonal aggregates in SCA3 has remained
unreported [29, 35, 38]. In addition to these well described NNIs [28, 29, 38], we were
for the first time able to demonstrate intra-axonal aggregations of mutant ataxin-3
protein in SCA3 brain tissue, reminiscent of the neuritic aggregates in Huntington’s
disease [13]. These novel findings suggest that axonal aggregates represent consistent
associated tissue changes of SCA3 present in a large number of brain fiber tracts.
SCA3 thus becomes the first spinocerebellar ataxia to be associated with axonal
aggregates.

The axonal inclusions detected in the present SCA3 study do not colocalize with and
occur independently from neuronal aggregates of other human proteinopathies (e.g.
tauopathies, synucleinopathies) and share major biological hallmarks with the long-
known NNIs. They can be visualized with antibodies directed against ataxin-3, as well
as with the 1C2 polyglutamine antibody, indicating that mutant ataxin-3 with its
extended polyglutamine stretch likewise represents a primary component of these
axonal aggregates [49]. Ataxin-3/ubiquitin or ataxin-3/p62 double immunoreactions
confirmed their similar state of ubiquitination and association with the shuttle protein
p62 as has been observed in NNIs, indicating comparable attempts by affected nerve
cells to combat intra-axonal aggregation [2, 7, 10, 41]. Only a few axonal inclusions
were also TDP-43 immunopositive, indicating that TDP-43 immunopositivity is
restricted only to a subset of axonal inclusions. The intra-axonal localization of these
axonal aggregates is facilitated by the application of axonal markers (i.e. AT270 and
anti-neurofilament antibodies) [15, 43], as well as whole cell markers for serotonergic,
dopaminergic and noradrenergic nerve cells (i.e. PH8 and anti-TH antibodies) [4, 17].
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Axonal inclusions were present in a large variety of fiber tracts of the SCA3 brains
studied, irrespective of the calibre or length of the affected axons. They occurred
predominantly in the fiber tracts that belong to the functional and neurotransmitter
systems known to undergo neurodegeneration in the progressive neuropathology of
SCA3 [9, 19, 31-37]. The affected fiber tracts serve as anatomical interconnections
between gray components, which have been shown to be selectively, consistently and
severely affected by neurodegeneration (e.g. cerebellar dentate nucleus, primary motor
cortex, sensory and motor thalamic nuclei, substantia nigra, precerebellar nuclei,
ingestion-related brainstem nuclei, vestibular nuclei, auditory and oculomotor nuclei,
somatosensory nuclei) in patients in the advanced clinical stages of SCA3, including
several of the patients investigated in the present study [19, 31-37]. In view of the close
correlation of the occurrence of intra-axonal aggregates with the consistent demise of
nerve cells in the afferent sources and/or efferent targets of these affected fiber tracts it
is conceivable that the formation of axonal aggregates, irrespective of their primarily
toxic or protective role, is incompatible with and detrimental to normal functions inside
these anatomical interconnectivities (e.g. anterograde or retrograde axonal transport
processes), thus ultimately impeding the survival of interconnected nerve cells [16] and
representing an integral component of and important step in the neurodegenerative
process of SCA3. Since it allows several interpretations, the inverse correlation
between the axonal pathology and CAG-repeat length unfortunately does not reveal
unequivocal answers regarding an immediate detrimental or protective role of the intra-
axonal inclusions. Longer CAG-repeats are commonly associated with more severe
neurodegeneration [11, 20, 24, 27, 39, 45]. Assuming that intra-axonal aggregates are
primarily detrimental to nerve cells, this inverse correlation may be due to a greater
fibre loss in more severely affected SCA3 patients [11, 35]. Since protein aggregation
might also be primarily protective against soluble and harmnful oligomers of the disease
proteins [24, 46], the lower frequency of axonal aggregates in more severely diseased
SCA3 patients, on the other hand, may reflect a less efficient protein handling in these
patients.

In view of the current uncertainties regarding the pathogenic mechanisms of the
neurodegenerative process of SCA3 and the possible significance of the newly
described intra-axonal aggregates for the demise of affected and interconnected nerve
cells, it appears worthwhile to perform additional studies aimed at to test the
hypothesis proposed above and to identify the exact pathophysiological causes and
consequences of the intra-axonal aggregates in SCA3. These studies should include (1)
reconstruction of the spatial and temporal evolution of these axonal aggregates and
their relationship to neurodegeneration, (2) investigation of axonal accumulation of
cellular organelles and proteins involved in axonal transport mechanisms, (3)
systematic investigation of animal models of SCA3 with different disease durations
[52], and will contribute to a better understanding of the pathophysiological
mechanisms of the neurodegenerative process of SCA3.
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1.1 Protein quality control systems

As the protein aggregation observed in several neurodegenerative diseases indicates,
protein misfolding can pose a significant threat to cell survival. However the
misfolding of proteins does not only occur under pathological conditions. Proteins are
produced in an unfolded manner, and many require assistance to assume their final
conformations [22]. Furthermore, transient chemical or heat stress may cause protein
aggregation without an underlying disease. In these cases, the cellular protein quality
control (PQC) system can act upon these conditions, and can either assist proteins in
(re)assuming their correct conformation or target them towards degradation [22, 30].

At large, 3 levels in PQC exist: a) refolding, b) proteasomal degradation, c) autophagic
degradation. Whereas refolding and proteasomal degradation requires soluble
substrates, autophagic degradation can occur for both soluble and insoluble, aggregated
proteins. Molecular chaperone proteins of the HSP protein families have been
primarily implied in maintaining proteins in a non-aggregated, soluble state to facilitate
their refolding or their proteasomal degradation [27, 30, 46]. Chaperone