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Outline of this thesis




Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disease
that primarily afflicts motor neurons, leading to paralysis and death within 3 to 5 years after
diagnosis. Genetic studies have uncovered multiple genetic defects causing familial forms
of ALS and mutations occurring in proteins with a variety of functions, including RNA
metabolism (TDP43, FUS) and oxygen free radical homeostasis (SOD1). A commonality
among all ALS forms is the presence of intracellular inclusions that primarily consist of
insoluble protein aggregates. These inclusions indicate that protein aggregation is a central
pathogenic event shared by multiple ALS forms. The research of the present thesis focuses
on the role of protein aggregation and inclusion formation in two types of ALS: 1) ALS
caused by mutations in the superoxide dismutase 1 (SOD1) gene (ALS1); and 2) ALS
caused by mutations in the vesicle-associated membrane protein (VAMP)-associated
protein B (VAPB) gene (ALSS).

Chapter 1 provides a general introduction on ALS. Chapters 2-5 describe work done with
SOD1-ALS mice, that develop an ALS-like disease. In chapter 2 we show that inclusions
consisting of aggregated mutant SOD1 are found in motor neurons as well as in other
populations of neurons, in particular interneurons, albeit at a later time point. The data are
compatible with the idea that protein aggregation retrogradely spreads from motor neurons
to pre-motor neurons. In chapter 3 we show that also astrocytes develop inclusions with
aggregated SOD1 several weeks after the presence of inclusions in motor neurons. As in
neurons, the presence of aggregates in astrocytes correlates with signs of cell death. To
determine whether we could modify the age of first appearance of SODI inclusions in
astrocytes by increasing proteotoxic stress, we crossed the SODI1-ALS mice with an
astrocyte-specific tauopathy mouse model. This study showed that the burden of excessive
levels of aggregation-prone tau did not influence the time of first appearance of SODI1-
inclusions in astrocytes of SOD1-ALS mice. However, astrocytes in the double mutant
mice showed an increase in both SOD1 and tau aggregation after the onset of motor neuron
degeneration. The data indicate that pathology in astrocytes is secondary to pathology in
motor neurons, and have a limited effect on disease progression.

In chapter 4 we generated and characterized a transgenic mouse model with impaired
retrograde axonal transport, and we crossed it with the SOD1-ALS mouse model. The mice
with impaired retrograde axonal transport develop several pathological features also
observed in ALS patients, but do not develop an ALS-like motor phenotype. Surprisingly,
when crossed with SOD1-ALS mice, the retrograde axonal transport impairment prolonged
survival in the double mutant mouse. In chapter 5 we show that a dominant pathological
hallmark of ALS, the fragmentation of the Golgi apparatus, may be linked to abnormalities
in dynein-dynactin dependent trafficking, and precede many other 'early’ changes in motor
neurons observed in the SOD1-ALS mouse model.

In chapter 6 we describe the generation and characterisation of transgenic mice carrying
the P56S mutant form of VAPB, a small tail-anchored endoplasmatic reticulum (ER)
membrane protein. Transgenic VAPB-P56S proteins develop atypical inclusions that
contain smooth ER-like tubular profiles. However, despite the presence of multiple
inclusions, VAPB-P56S mice do not show signs of motor neuron degeneration and muscle
weakness. Instead, we obtained evidence that the VAPB inclusions represent
neuroprotective structures, which concentrate ER associated degradation (ERAD).
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Chapter 7 provides a general discussion of our findings on the following subjects: the role
of trans-synaptic and cell-to-cell spreading of protein aggregation in ALS; the role of glial
inclusions in the pathogenesis of ALS and other neurodegenerative diseases; the role of
intracellular transport and sorting abnormalities in ALS pathogenesis; the role of ER stress
and ER protein quality control in ALS.

The past years have shown that ALS is not a single disease, but an array of genetically,
pathologically and clinically distinct disorders. The work of this thesis confirms the notion
that the pathogenesis of each ALS form consist of a multifactorial process involving
different cellular processes and multiple cell types that are afflicted in parallel or
sequentially. Precise knowledge about the molecular and cellular deficits and the order of
events will be instrumental for the design of therapeutic approaches.









General Introduction

1.1 Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative disease of motor
neurons

Amyotrophic Lateral Sclerosis (ALS) is a progressive, late onset,
neurodegenerative disease of motor neurons leading to paralysis of skeletal muscles and,
eventually, death. The term amyotrophic lateral sclerosis indicates the combination of
wasting of the muscle (amyotrophy) as a consequence of the degeneration of the a-motor
neurons that innervate the skeletal muscles, and hardening of the lateral white matter of the
spinal cord (lateral sclerosis), which is a consequence of the degeneration of the motor
neurons in the motor cortex. Other names for ALS are Charcot’s disease after the French
neurologist who first described patients with ALS in 1869 (Kiernan et al., 2011), and Lou
Gehrig disease after a USA baseball player who died of ALS in 1941, and motor neuron
disease (Anon, 1990).
The diagnosis of ALS thus requires the degeneration of at least two populations of neurons
of the motor system: 1) the a-motor neurons in the spinal cord and the brain stem that
directly control the activity of muscle fibres, clinically termed lower motor neurons (LMN);
and 2) neurons in the motor cortex that control the activity of the LMN, and that are termed
upper motor neurons (UMN) (Lemon, 2008). Degeneration of LMN and UMN give rise to
different symptoms: LMN symptoms are characterized by muscle weakness, muscle
atrophy and fasciculations (small involuntary muscle contractions). UMN symptoms
consist of increased muscle tone, spasticity, increased and altered reflexes, and slowness of
movement (Korner et al., 2011). UMN symptoms also can be caused by degeneration of
other neurons that control the activity of LMN, i.e. spinal interneurons and neuronal
populations in the brain stem.
Symptoms usually start focally in one of the limbs, or the head and neck area (Ravits et al.,
2007). Patients are grouped according to the area of onset, i.e. lumbar (legs), cervical (arm)
or bulbar (head and neck). Patients with bulbar onset first develop problems with speech
and swallowing; and patients with cervical onset start with problems in one of the hands.
Usually, cervical onset patients have a shorter survival after diagnosis as compared to
lumbar onset patients.
Patients also show variability in the proportion of LMN and UMN deficits. Multiple studies
have questioned the relationship between UMN and LMN involvement with some studies
favouring anterograde spread of pathology from UMN to LMN, and other studies favouring
retrograde propagation from LMN to UMN, independent propagation of pathology in spinal
cord and motor cortex, or a mixture of these events (Ravits and La Spada, 2009). The
relative involvement of UMN versus LMN also may be different in different ALS forms.
For instance, familial ALS caused by SOD1 mutations (ALS1, see below) is clinically
known to be a LMN onset disorder (Andersen and Al-Chalabi, 2011). Accordingly, analysis
of transgenic SODI1-ALS mice show that pathological changes occur first in LMN and
subsequently in other populations of neurons favouring a retrograde model of disease
propagation from LMN to premotor neurons (See chapter 2). Another finding from SOD1-
ALS mice is that not all LMN are equally vulnerable: Thus the largest motor neurons
innervating fast fatigable (FF) muscle fibres, are those that degenerate first, followed by
smaller LMN that innervate fast fatigue-resistant (FR) fibres (Saxena et al., 2009). Instead,
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Chapter 1

smaller motor neurons that innervate slow (S) fibers are relatively spared. Data from
SODI1-ALS mice also show that FR and S motor neurons display a considerable ability to
reinnervate denervated muscle fibers and to compensate the initial loss of FF motor neurons
(Williams et al., 2009).

ALS patients usually do not show sensory or cognitive deficits although pathological
changes also may occur in non-motor areas (Geser et al., 2011). Indeed, subsets of patients
develop signs of frontotemporal dementia (FTD). Furthermore, pathological and genetic
evidence show a mechanistic relationship between ALS subtypes and FTD subtypes. In
particular, abnormal expansion of a hexanucleotide repeat (GGGGCC) in the gene
CI90RF72 has been recently shown to be the most common genetic cause of both ALS and
FTD (DelJesus-Hernandez et al., 2011; Renton et al., 2011). In addition, TDP-43 inclusions
are a dominant hallmark of most ALS and FTD patients (see below).

Currently, there are no effective treatment options for ALS. Riluzole, a drug with
heterogeneous pharmacological properties that may inhibit neurotransmitter release, has
been shown to lengthen survival by approximately 2 - 3 months, and may extend the time
before a patient needs ventilation support (Miller et al., 2012). Other treatments are
designed to relieve symptoms and improve the quality of life of patients, e.g. to ease muscle
cramps and control spasticity (baclofen and diazepam), or reduce excess saliva and phlegm
(trihexyphenidyl or amitriptyline).

1.2 Multiple causes of ALS

The incidence of ALS is between 0.6 and 2.4 per 100.000 per year, with a greater
incidence among Caucasian compared to other ethnicities (Cronin et al., 2007). The disease
generally affects adults over 40 years of age, peaking at 74 years. Men are affected slightly
more than women (ratio 1.3). The mean survival time after disease onset is 32.6 months,
ranging from 26.3 to 43.0 months (Worms, 2001; Cronin et al., 2007). Age of onset, region
of onset and disease duration can vary between patients, even within one family (Ravits and
La Spada, 2009).
Most ALS patients develop sporadic disease (sALS), i.e. without clear Mendelian
inheritance, but in 10% the disease is familial (fALS), usually with autosomal-dominant
inheritance (Andersen and Al-Chalabi, 2011). In 1993 the first genetic mutation for ALS
was found in the gene encoding Cu/Zn superoxide dismutase 1 (SODI) (Rosen et al.,
1993). This is an ubiquitous expressed protein that catalyses the detoxification of
superoxide radicals to oxygen and hydrogen peroxide.
Approximately 2.5-6 % of the ALS patients are affected by a mutation in the SOD1 gene.
Little about the disease pathogenesis is understood, although many mouse models
expressing mutant SOD1 have been developed to uncover some of the pathological
mechanisms leading to motor neuron cell death.
Since the first discovery over 150 different mutations in the SOD1 gene have been
discovered, mostly causing a single amino acid replacement, resulting in a missense
phenotype. The SODI1 knock out mouse model does not develop motor neuron (MN)
disease (Reaume et al., 1996), indicating that the disease is not caused by a loss of function
mutation. It has been proposed that a gain of function would cause neuron toxicity, yet
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General Introduction

there is no correlation between the pathology and the dismutase activity of the mutant
SODI1 protein (Tiwari and Hayward, 2005; Turner and Talbot, 2008; Andersen and Al-
Chalabi, 2011).

Different SOD1 mutations lead to different disease phenotypes. For example, the A4V
mutation results in an aggressive neurodegenerative disease whereas the D90A mutation
results in a slowly progressive low penetrant disease. Both in patients and in animal
models, ubiquitinated aggregates of mutant SOD1 have been observed. Furthermore, mice
overexpressing various forms of mutant SOD1 develop an ALS like phenotype resembling
the human disease (Turner and Talbot, 2008).

Table 1.1 Major mutations causing ALS
Gene inheritence (%) (%) gene function known references
fALS SALS mutations
ALS/ C9 AD 39 7,6 unknown expanded 1,2
FTD ORF72 ALS/FTD GGGGCC-
repeat
ALS SOD1 AD adult 20 2- conversion of >150 3
1 typical ALS superoxide radicals
ALS TDP43 | AD/AR 5 1 DNA/RNA splicing | >40 4
10 ALS/FTD etc
ALS FUS/ AD/AR 4 1,5 DNA/RNA binding | >30 5,6
6 TLS typical ALS and transport,
TDP43 homology

AD= Autosomal Dominant, AR=Autosomal Recessive. Reviewed by: (Andersen and Al-Chalabi, 2011; Ferraiuolo
etal., 2011)

References: 1) DeJesus-Hernandez et al., 2011; 2) Renton et al., 2011; 3) Rosen et al., 1993; 4) Neumann et al.,
2006; 5) Kwiatkowski et al., 2009; 6) Vance et al., 2009

Following SOD1, several other genes implicated in ALS were discovered (Table 1.1, 1,2
and 1.3). A milestone in ALS research was the discovery of Tar DNA-binding protein 43
(TDP-43) in inclusions of sSALS and fALS patients (Neumann et al., 2006; Cohen et al.,
2011). TDP43 is a protein localized in the nucleus, having an important role in RNA
regulation. When pathological, it translocates to the cytoplasm where it forms
ubiquitinated, hyperphosporylated aggregates of abnormally cleaved protein. In ALS
patients, TDP-43 is deprived from the nucleus, suggesting a loss of function phenotype
(Arai et al.,, 2006; Neumann et al., 2006). TDP43 aggregates were also detected in
Alzheimer’s disease, Lewy Body dementia, and Huntington’s disease (table 1.4) (Baloh,
2011; van Blitterswijk et al., 2012). Some fALS families have TDP-43 mutations, which
are all located at the c-terminal prion related domain (Wegorzewska and Baloh, 2011).
Transgenic TDP-43 overexpression (wildtype or mutant) is toxic to mouse models in a dose
dependent manner, resulting in neurological abnormalities, and limited neuronal loss,
mostly in cortical layer V neurons and spinal MN. However, the characteristic cytoplasmic
TDP-43 inclusions are only rare in these mice (Joyce et al., 2011; Wegorzewska and Baloh,
2011), questioning the viability of these models as ALS disease models.

The Fused in Sarcoma/Translated in Lipoma (FUS/TLS) gene was found while screening
for TDP-43 related genes (Kwiatkowski et al., 2009; Vance et al., 2009). Mutations in
FUS/TLS are linked to other neurodegenerative diseases like FTD (table 1.1) (Andersen
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and Al-Chalabi, 2011). Patient pathology is characterized by cytoplasmic ubiqutinated
FUS/TLS inclusions. Overexpressing mutant FUS in rats results in a neurodegenerative
phenotype characterized by ubiquitinated FUS positive aggregates (Huang et al., 2011),
recapitulating some features of patients with ALS and FTD.

A recent major finding was the GGGGCC repeat expansion between intron 1 and 2 in the
chromosome 9 open reading frame 72 (CO9ORF72) gene, that was recently linked to ALS
(DeJesus-Hernandez et al., 2011; Renton et al., 2011). It was found to cause up to 39% of
fALS and 7.6% of sALS (Smith et al., 2012). Also this repeat is highly associated with
FTD, and it is particularly found in patients with an ALS/FTD phenotype.

Other mutations are rare and result in non-classical ALS (Table 1.2 and 1.3). In 2002, a
mutation is the Alsin gene was found (Yang et al., 2001). This protein is a guanine-
nucleotide exchange factor for GTPases, involved in endosome trafficking.

Some mutations are involved in RNA processing: For example Angiogenin (Greenway et
al., 2004), and senataxin (Chen et al., 2004), both associated with juvenile ALS. Others
have a role in cellular trafficking. A mutation in the P150¢"** subunit of the dynein/dynactin
complex, mediating minus end-directed transport (Miinch et al., 2004), is also associated
with LMN disease (Puls et al., 2003). Moreover, mutations in Vesicle-associated membrane
protein (VAMP) — associated protein B (VAPB), an ER protein involved in membrane
trafficking, are linked to ALS (Nishimura et al., 2004).

More recently, other mutations in small groups of patients were found to have a link with
ALS pathogenesis (table 1.2 and 1.3). Mutations in Optineurin, a protein important in Golgi
maintenance and membrane trafficking (Maruyama et al., 2010) and Polyphosphoinositide
phosphatase 4 (FIG 4) mutations, a phosphoinositide 5-phosphatase, regulating P1(3,5)P2, a
protein regulating trafficking of endosomal vesicles to the trans Golgi. Patients with
mutations in this gene mostly develop corticospinal tract pathology and bulbar onset ALS
(Chow et al., 2009).

Very recent a mutation in Profilin 1 was found. This gene is important in the conversion
from (monomeric) G-actin to (filamentous) F-actin. Mutant Profilin 1 alters actin dynamics
and inhibits axonal outhgrowth (Wu et al., 2012).

Another set of gene mutations are found in proteins involved in protein degradation
pathways: ubiquilin 2, an ubiquitin like protein regulation protein degradation (Deng et al.,
2011) and Valosin-containing protein (VCP), an AAA+-ATPase, extracting ubiquitin
dependent substrates to the proteasome (Johnson et al., 2010).

An expanded repeat in the Ataxin 2 gene, a RNA helicase gene, is linked to ALS.
Previously Ataxin 2 mutations were linked to spinocerebellar ataxia type 2 (SCA2), a
disease characterized by cerebellar ataxia and slow saccades of the eye (Imbert et al., 1996;
Pulst et al., 1996; Sanpei et al., 1996). More than 34 CAG repeats in this gene are linked to
SCA2, whereas 24 and 34 repeats are linked to ALS. Normal repeat length is 22 or 23
repeats (Elden et al., 2010).

1.3 Inclusions and protein aggregation in ALS
ALS and other neurodegenerative diseases are characterized by insoluble
aggregates of misfolded proteins. Examples are Alpha-synuclein deposits in Parkinson’s
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disease (Spillantini et al., 1997; Saiki et al., 2012), Beta-amyloid plaques in Alzheimer’s
disease (Anand et al., 2012; Goate and Hardy, 2012) and tau deposits in tauopathies such as
Pick's disease, progressive supranuclear palsy, corticobasal degeneration, and Alzheimer’s
disease (Ittner et al., 2011).

Aggregates are observed in various shapes. Most of them can be double-labelled with
ubiquitin, targeting misfolded proteins for degradation, or the ubiquitin-binding protein
P62, which plays an important role in the proteasomal and/or autophagic clearance of
misfolded and aggregation-prone proteins. Immunoreactivity for P62, however, not only
characterizes pathological proteinaceous inclusions.

Table 1.2: ALS genes and risk factors
gene inheritence (%) (%) gene function known references
fALS SALS mutations
ALS |? AD
3
ALS 7 |? AD
ALS | VAPB AD <l / ER membrane protein | P56S and | 1,2
8 heterogenous T261
disease
ALS | Angio- AD typical ALS | <1 / angiogenic factor >15 3
9 genin
ALS | VCP AD typical ALS | 1-2 <l ER associated 5 4
14 degragdation
ALS | Ataxin2 |AD typical ALS |<I <1 interaction with stress | Expanded |5
13 granule components CAG
repeat
ALS |FIG4 AD typical ALS |2 <1 phosphoinositide 5- 10 6
11 phosphatase
ALS | Spatac- | AR juvenile Unknowm 12 7
5 sin slowly
progressive

AD= Autosomal Dominant, AR=Autosomal Recessive. Reviewed by: (Andersen and Al-Chalabi, 2011; Ferraiuolo
etal., 2011)

References: 1) Nishimura et al., 2004; 2) Chen et al., 2010; 3) Greenway et al., 2004; 4) Johnson et al., 2010; 5)
Elden et al., 2010; 6) Chow et al., 2009; 7) Orlacchio et al., 2010

Because mutations in SOD1 were first discovered, most research was done on this gene.
Both post-mortem patient material and mutant SOD1 overexpressing mouse models show
similar neuronal pathology (Turner and Talbot, 2008). Examples of inclusions found in
ALS are: ubiquitinated, skein like aggregates, which are composed of loosly arranged
filamentous material (figure 1.1A) and eosinophilic ubiquitin-negative bunina bodies
(figure 1.1C), which are small eosinophilic inclusions, that are found in the cytoplasm of
MN (Okamoto et al., 2008). And another form of inclusions seen in ALS are small round
inclusion bodies or hyaline Lewy body like aggregates (figure 1.1B), consisting of large,
round inclusions (Kato et al., 2001). Axonal spheroids are detected in the axon, consisting
of accumulation of neurofilaments (King et al., 2011). Recently SOD1 positive aggregates
were detected in SALS cases as well (Guareschi et al., 2012).
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In other genetic forms of ALS similar pathological features have been described (table 1.5).
However, there are subtle differences. In chapter 2 and chapter 3 we show that pathology
usually starts in MNs and subsequently spreads to interneurons and glia. Different cell
types develop different inclusions. Table 1.4 shows how one protein mutation can lead to
different pathology in various diseases. Table 1.5 shows that beside neurons, also glial cells
are often affected in ALS.

Astrogliosis and mutant SOD1 aggregates in astrocytes are found in late disease stages in
mutant SOD1-ALS mice (chapter 3). However, their effect on disease progression is
poorly understood.

How these aggregates affect the cell is not completely known. The cell can utilize various
mechanisms against protein misfolding. One mechanism is ER stress. This process aims to
properly fold the proteins and otherwise target the misfolded proteins for degradation by the
ubiquitin proteasome pathways. Aggregates can overload the proteasome, which leads to
inhibition of the proteasome and MN pathology, leading eventually to apoptosis (Urushitani
et al., 2002; Kabashi et al., 2012).

Table 1.3: atypical ALS forms
gene inheritence (%) (%) gene function known references
FALS SALS mutations

ALS | ALSIN AR juvenile, <l / GEF for Rab5 and 19 1
2 slowly Racl

progressive

UMN
ALS |Optineurin | AD/AR relative | 1-2 <0,5 membrane 5 2
12 slowly trafficking/golgi

progressive maintenance
ALS | Senataxin AD juvenile, <1 / DNA/RNA metabolism | 9 3
4 slowly

progressive
ALS | DCTN1 AD <l / dynein/dynactin 3 4

heterogenous subunit

disease
ALS | Profillin 1 | AD limb-onset | ? ? Conversion of G-actin |4 5

ALS to F-actin
ALS | Ubiquilin | x-linked typical | <1 / protein degradation >5 6

juvenile and

adult ALS

AD= Autosomal Dominant, AR=Autosomal Recessive. Reviewed by: (Andersen and Al-Chalabi, 2011; Ferraiuolo
et al., 2011)

References: 1) Yang et al., 2001; 2) Maruyama et al., 2010; 3) Chen et al., 2004, 4) Miinch et al., 2004; 5) Wu et
al., 2012; 6) Deng et al., 2011

Furthermore, the MN phenotype in SODI1-ALS-mouse models is correlated with the
amount of mutant SOD1 aggregates (Turner and Talbot, 2008). Similar, in Alzheimer’s
disease a correlation between the amount of Amyloid B plaques and cognitive decline has
been observed (Nelson et al., 2012), indicating that these aggregates are indeed a
pathological feature of neurodegenerative disease.
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In our mutant VAPB mice (chapter 6) it appears that the aggregates are of a different kind.
These aggregates seem to be contained in an ER compartment, shielding the mutant VAPB
from the rest of the cell (chapter 6). This is also true for other aggregate prone proteins.
Miller and colleagues show that the amount of mutant Huntingtin inclusions, the causative
gene of Huntington’s disease, is related to the longer survival of cells, by reducing
concentration of free mutant Huntingtin in the cytosol (Arrasate et al., 2004; Vukosavic et

al., 1999; Nelson et al., 2012)

Table 1.4: TDP-43 pathology in
neurodegenerative disease
disease aggregate type references
ALS skein like, round and lewy-body like ubiquitin positive inclusions 1,2,3
Frontotemporal ubiquitin positive, tau negative. Pick bodies, lentiform, round and 1,2
dementia intranuclear inclusions
Alzheimer’s cytoplasmic neurofibrillary tangles, lewy bodies, tau positive 4,5,6,7
disease cytoplasmic inclusions
Corticobasal thread or coil like structures 7,8
Dementia
Lewy-body cytosolic inclusions lewy bodies , a-synuclein positive 4,5,6
dementia
Huntington’s cytosolic inclusions. 9
disease
Progressive rounded inclusions and irregular shaped cytoplasmic inclusions 8
supranuclear palsy
Parkinson’s cytoplasmic neurofibrillary tangles, lewy bodies. 7
disease

References: 1) Arai et al., 2006; 2) Neumann et al., 2007; 3) Geser et al., 2008; 4) Amador-Ortiz et al., 2007; 5)
Higashi et al., 2007; 6) Nakashima-Yasuda et al., 2007; 7) Uryu et al., 2008; 8) Yokota et al., 2010; 9) Schwab et
al., 2008

1.4 Disrupted organelles in ALS

MN are very large neurons, with their axons reaching up to one meter in length.
Therefore, active intracellular transport is very important. Looking closely at the disease
models, we observe that the large neurons are the first affected, e.g. the fast fatigable
neurons (Saxena et al., 2009).
Intracellular transport is a strictly regulated process. Microtubules in the axon are highly
organized with their plus-tip towards the synapse and the minus end back towards the cell
body. Anterograde axonal transport towards the plus tip of the microtubule, is regulated by
a family of proteins called kinesins. Retrograde axonal transport, i.e. transport towards the
minus end of the microtubule, is regulated by dynein motors in the dynein/dynactin
complex. In neurodegenerative diseases a slowing of cellular transport has been described,
either direct via a p150#""* mutation (Miinch et al., 2004), a subunit of the dynein/dynactin
complex, or via other, unknown mechanisms. The slowing of intracellular transport is
extensively described in SOD1 mouse models (De Vos et al., 2008).
In ALS the axonal transport is slowed, both in the anterograde and the retrograde direction.
How this leads to MN disease is not entirely clear. Inhibiting retrograde transport using
transgenic mice expressing the P150¢"*" mutation G59S can induce MN disease (Puls et al.,
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2003; Miinch et al., 2004; Lai et al., 2007). Also mice with a targeted disruption of the
retrograde transport develop MN disease (LaMonte et al., 2002; Hafezparast et al., 2003).
However, as shown in chapter 4, transgenic animals with diminished retrograde trafficking
do not necessarily develop MN cell death (Teuling et al., 2008). Furthermore, crossing a
mouse model with a SOD1 mutation with a mouse model with impaired trafficking, results
in a longer survival of the double transgenic animals (Kieran et al., 2005; Teuling et al.,
2008).

Figure 1.1; different types of inclusion bodies in ALS.
(A) A skein like inclusion (arrow). (B) Lewy body like inclusion (arrow) Also note the eccentric nuclei (C) Bunina
bodies (arrow).

Cellular organelles are affected by neurodegenerative disease. For example, the Golgi
apparatus (GA), that sorts and targets proteins from the endoplasmic reticulum (ER) to the
cytosol and cell surface, will become fragmented. Proteins move through the GA from the
cis-golgi site to the trans-golgi. During their transport through the GA, proteins are
glycosylated, which probably has regulatory, folding, transport and sorting purposes. The
shape of the GA depends on microtubules, microtubule depolymerization results in Golgi
fragmentation (GF) (Burkhardt et al., 1997). Fragmentation of the GA, i.e. the
transformation from a network of linear profiles to dispersed smaller elements, is a major
feature in motor neurons of ALS patients and SOD1-ALS mice (Mourelatos et al., 1990,
1994, 1996; Gonatas et al., 1992; Stieber et al., 2000). GF is also correlated with TDP-43
aggregation and redistribution from the nucleus to cytoplasm (Fujita et al., 2008). To
understand this phenotype we tried to link GF to other pathological features of the mutant
SOD1 mouse model in chapter 5. We found that cells with GF are able to transport the
beta subunit of cholera toxin, retrograde to the cell soma. Furthermore we observed
increased GF when retrograde transport is inhibited.

Another organelle affected in ALS is the ER. Which is responsible for the proper folding of
proteins. Protein misfolding induces ER stress, the unfolded protein response. The aim of
this process is to suppress further protein translation and induce ER chaperones to assist in
protein folding. If this fails, it results in apoptosis. ER associated degradation (ERAD) is a
process where the misfolded proteins are targeted and transported to the cytosol towards the
proteasome for degradation (Kanekura et al., 2009). It is shown that mutant SODI1 can
induce ER stress in the area of MN degeneration (Kikuchi et al., 2006). The ER membrane
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protein VAPB was first linked to ALS in a Brazilian family (Nishimura et al., 2004). VAPB
is a member of the VAP proteins (VAMP associated proteins) (Skehel et al., 1995),
consisting of VAPA, VAPB and VAPC (Nishimura et al., 1999). VAPB is 60%
homologous to VAPA. VAPC is a splice variant of VAPB, lacking the TMD and the coiled
coil. VAPB is believed to function in binding two phenylalanines in an acidic tract (FFAT-
motif) (Loewen and Levine, 2005), neurotransmitter release (Skehel et al., 1995),
neuromuscular junction formation (Pennetta et al., 2002), and ER stress pathways
(Kanekura et al., 2006).

Table 1.5: aggregate morphology in ALS
protein Aggregates primary Ubi- Glia remarks references
constituent | quitin
SOD1 skeins, bunina SOD1 + + UMN <LMN 1,2,3,4
bodies, hyaline lewy
body like, axonal
spheroids
TDP43 cytoplasmic skeins, TDP-43 + + linked with FTD and sporadic |5, 6,7
dense round curved | ALS
inclusions. Rarely or
intranuclear bullit
inclusions shaped
C90RF72 | granular, filamentous | TDP-43 + + linked with FTD/ALS and 8,9, 10, 11
or compact Lewy- sporadic ALS
body like
FUS/TLS | basophilic inclusion |FUS/TLS |+ + Juvenile diseae onset: round 12
bodies in the cytosol FUS inclusions. Adult onset
disease: tangles and
oligendendrocyte inclusions
VAPB insoluble round VAPB? + ? heterogenoous disease 13, 14
inclusions
sporadic bunina bodies, lewy- | TDP-43, + + 15,16, 17
ALS no hyaline and skein optineurin
known like inclusions
causative
gene
VCP bunina bodies TDP-43 + ? heterogenous disease 18
Optineurin | round, skein like and | TDP-43 + + 15
lewy body like
inclusions
FIG4 cytoplasmic LC3-1II, i i cognitive defects 19, 20
inclusions p62,
LAMP-2
Ataxin 2 skeins, filamentous TDP-43 + ? 21
inclusions
Ubiquilin | compact skein like TDP-3, + ? 22,23,24
inclusions p62, FUS,
optineurin
Senataxin | axonal speroids SMI-32 + ? young onset, slowly 25
progressive
table continues on next page
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Table 1.5: aggregate morphology in ALS; continued
protein Aggregates primary Ubi- Glia Remarks references
constituent | quitin
ALSIN ? ? ? ? UMN>LMN young onset, 26
slowly progressive
spatacsin round hyaline ? ? ? 27
inclusion
Angio- skein like inclusions | cytoplasm: |+ + 28
genin in the cytoplasm and | TDP-43,
nucleus nuclear:
angiogenin

Review by (Andersen and Al-Chalabi, 2011)

References: 1) Leigh et al., 1991; 2) Okamoto et al., 1993; 3) Okamoto et al., 2008; 4) Kato et al., 1997; 5) Arai et
al., 2006; 6) Neumann et al., 2007; 7) Geser et al., 2011; 8) Al-Sarraj et al., 2011; 9) Bigio et al., 2012; 10)
Brettschneider et al., 2012; 11) Hsiung et al., 2012; 12) Mackenzie et al., 2011; 13) Nishihira et al., 2008;14)
Chen et al., 2010; 15) Hortobdgyi et al., 2011; 16) Sasaki, 2011; 17) Stewart et al., 2012; 18) Johnson et al.,
2010; 19) Chen et al., 2004; 20) Ferguson et al., 2009; 21) Hart et al., 2012; 22) Deng et al., 2011; 23)
Brettschneider et al., 2012; 24) Williams et al., 2012; 25) (Rabin et al., 1999; 26) Yang et al., 2001; 27) Orlacchio
etal, 2010; 28) Seilhean et al., 2009

Mutant VAPB aggregates are present in disorganized stretches of ER in vitro and in animal
models. Their pathological role is not yet determined. In chapter 6 we describe the actions
of mutant VAPB in MN of transgenic mice overexpressing mutant VAPB specifically in
neurons. The mutant VAPB overexpressing mice developed characteristic ER aggregates
that include endogenous VAPB in a dominant-negative manner (Teuling et al., 2007).
However a minority of mice developed signs of muscle weakness: in their MN we observed
that the ER aggregates disappeared. Further testing using ERAD markers led us to belief
the mutant VAPB aggregates are a protective cluster of ER.
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Spinal interneurons in ALS

Abstract

Motor neuron degeneration and skeletal muscle denervation are hallmarks of amyotrophic
lateral sclerosis (ALS), but other neuron populations and glial cells are also involved in
ALS pathogenesis. We examined changes in inhibitory interneurons in spinal cords of the
ALS model low-copy Gurney G93A-SOD1 (Gldel) mice and found reduced expression of
markers of glycinergic and GABAergic neurons, that is, glycine transporter 2 (GlyT2) and
glutamic acid decarboxylase (GAD65/67), specifically in the ventral horns of clinically
affected mice. There was also loss of GIyT2 and GAD67 messenger RNA-labeled neurons
in the intermediate zone. Ubiquitinated inclusions appeared in interneurons before 20
weeks of age, that is, after their development in motor neurons but before the onset of
clinical igns and major motor neuron degeneration, which starts from 25 weeks of age.
Because mutant superoxide dismutase 1 (SODI1) in glia might contribute to the
pathogenesis, we also examined neuron-specific G93A-SOD1 mice; they also had loss of
inhibitory interneuron markers in ventral horns and ubiquitinated interneuron inclusions.
These data suggest that, in mutant SOD1-associated ALS, pathological changes may spread
from motor neurons to interneuronsin a relatively early phase of the disease, independent of
the presence of mutant SODI in glia. The degeneration of spinal inhibitory interneurons
may in turn facilitate degeneration of motor neurons and contribute to disease progression.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease, characterized
by late-onset progressive degeneration of motor neurons resulting in paralysis of limb,
facial, and respiratory muscles and usually leading to death within 5 years after diagnosis.
In most patients, the disease is sporadic, whereas approximately 10% of cases have a
monogenetic inherited form (1). Mutations associated with ALS have been identified in the
gene for superoxide dismutase 1 (SODI1) (2) and, more recently, in genes encoding the
DNA/RNA binding proteins, TAR-DNA-binding protein-43 (TDP-43) and FUS/TLS (1, 3).
In addition, mutations in optineurin, VAPB, angiogenin, DCTNI1, FIG4, senataxin, and
alsin are associated with some ALS cases and ALS-like disorders (1, 4). Nuclear-to-
cytoplasmic redistribution, aberrant processing and aggregation of TDP-43 are prominent
pathological features in most ALS patients, independent of the presence of TDP-43
mutations (3, 5, 6). SODIl-associated ALS (SODI1-ALS) and FUS/TLS-ALS patients
instead develop aggregates of SOD1 (2, 7, 8) and FUS/TLS (3, 9, 10), respectively. These
and additional data point to an important role for protein aggregation in the pathogenesis of
ALS, but the relationships between protein aggregation, neuronal degeneration, and clinical
manifestations in different types of ALS are poorly understood (3, 7, 8, 11).

Hypotheses on ALS pathogenesis usually focus on toxic mechanisms that primarily affect
motor neurons; their vulnerability has been linked to their large size, long axons, high
metabolic activity, specialized physiological properties, and their dependence on skeletal
muscle- and glia-derived factors (12, 13). Although motor neuron degeneration and skeletal
muscle denervation represent hallmarks of ALS, cell loss and degenerative changes also
occur in other neuron populations throughout the nervous system, particularly in the motor
cortex and in glia (14-21). The involvement of multiple cell types favors disease models in
which abnormalities in non-motor neurons or non-neuronal cells occur concurrently or
sequentially with motor neuron degeneration and raises questions about the relationship
between the degeneration of different cell types. For example, multiple clinicopathological
studies have investigated the relationship between degeneration of spinal motor neurons
and cortical (upper) motor neurons that underlie lower and upper motor neuron
manifestations, respectively. These studies have provided variable results that suggest
independent degeneration of cortical motor neurons and spinal motor neurons, anterograde
propagation of disease from motor cortex to spinal cord, or retrograde progression of
disease from spinal cord to motor cortex (14, 22-26). A linkage between upper and lower
motor signs in initial stages of disease has been suggested, that is, when there are focal
manifestations; this linkage may be lost in later stages of disease as neurodegeneration and
clinical manifestations spread independently in the cortex and spinal cord (27). Taken
together, clinicopathological studies indicate that neurons interconnected or contiguous to
affected regions develop degenerative changes more readily than other cells and point to the
occurrence of disease mechanisms that mediate or facilitate spreading of disease to
neighboring or interconnected neurons (14).

Considerable attention has been devoted to the role of glia in SOD1-ALS (28). For
example, SOD1 aggregates are present in astrocytes in the spinal cords of SOD1-ALS
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patients and transgenic mouse models (29). Other evidence pointing to a role of glial
abnormalities in SOD1-ALS comes from studies with mutant SOD1 transgenic mice that
express no or reduced levels of mutant SOD1 in glia. These mice show slower disease
progression and prolonged survival compared with ubiquitous mutant SOD1-expressing
mice, although disease onset is unaltered (30-33). On the other hand, expression of mutant
SOD1 in neurons determines disease onset and is sufficient to cause an ALS-like disease in
mice, indicating that mutant SOD1 in glia does not contribute to disease initiation but rather
to disease propagation (28, 34). How mutant SODI1 in glia contributes to disease
progression remains to be defined.

The intermediate zone of the spinal cord (Rexed laminae IV-VIII) contains several neuron
types that play important roles in controlling the activities of motor neurons, for example,
in reflexive and patterned movements and the maintenance of muscle tone (35, 36).
Abnormalities in 1 or more populations of interneurons may cause overexcitation or
overinhibition of motor neurons and possibly causing them excitotoxic stress (37). There
are reports of loss of intermediate zone interneurons in the spinal cord of ALS patients (17,
38) and mutant-SODI1 transgenic mice (39, 40). Furthermore, abnormalities in inhibitory
interneurons or inhibitory synapses may occur before motor neuron degeneration in mutant-
SODI1 transgenic mice (41-43). We previously showed that spinal interneurons in a low-
copy line of G93A-mutant SOD1 mice (Gldel mice) (44) start to express the stress
transcription factors c-Jun and ATF3 from 20 weeks of age (45, 46). This is several weeks
later than the onset of c-Jun and ATF3 activation in motor neurons (at 14-15 weeks), but
before the onset of motor manifestations, which starts after the age of 25 weeks in these
mice (13, 45). To explore the role of non-motor neuron abnormalities in ALS further, we
studied degeneration of spinal inhibitory interneurons in mutant SOD1-ALS mice.

Materials and Methods

Transgenic Mice

Ubiquitous G93A-SOD1 mice were originally derived from Gurney G1 mice, but
because of a reduction in the transgene copy number (8 instead of ~20 transgene copy
numbers per haploid genome), they show a delayed disease onset and are termed Gldel
mice (34, 44). The Gldel mice were maintained under standard housing conditions in a
FVB/N background by mating hemizygote males with nontransgenic females.
Nontransgenic offspring served as controls (34). Neuron-specific G93A-hSOD1 mice
carrying the complementary DNA (cDNA) of G93A-mutant hSODI1 cloned into the Thyl.2
expression cassette were generated as described (34). Data from this study were obtained
from homozygotes of the T3 line (T3T3 mice) generated by intercrossing T3 hemizygotes
and from T3hSOD1 double transgenic mice generated by crossing T3 mice with line N29
wild-type hSOD1-overexpressing mice (34). Onset of clinical disease was determined on
the basis of weight, the ability to extend the hind limbs, and the ability to hang upside down
on a grid for 1 minute (34). Mice reached end-stage disease when they could not right
themselves within 5 seconds when placed on their back, when they lost more than 30% of
their maximal weight, or when they developed infection of 1 eye. End-stage mice also were
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unable to hang in the hanging grid test, which predominantly depends on performance of
forelimb muscles.

GlyT2-GFP transgenic mice bred in the C57BL6/J background (47) were obtained from Dr
Hanns Ulrich Zeilhofer (Institute of Pharmacology Toxicology, University of Zurich). All
animal experiments were approved by the Erasmus University animal care committee and
performed in accordance with the guidelines of the Principles of Laboratory Animal Care
(National Institutes of Health Publication No. 86-23) and the European Community Council
Directive (86/609/EEC).

Immunohistochemistry

Mice were anesthetized with pentobarbital and perfused transcardially with 4%
paraformaldehyde. The lumbar and cervical spinal cord were carefully dissected, embedded
in gelatin blocks, and sectioned at 40 um with a freezing microtome, as described (48).
Free-floating sections were processed for immunohistochemistry using a standard avidin-
biotin-immunoperoxidase complex method (ABC; Vector Laboratories, Burlingame, CA)
with diaminobenzidine (0.05%) as the chromogen (48). Guinea pig anti-glycine transporter
2 (GlyT2; Millipore, Billerica, MA; 1:10000) and rabbit anti-glutamic acid decarboxylase
(GAD65/67; Millipore; 1:4000) were used as primary antibodies to label glycinergic and
GABAergic nerve terminals, respectively. Other primary antibodies were rabbit anti-ATF3
(Santa Cruz Biotechnology, Santa Cruz, CA; 1:1000), rabbit anticalbindin (Swant, Marly,
Switzerland; 1:10000), goat anti-choline acetyl transferase (ChAT; Millipore; 1:500), rat
anti-Mac2 (Cedarlane, Burlington, Ontario, Canada; 1:2000), rabbit anti-phospho-c-Jun
(Ser63; Cell Signaling, Beverly, MA; 1:1000), mouse antiparvalbumin (Swant; 1:10000),
mouse antiubiquitin (clone FK2; Affinity BioReagents, Golden, CO; 1:2000), and rabbit
antiubiquitin (Dako, Glostrup, Denmark; 1:2000). Immunoperoxidase-stained sections were
analyzed and photographed using a Leica DM-RB microscope and a Leica DC300 digital
camera.
To examine the relative intensity of glycine transporter 2 (GlyT2) and GADG65/67
immunoperoxidase staining, lumbar L3-L5 sections were photographed using a 5x
objective, and optical densities were determined from TIFF files using MetaMorph image
analysis software (Molecular Devices, Sunnyvale, CA). Optical densities were determined
in rectangular areas of 200 x 250 um and 100 x 400 um for the ventral and dorsal horns,
respectively. To minimize variability resulting from the sectioning and staining procedures,
these analyses were performed with spinal cord specimens embedded in a single gelatin
block and processed in the same run. Gelatin blocks typically contained 12 cervical C5-C8
or lumbar L3-L5 specimens from Gldel mice of 3 different ages or disease stages (e.g. 20
weeks, 30 weeks, end-stage disease, n = 3 per group) and nontransgenic littermates aged 20
to 30 weeks (n = 3). Other blocks contained specimens from 40-week-old T3T3 mice (n =
3), symptomatic (70-100 weeks old, n = 3), and 2-year-old nontransgenic or T3 hemizygote
littermates (34).
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Figure 2.1. Loss of glycine transporter 2 (GlyT2) and glutamic acid decarboxylase (GAD65/67)
immunoreactivity in the ventral horn of spinal cord of symptomatic G1del mice.
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Figure 2.1. Loss of glycine transporter 2 (GlyT2) and glutamic acid decarboxylase (GAD65/67)
immunoreactivity in the ventral horn of spinal cord of symptomatic Gldel mice. (A-D)
Immunohistochemistry of GIyT2 in L4 spinal cord of nontransgenic mice (A, A', A") and Gldel mice aged 10 (B),
20 (C), or 30 (D, D', D") weeks. There is prominent loss of immunoreactivity in the ventral horn (VH), a mild
change in the intermediate zone (IZ), and no change in immunoreactivity in the dorsal horn (DH) of the 30-week-
old Gldel mouse spinal cord. (E-G) GAD65/67 in C7 spinal cord of a nontransgenic mouse (E, E'), 20-week-old
(B), and end-stage (G, G') Gldel mice. There is loss of immunoreactivity in the ventral horn of the end-stage
G1del mouse spinal cord. (H,I) Bar graphs of optical densities of GIyT2 (H) and GAD65/67 (I) immunostaining in
ventral and dorsal horn. Values represent mean + SE (n = 3 per bar with 4 sections analyzed per mouse). Data
were obtained from sections incubated in a single gelatin block and processed in a single immunostaining
procedure. *, p < 0.05; **, p < 0.01; 1-way analysis of variance with the Tukey multiple comparison test. Scale bar
=200 um (A).

In Situ Hybridization

In situ hybridization (ISH) was performed on free-floating 4% paraformaldehyde-
fixed 30-um-thick frozen sections using digoxigenin-labeled RNA probes, as described
(49). Sense and antisense probes were transcribed from linearized plasmid constructs
containing the partial GlyT2 or GAD67 cDNA sequences using a digoxigenin labeling kit
(Roche, Indianapolis, IN). Sections were incubated overnight at 65°C with the probes
diluted at 200 ng/mL. After hybridization, the digoxigenin-labeled RNA-RNA complex
was detected by using alkaline phosphatase-conjugated sheep-antidigoxigenin (Roche;
diluted 1:4000, incubated 48 hours at 4°C), with 5-bromo-4-chloro-3-indolyl phosphate and
nitro-blue tetrazolium as substrate and chromogen, respectively.
Alkaline phosphatase-stained sections were analyzed and photographed using a Leica DM-
RB microscope and a Leica DC300 digital camera. For quantitative analysis of the number
of GlyT2 and GAD67 messenger RNA (mRNA)-labeled cells, lumbar L3-L5 sections were
examined with an Olympus microscope fitted with a Lucivid miniature monitor coupled to
Stereolnvestigator software (version 4.37; MicroBrightField, Colchester, VT). The sections
were systematically sampled across the spinal cord (each 10th section). The counting fields,
350 um apart, were 0.0225 mm?2; cells in contact with the left and lower boundaries of the
counting fields were excluded. The area of the gray matter multiplied by the number of
cells per squared millimeter gave the number of cells per section. Sections used for this
analysis were produced in a single staining run to avoid variability in staining intensities
and numbers of labeled cells resulting from differences in staining conditions between runs.
To combine GlyT2 or GAD67 ISH with immunofluorescence, hybridized digoxigenin
complementary RNA was visualized using a tyramide amplification method with
fluorescein isothiocyanate-labeled tyramide (50). After hybridization, sections were
incubated with biotinylated-sheep antidigoxigenin antibody (Roche) (1:500; 48 hours at
4°C in phosphate-buffered saline [PBS], 2% milk powder, and 0.5% Triton X-100),
followed by incubation with avidin-biotin-peroxidase complex (Vector Laboratories) and
subsequently reacted with fluorescein isothiocyanate-tyramide conjugate (4 ug/mL) in the
presence of H202 (0.001%) in PBS containing 0.1 mol/L imidazole, pH 7.6 (51).
Thereafter, the sections were washed in PBS and processed for immunofluorescence with
rabbit anti-ATF3 and rabbit antiubiquitin as the primary antibodies and Cy3-labeled
donkey-anti-rabbit (1:200; Jackson ImmunoResearch, Bar Harbor, ME) as the secondary
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antibody. Double-labeled sections were analyzed with a Zeiss LSM 510 confocal laser
scanning microscope using 40x/1.3 and 63x/1.4 oil-immersion objectives.
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Figure 2.2. Loss of glycine transporter 2 (GlyT2) and glutamic acid decarboxylase (GAD65/67) protein and
mRNA levels in the spinal cord of symptomatic G1del mice. (A, B) Representative results (A) and
quantification (B) of Western blot analysis of GlyT2 and GAD65/67 in spinal cord homogenate of nontransgenic
and Gldel mice show reduced GlyT2 and a trend to reduced GAD65/67 signal in end-stage Gldel mice. Values in
bar graph are mean + SEM (n = 3). *, p < 0.05 versus nontransgenic mice and 20-week-old G1del mice. (C, D)
Reverse transcription-PCR analysis of relative GIyT2, GAD67, ChAT, and GoDPH mRNA concentrations in
cDNA samples from nontransgenic and G1del mouse spinal cord homogenates. Values in bar graph are mean +
SEM (n =3). *, p < 0.01 versus nontransgenic mice and 20-week-old G1del mice. One-way analysis of variance,
Tukey multiple comparison test for B and D

Western Blot

Spinal cord specimens were homogenized and sonicated in 20 volumes of PBS
containing 0.5% Nonidet P-40 (NP-40) and protease inhibitors cocktail (Sigma) and
centrifuged at 800 x g for 5 minutes at 4°C, and protein concentrations of the supernatants
(S1) were determined. Samples containing 2 to 10 pug protein were electrophoresed on 8%
or 10% SDS-PAGE gels and blotted on polyvinylidene fluoride membranes (Millipore).
The membranes were blocked with 5% nonfat dry milk in PBS with 0.05% Tween 20,
incubated in primary antibody, diluted in PBS with 0.05% Tween 20 with 1% dry milk
followed by an incubation in peroxidase-conjugated secondary antibody, incubated in
chemiluminescence reagent (Amersham, Piscataway, NJ), and exposed to film or a Kodak
Image station. Primary antibodies used for Western blot included mouse antiactin
(Millipore; 1:4000), guinea pig anti-GlyT2 (Millipore; 1:5000), rabbit anti-GAD65/67

28



Chapter 2

(1:5000), and rabbit antimurine SOD1 (SOD101; Stressgen, Victoria, British Columbia,
Canada; 1:8000).
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Figure 2.3. Decrease of GlyT2 and GAD67 mRNA in situ hybridization in symptomatic G1del mice. (A-G)
Photomicrographs (A-F) and quantitative analysis (G) of GlyT2 (A-C, G) or GAD67 (D-F, G) mRNA in L4 spinal
cord sections showing reduced numbers of stained cells in symptomatic (30 weeks) Gldel mice. Data in G are
mean + SEM (n = 3 mice/bar). *, p < 0.05; *** p < 0.001 versus nontransgenic mice and 20-week-old Gldel
mice. One-way analysis of variance, Tukey multiple comparison test. Scale bars= 100 um (A, D)

Reverse Transcription-Polymerase Chain Reaction

Semiquantitative reverse transcription-polymerase chain reaction (PCR) was
performed as previously described (52). Total RNA was extracted from spinal cord tissue
using TRIzol and treated with DNAse. The RNA (5 ug) was converted into cDNA using
oligo(dT) primer and reverse transcriptase in a total reaction volume of 20 ul. Polymerase
chain reaction was performed with 0.1 puL of the reverse transcriptase reaction mixture in a
reaction volume of 25 pul. Primers used were as follows: ChAT, 5'-
GCGAATCGTTGGTATGACAAGTC-3' (forward) and 5'-
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TTGAAGTTTCTCTGCCGAGGAG-3' (backward); Go6dph, 5'-
TTTGGACCCATCTGGAATCG-3' and 5-CACTTTGACCTTCTCATCACGGAC-3';
GAD67, 5-TACGGGGTTCGCACAGGTC-3' and 5-CCCCAGGCAGCATCCACAT-3
GlyT2, 5-TACCGCTACCCTAACTGGTCCATGG-3' and 5-ATCCACACGAC
TGGACTAGCACTGA; GIyT2A, 5' ACTCTACGGTT CAATCTGTTGTCC-3' and 5'-
GGTCCTAGGTGCACGAGGACTATCCCGG-3'. The number of PCR cycles and quantity
of cDNA were determined to be within the linear range of the reactions. For quantification,
the PCR products were electrophoresed on a 2% agarose gel, stained with ethidium
bromide, and scanned on a Molecular Dynamics Typhoon instrument

Statistical Analysis

Statistical analyses were done using GraphPad Prism software (San Diego, CA).
Means from different age groups and different transgenic mouse lines were compared using
1-way analysis of variance and the Tukey post test.

+ GlyT2mRNA|B + GlyT2mRNA + GADB7TmRNA|D + GAD67mRNA

Figure 2. 4. ATF3 expression and ubiquitinated aggregates in inhibitory spinal interneurons in G1del mice.
(A-D) Double-labeling confocal microscopy of ATF3 immunoreactivity and GIyT2 (A, B) or GAD67 (C, D)
mRNA in situ hybridization in L4 spinal cord intermediate zone of 30-week-old (A, C) and end-stage (B, D)
Gldel mice. Single ATF3-labeled cells are indicated by arrowheads; double-labeled cells are indicated by small
arrows. (E-G) Double labeling of ubiquitin immunoreactivity and GlyT2 (E, F) or GAD67 (G) mRNA showing
ubiquitinated aggregates in GlyT2 (arrows in E, F) and GAD67 (arrow in G) mRNA-positive neurons. The
frequent ubiquitin-immunoreactive structures that are not associated with neuronal somata represent aggregates in
neurites and glia (34, 45).
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Figure 2.5. Early dendritic ubiquitin pathology and microglia activation in the spinal intermediate zone in
G1del mice. (A-C) Choline acetyl transferase (ChAT)-ubiquitin (B) and parvalbumin-ubiquitin (C), double-
labeling confocal immunofluorescence of lumbar spinal cord sections from a 20-week-old Gldel mouse shows
double labeling in ChAT (B)- or parvalbumin (C)-positive dendrites in the ventral horn (B) and intermediate zone
(C), respectively. In C, there is a single-labeled ubiquitinated dendritic profile (arrowhead). Bar graph in A shows
the number (mean + SEM, n = 4 mice) of ubiquitin-positive dendritic profiles in L4 lumbar spinal cord sections of
15- and 20-week-old Gldel mice. (D-H) Triple-labeling confocal immunofluorescence showing activated
microglia cells (Mac2), motor neurons (ChAT), and parvalbumin (Parv)-positive interneurons in lumbar L4 spinal
cord sections of nontransgenic (D, D') and presymptomatic Gldel mice at 15 (E, E'), 20 (F, F'), and 25 (G, G')
weeks of age. There is an age-related increase of activated microglia in ventral horns of Gldel spinal cords and the
appearance of activated microglia in the spinal intermediate zone of a 25-week-old Gldel mouse (arrow in G).
(G", G") High magnifications illustrating Mac2-positive microglia in close apposition of parvalbumin-positive
interneurons and motor neurons, respectively. Scale bars = 25 pm (C), 200 um (D).
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Results

Reduced GlyT2 and GADG65/67 Protein and mRNA Levels in the Spinal Cord of
Symptomatic G1ldel Mice

Gldel (also termed Glslow or low-copy G1) mice ubiquitously express G93A-
mutant SOD1; they develop weakness in 1 or more limbs from age 24 to 30 weeks and die
of fatal paralysis between 32 and 40 weeks of age (48, 53). Early pathological and
molecular changes in motor neurons include swelling and vacuolization of a subset of
mitochondria starting before 3 weeks (53), the appearance of ubiquitinated pathology,
Golgi fragmentation, endoplasmic reticulum stress, and ATF3 activation starting from 13 to
15 weeks (13, 45). These changes precede neuromuscular denervation, loss of motor
neurons, and astrogliosis and microgliosis. Abnormalities in interneurons (ATF3 and
phospho-c-Jun expression) occur after 20 weeks (45). In this study, we examined Gldel
mice at ages 10 to 15 weeks (early presymptomatic), 20 to 25 weeks (late presymptomatic),
and 30 weeks (symptomatic) and mice that had reached disease end stage.
To identify inhibitory interneurons, we used the expression of GIyT2 and GAD as markers
for glycinergic and GABAergic neurons, respectively (49, 54, 55). Immunohistochemistry
showed that GIyT2 was expressed throughout the spinal cord gray matter except for the
most superficial part of the dorsal horn (Figs. 2.1A-D). At high magnification, labeling was
distributed in punctae, consistent with a predominant localization in nerve terminals (Figs.
2.1A-D) and in accord with previous studies (54). The distribution of GIyT2
immunoreactivity in spinal cords of 10- and 20-week-old G1del mice was indistinguishable
from that in nontransgenic mice (Figs. 2.1B, C), whereas in symptomatic and end-stage
Gldel mice, there was a marked reduction of GlyT2 immunoreactivity, particularly in the
ventral horn motor neuronal cell groups (Figs. 2.1D, H). GlyT2 immunoreactivity was not
altered in the dorsal horn (Figs. 2.1D, H). Reduced G/yT2-immunoreactivity in the ventral
horn occurred in both cervical and lumbar cord but, in general, was more prominent in the
latter.
GABAergic interneurons were labeled with an antibody that binds both GAD67, the
predominant GAD isoform in the ventral horn, and GAD65 that is expressed in a more
restricted set of GABAergic interneurons and terminals (55, 56). GAD65/67
immunoreactivity was present throughout the spinal cord gray matter with more prominent
labeling in the dorsal horn compared with that of GIyT2 (Fig. 2.1E). As with GlyT2, no
change in overall staining occurred in spinal cord sections from 10- and 20-week-old G1del
mice (Figs. 2.1F, I). There was reduced GAD65/67 immunoreactivity in the ventral horn of
symptomatic Gldel mice (Figs. 2.1G, I).
Western blot showed reduced GIlyT2 and GADG65/67 immunoreactivity in spinal cord
homogenates of symptomatic and end-stage Gldel mice (Figs. 2.2A, B). In addition, we
performed semiquantitative reverse transcription-PCR analysis to examine changes at the
mRNA level. Consistent with the immunohistochemistry and Western blotting, GlyT2 and
GAD67 mRNA levels in the spinal cord of 20-week-old G1ldel mice were the same as in the
spinal cord of nontransgenic mice, whereas GlyT2 and GAD67 mRNA levels were reduced
in symptomatic and end-stage Gldel mice (Figs. 2.2C, D). In the end-stage disease mice,
GlyT2 and GAD67 mRNA levels were reduced by approximately 50%, which was
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comparable to the loss of ChAT mRNA, which is predominantly produced by motor
neurons.

We studied GIyT2 and GAD67 mRNA expression using ISH. Consistent with previous
reports (49, 54), GlyT2 mRNA-labeled cells were predominantly localized in the deep
dorsal horn and the intermediate zone (Rexed laminae V-VIII), whereas they were detected
at a low frequency in the motor columns in the ventral horn (Rexed laminae IX) (Fig. 2.3A)
and the superficial dorsal horn. Labeled cells were small- to medium-sized (15-25 pm in
diameter) and showed varying labeling intensities. The distribution of GlyT2 mRNA was
the same as in nontransgenic mice in 10- and 20-week-old G1del mice, whereas 30-week-
old symptomatic G1ldel mice showed a reduction of GlyT2 mRNA, which was due to both
reduced numbers of GIlyT2 mRNA-labeled cells and reduced staining intensities in
remaining cells (Figs. 2.3A-C). Quantitative analysis indicated a 50% loss of GlyT2
mRNA-labeled cells in lumbar L3-L5 sections of 30-week-old Gldel mice compared with
controls and 20-week-old Gldel mice (Fig. 2.3G).

GAD67 mRNA labeling was most prominent in dorsal lamina of the spinal cord with a high
density of small intensely stained cells in Rexed laminae II-III (Fig. 2.3D). Labeled cells in
other lamina usually were less intensely detected, whereas a very low number of GAD67
mRNA-positive cells were present in the motor columns. As with GIyT2 mRNA, there was
reduced GAD67 mRNA in 30-week-old and end-stage Gldel mice (Fig. 2.3F). Neurons in
superficial dorsal horn seemed relatively spared. Quantitative analysis indicated 30% to
40% loss of labeled cells in lumbar L3-L5 sections of 30-week-old Gldel mice versus
control and 20-week-old G1del mice (Fig. 2.3G).

ATF3 Expression and Ubiquitinated Aggregates in Inhibitory Spinal Interneurons

To determine whether ATF3 was associated with inhibitory interneurons, we
combined fluorescent ISH of GlyT2 or GAD67 mRNA with ATF3 immunofluorescence.
Double labeling with ATF3 revealed multiple GIly7T2 mRNA/ATF3-and GAD67
mRNA/ATF3 double-labeled neurons in the intermediate zone and deep dorsal horn of 30-
week-old and end-stage G1del mice (Figs. 2.4A-D).
Systematic analysis of lumbar L3-L5 sections of 30-week-old Gldel mice indicated that
27% £ 5% (mean = SE, n = 3 animals, 30-40 ATF3 cells analyzed per mouse) of ATF3-
positive cells were GlyT2 mRNA-positive, whereas 33% + 5% were GAD67 mRNA-
positive. A subset of double-labeled neurons showed eccentric nuclei (Figs. 2.4A, C, D)
(suggesting pathologic alteration), consistent with previous observations (45).
To determine whether spinal inhibitory interneurons also develop ubiquitinated SOD1
aggregates, we double-stained for GlyT2 or GAD67 mRNA and polyubiquitinated epitopes.
Multiple GlyT2 or GAD67 mRNA-stained neurons containing ubiquitin-immunoreactive
structures were identified in the spinal cords of symptomatic Gldel mice (Figs. 2.4E-G).
The mRNA staining did not overlap with that of ubiquitin. In lumbar L3-L5 sections (2
mice, 3 sections per mouse), approximately 50% (14/26) of intermediate zone neurons with
ubiquitin immunopositivity also stained for Gly7T2 mRNA. Similarly, in GAD67
mRNA/ubiquitin-stained sections, approximately 50% (12/27) of ubiquitinated neurons
stained for GAD67 mRNA. These data indicate that G1del mice show loss of spinal
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Figure 2.6. Interneuron abnormalities in T3T3 neuron-specific G93A-SOD1 mice. (A-H)
Immunohistochemistry of ATF3 (A, E, E'), phospho (ser63)-c-Jun (B, F, F'), ubiquitin (C, G, G'), and glycine
transporter 2 (GlyT2) (D, D', H, H') in L4 (A-C, E-G) and C6 (D,H) spinal cord sections of an aged nontransgenic
mouse (A-D) and a symptomatic T3T3 (E-H) mouse. There are ATF3-, phospho (ser63)-c-Jun-, and ubiquitin-
positive interneurons (arrows in E-G) in addition to motor neurons (arrowheads). Symptomatic T3T3 mice also
show loss of GlyT2 immunoreactivity in the ventral horn (VH; compare D' and H') but not the dorsal horn. (I) Bar
graphs of the number (mean + SEM, n = 4 mice) of ATF3-labeled motor neurons and interneurons in T3T3 and
nontransgenic mice. (J) Optical densities of G/yT2 immunostaining in ventral and dorsal horn of C6 cervical spinal
cord sections of nontransgenic, T3, and T3T3 transgenic mice. Values represent means = SE (n = 3 per bar with 4
sections analyzed per mouse). *,p< 0.001 versus 104-week-old nontransgenic and T3 mice and p < 0.05 versus 40-
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week-old T3T3 mice. One-way analysis of variance, Tukey multiple comparison test. sympt indicates
symptomatic. Scale bar =200 pm (A).

inhibitory interneurons, which is preceded by ATF3 expression and the appearance of
ubiquitinated aggregates, 2 key pathological hallmarks that also precede motor neuron loss.

Early Dendritic Ubiquitin Pathology in Inhibitory Interneurons in G1del Spinal Cord
Ubiquitinated aggregates in motor neurons of G1ldel mice occur initially and more
frequently in dendrites than in the cell soma (34, 45). These aggregates are strongly
immunoreactive for human SOD1 and first appear at 13 to 15 weeks and only in the motor
columns (45). Double labeling with ChAT showed that at 15 weeks, essentially all
ubiquitinated dendrites were immunoreactive for ChAT (Figs. 2.5A, B). However, a
proportion of ubiquitinated dendrites was ChAT-negative and also occurred in the
intermediate zone in 20-week-old and older mice (Fig. 2.5A). Thus, ubiquitin pathology
also occurred in dendrites of non-motor neurons in older mice
To determine whether non-motor neuron dendritic ubiquitin pathology also occurs in the
dendrites of inhibitory interneurons, we double stained for ubiquitin and parvalbumin (Figs.
2.5A, C). Parvalbumin, a small calcium binding protein, was used as a substitute marker
instead of GlyT2 or GAD65 because staining for GIyT2 and GAD67 protein or mRNA does
not outline the dendritic compartment of interneurons. Parvalbumin is reported to be
present in the somatodendritic compartment of a subset of inhibitory interneurons that
project to motor neurons (57). Accordingly, we obtained evidence in GlyT2-GFP transgenic
mice that more than 90% of parvalbumin-positive neurons in the intermediate zone and
ventral horn of spinal cord are glycinergic (47) (Figure, Supplemental Digital Content 1,
http://links.lww.com/NEN/A250). Double labeling for ubiquitin and parvalbumin showed
that at 20 weeks, but not at 15 weeks, a subset of ubiquitinated neurites were parvalbumin
positive (Figs. 2.5A, C). Parvalbumin-positive ubiquitinated dendrites were preferentially
localized in the intermediate zone, although sometimes they occurred in the motor columns.
Triple staining for ubiquitin, ChAT, and parvalbumin showed that parvalbumin was only
present in a subset of ChAT-negative ubiquitinated dendrites, indicating the presence of
ubiquitin in dendrites of other populations of spinal interneurons. Of note, we never
observed ChAT and parvalbumin double- stained neurons and neurites, thereby excluding
the possibility that parvalbumin-positive dendrites were from motor neurons.

Early Microglial Activation in the Intermediate Zone in G1del Mice

There was a low density of activated microglia, identified using an antibody
against Mac2 (58), in the motor columns of 15-week-old Gldel mice, whereas higher
densities of Mac2-positive microglia were seen in the motor columns at older ages (Figs.
2.5E-H). Activated microglia appeared in the intermediate zone between 20 and 25 weeks.
Activated microglia in motor columns were usually in close apposition with motor neurons.
Sections from 25-week-old Gldel mice stained for both Mac2 and parvalbumin revealed
multiple examples of Mac2-positive microglia contacting parvalbumin-positive
interneurons (Fig. 2.5G). Together, these data further support the relatively early
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pathological alterations of spinal interneurons, including a subclass of parvalbumin-positive
cells.

Interneuron Abnormalities in Neuron-Specific G93A-SOD1 Mice

To determine whether neuron-specific mutant SOD1 expression also is sufficient
to trigger interneuron abnormalities, we examined homozygous T3T3 mice that express
G93A-mutant SODI in neurons throughout the CNS, including spinal motor neurons and
interneurons (34). Hemizygote T3 mice do not develop clinical and pathological signs of
motor abnormalities up to 2 years, whereas homozygous T3T3 mice develop a motor
neuron disease strongly resembling that in G1del mice. The age of onset in T3T3 mice is
higher (>54 weeks) and considerably more variable (54 to >104 weeks) than in G1del mice,
likely because of lower mutant SODI1 expression levels in motor neurons (34). ATF3
immunohistochemistry revealed ATF3-immunoreactive motor neurons and interneurons in
spinal cord of symptomatic (n = 2) and end-stage (n = 5) T3T3 mice (Figs. 2.5A, E, D).
ATEF3 staining was also observed in the spinal cord of 2-year-old presymptomatic T3T3
mice (n = 2) but not in 40-week-old T3T3 mice (n = 4). Hemizygote T3 mice and
nontransgenic mice showed ATF3 staining in some motor neurons at 2 years (Fig. 2.6) but
not at 40 and 70 weeks (not shown). Old T3 and nontransgenic mice did not show ATF3-
positive interneurons (Fig. 2.6).
Immunostaining with an anti-phospho (ser63)-c-Jun antibody resulted in motor neuron and
interneuron staining patterns that strongly resembled those obtained with anti-ATF3
antibody. Thus, phospho-c-Jun-positive motor neurons and interneurons occurred in spinal
cord of 2-year-old, symptomatic, and end-stage T3T3 mice, whereas no or sporadic-labeled
motor neurons occurred in spinal cord of nontransgenic, T3, and 40-week-old T3T3 mice
(Figs. 2.6B, F). Immunohistochemistry showed the presence of intensely ubiquitin-
immunoreactive dendrites and cell bodies in the spinal cord of symptomatic T3T3 mice and
2-year-old but not 40-week-old T3T3 presymptomatic mice. Ubiquitinated dendrites were
in both the ventral horn and the intermediate zone, indicating that the ubiquitinated
aggregates were in interneurons in addition to motor neurons (Fig. 2.6G). Direct evidence
for death of interneurons in T3T3 mice was obtained by reanalyzing sections stained with a
silver degeneration staining method that outlines dying neurons and their processes (34).
This analysis revealed multiple argyrophilic interneurons (Figure, Supplemental Digital
Content 2, http://links.lww.com/NEN/A251).
Symptomatic T3T3 mice showed reduced levels of GlyT2 immunoreactivity in the ventral
horn but not in the dorsal horn (Fig. 2.6H). No changes in GlyT2 immunoreactivity
occurred in spinal cord of 40-week-old T3T3 mice or T3 mice up to 2 years, indicating that
reduced GIlyT2 immunoreactivity correlated with the occurrence of other degenerative
changes and clinical manifestations.
As in Gldel mice, all symptomatic T3T3 mice showed ubiquitin-parvalbumin double-
labeled dendrites and cell bodies (Figs. 2.7A, B), as well as parvalbumin-immunoreactive
neurons with nuclear ATF3 staining (Fig. 2.7D). We also combined ubiquitin with GlyT2
staining, which enabled us to examine whether motor neurons with ubiquitinated
aggregates were contacted by glycinergic boutons (Figs. 2.7B, C). Most ubiquitin-positive
motor neurons (15/17 identified in lumbar sections from symptomatic T3T3 mice) were
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surrounded by GlyT2-immunoreactive boutons (Fig. 2.7C), whereas ubiquitinated motor
neurons in lumbar sections from 20- to 25-week-old G1del mice generally showed a normal
pattern of GlyT2-immunoreactive boutons (not shown). Quantitative analyses to identify
subtle losses of GlyT2-immunoreactive boutons (as previously demonstrated for high copy
G1 mice [41) were beyond the scope of this study.

Dendritic Ubiquitin Pathology and Microglia Activation in the Intermediate Zone
After the Ventral Horn in Neuron-Specific G93A Mice

As indicated above, no ubiquitin pathology was observed in spinal cord of 40-week-old
T3T3 mice, whereas in presymptomatic and symptomatic T3T3 mice, ubiquitinated
aggregates were always in both motor neurons and interneurons. Thus, it was not possible
to determine whether ubiquitin pathology appeared at an earlier time point in motor neurons
than in interneurons, as in Gldel mice (Fig. 2.5A). To address this question, we used
T3hSOD1 mice, which develop a considerably more predictable disease phenotype (34).
The T3hSODI1 mice take advantage of the fact that coexpression of high levels of wild-type
SOD1 (via a yet poorly understood mechanism) facilitates onset an progression of disease,
and lowers the threshold of the concentration of mutant SOD1 required to cause disease
within the normal lifespan of mice (48, 59, 60). T3hSOD1 mice develop signs of muscle
weakness starting from 1 year of age, but dendrites with ubiquitinated aggregates appear
before the age of 20 weeks, long before clinical onset (34). Double labeling of ChAT and
ubiquitin showed that the large majority of these ubiquitinated dendrites were cholinergic
(Figs. 2.7E, G), whereas only a few dendrites were ChAT-negative (Figs. 2.7F, G). A
higher level of ChAT-negative ubiquitinated dendrites occurred in a later presymptomatic
stage at 35 weeks (Fig. 2.7G). These data indicate that in T3 neuron-specific G93A mice
(as in Gldel mice), dendritic ubiquitin pathology occurs first only in motor neurons, and
later, albeit still in a presymptomatic stage, also in spinal interneurons. Similarly, as in
Gldel mice, neuron-specific G93A mice show microglia activation first in the motor
columns and subsequently in the intermediate zone (Figs. 2.7H-K). Taken together, these
data indicate that neuron-specific and ubiquitous G93A-SODI1 mice develop similar
interneuronal pathological features, specifically after the onset of the disease in motor
neurons.

Discussion

We have shown that SOD1-ALS transgenic mice expressing G93A mutant SOD1 lose the
markers of glycinergic and GABAergic inhibitory neurons GlyT2 and GAD65/67 mRNA
and protein in the spinal cord, indicating their involvement in the disease. These
interneurons develop 2 key pathological hallmarks that also characterize degenerating
motor neurons: ubiquitinated inclusions and expression of the stress transcription factor
ATF3. These findings complement previous studies showing the degeneration of spinal
interneurons in sporadic ALS patients and in transgenic SOD1-ALS mice (17, 38, 39, 61).
We also show that ubiquitin pathology appears first in motor neurons (before 15 weeks of
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Figure 2.7. Ubiquitinated aggregates and ATF3 expression in motor neurons and parvalbumin-positive
interneurons in neuron-specific G93A mice (A-C) Confocal immunofluorescence of C6 cervical section from an
end-stage T3T3 mouse triple stained for ubiquitin (Ubi), parvalbumin (Parv), and glycine transporter 2 (GlyT2).
The GIlyT2 signal is not shown in the overview image in A to outline autofluorescence (auto; arrowhead). There is
prominent ubiquitin immunoreactivity in the cell body and a dendrite of a large motor neuron (A, C) and in the

cell body of a parvalbumin-positive interneuron lying close to the motor column (A, B). There are GlyT2-
immunoreactive boutons surrounding these neurons (B, C). (D) Double labeling of ATF3 and parvalbumin in the
intermediate zone of C6 cervical spinal cord section of an end-stage T3T3 mouse showing ATF3 expression in a
parvalbumin-positive neuron. (E-G) Double-labeling confocal immunofluorescence showing ubiquitin
immunoreactivity in choline acetyl transferase (ChAT)-positive dendritic profiles in the ventral horn (E) and
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ChAT-negative profiles in the intermediate zone (F) of lumbar spinal cord sections from a 20-week-old T3hSOD1
mouse. Bar graph (G) shows the number (mean + SE) of ChAT-positive and ChAT-negative profiles labeled for
ubiquitin in L4 lumbar spinal cord of 20-week-old Gldel mice (n = 4), presymptomatic 2-year-old T3T3 mice (n =
2), 20-week-old T3hSOD1 mice (n = 4), and 35-week-old T3hSOD1 mice (n = 3). Values were obtained inChAT-
ubiquitin double-labeled sections (4 sections per mouse). (H-K) Double-labeling confocal immunofluorescence
showing activated microglia (Mac2-positive) and motor neurons (ChAT-positive) in lumbar 14 spinal cord
sections of wild-type hSOD1 transgenic mice at 35 weeks of age (H) and T3hSOD1 double-transgenic mice aged
20 (), 35 (), or 65 (K) weeks. Note the absence of activated microglia in spinal cord of hNSOD1 and 20-week-old
T3hSODI1 mice, a low density of activated microglia in the ventral horn of 35-week-old T3hSOD1 mice, and
numerous activated microglia throughout the ventral horn and intermediate zone of symptomatic 65-week-old
T3hSOD1 mice (K). Scale bars = 50 pm (A), 25 um (D, E), 200 pum (H).

age), and subsequently in interneurons (onset between 15 and 20 weeks of age). This is
consistent with the sequential expression of ATF3 in motor neurons and interneurons in
G93A-SOD1 mice (45).

Because ubiquitin aggregates occur first and more frequently in dendrites rather than in the
cell soma of neurons (34, 45) and because GlyT2 and GAD67 mRNA and protein are not
present in dendrites, we used parvalbumin as a substitute marker for the dendrites of
inhibitory interneurons. Although there is compelling evidence that parvalbumin in spinal
cord intermediate zone is predominantly associated with inhibitory neurons (Figure,
Supplemental Digital Content 1, http:/links.Iww.com/NEN/A250) (57), it cannot be
excluded that some parvalbumin-immunoreactive dendrites in the intermediate zone belong
to excitatory neurons. Nevertheless, our data show that in 15-week-old Gldel mice,
ubiquitin staining is only associated with motor neuronal somata and dendrites (identified
by ChAT staining),while at 20 weeks, approximately half of the ubiquitin-stained dendrites
are ChAT-negative and are located in the intermediate zone, indicating that they are not of
motor neurons. In view of our data that at least 50% of the ubiquitin-immunoreactive
intermediate zone neurons express GIyT2 or GAD67 mRNA in a later phase of disease, it is
likely that a significant proportion of the non-motor neuron ubiquitinated dendrites at 20
weeks belong to inhibitory interneurons.

The onset of degenerative changes in interneurons precedes the onset of behavioral motor
manifestations and most of the motor neuron degeneration (45), raising the question as to
whether interneuron degeneration contributes to further degeneration and motor signs. Our
data indicate that the overall level of GlyT2 and GAD immunoreactivity in the ventral horn
is unaltered at 20 weeks, but subtle changes at inhibitory synapses on individual motor
neurons cannot be excluded. Several studies suggest that changes in synaptic inputs to
motor neurons contribute to motor neuron degeneration and motor manifestations of ALS
(42, 62-65). Two recent studies also indicate that there are subtle losses of inhibitory
synapses innervating motor neurons in presymptomatic high-copy G1 mice (41, 43), and
compensatory sprouting of inhibitory glycinergic axons may also occur (41). These and our
present data support the notion that early degenerative changes in inhibitory interneurons
may contribute to the degeneration of motor neurons in SOD1-ALS mice, for example, by
facilitating excitotoxic stress, one of the potential factors contributing to motor neuron
degeneration in SOD1-ALS (28, 37, 42).

Ubiquitin pathology and ATF3 expression appeared in interneurons several weeks after
their appearance in motor neurons. This raises the possibility that interneuron degenerative
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changes somehow are a consequence of motor neuron degeneration. A linkage between
interneuron and motor neuron degeneration is also suggested by the fact that GlyT2 and
GADG67 immunoreactivity is specifically reduced in the ventral horn, indicating the
selective involvement of inhibitory interneurons innervating motor neurons. Longitudinal
analyses of muscle denervation in SOD1-ALS mice have shown that large motor neurons
that innervate type IIB muscle fibers and form the forceful fast-fatigable (FF) units
degenerate before clinical onset (66, 67). The time of appearance of ubiquitin pathology
and the onset of ATF3 expression (at 13-15 weeks) coincide with the onset of early
molecular changes in FF motor neurons, as identified in gene profiling experiments of
motor neuron subtypes (13). Instead, fast fatigue-resistant and slow motor neurons become
involved in later phase of disease (13, 66, 67). Together, these data indicate that the disease
in SODI-ALS mice starts in FF motor neurons and subsequently involves other motor
neurons and at the same time spinal interneurons.

The appearance of interneuron abnormalities after the onset of motor neuron degeneration,
combined with evidence that mutant SODI1 in glia contributes to disease progression after
initiation of disease in motor neurons, may indicate that mutant SODI in glia plays an
important role of the spreading of disease to interneurons. However, we found that neuron-
specific G93A-SOD1 mice develop the same interneuronal abnormalities as in ubiquitous
mutant SOD1-expressing Gldel mice, indicating that glial mutant SOD1 expression is
dispensable for triggering spinal interneuron degeneration. One proposed glial mechanism
is that microglial activation triggered by motor neuron degeneration could cause or
facilitate the degeneration of other neurons (28, 68). Some evidence suggests that toxic
microglial actions requires microglial mutant SOD1 expression (31, 69), but mutant SOD1-
independent actions of activated microglia may also occur; indeed, deleterious actions of
microglia have been proposed for multiple neurodegenerative conditions (70). However, a
major role of activated microglia in triggering early interneuron alterations in SOD1-ALS
mice seems unlikely in view of our data that microglial activation is still limited at the time
of the first appearance of interneuron dendritic ubiquitin pathology (i.e. between 15 and 20
weeks in ubiquitous Gldel mice and 20 and 35 weeks in neuron-specific T3hSOD1 mice).
An alternative mechanism that could explain the appearance of interneuronal pathology
subsequent to motor neuronal pathology is transcellular transmission of protein aggregation
by seeds of aggregated species (71). Recent evidence indicates that such a mechanism may
contribute to the spreading of pathology in neuronal protein aggregation disorders,
including synucleinopathies and tauopathies (71). Furthermore, seeding-like properties
have been demonstrated for mutant SODI1 (72). Hence, a possible scenario that is
compatible with our data would be that mutant SOD1 aggregates released by degenerating
motor neurons are taken up by interneuronal nerve endings and retrogradely transported to
their parent cell to trigger or facilitate further SOD1 aggregation leading to the
ubiquitinated inclusions and, eventually, cell death.

The availability of SOD1 transgenic mice models has enabled the precise dissection of the
pathological progression of disease, indicating the involvement of different cell types at
different disease stages as well as different cell autonomous and non-cell autonomous
disease mechanisms. A central question is whether similar mechanisms also operate in
sporadic ALS, which is predominantly characterized by TDP43 aggregates. The recent
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availability of new mouse models, such as TDP43 transgenic mice that reproduce aspects of
this TDP43 pathology (73-76), may help resolve this question and further unravel the
disease mechanisms underlying ALS.
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Supplementary Data

Figure S1. The majority of parvulbumin-positive spinal intermediate zone interneurons are glycinergic.
Low and high magnification confocal fluorescent image showing green fluorescent protein (GFP) signal and
parvalbumin immunoreactivity in a lumbar L4 section of a bacterial artificial chromosome (BAC) transgenic
mouse which specifically express GFP under the control of the promotor of GlyT2 gene, resulting in intense GFP
signal in glycinergic neurons (Zeilhofer et al., 2005, J Comp Neurol. 482:123-141).The far majority of
parvalbumin-positive intermediate zone neurons were GFP-positive (e.g arrow in B), indicating that they are
glycinergic. Of 500 randomly selected parvalbumin-positive intermediate zone interneurons 468 (= 94%) were
GFP-positive. Vice-versa many GFP-positive cells are parvalbumin negative or very weakly parvalbumin positive
(arrow head in B). This indicates that parvalbumin-immunoreactivity outlines only a subset of glycinergic neurons
in spinal cord.

Scale bar, 200 pm.
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Figure S2. Silver degeneration staining reveals dying neurons in intermediate zone of spinal cord of neuron-
specific SOD1-G93A transgenic mice Light-photomicrographs of spinal cord sections of symptomatic neuron-
specific G93A-SOD1 mice (T3T3 line; Jaarsma et al., 2008, J Neurosci 28:2075-2088) stained with a silver
degeneration staining method that produces black staining in dying neurons and their processes, and light brown
staining in other cells. Note abundant argyrophylic staining in motor columns (IX) and the intermediate zone (1Z)
adjacent to the motor columns. Most argyrophylic staining is associated with neuronal processes. Occasionally
stained cell bodies indicative of dying interneurons (arrows) can be identified.
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Astrocytes in ALS

Abstract

Mutations in the superoxide dismutase 1 (SOD1) gene cause a form of amyotrophic lateral
sclerosis (ALS). Transgenic mice expressing mutant SOD1 develop an ALS-like disease,
and like SOD1-ALS patients, develop micrometer-scale aggregates in both neurons and
astrocytes. The time of appearance and distribution of SOD1 aggregates in astrocytes
indicate that they arise in a late phase of disease secondarily to motor neuron degeneration.
In this study we show that when SODI-ALS mice are crossed with transgenic mice
expressing a high level of human tau protein in astrocytes (GFAP-tau mice) double
transgenic mice develop tau hyperphosphorylation and aggregation in astrocytes. At disease
endstage the tau aggregates occurred in the majority of astrocytes, a subset of whom also
showed SODI1 aggregates. Together the data indicate that astrocytes show increased
vulnerability to aggregation prone proteins in the context of neuronal degeneration, and
support the notion that protein aggregation disorders like SOD1-ALS and tauopathies may
spread from neurons to glia.
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Introduction

Protein aggregation is a hallmark of various neurodegenerative diseases. Such as
Alpha-synuclein deposits in Parkinson's disease (Spillantini et al., 1997), Beta-amyloid
plaques in Alzheimer's disease (Masters et al., 1985) and TDP43 in Amyotrophic Lateral
Sclerosis (ALS). Besides damage to neurons, also surrounding astroglia are affected in
these diseases (for review see (Maragakis and Rothstein, 20006).

Amyotrophic Lateral Sclerosis (ALS) is a late onset disease of the motor neurons, leading
to progressive paralysis. Death occurs typically within one to five years after diagnosis.
There is no effective treatment for this disease. Most cases of ALS are caused by
aggregates of TAR DNA binding protein 43 (TDP-43) (Neumann et al., 2006) However, 2-
5% is caused by mutations in the Cu/Zn superoxide dysmutase 1 (SODI1) (Rosen et al.,
1993). This protein converts toxic superoxide to water and hydrogen peroxide. There are
over 114 known mutations in the SODI1 gene, which all cause clinical disease (Boillee et
al., 2006a). Mouse models overexpressing mutant SOD1 develop an ALS-like disease.
Mutant SOD1 is prone to aggregation, however, the precise mechanism why these
aggregates lead to neuronal disease is not known.

Mutant SOD1 pathology is not only present in neurons, but also in surrounding glial cells
(Bruijn et al., 1997; Kato et al., 1997). In patients and in mouse models, astrocyte activation
is observed in the spinal cord. (Pasinelli and Brown, 2006) Furthermore, a diminished
glutamate transport has been reported in affected tissues, and levels of EAAT?2, an astrocyte
specific glutamate transporter, are reduced in the motor cortex and spinal cord of ALS
patients (Boillee et al., 2006a). What is the contribution of the astrocyte pathology to the
neurodegenerative disease?

We hypothesize that glial cells are not sensitive to mutant SOD1 expression, however when
in the context of neurodegeneration, they will develop SOD1 pathology. And because of the
increased SOD1 pathology the glial cells will be less able to perform their normal tasks,
accelerating neuronal cell death

To further elucidate the role of astrocyte pathology in ALS, we want to stress the astrocytes
in SOD1 G93A (Gldel) mice by crossing them to transgenic mice that express another
aggregate prone protein, tau protein, in astrocytes (Forman et al., 2005). These mice
develop an age-dependent accumulation of tau pathology in astrocytes (GFAP-tau mice).
Tau is a microtubule associated protein (MAP) that is primarily found in axons. Tau
regulates the assembly and stability of microtubules and plays an important role in the
maintenance of cell structure and transport (Lin et al., 2003).

The astrocyte pathology in the homozygous mice is associated with various abnormalities,
including reduced glutamate reuptake, disruption of the blood brain barrier and neuronal
abnormalities (Dabir et al., 2006). These pathological events are all hallmarks of a group of
neurodegenerative diseases known as tauopathies, such as Pick's disease (PiD), progressive
supranuclear palsy (PSP), corticobasal degeneration (CBD), and Alzheimer's disease (AD).
Tauopathies are characterized by tau hyperphosphorylation and aggregation.
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Table 3.1 clinical disease and pathology in both motor neurons and astrocytes in the
transgenic genotypes
mice clinical disease motor neurons Astrocytes
onset  death ubiquitn death | increased Hspbl ubiquitin AT8
pathology GFAP pathology
Gldel 25-39  30-40 |[>10-15 <20-25 | >20-25 >20-25 symptomatic/ -
end stage
GFAP-tau |>70-90 - - - from birth  from - >70-90 w
birth

Gldel/GF |25-38 27-40 |[>10-15 <20-25 | from birth  from Symptomatic/  symptomatic/
AP-tau birth end stage end stage

All ages are displayed in weeks

What we want to know is whether the tau pathology in astrocytes is influenced by the
neuronal pathology in Gldel mice. We hypothesise that the tau pathology of the GFAP-tau
mice will develop at an earlier age in the double transgenic mice. Furthermore we expect
that the SOD1 pathology will be accelerated in the affected astrocytes. Finally we expect
that the increased astrocyte pathology accelerates the disease progression in G1del mice.

Materials and Methods

Animals

Human G93A-SOD1 mice (Gldel) descendent from the Gurney Gldel line carry
approximately eight transgene copy numbers per haploid genome (compared to 24 in the
original G1 mice) were housed and handled in accordance with the Principles of
Laboratory Animal Care (National Institutes of Health publication No. 86-23) and the
guidelines approved by the Erasmus University animal care committee. These mice develop
weakness in one or more limbs from age 25-38 weeks, and reach end-stage disease 1-10
weeks after the onset of limb weakness.
GFAP-tau transgenic mice were generated by Forman et al. (Forman et al., 2005). These
mice were created using a cDNA construct that contained the T34 human tau isoform
linked to the GFAP promoter (glial cell specific). T34 human tau is one of the most
abundant tau isoforms in humans, containing exon 2 and exon 10. The GFAP-tau mice
were kept at the same standards as the G1del mice.
The GFAP-tau transgenic mice and the Gldel mice were crossed to create double
transgenic Gldel/GFAP-tau mice. The heterozygous GFAP-tau and non-transgenic
littermates were used as control. Genotyping of the transgenic mice was done using tail-pcr.
Mice of all genotypes were weekly subjected to various behavioral tests starting from 10
weeks of age. Onset of symptoms was determined on the basis of the onset of weight loss.
The inability to normally extend one of the hind limbs was used to determine the
progression of paralysis. Motor strength was tested by the ability to normally perform in the
hanging grid test, where mice have to hang upside down on a grid for 60 seconds.
The ability to perform for a maximum of 300 s on the accelerating rotarod (4-40 rpm, in 5
minutes; model 7650, Ugo Basile Biological Research Apparatus, Varese, Italy) was used
to test for motor function. At 10 weeks of age the mice were subjected to a test trail on two
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consecutive days. From 11 weeks of age mice were tested weekly. All mice were tested 3
times during each session, with 5-10 minutes rest. Their latency to fall was recorded during
each run with a maximum of 300 s and the average of the 3 runs was calculated.

Mice reached end-stage disease when they could not right themselves within 5 s when
placed on their back, lost more than 30% of their maximal weight, or developed infection of
one of the eyes (Jaarsma et al., 2008).

Antibodies

Primary antibodies {immunohistochemistry (IHC), immunofluorescence (IF),
western blottin (WB)} reported in this study are as follows: mouse anti- «B-crystallin
(Stressgen Biotechnologies, San Diego, CA; IHC and IF, 1:1000, 1:2000), rabbit anti-
activating transcription factor 3 (ATF3; Santa Cruz Biotechnology, Santa Cruz, CA; IHC
and IF, 1:1000); mouse anti-AT8 (pSer396/pThr205; ITHC, 1:1000; IF 1:5000; WB 1:1000)
rabbit anti-cleaved caspase 3 (Aspl75; Cell Signaling Technology, Beverly, MA; IHC,
1:200), rabbit anti-calcitonin gene-related peptide (CGRP; Calbiochem, La Jolla, CA; THC
and IF, 1:10000); goat anti-choline acetyltransferase (ChAT; Millipore, Billerica, MA; IHC
and IF, 1:500); rabbit anti-GFAP (Dako, Carpinteria, CA; IHC, 1:10,000; IF, 1:5000;
1:5000); rabbit anti-glutamate transporter 1 (GLT1; from Dr. N. J. Maragakis, Johns
Hopkins University, Baltimore, MD; 1:10,000); rabbit anti-heat shock protein 25 (Hspbl;
Stressgen; IF, 1:2000; WB, 1:4000); rat anti-mac2 (Cedarlane THC, 1:2000) sheep anti-
hSOD1 (Calbiochem; IHC, 1:500; IF, 1:5000); mouse anti-ubiquitine (clone FK2; Affinity
BioReagents, Golden, CO; IF, 1:2000); Mouse anti-taul (Chemicon MAB3420; THC,
1:8000; IF, 1:2000; WB 1:2000)

Immunocytochemistry and immunofluorescence

For immunocytochemistry and immunofluorescence mice were anaesthetized with
pentobarbital and perfused transcardially with 4% paraformaldehyde. The brain, the lumbar
and cervical spinal cord were carefully dissected out and postfixed for lh in 4%
paraformaldehyde. Routinely, spinal cord tissue was embedded in gelatin blocks (Jaarsma
et al., 2000), sectioned at 40 pum with a freezing microtome, and sections were processed,
free-floating, employing a standard avidin—biotin-immunoperoxidase complex method
(ABC, Vector Laboratories, USA) with 3,3-diaminobenzidine tetra chloride (0.05%) as the
chromogen, or single-, double- and triple-labelling immunofluorescence (Jaarsma et al.,
2000). In addition, a selected number of frozen sections were processed for a silver staining
procedure that selectively labels dying neurons and their processes (Jaarsma et al., 2000).
Immunoperoxidase-stained sections were analyzed and photographed using a Leica
(Nussloch, Germany) DM-RB microscope and a Leica DC300 digital camera. Sections
stained for immunofluorescence were analyzed with a Zeiss (Oberkochen, Germany) LSM
510 confocal laser scanning microscope using 10x/0.3 air objective, 40x/1.3 and 63x/1.4
oil-immersion objectives.
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Figure 3.1. In GFAP-tau mice, a heterogenous population of astrocytes show an increase of GFAP and Heat
shock protein b1 (Hspb1) expression.We stained lumbar spinal cords of a non-transgenic mouse (A and C) and a
GFAP-tau mouse (B and D) for a human tau isoform (A and B) and for Hspbl (C and D) expression. The GFAP-
tau mouse expresses human tau in the grey matter of the spinal cord. Hspblis upregulated in the motorneuron area
of the GFAP-tau mouse. However this is only present in a subset of the astrocytes (E) (arrows). The arrowhead
marks a tau positive astrocyte that does not express Hspbl.Double labeling of tau and GFAP in lumbar spinal
cords (F-G) shows a very clear GFAP upregulation (G1) as compared to the non transgenic mice (F). At a larger
magnification it is clear that GFAP positive cells also express human tau protein (J). (A-D magnification 4x, E
magnification 40x, F-I magnification 10X, J magnification 63x)

Western blotting

Mice were decapitated and cerebellum, cortex, brainstem and spinal cord were
dissected and immediately frozen on dry ice and stored in -80°C until use. Spinal cord tissue
was homogenized in 10 volumes of PBS containing 0.5% Nonidet P-40 and 1x protease
inhibitor cocktail (Complete, Roche), sonicated and centrifuged at 800g for 15 min, and
protein concentrations of the supernatants (S1) were determined using the BCA method
(Pierce, Rockford, IL, USA). For the preparation of detergent-insoluble extracts, Sl
supernatants were centrifuged at 15 000g for 15 min. After the collection of supernatants
(82), pellets were thoroughly washed five times with PBS-0.5% Nonidet P-40 and then
resuspended in sample buffer for SDS-PAGE electrophoresis and western-blotting. To blot
tau aggregates a protocol adopted from (Forman et al., 2005) was used.
Tissues are homogenized in HS-TBS (50 mM Tris (pH 7.6), 750 mM NaCl, ImM EGTA,
0.5 mM MgSO4, 100 uM EDTA) supplemented with protease inhibitors (1:25) and, if
necessary, phospatase inhibitors (1:100), using 10ul/gr starting tissue. Centrifuged at
100,000 x g for 30 min at 4°C and than the supernatant is boiled for 5 min and centrifuged

54



Chapter 3

20W | svmptomatlc H end G1delxGFAP-tau |
— _
88 n 35 1 88 &
=5 - -
i
<
|°_° - L]
<D E; ." : =
£ ..'M‘- %
i L 2

at
Figure 3.2. Tau hyperphosporylation (AT8 epitope) and Hspb1 expression are present in the motorneuron
area after onset of neurodegeneration.
G1del/GFAP-tau mice expresses human tau throughout life (A-C). However, phospo-tau is only expressed from
onset of disease (D-F). This is shown in detail below. Another feature we noticed was the expression of Hspbl (H-
J, right panel for detail). This is only expressed in areas of motor degeneration (arrow for detail). (A-F
magnification 10x, D’-F’ magnification 63x, E-M magnification 4x)
G1del/GFAP-tau mouse develops an abnormal hyperphosporylation of tau in in astrocytes (A-F, D’-F for detail).
The Gldel and the G1del/GFAP-tau mice show a GFAP increase, suggestive of astrogliosis. Which is colocalized
with AT8 (G). The westernblot (K): Actin is used as a loading control SOD100 shows endogenous (lower bar) and
transgenic SOD (upper bar). T14 shows transgenic human tau in the GFAP-tau expressing mice. AT8 shows an
upregulation in the endstage disease Gldel/GFAP-tau animals. (L) Both T14 and AT8 form smears in the
insoluble fraction in endstage disease G1del/GFAP-tau mice.

at 15,000 x g for 20 min at 4°C resulting in the sl fraction. To remove myelin and
associated lipids the insoluble pellets reextracted with 1M sucrose in HS-TBS and
centrifuged at 100,000 x g for 30 min at 4°C. The resulting pellets are homogenized in
immunoprecipitation assay buffer (50 mM Tris pH 8.0, 150 mM NaCl, 5 mM EDTA, 0.5%
sodium deoxycholate, 1% NP-40, 0.1% SDS) supplemented with protease inhibitors (100
ul) and centrifuge as before. The supernatant are the detergent-soluble samples, (which
containe only low levels of tau protein). The detergent-insoluble pellets are extracted with
100 ul 70% formic acid and disrupted with sonication. FA is evaporated in an Automatic
Environmental Speed-Vac system. The dried pellets are resuspended in SDS sample buffer.
Samples containing 50-100 ug starting tissue were electrophoresed on 8-12% SDS-PAGE
gels and blotted on PVDF membranes (Millipore). The membranes were blocked with 5%
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non-fat dry milk (Bio-Rad) in PBS with 0.05% Tween20 (PBST), incubated in primary
antibody, diluted in PBST with 1% dry milk (ON) followed by an incubation in secondary
antibody, incubated in chemiluminescence reagent (ECL, Amersham), exposed to film on a
Kodak Image station.

Statistics
Statistical analysis was done using GraphPad Prism 4.0 software. T-test, one way
ANOVA and repeated measures ANOVA were used for analysis.

Results

Astrocytes in GFAP-tau mice over express GFAP and Hspbl in the motorneuron area
GFAP-tau mice were perfused at 20, 40 and 70 weeks of age and lumbar spinal
cord sections were processed for immunhistochemistry as described. Tau-expression was
labeled with antibodies for human tau and immunofluorescent double labeled with GFAP.
Homozygous GFAP-tau mice as described by Forman et al.,, express human tau in
astrocytes throughout life in the gray matter of the spinal cord. This is accompanied by a
GFAP increase and morphological changes in astrocytes. We observed the same in our
heterozygous GFAP-tau mice. The tau expression colocalizes very well with a GFAP
staining using immunofluorescent techniques (Fig 3.1F-G).
To address the pathological properties of the tau overexpression, we double labeled tau and
heat shock protein bl (Hspbl). We observed an increase of Hspbl expression from birth,
suggesting astrocyte pathology. Interestingly this is only expressed in the ventral spinal
cord, the area of motorneurons (Fig 3.1A-E). By double labeling Hspbl and tau we
surprisingly found that not all tau positive astrocytes expressed Hspbl, suggesting a
heterogeneous astrocyte population (Fig 3.1).

GFAP-tau/G1del mice develop hyperphosporylation of tau in astrocytes after onset of
neurodegeneration

A pathological hallmark of tauopathies is the hyperphosphorylation and
aggregation of tau. To evaluate this phenomenon in our mice we used
immunohistochemical approaches using antibodies against specific phosphoepitopes
(pSer396/pThr205) of the tau protein (AT8). Hyperphosporylated tau (phospho-tau) is
observed by Forman et al. from 12 months of age in the homozygous GFAP-tau transgenic
mice. However in our heterozygous GFAP-tau mice we observe a slight accumulation of
phospo-tau over 70 months of age, i.e. the oldest age examined. Interestingly we only found
phospho-tau in areas of neuronal degeneration.
In our double transgenic G1del/GFAP-tau mice we observed phospho-tau from about 25
weeks of age. This coincides with disease onset and start of neurodegeneration (Fig 3.2A).
To confirm this we used westernblotting of the spinal cord of various types of
G1del/GFAP-tau mice. At 20 weeks of age, before onset of symptoms, there is a slight
increase of AT8. However at endstage disease there is a large increase in the AT8 (Fig
3.2K). The insoluble fraction shows both in the T14 and AT8 form a smear in the
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symptomatic Gldel/tau mice, indication aggregated forms of hyperphosphorylated tau (Fig
3.2L).

Phospho-tau does not codistribute with hSOD1 aggregates in astrocytes

It is shown that alpha-synuclein is able to promote fibrilization of tau via an
interaction of the two proteins (Giasson et al., 2003; Riedel et al., 2009). Whether mutant
SOD1 could facilitate the fibrilization of the overexpressed tau protein, or whether the over
expressed tau is able to promote hSODI aggregation was examined using
immunofluorescent triple labeling of human SOD1, ubiquitin and human tau.
The G1del/GFAP-tau mice do not show more SOD1 aggregates in astrocytes than their
Gldel littermates (Fig 3.3A, B). SODI1 aggregates in the G1del and in the G1del/GFAP-tau
mice are very strong colocalized with ubiquitin, a protein associated with SOD1 aggregates.
Ubiquitin poorly colocalizes with the phospo-tau positive cells. Suggesting that the GFAP-
tau transgene does not influence the mutant SOD1 pathology and that aggregation of both
proteins is caused via separate pathways (Fig 3.3).
Tau pathology could be a burden to the affected astrocytes. Doublelabeling of phospo-tau
and caspase 3, an apoptotic marker, is used to examine this question. There are some
positive cells expressing both phospo-tau and caspase 3. However, there are caspase 3
expressing neurons observed as well. There is no increase in apoptotic marker expression
when cells overexpress tau protein (Fig 3.3C).

GFAP-tau does not influence survival of G1del mice.

By crossing the GFAP-tau mice with the G1ldel mice we developed a model where
we can study the effect of astrocyte pathology in the ALS-like disease of the G1del mice.
We anticipated that the tau-induced pathology would interfere with the normal astrocyte
function and consequently facilitate neuronal cell dead. Resulting in an increased disease
progression in Gldel mice. This hypothesis was tested using various disease parameters:
The rotarod to test motor behavior, the hanging wire test for muscle strength, the hind limb
spread test and weight decline as a measure of disease progression. There is no significant
effect of the overexpression of tau in astrocytes in the G1ldel mice on disease onset, disease
duration or life span (p>0.05) (Fig 3.4). Even though there is no significant result, it seems
that the doubletransgenic mice are performing worse than the non-transgenic and the
GFAP-tau mice in all tests. Furthermore, we noticed that on the rotarod, the G1del mice
and the G1del/GFAP-tau are never performing as well as the non-transgenic and GFAP-tau
mice. Suggesting an early effect of SOD1 G93A expression in these mice.

As described earlier the GFAP-tau mice express Hspbl from birth as do the G1del/GFAP-
tau mice. The Gldel mice express Hspbl as well, but only from symptomatic disease (table
3.1).

As described in literature, both the G1del mice (Bruijn et al., 1997) and the GFAP-tau mice
(Dabir et al., 2006) have a dimished glutamate transport, resulting from a decrease in GLT1
expression. GLT1 is an astrocyte specific glutamate transporter. It is well known that
astrocytes are key players in the glutamate homeostasis. No difference in GLT1 expression
was observed using immunofluorescence between the Gldel mice and the G1del/GFAP-tau
mice (data not shown).
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Figure 3.3. Hyperphosporylated tau and mutant SOD1 poorly colocalize in G1del/GFAP-tau mice

In the Gldel mouse (B) ubiquitinated SOD1 aggregates (arrow) are formed during symptomatic disease. This also
happens in the G1del/GFAP-tau mouse (A-D) (arrow). However, the phospo tau (AT8 eptitope) poorly colocalizes
with the hSOD1 and with ubiquitine (arrowheads). Sometimes we do see colocalization of SOD, ubiquitin and
ATS (asterix). (magnification 40x) (Human SOD1 A’’ and B”’, ubiquitine A’’ and B’’’ Phospho-tau A’ and B)
(C) An increase of Caspase 3 was noticed in the AT8 expressing astrocytes (arrow), although not every caspase3
positive cell expresses AT8 (arrowhead).

Discussion

By stressing the astrocytes in Gldel mice we wanted to determine the role of astrocyte
pathology in an ALS mouse model. Forman et al. made homozygous GFAP-tau mice
expressing aggregate prone tau protein in astrocytes. These mice develop pathology from
12 months of age (Forman et al., 2005). As the GFAP-tau mice develop an age-dependent
accumulation of tau it is expected that they can serve as a model for astrocyte pathology.
The GFAP-tau mice we used for this research were heterozygous. Because of the lower
expression of tau in the astrocytes, they did not develop pathology up to 70 weeks of age.
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A Life span By crossing the Gldel mouse with the
GFAP-tau mouse we made a model to
test the hypothesis that astrocytes are
sensitive for neuronal pathology. We
expected this to be very important,
because there is emerging evidence of
the involvement of glial cell pathology
in neurodegenerative diseases.

0.5 —— Gidel

—=— G1/GFAP-tau
GFAP-tau
non-tg . .

0.0 ; ; In literature, recent work describes that

20 %0 40 neuronal expression of human SODI1
age (weeks) . . . . . :
> Duraton G93A in mice is sufficient to induce a

10.07 late onset form of neurodegenerative
disease in mice (Jaarsma et al., 2008).
N In these mice, glial cells were affected
at end stage disease. Furthermore an
. astrocyte specific expression of mutant
2.5+ - L SOD1 G85R was not sufficient to

induce  ALS-like  disease.  Only
Gidel G1/GFAP-tan astrogliosis was described in these mice
c rotarod (Gong et al., 2000).

3001 B e aain Other researchers described a role of
astrocytes (Clement et al., 2003; Di
Z 5001 Giorgio et al., 2007; Nagai et al., 2007)
and microglia (Beers et al., 2006;
Boillee et al., 2006b) on disease
progression.

probabilty

duration (weeks)
(5]
o
1

100

latency to fall (s

Research on microglia pathology in

10 20 10 40 SOD1-ALS demonstrated that mice
Kk . e ..

2ge (weeks) with a diminished SOD1 expression in

Figure 3.4. The GFAP-tau transgene does not K . K K
influence the SOD1-ALS like disease in G1del mice microglia display a slower disease

Life span (A) and duration of disease (B) are not progression (Beers et al., 2006; Boillee
significantly different. (C) Mice were tested weekly on 1. 2006b
an accelarated rottarod etal., ).

Studies of chimeric mice, expressing

mutant SOD1 either in neurons or non-neuronal cells showed an important role of
astrocytes in disease progression. In this experiment it is observed that motor neurons only
displayed degeneration when surrounded by SOD1 containing non -neuronal cells (Clement
et al., 2003; Yamanaka et al., 2008a).
Furthermore (Yamanaka et al., 2008b) described that deleting mutant SOD1 in astrocytes
did not change onset of disease, but they observed a significant increase in disease duration.
(Di Giorgio et al., 2007) and (Nagai et al., 2007) described that non-transgenic neurons
plated on an astrocyte layer expressing mutant SOD1 in vitro, show less neuron growth,
more neuronal death and a pathological morphology of the neurons. Additionally, mutant
SOD1 expressing neurons are rescued when cultured on a non-transgenic astrocyte layer.

0
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In Gldel mice a GFAP increase, suggestive of astrocyte activation is observed after onset
of symptoms. Furthermore expression of Heat Shock proteins, such as HSPbl and of3-
crystallin are observed at symptomatic disease stage in areas of motorneuron degeneration.
Concluding that neuronal pathology does influence the pathology present in the astrocytes.
The signs of astrocyte pathology from birth in the GFAP-tau mice are suggestive of a
pathological effect of the tau protein. There is an increase of GFAP expression, which is a
sign of astrocytosis. This is partly confirmed by the double labeling with Hspbl. However,
not all astrocytes seem to have the same reaction to the pathological expression of tau,
because not all tau-expressing astrocytes express Hspbl. Even though the appearance of
phospho-tau in astrocytes in the heterozygous GFAP-tau mice is at a very late age (>70
weeks), in our double-transgenic G1del/GFAP-tau mice the astrocytic phospho-tau is
already present at symptomatic disease, 25 to 28 weeks. In the Gldel mice we never
observe phospo-tau expession.

The appearance of phospho tau in the doubletransgenic mice seems to be associated with
the start of neuronal degeneration. The phospo tau is, despite tau expression throughout the
grey matter, only present in the motorneuron area. Because of this we could say that disease
is initiated in neurons and spreads to the astrocytes at a late disease stage. The astrocytes
become more vulnerable to aggregate prone protein. The phospho tau does not activate the
apoptotic pathway in the astrocytes, because caspase 3 is not increasingly observed in
phospho tau positive cells than in other cells.

Since alpha-synuclein and tau protein can promote the fibrillization of each other (Giasson
et al.,, 2003), we wanted to see whether tau is able to promote SODI aggregation in
astrocytes. However, since phospo-tau and SOD1 weakly colocalize in the lumbar spinal
cord, it is not expected that the two proteins interact with each other. Furthermore we did
not observe an increase in SOD1 aggregates. Phospho-tau does not colocalize with
ubiquitine. The strong colocalization of mutant SOD1 aggregates and ubiquitine are
suggestive of a different pathological pathway of aggregation than for the phospho-tau
aggregates.

Yamanaka et al., and others found an effect of pathology in non neuronal cells on the
disease course (Clement et al., 2003; Lepore et al., 2008; Yamanaka et al., 2008a;
Yamanaka et al., 2008b). Most researchers found an effect on disease progression, where
onset of disease remained the same. This implies that disease starts in neurons and then
spreads to the astrocytes, activating them. In our research the pathology occurs at a very
late stage of disease and it only appears after the onset of neuronal degeneration.
Supporting the findings of others. The SOD1 pathology is not affected because of the tau
over expression, suggesting that the tau pathology is not severe enough to interfere with
astrocyte function.

The data above supports a model where disease is initiated in neurons and spreads to other

cell types as neurons are degenerating. Astrocytes are affected by the degenerating neurons;
however, they do not worsen further disease.
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Mice with impaired dynein function

Abstract

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative condition characterized by
progressive motor neuron degeneration and muscle paralysis. Genetic evidence from man
and mouse has indicated that mutations in the dynein/dynactin motor complex are
correlated with motor neuron degeneration. In this study, we have generated transgenic
mice with neuron specific expression of Bicaudal D2 N-terminus (BICD2-N) to chronically
impair dynein/dynactin function. Motor neurons expressing BICD2-N showed
accumulation of dynein and dynactin in the cell body, Golgi fragmentation, and several
signs of impaired retrograde trafficking: the appearance of giant neurofilament swellings in
the proximal axon, reduced retrograde labelling by tracer injected in the muscle, and
delayed expression of the injury transcription factor ATF3 after axon transection. Despite
these abnormalities, BICD2-N mice did not develop signs of motor neuron degeneration
and motor abnormalities. Interestingly, the BICD2-N transgene increased life span in 'low
copy' SODI-G93A ALS transgenic mice. Our findings indicate that impaired
dynein/dynactin function can explain several pathological features observed in ALS-
patients, but may be beneficial in some forms of ALS.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a clinically and genetically heterogeneous
disease characterized by late-onset progressive degeneration of motor neurons resulting in
paralysis of limb, facial and respiratory muscles (1,2). Pathologically, the disease in most
instances is characterized by protein aggregates that contain TDP-43, a protein involved in
mRNA metabolism (3). A minority of ALS patients (10%) show Mendelian inheritance, a
subset of who have mutations in the Cu/Zn superoxide dismutase (SOD1) gene resulting in
SODI1 aggregates in motor neurons and glia (1,2,4). More recently, mutations in a variety
of other genes have been identified in patients with ALS and ALS-like diseases (2,5-7). In
a family with a slowly progressive motor neuron disease, a missense (G59S) mutation was
found in the pl150Glued subunit of dynactin (DCTNI1) (8) and subsequently other
p150Glued mutations have been reported in ALS patients (9). Recently, it was reported that
heterozygous knock-in and transgenic mice expressing mutant p150Glued-G59S develop
motor neuron abnormalities and degeneration (10-12). Dynactin is a multiprotein complex
that regulates microtubule-based motility of the cytoplasmic dynein motor complex by
increasing processivity and efficiency of the motor (13,14). A direct link between impaired
dynactin/dynein function and motor neuron disease was first demonstrated by the
overexpression of the dynactin subunit p50, also named dynamitin, which disrupts the
dynactin/dynein complex and causes a late-onset motor neuron disease in transgenic mice
(15). In addition, heterozygous missense mutations in the cytoplasmic dynein heavy chain 1
gene were found in two mouse models with late-onset motor neuron degeneration, Legs at
odd angles (Loa) and Cramping 1(Cral) (16,17), suggesting that abnormalities in both
dynein and dynactin may play a role in pathogenesis of ALS (18,19).

Given the role of the dynein/dynactin complex in retrograde transport of cargoes such as
endosomes, signalling complexes, degradation products and neurofilaments (19-25), it is
likely that alteration in dynactin/dynein function could influence several critical cellular
processes within various compartments of the motor neuron. Potential consequences of
disrupted dynein/dynactin function in ALS pathology are the reported abnormalities in
axonal neurofilament distribution (10,15,24, 26-28), fragmentation of the Golgi apparatus
(29-31) and impaired retrograde trafficking (15,18,19). However, the precise relationship
between disrupted dynein/dynactin function and the pathological features observed in ALS
patients is unclear. It is not known which pathological abnormalities in motor neurons are
directly related to impaired dynein/dynactin and whether a loss- or gain-of-function
mechanism is the primary cause of motor neuron degeneration.

To determine the cellular and pathological effects of dynein/dynactin inhibition in motor
neurons, we have generated transgenic mice with neuron-specific expression of the N-
terminus of Bicaudal D2 (BICD2-N). Previous studies have shown that Bicaudal D is an
evolutionarily conserved motor-adaptor protein, which is involved in dynein-mediated
transport in Drosophila and mammals by linking the dynein motor complex to various
cargoes (32-36). When deleting the C-terminal cargo-binding region, the N-terminus of
BICD?2 strongly binds the dynein/dynactin complex and impairs dynein/dynactin function
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(32,33). Thus, BICD2-N overexpression is a powerful tool for dissecting the roles of dynein
and dynactin in motor neurons.

Here we show that the expression of BICD2-N in motor neurons impairs dynein/dynactin
function and causes Golgi fragmentation, axonal neurofilament swellings and reduced
retrograde transport. Despite these changes, we found no evidence of motor neuron
degeneration up to 2 years of age. Furthermore, we show that impaired dynein/dynactin
function increases the lifespan of transgenic mice that express an ALS-linked SODI1
mutation. We also observed the accumulation of dynein and pl50Glued in SODI
aggregates in SODI-G93A ALS mice, suggesting that dynein/dynactin trapped in
intracellular inclusions might be beneficial to the disease phenotype in SOD1-linked ALS.

Materials and Methods

BICD2-N and SOD1-G93A transgenic mice

Animals were housed and handled in accordance with the Principles of Laboratory
Animal Care (NIH publication No. 86-23) and the guidelines approved by the Erasmus
University animal care committee. To generate Thyl.2-GFP-BICD2-N mice, a GFP-
BICD2-N construct (32) was cloned into the Xhol site of the Thyl.2 expression vector and
injected into fertilized oocytes, using standard techniques. Three lines, BN1, BN3 and BN4,
were selected for further study. Transgenic lines were maintained into FVB background by
crossing hemizygote males with non-transgenic females. Transgenic offspring was
genotyped by PCR. A selected group of all lines was allowed to age for 2 years. These mice
were weighed and inspected for signs of muscle weakness once a week, using a set of
simple tests: mice were examined for their ability to extend their hind limbs when
suspended in the air by their tail and their ability to hang upside down on a grid for 60 s. In
addition, at specific ages, grip strength was measured using a grid attached to a force gauge
(Bioseb, Chaville, France).
Other mice used in this study were Gldel mice that carry a genomic hSOD1 construct with
the G93 A mutation and that develop progressive muscle weakness from age 24-30 weeks,
reaching end-stage disease 3—10 weeks after the first symptoms (49,61). Double-transgenic
mice carrying the Gldel and the GFP-BICD2-N transgenes were generated by crossing
hemizygous Gldel mice with hemizygous BN1 or BN3 mice. The onset of symptoms was
determined on the basis of the onset weight loss, the inability to normally extend one of the
hind limbs or the inability to normally perform in the grid hanging test. Mice reached end-
stage disease when they could not right themselves within 5 s when placed on their back,
lost more than 30% of their maximal weight or developed infection of one of the eyes (4).

Antibodies

Primary antibodies [supplier; applications (IHC, immunohistochemistry; IF,
immunofluorescence; WB, western blot) and dilutions] reported in this study are mouse-
anti-actin (Millipore, WB 1:10 000), mouse-anti-Arp1 (Sigma, WB 1:2000), rabbit anti-
ATF3 (Santa Cruz; IHC and IF 1:1000), rabbit-anti-BICD2 [(32), WB 1:1000], goat-anti-
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Figure 4.1: Generation of Thy1.2-BICD2-N
transgenic mice. (A) The Thyl.2-GFP-BICD2-N
construct was generated by cloning the N-terminal
part of BICD2 (amino acid 1-637) coupled to GFP
into the Thy1.2 vector. (B) In situ hybridization
signal of antisense digoxigenin-labelled BICD2
cRNA on spinal cord sections from a non-
transgenic and a Thy1.2-BICD2-N transgenic
mouse (BN1 line). (C) Western blot analysis of
spinal cord homogenate of non-transgenic, BN1
and BN3 mice shows differences in transgene
expression between BN1 and BN3 mice (upper
left panels), and an increase in DHC
immunoreactivity in the spinal cord of BN1 and
BN3 mice. (D) Confocal fluorescence of GFP-
BICD2-N (green) and the motor neuronal marker
ChAT (red) in L4 lumbar spinal cord sections of
BNI1, BN3 and BN4 mice showing the differences
in proportion of transgenic motor neurons and
transgene expression levels between the three
lines. Bars: 100 pm.

choline acetyltransferase (ChAT, Chemicon, IF 1:500), rabbit-anti-CGRP (Calbiochem, IF

1:10 000), rat anti-CR3 receptor (clone 5C6; Serotec, IHC 1:500), rabbit-anti-dynein heavy
chain (Santa Cruz, IF 1:500; WB 1:1000), mouse-anti-DIC74 (Millipore, WB 1:1000),
rabbit anti-GFAP (DAKO, IF 1:5000), rabbit-anti-GFP (Abcam, WB 1:1000), mouse-anti-
GM130 (BD Biosciences, IF 1:1000), rabbit anti-Hsp25 (Stessgen, IF 1:2000), rabbit-anti-
KIFSA (Abcam, IF 1:2000), rat-anti-muscarinic M2-receptor (Millipore, IF 1:200),
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chicken-anti-NF-M (Millipore, IF 1:4000), mouse- anti-NF-M (Sigma, IF 1:10 000),
mouse-anti-p150Glued (BD Biosciences, WB 1:1000; IF 1:500), rabbit-anti-p150glued
(Santa Cruz, WB 1:1000), mouse-anti-p50 (BD Biosciences, WB, 1:1000), rabbit-anti-
peripherin (Millipore, THC 1:1000), rabbit-anti- SOD1 (AbSODI100, Stressgen, WB:
1:1000), rabbit-anti-murine SOD1 (AbSOD101, Stressgen, WB 1:1000), sheep-anti-SOD2
(Calbiochem, IF 1:5000), rabbit anti-ubiquitin (Dako; IHC and IF 1:2000); mouse anti-
ubiquitin (clone FK2, Affiniti; IF 1:2000); goat anti-VAChT (Chemicon, IF 1:1000).
Secondary antibodies: For avidin—biotin—peroxidase immunocytochemistry, biotinylated
secondary antibodies from Vector Laboratories diluted 1:200 were used. FITC-, Cy3- and
Cy5-conjugated secondary antibodies raised in donkey (Jackson Immunoresearch, USA),
and Alexa488, 568 or 633 conjugated antibodies raised in goat, were used for
immunofluorescence. For western blots, HRP-conjugated goat-anti- mouse or goat-anti-
rabbit IgG (DAKO) was used at 1:5000.

GFP-BICD2-N and GFP-p50 expression constructs

GFP-BICD2-N and GFP-p50 constructs have been described before (32). For
expression in hippocampal neurons, GFP-BICD2 and GFP-p50 were subcloned into pGW 1
expression vectors.

Primary neuron cultures and transfection

Primary rat hippocampal neurons were plated at a density of 75 000 on 15 mm
glass coverslips and transfected at DIV13 with GFP, GFP-BICD2-N or GFP-p50 using
Lipofectamine- 2000 (Qiagen) as described previously (62). After 2 days of transfection,
neurons were fixed and stained with the antibodies indicated. Representative cells were
imaged using a confocal microscope. The appearance of the Golgi apparatus was
investigated. p150Glued fluorescence intensities were measured with Metamorph software
and differences between control and transfected neurons were analysed using Student’s t-
test.

Western blotting

Spinal cord tissue was homogenized in 10 volumes of PBS containing 0.5%
Nonidet P-40 and 1x protease inhibitor cocktail (Complete, Roche), sonicated and
centrifuged at 800g for 15 min, and protein concentrations of the supernatants (S1) were
determined using the BCA method (Pierce, Rockford, IL, USA). For the preparation of
detergent-insoluble extracts, S1 supernatants were centrifuged at 15 000g for 15 min. After
the collection of supernatants (S2), pellets were thoroughly washed five times with PBS-
0.5% Nonidet P-40 and then resuspended in sample buffer for SDS-PAGE electrophoresis
and western-blotting. Samples containing 1-10 ug protein were electrophoresed on SDS—
PAGE gels and blotted on PVDF membranes (Millipore). The membranes were blocked
with 5% non-fat dry milk (Bio-Rad) in PBS with 0.05% Tween20 (PBST), incubated in
primary antibody, diluted in PBST with 1% dry milk followed by an incubation in
secondary antibody, incubated in chemiluminescence reagent (ECL, Amersham), exposed
to film or a Kodak Image station and analysed with ImageQuant 2.2 software (4).
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Immunohistochemical and histopathological procedure

For immunocytochemistry and immunofluorescence, mice were anaesthetized with
pentobarbital and perfused transcardially with 4% paraformaldehyde. The lumbar and
cervical spinal cord were carefully dissected out and post-fixed overnight in 4%
paraformaldehyde. Routinely, spinal cord tissue was embedded in gelatin blocks, sectioned
at 40 um with a freezing microtome and sections were processed, free floating, employing a
standard avidin—biotin-immunoperoxidase complex method (ABC, Vector Laboratories,
USA) with diaminobenzidine (0.05%) as the chromogen, or single-, double- and triple-
labelling immunofluorescence (4). In addition, a selected number of frozen sections were
processed for a silver staining procedure that selectively labels dying neurons and their
processes. Immunoperoxidase-stained sections were analysed and photographed using a
Leica DM-RB microscope and a Leica DC300 digital camera. Sections stained for
immunofluorescence were analysed with a Zeiss LSM 510 confocal laser scanning
microscope. Quantitative analyses of motor neurons were performed as described before
(50) on serial lumbar 4 (L4) sections immunoperoxidase-stained for ChAT or CGRP.
For the analysis of neuromuscular denervation, medial gastrocnemius muscle from 4%
paraformaldehyde-fixed mice was dissected, embedded into gelatin blocks and sectioned at
80 um with a freezing microtome. Sections were immunolabelled, free floating, for goat-
anti-VAChT and chicken- anti-NFM, and motor endplates were labelled with FITC-
bungarotoxin (1:500, Molecular Probes). Sections were examined for neuromuscular
denervation under a Leica DM-RB fluorescence microscope as described (4).

mRNA in situ hybridization

In situ hybridization was performed on 30 um-thick free-floating sections using
standard methods with digoxigenin-labelled cRNA probes (63). Sense and antisense
digoxigenin-labelled cRNAs were transcribed from linearized plasmids containing BICD2-
cDNA.

Fluorogold retrograde tracing

To determine retrograde axonal transport, we have used retrograde tracing with
fluorogold (FluoroChrome, Denver, CO, USA) (15). Briefly, anaesthetized 30-week-old
non-transgenic and BN1 mice received four microinjections of fluorogold (1 pl, 2% in
0.9% saline) into the gastrocnemic muscle. After 48 h, mice were perfused transcardially
with 4% paraformaldehyde, sectioned, mounted and analysed with Leica DM-RB
epifluorescence microscope and a Zeiss LSM 510 META confocal laser scanning
microscope with 63x Plan-apo oil immersion objective. Fluorogold signal was detected
using a 405 nm laser and a META detector.

Axotomy of the sciatic nerve

Twenty-week-old BN1 and non-transgenic animals were anaesthetized, the sciatic
nerve was exposed, bound with suture and cut just above the division of the sciatic nerve
into the tibial and common peroneal nerves. A 2 mm piece of the nerve was removed.
Animals were left to recover for 12 or 24 h. Following transection, animals were perfused
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transcardially with 4% paraformaldehyde and processed for immunohistochemistry as

described before with antibodies against ATF3.
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Figure 4.2: BICD2-N causes somato-
dendritic accumulation of dynein/dynactin
in motor neurons in vivo. (A—C) Confocal
fluorescence of GFP-BICD2-N (green) and
p150Glued (A), dynein heavy chain (DHC,
B) and KIF5A (C) in L4 spinal cord sections
of non-transgenic (A1), BN1 (A2, A4, B and
C) and BN3 (A3) mice showing a large
increase of p150Glued and dynein heavy
chain immunoreactivity in transgenic motor
neurons. Note that many GFP-BICD2-N
neurons are surrounded by spherical
structures that display intense GFP signal,
p150Glued and dynein heavy chain
immunoreactivity, but are immunonegative
for KIF5A (arrows in A4, B and C). (D) Bar
graph showing relative fluorescent signal as
a function of GFP-BICD2-N expression.
Motor neurons are grouped into ‘low’,
‘medium’ and ‘high’ expressors on the basis
of GFP signal intensities as described in
Material and Methods. Values for each bar
are based on 20-25 cells. ***P < 0.001
compared with control neurons (one-way
ANOVA, Tukey’s multiple comparison test).
Bars: Al, 100 um; A4, 25 pm.
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Flgure 4.3: High levels of BICD2-N cause Golgi fragmentation in motor neurons. Confocal fluorescence of
GFP-BICD2-N (green), cis-Golgi marker GM 130 (red) and CGRP (blue) in lumbar motor neurons of a BN1
mouse shows that the Golgi apparatus in neurons expressing high levels of GFP-BICD2-N is fragmented into
dispersed small elements that contain both cis- (GM130) and trans-Golgi (CGRP) elements (C). Bars: Al, 25 um;
BI1, 10 um; B4, 2 pm.

Analysis of immunofluorescence signal intensities

Analyses of GFP-BICD2-N, fluorogold or immunofluorescence signal intensities
were performed with sections from spinal cord specimen from non-transgenic and
transgenic mice embedded in a single-gelatin block to minimize variability due to
sectioning and staining procedures. Images were taken using a Zeiss LSM 510 confocal
laser scanning microscope using 40x or 63x Plan apo oil immersion objectives. Laser and
detector settings were chosen to avoid saturation of the signal. Fluorescent intensities were
determined using Metamorph image analysis software. For some analyses, GFP-BICD2-N-
positive motor neurons were grouped according to GFP signal intensity into low (25-100),
medium (100-175) and high (175-250) intensities. Therefore, all GFP-BICD2-N images
were taken using the same confocal and laser settings in all material. Statistical analyses
were done with GraphPad Software (Prism, San Diego, CA, USA).

Electron microscopy

For electron microscopy, mice were perfused transcardially with 4%
paraformaldehyde with 0.1% (pre-embedding immunoperoxidase electron microscopy) or
1% glutaraldehyde (standard electron microscopy). Specimens were sectioned with a
Vibratome and further processed using standard methods as described before (50).
Vibratome sections (50-60 pm thick) were post-fixed in 1% osmium, dehydrated and
embedded in Durcupan. Ultrathin (50-70 nm) sections were contrasted with uranyl acetate
and lead citrate and analysed in a Phillips CM 100 electron microscope at 80 kV.
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Results

BICD2-N causes accumulation of dynein/dynactin in motor neuron cell bodies

To examine the effect of BICD2-N expression in motor neurons in vivo, we
generated transgenic mice by cloning GFP-BICD2-N into the Thyl.2 expression cassette
(Fig. 4.1A), which drives postnatal transgene expression in motor neurons and other neuron
populations throughout the brain (37,38). Transgenic lines were screened on the basis of
GFP-BICD2-N levels as identified by in situ hybridization (Fig. 4.1B), western blot
analysis (Fig. 4.1C) and GFP signal in motor neurons as identified by ChAT-
immunostaining (Fig. 4.1D). Three lines with different transgene expression levels in motor
neurons were selected for further study. None of the lines showed transgene expression in
all motor neurons. Quantitative analysis revealed that lines BN1 and BN4 have relatively
high GFP-BICD2-N expression in ~50-60 and 30% of the spinal motor neurons,
respectively, whereas line BN3 has relatively low GFP-BICD2-N expression in ~70% of
the motor neurons (Fig. 4.1D). Furthermore, all lines show transgene expression throughout
the brain, predominantly in the deep lamina of the cortex and the hippocampus (data not
shown). Onset of transgene expression was between post-natal days 4—-6. Most analyses
were performed with multiple lines, but unless otherwise stated the data presented are from
line BN1.
We first tested whether Thyl.2-GFP-BICD2-N expression affects dynein/dynactin
expression. Western blot analysis showed increased levels of dynein heavy chain in the
spinal cord of BN1 and BN3 mice compared with non-transgenic mice, whereas other
dynein/dynactin components were unaltered (Fig. 4.1C). Confocal immunofluorescence
analysis revealed a robust increase of p150Glued and dynein heavy chain immunoreactivity
in the cell bodies and proximal dendrites in BICD2-N-expressing motor neurons (Fig. 4.2A,
B and D). GFP-negative motor neurons in Thyl.2-GFP-BICD2-N mice showed the same
levels of dynein/dynactin immunoreactivity as neurons from non-transgenic mice,
indicating that the accumulation of dynein/dynactin components in the cell body is
specifically caused by the presence of BICD2-N. Increased dynein/dynactin
immunoreactivity was evident at the onset of transgene expression at post-natal days 4-6.
The increased staining was specific for dynein/dynactin, as no change in labelling was
observed for other markers examined, such as KIFSA (Fig. 4.2C and D) and KIF5C (not
shown), neurofilament proteins (NF-M, Fig. 4.4C; SMI32, not shown), neuron-specific
class III beta-tubulin (TuJ1, not shown), MAP2 (not shown), ChAT (Fig. 4.1D) and the
small heat shock protein Hsp25 (not shown).
These data were confirmed by experiments in cultured hippocampal neurons; GFP-BICD2-
N expression increases dynein and dynactin staining in the cell body and proximal dendrites
(Supplementary Material, Fig. S1A and C). In contrast, overexpression of p50, which also
inhibits dynein- dependent transport (29), shows a normal distribution of dynein/dynactin in
neurons (Supplementary Material, Fig. SIA and C). These data suggest that pS0O and
BICD2-N inhibit dynein/dynactin via distinct mechanisms: overexpression of p50
disassembles the dynactin complex (39), whereas BICD2-N binds dynein/dynactin and
causes the accumulation of the complex in the cell body.
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Detailed analysis of GFP-BICD2-N expression indicates that it is diffusely expressed over
the somato-dendritic compartment of motor neurons, but absent in motor axons in the
ventral roots and sciatic nerve. Also, axons of other populations of neurons expressing
GFP-BICD2-N such as layer V cortical neurons were devoid of GFP-BICD2-N.
Remarkably, a subset of neurons that express GFP-BICD2-N at relatively high levels were
surrounded by spherical structures, 0.5-2 pm in diameter, that displayed high levels of GFP
signal (Fig. 4.2). These structures were also intensely immunoreactive for p150Glued and
dynein heavy chain, but not for other investigated markers, such as KIFSA and MAP2 (Fig.
4.2; data not shown). Confocal analysis with an antibody against the muscarinic M2-
receptor that outlines the cell membrane of motor neurons indicated that in most instances
these spheres were attached to the motor neuron via thin processes (Supplementary
Material, Fig. S2A). This was confirmed by electron microscopic analysis of serial sections
(Supplementary Material, Fig. S2B and C). Electron microscopy also showed that the
membrane protrusions were filled with electron dense material, but did not contain synaptic
specializations such as post-synaptic densities, and were not contacted by presynaptic
boutons. Although the significance of the membrane protrusions is not clear, we
hypothesize that the structures may result from high dynein/dynactin concentration that
may alter the cortical cytoskeleton, or drive outward movement of microtubules to initiate
protrusions as reported recently (40); accordingly, microtubules were found in the neck of
the protrusions (Supplementary Material, Fig. S2C).

BICD2-N causes Golgi fragmentation in motor neurons

Previous studies showed that the loss of dynein function or BICD2-N
overexpression causes fragmentation of the Golgi apparatus (32,33,41). Accordingly, GFP-
BICD2-N and GFP-p50 overexpression caused Golgi fragmentation in cultured
hippocampal neurons (Supplementary Material, Fig. S1B and D). Analysis of Golgi
apparatus in spinal cord of Thyl.2-GFP-BICD2-N mice with an antibody against the cis-
Golgi protein GM130 (42) revealed motor neurons with fragmented Golgi in BN1 and
BN4, but not BN3 mice (Fig. 4.3). The fragmentation was characterized by the
transformation of the Golgi apparatus from a network of linear profiles into dispersed
smaller elements (Fig. 4.3C). Double-labelling with antibodies against CGRP, a peptide
that is present in the trans-Golgi and secretory granules of most large motor neurons (43),
indicated that the fragmented Golgi consisted of mini-stacks containing all Golgi elements
(Fig. 43A and C). In BN1 mice, the percentage of GFP-BICD2-N-expressing motor
neurons with fragmented Golgi was 1-2% at 20 weeks of age and 7-15% at 100 weeks of
age, indicating that the frequency of motor neurons with fragmented Golgi increased with
ageing. Golgi fragmentation was predominantly present in high-GFP-BICD2-N-expressing
motor neurons and was never observed in GFP-BICD2-N-negative motor neurons (Fig.
4.3A and B), nor in motor neurons of non-transgenic mice of any age. All motor neurons
with fragmented Golgi showed a normal appearance. No consistent change in the densities
of mitochondria (SOD2 staining) or endoplasmic reticulum (calreticulin staining) was
observed in GFP-BICD2-N motor neurons (Supplementary Material, Fig. S3).
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Figure 4.4: Motor neurons of BICD2-N mice develop giant proximal axonal neurofilament wellings. (A and
B) Immunohistochemical staining of peripherin in L4 spinal cord sections shows that BN1 mice develop large
immunoreactive structures in the ventral grey matter, where motor axons enter the white matter (arrows in B2). (C)
Confocal immunofluorescence of neurofilament-M showed that these structures also were immunoreactive for
neurofilament (arrows in C2 and C4). GFP-BICD2-N expression did not alter neurofilament staining in the cell
bodies (arrow head in C3). (D) Quantification of the surface occupied by these neurofilament-M-labelled
structures per lumbar L4 section showed that similar amounts occurred in young adult (20w) and old (100w) BN1
mice. (E) Electron microscopy showed that these structures consisted of swollen myelinated axons filled with
ordered filament arrays. Bars: Al, 250 um; C1, 50 um; D, 2 pm.

BICD2-N causes giant proximal neurofilament swellings in motor axons

Impaired dynein/dynactin function in cultured neurons may lead to neurofilament
accumulations in the proximal or distal axon (28). Therefore, in Thyl.2-GFP-BICD2-N
mice, we studied the distribution of neurofilament proteins as well as peripherin, an
intermediate filament protein that is expressed at high levels in motor axons. No major
change in neurofilament-M and peripherin immunoreactivity occurred in motor nerve
endings at the neuromuscular junctions. However, analysis of spinal cord sections revealed
intense peripherin and neurofilament-M immunoreactive structures in the most ventral
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aspect of the grey matter, where the motor axons enter the white matter to course to the
ventral roots (Fig. 4.4A-C). In some instances, these structures also were identified in
motor axons crossing the white matter, as well as in the proximal aspect of the ventral
roots. The structures were also intensely labelled with antibodies against the SMI31 and
SMI32 epitopes representing phosphorylated and non-phosphorylated neurofilament,
respectively. Further analysis by electron microscopy showed that these structures consisted
of swollen myelinated axons with a diameter reaching up to 20 um that were filled with
filamentous material (Fig. 4.4E), and strongly resembled proximal giant filamentous axonal
swellings reported in ALS patients (26,27). Comparison of spinal cord sections from
different transgenic lines showed that the giant axonal neurofilament swellings occurred in
both BN1 and BN4 lines, but not in mice from the low expressing BN3 line. Comparison of
BN1 mice over different ages (4, 20 and 104 weeks) revealed that axonal swellings did not
occur at 4 weeks, but were present at 20 and 104 weeks in equal number (Fig. 4.4D). These
data indicate that axonal swellings are a relatively early phenomenon after dynein/dynactin
impairment.
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Figure 4.5: BICD2-N causes reduced retrograde fluorogold labelling. (A and B) Confocal fluorescence of L4
lumbar motor neurons of a 30-week-old BN1 mouse (B) 48 h after fluorogold injections (4 x 1 ul) in the
gastrocnemic muscle (A). Transgenic motor neurons show no or reduced labelling compared with non-transgenic
motor neurons (B). (C and D) Scatter plot and bar graph showing that fluorogold signal intensities negatively
correlate with the GFP-BICD2-N expression levels. *P < 0.01 (one-way ANOVA, post-test for linear trend). Bar:
25 pm.

BICD2-N expression reduces retrograde axonal transport

To examine whether motor neurons expressing BICD2-N show reduced retrograde axonal
transport, we performed tracing experiments with the retrograde tracer fluorogold (15).
With our transgenic lines, we can take advantage of the chimeric expression of the GFP-
BICD2-N transgene, in particular, the BN1 line that expresses the transgene in 50-60% of
the motor neurons, with the remaining motor neurons serving as controls. Fluorogold was
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injected in the gastrocnemic muscle of BN1 mice, and 48 h post-injection, lumbar L4-L5
sections were examined for fluorogold and GFP signals. As shown in Figure 5, the amount
of fluorogold labelling negatively correlated with the level of GFP signal, indicating that
BICD2-N expression diminishes retrograde fluorogold transport.

Axonal injury activates a number of retrograde signalling pathways to reorganize gene
expression and initiate repair programmes in the injured neuron (25). To examine whether
BICD2-N expression has an effect on retrograde injury signalling, we have studied ATF3
expression after sciatic nerve transection in BN1 mice and non-transgenic littermates, as
ATF3 is one of the transcription factors that is strongly induced in axotomized motor
neurons (44). No nuclear ATF3 labelling is present in lumbar spinal cord sections of non-
axotomized BN1 and control mice. Twelve hours post-axotomy of the left sciatic nerve,
weak nuclear ATF3 staining was observed in ipsi-lateral sciatic nerve motor neurons, which
are localized in the dorso-lateral aspect of the L4-L5 spinal cord (Fig. 4.6A—C), and more
intense labelling occurred at later time points. Quantitative analysis of ATF3 levels in
axotomized BN1 mouse spinal cord showed that at 12 h post-axotomy, high-level BICD2-
N-expressing motor neurons showed reduced ATF3 expression compared with BICD2-N-
negative motor neurons (Fig. 4.6D and E). No difference in ATF3-labelling intensities was
observed between BICD2-N-positive and negative sciatic nerve motor neurons at 24 h post-
axotomy (Fig. 4.6D and E). These data show that inhibition of dynein/dynactin delays
retrograde injury signalling.

BICD2-N mice do not develop motor abnormalities and motor neuron loss

To determine whether impaired dynein/dynactin function influences viability of motor
neurons, BN1 mice were tested for the development of motor abnormalities up to the age of
2 years and subsequently analysed for degenerative changes in the neuromuscular system.
BN1 mice did not show evidence of weight loss (Fig. 4.7A) or reduced muscle strength, as
determined by a hanging wire test (Fig. 4.7B) and grip strength measurement (not shown).
Furthermore, the size of the cell bodies and nuclei was the same in GFP-BICD2-N and
control motor neurons (Fig. 4.7C). Counting the number of motor neurons showed that 2-
year-old BN1 mice contain the same amount of L4 spinal cord motor neurons as 2-year-old
non-transgenic mice and 20-week-old BN1 mice (Fig. 4.7D), and that the number of GFP-
BICD2-N motor neurons was the same in 20-week- and 2-year-old BN1 mice (Fig. 4.7D).
In addition, a silver staining method that visualizes degenerating neurons and their
processes, did not produce argyrophilic staining in spinal cord from 2-year-old BN1 mice.
Consistent with the absence of neurodegenerative changes, 2-year-old BN1 mice did not
show evidence of increased astrocytosis and microgliosis compared with non-transgenic
controls (Fig. 4.7F and G). Also, the neuromuscular junctions of the gastrocnemic muscle
of 2-year-old BN1 mice did not show increased levels of denervated neuromuscular
junctions compared with controls (Fig. 4.7E). Together these data indicate that impairment
of dynein/dynactin by BICD2-N at levels that cause neurofilament and Golgi abnormalities
does not necessarily cause the premature loss of motor neurons.
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Figure 4.6: Reduced retrograde injury signalling in GFP-BICD2-N mice after axotomy. (A-C)
Representative images (A) and bar graph (C) showing that transection of the sciatic nerve (B) triggers moderate
and high levels of ATF3 expression in sciatic motor neurons after 12 and 24 h, respectively, as revealed
immunohistochemically. (D and E) Confocal image and bar graphs showing that 12 h post-axotomy ATEF3
expression is lower in GFP-BICD2-N-positive motor neurons compared with non-transgenic neurons. However,
ATEF3 labelling was not different at 24 h post-axotomy. *P < 0.01 (one-way ANOVA, post-test for linear trend).

Bars: 50 pm.
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BICD2-N expression increases survival of SOD1-G93A ALS mice

The pathological mechanisms that cause motor neuron degeneration in SOD1-ALS
suggest that disruptions in axonal transport may play a significant role (18,24,45-47),
possibly via a direct interaction of mutant SOD1 with dynein (48). To examine whether the
inhibition of dynein/dynactin function by BICD2-N affects disease progression and lifespan
in SOD1-ALS, we crossed our BICD2-N transgenic mice with Gldel mice, a transgenic
ALS mouse model that expresses human SOD1 with the G93A mutation and develops a
fatal progressive motor neuron disease (49,50). Unexpectedly, double-transgenic
BN1/Gldel mice showed a delayed onset of motor symptoms compared with Gldel mice
(225 £ 8, versus 189 + 6 day, respectively), and increased survival (271 + 8 versus 237 £ 5
day, respectively; Fig. 4.8A and B). Accordingly, also, crossing of Gldel mice with the
BN3 line, which express BICD2-N at lower levels though in a higher percentage of motor
neurons (as described earlier), resulted in increased survival (256 + 8 versus 236 + 5 day;
Fig. 4.8A and B). Western blot analysis of spinal cord homogenates showed that expression
levels of the mutant SOD1 protein in each BN1/G1del mice was the same as in G1del mice
(Fig. 4.8C), indicating that the difference in disease phenotype cannot be explained by
altered mutant SOD1 expression levels. End-stage BN1/Gldel mice showed similar levels
of motor neuron loss compared with G1del mice. Furthermore, the loss of GFP-BICD2-N-
expressing motor neurons was proportional to the loss of motor neurons labelled for CGRP
(a peptide that is expressed in a subset of predominantly large motor neurons), indicating
that BICD2-N expression delayed but not prevented motor neuron degeneration.

Dynein/dynactin accumulates in dendritic ubiquitinated SOD1 aggregates in SOD1-
G93A ALS mice

Dendritic ubiquitinated SOD1 aggregates represent an early pathological feature
preceding motor neuron loss in Gldel mice (4,50). Ultrastructurally, these aggregates
consist of disorganized filaments, amorphous electron dense material and vesicular
structures  (4,50). Systematic ultrastructural analysis of pre-embedding ubiquitin
immunoperoxidase-stained ultrathin sections from BN1/Gldel spinal cord showed that all
ubiquitinated dendritic aggregates identified in this material (n = 27) had the same
morphological features as aggregates previously identified in Gldel mice (Fig. 4.8E).
Confocal immunofluorescence further showed that ubiquitinated dendritic aggregates
occurred in both GFP-BICD2-N-expressing and GFP-BICD2-N-negative motor neurons in
double-transgenic G1del/BN1 mice. Consistent with the notion that mutant SOD1 interacts
with dynein/dynactin (48), we observed that the dendritic aggregates were immunoreactive
for p150Glued (Fig. 4.8F) and dynein heavy chain (not shown). Aggregates in GFP-
BICD2-N-positive dendritic profiles showed higher levels of p150Glued and dynein heavy
chain immunoreactivity compared with GFP-BICD2-N-negative profiles (Fig. 4.8F).

Furthermore, also, GFP-BICD2-N was present in the ubiquitinated SODI1
aggregates. The increased dynein/dynactin levels in dendritic SOD1 aggregates in GFP-
BICD2-N-expressing neurons raise the possibility that dynein/dynactin trapped in
intracellular inclusions might be beneficial to the disease phenotype in SOD1-linked ALS.
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Figure 4.7: Thy1.2-BICD2-N mice do not show motor neuron degeneration up to 2 years of age. (A) Male
BNI1 mice show the same average weight as non-transgenic mice up to 2 years of age (data represent means of 4
male mice). (B) Performance in a hanging wire test is not different in BN1 mice compared with non-transgenic
mice (data represent means of 4 male mice). (C) Diameter of motor neurons (black bars) and motor neuron nuclei
(grey bars) is the same in non-transgenic and BN1 mice. (D) Bar graph showing the total number (ChAT, black
bars) and transgenic (GFP, grey bars) motor neurons in L4 sections of young and old BN1 mice compared with
non-transgenic mice. (E) A slight (non-significant) increase in partially innervated and denervated neuromuscular
junctions (NMJs) in 100-week-old BN1 mice compared with control mice. (F) Confocal fluorescence of GFP-
BICD2-N, GFAP (red) and Hsp25 (blue) in the lumbar ventral horns of 100-week-old BN1 (F2 and F4) and non-
transgenic mice (F1 and A3) showing that old BN1 mice do not develop signs of astrocytosis, characterized by
increased GFAP immunoreactivity. Accordingly, astrocytes in old BN1 mice as in non-transgenic mice do not
stain for Hsp25, which is expressed in activated astrocytes in the spinal cord (4). (G) Inmunoperoxidase-staining
of the microglial protein complement receptor 3 (CR3) reveals no reactive microglia in old non-transgenic (G1)
and BN1 mice (G2). Bars: 50 um.
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Figure 4 8 BICD2 N prolongs survival of SOD1-ALS mice. (A and B) Kaplan—Meier plot (A) and bar graph
(B) showing that the age of death of Gldel mice that carry the BN1 or BN3 transgene is delayed compared with
single-transgenic littermates (GldelA and GldelB, respectively). **P < 0.01 compared with GldelA and GldelB
(unpaired two-tailed Student's t-tests; n = 12 for the GldelA, GldelB and Gldel/BN1 groups and n = 9 for the
G1del/BN3 group). (C) Western blot analysis of SOD1 expression in total homogenate (S1) and NP-40-insoluble
fraction (P2) shows that G1del/BN1 double-transgenic mice express similar levels of transgenic human SOD1 in
spinal cord homogenate compared with non-transgenic littermates and develop similar levels of NP40-insoluble
and multimeric mutant SOD1 species. SOD100, human SOD]1-preferring antibody; SOD101, murine SOD1-
preferring antibody that also immunoreact with high levels of human SOD1. (D) End-stage G1del/BN1 and Gldel
mice show similar losses of motor neurons stained for CGRP, which is expressed in a subset of large motor
neurons. Loss of GFP-BICD2-N-positive neurons is comparable with the loss of CGRP immunoreactive cells.
Values in the bar graphs represent mean + SE; n = 3. ***P < 0.001 compared with non-transgenic and BN1
littermates (ANOVA with Tukey’s multiple comparison test). (E) Transmission electron photomicrograph of a
dendrite (surrounding neuropil in pink, presynaptic boutons in blue) in a Gldel/BN1 mouse with a dendritic
aggregate immunoperoxidase stained for ubiquitin (dark electron dense material). Ultrastructurally, aggregates in
Gldel/BN1 mice are similar to those in Gldel mice and usually contain high levels of vesicular structures. (F)
Confocal fluorescence of GFP-BICD2-N, p150Glued (red) and ubiquitin (blue) in the lumbar ventral horns of end-
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stage Gldel/BN1 mouse shows that GFP-BICD2-N and p150Glued accumulate in ubiquitinated aggregates in
dendrites of GFP-BICD2-N motor neurons (arrows). Also, aggregates in GFP-BICD2-N-negative neurons are
immunoreactive for p150Glued (double-headed arrow). Many neurons have accumulated autofluorescent material
that gives a strong signal in all channels (arrow heads). Bars: E, 25 pym; F, 1 um.

Discussion

In the present study, we have generated a new mouse model with impaired dynein/dynactin
function by taking advantage of the properties of dynein/dynactin-interacting protein
BICD2 (32,33). We show that BICD2-N causes accumulation of the dynein motor complex
in the neuronal cell body and impairs retrograde axonal transport. Accordingly, the BICD2-
N mice develop giant neurofilament swellings in the proximal axon, a feature that is
consistent with reduced dynein/dynactin function (19,28). Despite the accumulation of
dynein/dynactin components in the perykaryon and proximal dendrites, motor neurons
expressing BICD2-N also develop abnormalities in this compartment, i.e. fragmentation of
the Golgi apparatus. Golgi fragmentation is a well-established consequence of
dynein/dynactin inhibition (29,41,51), but here we show for the first time that it can be
induced via dynein/dynactin inhibition in neurons in vivo. Our data indicate that only motor
neurons expressing relatively high levels of BICD2-N showed Golgi fragmentation, and
that the frequency of neurons with fragmented Golgi increased with ageing. These data
suggest that Golgi fragmentation is a phenomenon that requires a certain threshold of
dynein/dynactin inhibition to occur. Golgi abnormalities have not been reported for other
mutant mouse models with dynein/dynactin abnormalities. However, embryonic fibroblasts
from mice homozygous for the Loa mutation in the dynein heavy chain gene show impaired
Golgi restoration after Golgi fragmentation induced by the microtubule depolymerizing
agent nocodazole (16).

We have generated the Thyl.2-GFP-BICD2-N mice as a dynein/dynactin loss-of-function
mouse model to study the pathological aspects of ALS and related motor neuron diseases.
Accordingly, our mice develop well-established features of ALS motor neurons, i.e. giant
proximal neurofilamentous axonal swellings (26,27) and Golgi fragmentation (30,31).
However, despite these abnormalities, our mice up to the age of 2 years did not develop
motor abnormalities or signs of motor neuron degeneration. Even the motor neurons with
fragmented Golgi did not show signs of illness. Thus, our data indicate that axonal
neurofilament abnormalities and Golgi fragmentation are ALS phenomena that can be
explained by impaired dynein/dynactin function, but that are not necessarily linked to
neuronal degeneration. In contrast to our data, LaMonte et al. (15) have shown that
disruption of dynein/dynactin function in neurons by dynamitin pS0 overexpression causes
a late-onset progressive motor neuron disease that has been linked to dynein-based axonal
transport deficits (15,19). The motor neuron disease phenotype in these mice may be
explained by a higher level of dynein/dynactin inhibition owing to very high levels of p50
expression. Accordingly, ‘low’ expressor pS0 mice show a much milder phenotype (15).
Alternatively, the inhibition of dynein/dynactin function by p50 is caused by dynactin
disruption (39), which may differentially affect long-term motor neuron survival. Data from
other dynein/dynactin mouse models have indicated that subtle specialized defects may
underlie motor neuron abnormalities in these mice. For instance, comparison of mouse
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models carrying p150Glued with the G59S mutation has shown that the development of
progressive motor neuron degeneration correlates with the formation of pl150Glued
aggregates (10—12), which is in accord with data from patients (52) and cultured motor
neurons (53). In addition, data from another transgenic line indicate that G59S-p150Glued
may induce abnormalities in motor neuronal lysosomal pathways, axonal calibre and
neuromuscular junction morphology in the absence of retrograde axonal transport defects
(12). Retrograde axonal transport as measured by the movements of a fluorescent tetanus
toxin fragment was also reported to be normal in embryonic motor neurons from
heterozygous Loa mice that carry a dynein heavy chain mutation and develop mild motor
neuron degeneration at a progressed age (16,54). Recently, it has been shown that
heterozygous Loa mice, as well as mice carrying another mutant allele of dynein heavy
chain, termed Sprawling (Swl), exhibit significant prenatal degeneration of sensory
proprioceptive dorsal root ganglion neurons (55). However, Swl mice, in contrast to Loa
and Cral mice (i.e. another dynein heavy chain mutant), do not show late-onset motor
neuron loss, indicating that this phenotype depends on a feature shared by the Loa and Cral
dynein heavy chain mutants but not the Swl mutant and supporting the notion that motor
neurons are vulnerable to specific abnormalities in dynein/dynactin function (16,17,55).
Precise comparison of dynein/dynactin dependent-transport defects and pathological
abnormalities between dynein/dynactin mouse models, including our BICD2-N mice, may
help uncovering dynein/dynactin defects that contribute to motor neuron pathology.

In this study, we also show that the BICD2-N transgene increased lifespan of ‘low-copy’
G93A-SODI1 mice that develop an ALS-like motor neuron disease. This finding is
consistent with the demonstration that also G93A-SOD1 mice carrying the Loa and Cral
dynein heavy chain alleles show increased lifespan (54-56). Furthermore, the disease
phenotype of SOD1-ALS mice that were heterozygous for G59S-mutant p150Glued or
Swl-mutant dynein heavy chain was unaltered (10,55), indicating that interfering with
dynein/dynactin function in SOD1-ALS mice is either beneficial or neutral. These data
challenge the notion that the inhibition of dynein/dynactin-dependent processes is a
contributing factor in SOD1-ALS pathogenesis (18,57). It has been proposed that Loa and
Cra-mutant dyneins compensate or counteract axonal transport abnormalities triggered by
mutant SOD1 (17,18,54). Alternatively, dynein/dynactin inhibition may attenuate functions
that are potentially harmful to mutant SOD1-expressing motor neurons such as retrograde
transport of axonal debris or protein aggregates (22,23), or deleterious retrograde signalling
(25,58,59). Motor neurons in SOD1-ALS mice show early expression of axonal injury
factors, including ATF3 (4,50,60). As BICD2-N-expressing motor neurons show attenuated
axonal injury ATF3 response, a delay of ATF3 expression could contribute to the beneficial
effect of BICD2-N in SOD1-ALS mice. We also observed an increased accumulation of
dynein heavy chain and p150Glued in SOD1 aggregates in BICD2-N/SOD1-ALS mice,
suggesting that trapping dynein/dynactin complexes at intracellular inclusions could
restrain deleterious retrograde signalling.

Together the data from distinct dynein/dynactin mouse models, including our BICD2-N
mice, indicate that partial inhibition of dynein/dynactin functions does not necessarily lead
to motor neuron death, but is rather beneficial in some forms of motor neuron disease, such
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as SOD1-linked ALS. On the other hand, specific mutations in dynein/dynactin components
may trigger preferential degeneration of motor neurons via specific gained properties such
as the formation of aggregates.
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Supplementary Figure 1. BICD2-N causes
Golgi fragmentation and dynein/dynactin
accumulation in primary neurons A) Primary
neurons expressing GFP, GFPBICD2-N and
GFP-p50 for 2 days, fixed and stained with
antibodies against p150Glued (red), show an
increased p150Glued labelling in the somata of
GFP-BICD2-N, but not in GFP, and GFP-p50
transfected neurons. Inset shows enlargement of
soma. B) Expression of GFP-p50 and
GFPBICD2-N, but not GFP in neurons leads to
fragmentation of the Golgi apparatus as seen
with antibodies against cis-Golgi marker
GM130 (A,E). C) Bar graph showing intensities
of p150Glued-immunoreactivity in the neuronal
cell body in GFP, GFP-BICD2-N and GFPp50
expressing neurons relative to control neurons
in the same image. ***, p<0.001 compared to
GFP and GFP-p50 transfected neurons
(unpaired  two-tailed  Student r-test). D)
Percentage of neurons with dispersed Golgi
apparatus relative to control neurons. **%¥,
p<0.001 compared to GFP transfected neurons
(unpaired two-tailed Student t-test). Bars: A, 20
pm; B, 10 pm.



Mice with impaired dynein function

Supplementary Flgure 2. BICDZ-N 1nduces the formation of spme-llke protrusmns in neurons A) Confocal
fluorescence of GFP-BICD2-N (green) and muscarinic M2 receptor (red) of lumbar motor neuron of BN1 mouse
shows that spherical structures surrounding GFP-BICD2-N neurons show high levels of GFP-signal, and usually
are outlined by muscarinic M2 receptor immunoreactivity. In many occasions M2-immunoreactivity also outlines
a thin stalk (arrow in A2) that connects the spherical structures to the soma. B, C) Electron microscopy shows that
spherical structure are spine like protrusions that are filled with electron dense material and are usually devoid of
synaptic specialisations. A higher magnification of the connecting stalk is shown in B2 and C2. Note the
microtubule (mt) in the stalk in C2. Bars: A, 10 um; B1 and C1, 500 nm.
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Supplementary Figure 3. BICD2-N-expression does not induce changes in mitochondria and endoplasmic
reticulum in motor neurons Double labelling immunofluorescence of GFP-BICD2-N with mitochondrial protein
SOD2 (A), or ER-protein calreticulin (B) in ventral lumbar spinal cord sections of BN1 mouse shows similar
staining in GFP-BICD-N (A3,B3) and control (A4, B4) motor neurons. Bars: Al, 50 um; A4, 10 pm.
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Golgi fragmentation in ALS

Abstract

Fragmentation of stacked cisterns of the Golgi apparatus into dispersed smaller elements is
a feature associated with degeneration of neurons in amyotrophic lateral sclerosis (ALS)
and some other neurodegenerative disorders. Although this is well accepted pathological
hallmark, the processes of Golgi fragmentation is not well characterized. Here we show in a
SOD1-ALS mouse model (low-copy Gurney G93A-SOD1 mouse) that motor neurons with
Golgi fragmentation (GF neurons) are retrogradely labeled by intramuscularly injected
CTB (beta subunit of cholera toxin), indicating that Golgi fragmentation precedes
neuromuscular denervation and axon retraction. Golgi fragmentation also precedes the
appearance of two key pathological markers, i.e. somatodendritic SOD1 inclusions, and the
induction of ATF3 expression. We further show that Golgi fragmentation is associated with
an altered dendritic organisation of the Golgi apparatus, that does not depend on intact
apoptotic machinery, and is facilitated in transgenic mice with impaired retrograde dynein-
dependent transport (BICD2-N mice). A linkage with altered dynein-dependent transport
also is suggested by reduced expression of endosomal markers in neurons with Golgi
fragmentation, a phenomenon that like Golgi fragmentation also occurs in neurons with
impaired dynein function. Together the data indicate that Golgi fragmentation is a very
early event in the pathological cascade in ALS that is associated with altered organization
of intracellular trafficking.
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Introduction

Death and disappearance of neurons is a constant hallmark of neurodegenerative
disorders, such as Alzheimer's disease and other dementia's, Parkinson's disease, and
amyotrophic lateral sclerosis. How the primary molecular deficits causing these disorders
and ultimately lead to neuronal degeneration and death is yet poorly established for most
disorders. A variety of cellular deficits and molecular pathways have been proposed to
contribute, including impaired axonal transport, synaptic abnormalities, proteotoxic stress,
ER stress, impaired calcium homeostasis, mitochondrial insufficiency, synaptic
dysfunction, aberrant function of glia, improper activation of cell death pathways, or
combinations of these events (De Vos et al., 2008; Ilieva et al., 2009; Nassif et al., 2010;
Saxena and Caroni, 2011; Schon and Przedborski, 2011; Harris and Rubinsztein, 2012).
Fragmentation of the Golgi apparatus, i.e. the transformation from a network of large
stacked cisternae to dispersed ministacks composed of small element, has been identified in
a subset of motor neurons in amyotrophic lateral sclerosis (ALS) (Gonatas et al., 1992;
Gonatas et al., 2006; Fujita et al., 2008). Golgi fragmentation occurs in sporadic ALS
patients and at least two monogenetic form of ALS, i.e. SODI-ALS and optineurin-ALS
(Fujita and Okamoto, 2005; Gonatas et al., 2006; Fujita et al., 2008; Ito et al., 2011), and in
transgenic SOD1-ALS mice that develop a progressive motor neuron disorder, strongly
resembling ALS in man (Mourelatos et al, 1996; Gonatas et al., 2006). Golgi
fragmentation also has been documented in other neurodegenerative disorders including
Parkinson's disease, multiple system atrophy, corticobasal degeneration, Creutzfeldt-Jakob
disease Alzheimer’s disease (Stieber et al., 1996; Sakurai et al., 2000; Fujita et al., 2006;
Gonatas et al., 2006), but it was not found in X-linked spinal and bulbar muscular atrophy,
a non-ALS motor neuron disorder (Yaguchi et al., 2003), in transgenic mice with motor
neurons with massive cytoplasmic neurofilaments aggregates (Stieber et al., 2000), and in
the majority of degenerating motor neurons in a DNA-repair deficient mouse model (de
Waard et al., 2010). These data suggest that Golgi fragmentation is a specific event shared
by multiple ALS forms and some other conditions.

The Golgi apparatus is a highly dynamic organelle involved in processing and sorting of
lipids and proteins, and its morphology depends on a large variety of protein components
and cellular processes (De Matteis and D'Angelo, 2007; Ngo and Ridgway, 2009; Ramirez
and Lowe, 2009; Goud and Gleeson, 2010; Mironov and Beznoussenko, 2011; Sengupta
and Linstedt, 2011; Xiang and Wang, 2011). Accordingly, the morphology can alter under a
variety physiological conditions such as cell division, growth, and altered metabolic
demands (Gardiol et al., 1999; Polishchuk and Mironov, 2004; Horton et al., 2005; Goud
and Gleeson, 2010; Mironov and Beznoussenko, 2011; Sengupta and Linstedt, 2011), as
well as pathological conditions, including impaired endoplasmic reticulum function,
disruption of intracellular transport, altered lipid metabolism, and activation of cell death
pathways (Hicks and Machamer, 2005; Gonatas et al., 2006; Nakagomi et al., 2008;
Teuling et al., 2008; Nassif et al., 2010). Several of these conditions may cause Golgi
fragmentation, albeit with various morphologies (Hicks and Machamer, 2005; Gonatas et
al., 2006; Nakagomi et al., 2008; Xiang and Wang, 2011). Fragmentation into ministacks as
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observed in ALS motor neurons also occur in cells treated with microtubule
depolymerizing agent nocodazole, and cells with impaired function of the minus-end
microtubule-dependent motor dynein (Burkhardt et al., 1997; Hafezparast et al., 2003;
Gonatas et al., 2006; Teuling et al., 2008).

To further characterize the pathological significance of Golgi fragmentation in ALS motor
neurons, in the present study we have precisely characterized the relationship between
Golgi fragmentation and other early pathological events in SOD1-ALS mice. Our data
show that Golgi fragmentation precede the appearance of somatodendritic SODI1
inclusions, activation of the injury transcription factor ATF3, neuromuscular denervation
and axon retraction, occurs in the absence of a functional mitochondrial apoptotic pathway,
is greatly facilitated in neurons with impaired dynein function, and is associated with
endosomal abnormalities. The data suggest that Golgi fragmentation reflect altered
organization of intracellular trafficking, perhaps in response to specific aggregated SOD1
complexes.

Materials and Methods

Transgenic mice

All animal experiments were approved by the Erasmus University animal care
committee, and performed in accordance with the guidelines the "Principles of laboratory
animal care" (NIH publication No. 86-23), and the European Community Council Directive
(86/609/EEC). Transgenic mice expressing a human genomic SODI construct with the
G93A mutation were originally derived from the Gurney G1 mice, but because of a
reduction in the transgene copy number (8 instead of ~20 transgene copy numbers per
haploid genome) show a delayed disease onset and are termed Gldel mice (Gurney, 1997,
Jaarsma et al., 2008; Acevedo-Arozena et al., 2011). Gldel mice are maintained under
standard housing conditions in a FVB/N background by mating hemizygote males with
non-transgenic females, non-transgenic offspring serving as controls (Jaarsma et al., 2008).
Neuron-specific mice carrying the cDNA of G93A-mutant hSOD1 cloned into the Thyl.2
expression cassette were generated as described (Jaarsma et al., 2008). In this study we
used tissue from T3hSODI1 double transgenic mice generated by crossing ThylhSODI1-
G93A mice derived from founder T3 with line N1029 wild-type hSOD1 overexpressing
mice (Jaarsma et al., 2008).
BICD2-N (line BN1) mice are transgenic for GFP-BICD2-N cDNA cloned into the Thyl.2
expression vector (Teuling et al., 2008). BN1/Gldel mice were obtained by intercrossing
hemizygous Gldel and BN1 mice as described (Teuling et al., 2008). In this study we
analyzed Golgi fragmentation in Gldel, G1del/BN1 and BN1 of 28 weeks of age with 5-7
mice per genotype.
For one experiment we used paraffin embedded spinal cord tissue from 90 days old high
copy (fast) Gl mice (carrying ~20 hSOD1-G93A transgene copy numbers, see above)
crossed with mice deficient for the mitochondrial apoptotic pathway in the central nervous
system, termed DKO mice. DKO mice were Bak-null in the whole body (Bak™) and Bax-
null in the central nervous system (Bax""/Nestin-Cre; see (Reyes et al., 2010) for details).
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We analyzed archival sections from 3 mice per genotype (non-tg, DKO, Gldel,
G1del/DKO).

Antibodies

Primary antibodies (supplier; dilutions) used in this study are: Rabbit anti-ATF3
(Santa Cruz; IHC and IF 1:1000), goat-anti-choline acetyltransferase (ChAT, Millipore,
1:500), goat anti-Cholera toxin B subunit (CTB; List Biological laboratories, 1:5000),
rabbit-anti-CGRP (Calbiochem, IF, 1:10.000), human-anti EEA1 (gift from Dr. M.J.
Fritzler, IF: 1:500), mouse-anti GM130 (BD Biosciences, 1:200), rabbit-anti GM130
(antibody MO07, gift from Dr. M. Lowe (Lane et al., 2002), 1:1000), mouse anti GRASP65
(gift from Dr. M. Lowe (Lane et al.,, 2002), 1:200), rabbit-anti-GRASP-1 (Millipore,
1:500), rat anti-Mac-2 (Cedarlane, 1:2000), mouse-anti pl115 (BD Biosciences, 1:500),
sheep anti-hSOD1 (Calbiochem; IF, 1:5000), rabbit-anti unfolded SOD1 (USOD, gift from
Dr. A. Chakrabartty (Kerman et al., 2010), 1:1000), rabbit anti-SOD1 exposed dimer
interface (SEDI, gift from Dr. J. Robertson (Rakhit et al., 2007), 1:1000), mouse anti-
ubiquitin (clone FK2; Affinity BioReagents, Golden, CO; 1:2000, rabbit anti-ubiquitin
(DAKO, 1:1000).
Secondary antibodies used for IF or ICC were Alexa-488, -568 or -633- conjugated goat-
anti mouse or goat-anti rabbit antibodies from Molecular Probes; or FITC, Cy3 or Cy5 anti-
rabbit, mouse or goat antibodies from Jackson Laboratories; all antibodies were used at
1:400. Biotinylated goat-anti-rabbit or anti-mouse IgG (Vector) were used at 1:400.

Immunocytochemical and histochemical analyses

For immunocytochemistry and immunofluorescence mice were anaesthetized with
pentobarbital and perfused transcardially with 4% paraformaldehyde with or without
glutaraldehyde (0.05%). The lumbar and cervical spinal cord were carefully dissected out
and postfixed overnight in 4% paraformaldehyde. Routinely, spinal cord tissue was
embedded in gelatin blocks (Hossaini et al., 2011), sectioned at 40 um with a freezing
microtome, and sections were processed, free-floating, using a standard avidin—biotin—
immunoperoxidase complex method (ABC, Vector Laboratories, USA) with
diaminobenzidine (DAB, 0.05%) as the chromogen, or single-, double- and triple-labelling
immunofluorescence. Immunoperoxidase-stained sections were analysed and photographed
using a Leica DM-RB microscope and a Leica DC300 digital camera. Sections stained for
immunofluorescence were analyzed with a Leica DM-RB epifluorescence microscope and
Zeiss LSM 510 and LSM700 confocal laser scanning microscopes.

Cholera toxin B-fragment (CTB) retrograde tracing

Mice were anaesthetized, immobilized, and Cholera toxin B-fragment (CTB)
(0.5% in 2.5 pl saline) is injected in the gastrocnemic muscle of 15, 20 and 25 weeks old
Gldel mice and non-transgenic littermates (Fig. 5.1A). 4 days following injections mice
were perfused with 4% paraformaldehyde with or without glutaraldehyde (0.05%), and
their spinal cords were embedded in gelatine blocks, sectioned at 40 pum, and further
processed for immunohistological procedures.
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Figure 5.1. Retrograde labeling of motor neurons with Golgi fragmentation following intramuscular
injections of CTB. A-C) CTB (0.5% in 2.5 pl saline) is injected in the gastrocnemic muscle to retrogradely label
motor neurons (A). B) Dot plot showing the number of CTB-positive motor neurons counted in each tenth section.
Note reduced number of CTB-positive cells in 25 week old Gldel mice compared to age matched non-transgenic
mice (P < 0.05, unpaired Students's t-test. C) Maximal projection of confocal stack (optical section 22 um) of
CTB-labeled motor neuron illustrating small vacuoles in the distal dendrite (insert). D) Double-labeling confocal
image of CTB and GM130 showing cross sections of 4 retrogradely labeled motor neurons. A large proportion of
CTB localizes to the Golgi apparatus. The motor neuron below has fragmented Golgi. E) Bar graph showing the
proportion of motor neurons with Golgi fragmentation in all large ventral horn neurons (GM130) and the CTB
labeled population. F-I) Representative images of a CTB-labeled motor neuron with normal Golgi apparatus (F),
fragmented Golgi (G), and fragmented Golgi with no or little CTB (H, I). J) Representative example of a
proximal motor neuron dendrite with GM130-positive ribbons that stops at the branching point (arrow). K) Two
motor neurons with Golgi fragmentation showing fragmented Golgi in the proximal dendrites up to the first

branching point (arrows and insert). Bars: 20 um (C, D), 10 um (K), 5 um (F, J)
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Figure 5.2. CTB tracing and Golgi fragmentation in motor neurons with ubiquitinated SOD1-inclusions
A-C) Double-labeling confocal image of CTB and ubiquitinated epitopes showing a CTB-positive motor neuron
with a large inclusion in the proximal dendrite (A' and A"), a CTB-positive motor neuron with intense ubiquitin
labeling throughout most of the somato-dendritic compartment (B' and B""), and ubiquitin-labeling in distal CTB-
positive dendrites (C-C™).

D) Double-labeling confocal image of GM 130 and misfolded SOD1 (SEDI epitope) showing a motor neuron with
fragmented Golgi and a large SEDI-immunoreactive inclusion.

E-F) Confocal image showing motor neurons labeled for ChAT with fragmented Golgi apparatus and poly-
ubiquitinated epitope (arrow) in L4 lumbar spinal cord section of 20 (E) and 35 (F) weeks old T3hSOD1 mouse.
G) Bar graph showing the number of Golgi fragmented motor neurons in L4 spinal cord sections of Gldel versus
T3hSODI1 mice. Values represent Means + SE from 3 mice per group. Note that no motor neurons with
fragmented Golgi occur in non-transgenic, T3 and hSOD1 mice at 35 weeks of age.

Bars: 50 um (A-C), 10 um (D-F)
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To obtain an estimate of the number of retrogradely labeled motor neurons, one in 10
sections was immunoperoxidase-DAB stained for CTB, and used for counting CTB-
positive cells with the aid of a Olympus microscope fitted with a LucividTM miniature
monitor and NeurolucidaTM software (MicroBrightField, Colchester, VT, USA). Only
CTB-positive cells whose nucleus was partially or entirely present in the section but did not
contact the surface of the sections were counted.

Quantitative analysis of immunofluorescence images

The proportion of CTB and GM130-positive motor neurons was determined in
section from Gldel mice of 15 (n=3) and 20 weeks (n=3), 4 sections/mouse using a Leica
DM-RB epifluorescence microscope with a 63x objective. First, all large neurons (diameter
>20 um) in the ventral horn both ipsi and contralateral of the injection were scored for golgi
fragmentation, and subsequently using the same sections CTB-positive cells were scored
for golgi fragmentation.
The proportion of motor neurons with dendritic GM130 staining was examined in the same
material using a Zeiss LSM 510 laser scanning microscope. Motor neurons were randomly
selected on the basis of the presence of at least 2 dendrites that could be followed to the
first branching point within the plane of the section, and subsequently confocal stacks of
CTB and GM 130 stacks were collected and analyzed for the presence of dendritic GM130
labeling.
For analysis of fluorescent intensities images were collected using a Zeiss LSM 510
confocal laser scanning microscope with 63x objective. Fluorescent intensities were
determined using Metamorph image analysis software.
Statistical analyzes were performed with MS Excel or Graphpad Prism software using
Student’s t-test and one-way ANOVA.

Results

Retrograde labeling of motor neurons with Golgi fragmentation after intramuscular
injection of cholera toxin B (CTB)

The present study has been mainly performed with the Gldel mice (also termed Glsow)
that carries 8 copies of a human G93A-mutant SODI1, and that develops develop weakness
in one or more limbs from age 24-34 weeks of age and die of fatal paralysis between 30-41
weeks of age (VIug et al., 2005; Acevedo-Arozena et al., 2011). The onset of Golgi
fragmentation in Gldel mice is at about 14-15 weeks of age (Vlug et al., 2005). In view of
evidence that degeneration of the distal axon is an early event in SODI1-ALS mice
preceding the loss of motor neurons (Frey et al., 2000; Fischer et al., 2004; Hegedus et al.,
2008).

We first examined whether motor neurons with Golgi fragmentation have an intact axon.
For this purpose we performed retrograde tracing of Choleratoxin B (CTB) injected in the
gastrocnemic muscle (Fig. 5.1A), and double stained for CTB and the cis-Golgi matrix
protein GM130 (Nakamura et al., 1995). CTB is taken up via endocytosis after binding to
the ganglioside GM1 in motor nerve endings, and then retrogradely transported to the cell
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bodies, where it accumulates in the trans-golgi, lysosomes, and the cytoplasm (Wan et al.,
1982; Ragnarson et al., 1998). The number of CTB labeled motor neurons was the same in
non-transgenic littermates as in G1del mice at 15 and 20 weeks, and was reduced in Gldel
mice at 25 weeks (Fig. 5.1B), consistent with the onset of motor neuron loss at this 25
weeks (Vlug et al., 2005). CTB labeling was present throughout the soma and dendrites.
Typically, motor neurons of Gldel mice showed small vacuolar expansions in the distal
portion of the dendrites (Fig. 5.1C), reflecting vacuolated mitochondria (Jaarsma et al.,
2001). A proportion of CTB-positive cells showed Golgi fragmentation (Fig. 5.1D-K).
Importantly, the proportion of retrogradely CTB-labeled motor neurons with Golgi
fragmentation is the same as the proportion of Golgi fragmented motor neurons in the total
population of motor neurons (Fig. 5.1E). This indicates that Golgi fragmentation does not
interfere with retrograde labeling.

Consistent with retrograde trafficking to the Golgi apparatus, in all CTB positive motor
neurons with a normal Golgi and the majority of motor neurons with Golgi fragmentation a
large proportion of CTB codistributed with GM130 (Fig. 5.1D, F, G). However, in a subset
of CTB-positive motor neurons with Golgi fragmentation CTB poorly codistributed with
GM130 (Fig. 5.1H). In these cells CTB was predominantly distributed to large clusters into
the cell body (Fig. 5.1H), while diffuse distribution throughout the somato-dendritic
compartments and dot-like codistribution with LAMP1, marking lysosomes (not shown)
did not appear to be affected. The same results were obtained in sections double-labeled for
CTB and CGRP (calcitonin-gene related peptide), a peptide that is present in the trans-
Golgi and secretory granules of most large motor neurons (Caldero et al., 1992). Thus in
the majority of CTB-positive motor neurons with Golgi fragmentation a large portion of
CTB codistributed with CGRP, while in a small subset of Golgi fragmented CTB-positive
cells CTB poorly colocalized with CGRP (Fig. 5.11). Together the data show that although
Golgi fragmented motor neurons are capable of taking up, retrogradely transport, and
redistribute the tracer throughout the somatodendritic compartment, a subset of Golgi
fragmented neurons may have compromised retrograde transport to the Golgi apparatus.

A larger proportion of dendrites with Golgi apparatus in motor neurons with Golgi
fragmentation

Although the majority of dendrites of motor neurons do not show significant
GM130 staining, a subset show one or more GM130-positve ribbons that enter the proximal
dendrite coursing up to the first branching point, indicative of long Golgi stacks entering
the proximal dendrite (Fig. 5.1J). Also motor neurons with Golgi fragmentation showed
dendrites with Golgi apparatus that as in the cell body was fragmented in smaller elements
(Fig. 5.1K). Analysis of motor neurons with 3 or more dendrites that could be traced to the
first branching point indicated that a larger proportion of motor neurons with Golgi
fragmentation showed dendritic Golgi apparatus (32% versus 79%, normal versus
fragmented Golgi; mean number of dendrites 3.38 + 0.14 versus 3.68 + 0.25; non-
significant, unpaired student's ¢-test). The proportion of dendrites with Golgi apparatus was
not-significantly different (36 = 7% versus 48 + 5%, normal versus fragmented Golgi; non-
significant in unpaired student's z-test). Overall Golgi apparatus occurred 3-4 times more
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often in motor neurons with fragmented Golgi (12 + 4% of dendrites versus 44 + 5%, P <
0.0001 unpaired student's ¢-test).

Figure 5.3. CTB tracing and Golgi fragmentation in motor neurons expressing ATF3 or contacted by
phagocytosing microglia

A) Confocal image showing a CTB-positive motor neuron with fragmented Golgi and ATF3-positive nucleus
(arrow). B) Confocal image of motor neurons with fragmented Golgi that are ATF3-negative (arrows) and a motor
neuron with a normal Golgi apparatus that is ATF3-positive.

C, D) Maximal projections of confocal stacks showing CTB-positive motor neurons contacted by Mac-2 positive
microglial cells. Calibration bars: 20 um (A-C)

Golgi fragmentation precedes the appearance of somato-dendritic ubiquitin-positive
inclusions

We previously have shown that the onset of Golgi fragmentation in Gldel
coincides with the onset of other pathological signs, i.e. the appearance of somatodendritic
ubiquitinated SOD1 inclusions, the induction of stress transcription factor ATF3
expression, and signs of microglia activation (VIug et al., 2005; Hossaini et al., 2011). For
comparison, also in the high-copy fast G1 mouse the onset of Golgi fragmentation at post-
natal day 30 (Mourelatos et al., 1996), coincides with the onset of ATF3 expression, signs
of ER stress and microglia activation (Saxena et al., 2009). Double-labeling of CTB with
antibody against ubiquitinated epitopes revealed CTB-positive motor neurons that
contained ubiquitinated inclusions (Fig. 5.2), including cells with large inclusions in the
proximal dendrite (Fig. 5.2A) and cells with intense ubiquitin staining throughout most of
the somato-dendritic compartment (Fig. 5.2B), likely reflecting cells in a compromised
state (Vlug et al., 2005). CTB also was present in the distal ubiquitinated dendrites (Fig.
5.2C). As previously reported (Vlug et al.,, 2005) double labeling for ubiquitination and
GM130 showed that motor neurons with ubiquitinated inclusions in the proximal dendrite
or cell body, all showed fragmented Golgi apparatus, but only represented a minority of
motor neurons with fragmented Golgi.
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Figure 5.4. Golgi fragmentation in SOD1-ALS mice is not downstream of apoptotic pathways in apoptosis-
deficient G1del mouse A, B) Confocal images of GM130 and ATF3 labeling in spinal motor neurons of a 90 day
old fast SOD1-G93A mouse (G1 line) crossed into mouse deficient for BAK in all cells and BAX specifically in
neurons (DKO) resulting in deficiency of the mitochondrial apoptotic pathways. Note, motor neurons with normal
(A) and fragmented (B) Golgi apparatus and ATF3 expression in motor neurons with fragmented Golgi. C) G1-
DKO showed a lower proportion Golgi fragmented motor neurons but this difference was not significant
(Unpaired Students t-test); values are means + SE (n=3 mouse per group).

D) Confocal image of p115 and GM130 (N-terminus) double labeling in motor neurons in 25 week old Gldel
mouse showing that motor neurons with fragmented Golgi (insert) show the same relative intensity of pl115
staining. Calibration bars: 10 um

To analyze the relationship between Golgi fragmentation and the accumulation of
misfolded SOD1 species we performed double labeling of GM130 with antibodies against
SOD1 dimer interface (SEDI, (Rakhit et al., 2007) and unfolded beta barrel domain of
SOD1 (USOD, (Kerman et al., 2010). The USOD antibody mainly stained vacuolated
mitochondria in the axon and distal dendrites, and, in addition, produced diffuse staining in
the cell bodies of motor neurons and lightly stained ubiquitinated inclusions (not shown).
The SEDI antibody, apart from light staining of vacuolated mitochondria and some
background staining of astrocytic processes, selectively immunoreacted with the
ubiquitinated inclusions (not shown). As with ubiquitinated epitopes, the presence of SEDI
immunoreactive inclusions in proximal dendrites or cell body, in all occasions was
associated with Golgi fragmentation (Fig. 5.2D).

To further establish the relationship between Golgi fragmentation and the presence of
ubiquitin-positive inclusions we analyzed Golgi fragmentation in spinal cord section of
T3hSOD1 mice that express a relatively low level of G93A mutant SODI1 specifically in
neurons and in addition ubiquitously express high levels of wild-type SOD1 (Jaarsma et al.,
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2008). T3hSOD1 mice develop signs of muscle weakness starting from 1 year of age, while
dendritic ubiquitinated inclusions are already present at the age of 20 weeks (Jaarsma et al.,
2008; Hossaini et al., 2011). T3hSOD1 showed fragmented Golgi apparatus in a subset of
motor neurons, the number of neurons with fragmented Golgi increasing with aging, and a
subset showing ubiquitin positive inclusions (Fig. 5.2E-G). Together the data point to a
close relationship between the occurrence ubiquitinated inclusions and Golgi
fragmentation. However, Golgi fragmentation precedes the appearance ubiquitinated
inclusions, as it frequently occurs in their absence.

Golgi fragmentation precedes ATF3 expression

Double-labeling of CTB with antibody against ATF3 and activated phagocytosing
microglia (Mac-2 positive, (Hossaini et al., 2011)) revealed CTB-positive motor neurons
that expressed ATF3, or were contacted by phagocytosing microglia (Fig. 5.3), indicating
that also these pathological signatures precede distal axon degeneration. Double-labeling of
ATF3 and GM130 showed that consistent with previous data (Vlug et al., 2005) most
(>80%) ATF3-positive motor neurons also have fragmented Golgi (Fig. 5.3A). Inversely,
however, many motor neurons with fragmented Golgi, were ATF3-negative (Fig. 5.3B).
Systematic analysis of lumbar sections in 20 weeks Gldel mice (n=6) revealed ATF3
expression in 40 + 6 % (Mean *= SE, range 25-62 %). Analysis of ATF3 and ubiquitin
double labeled sections indicated that all cells with somato-dendritic ubiquitin-positive
inclusions are ATF3 positive. Together these data suggest that Golgi fragmentation also
precedes ATF3 expression.

Golgi fragmentation in SOD-ALS mice does not depend on apoptotic pathways

There is substantial evidence of early activation of apoptotic pathways in SOD1-
ALS mice (Pasinelli et al., 2000; Guegan et al., 2001), and accordingly complete blockade
of the mitochondrial apoptotic pathway through deletion of both BAX and BAK attenuated
motor neuron loss and extended survival in high copy (fast) G1 mice (Reyes et al., 2010).
Analysis of archival paraffin spinal cord sections from 90 weeks old G1 BAX-BAK double
KO mice from this study (Reyes et al., 2010) revealed that these mice still show Golgi
fragmentation (Fig. 5.4A-C), indicating that Golgi fragmentation in G1 mice is not dot
downstream of mitochondrial apoptotic pathway's.
Golgi fragmentation in apoptosis may depend on caspase 3 mediated cleavage of several
membrane tethering factors involved in the structural organization of the Golgi, in
particular GRASP65 and pl115 (Hicks and Machamer, 2005; Aslan and Thomas, 2009;
Ramirez and Lowe, 2009). We therefore examined whether motor neurons with Golgi
fragmentation show reduced expression of these proteins. However, there was no evidence
for a relative reduction of GRASP65 (not shown) or p115 (Fig. 5.4D) expression in Golgi
fragmented motor neurons. Together the data suggest no major role of apoptotic pathways
in triggering Golgi fragmentation in SOD1-ALS mice.
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Golgi fragmentation is facilitated in SOD1-ALS mice with reduced dynein/dynactin
function

Fragmentation and dispersion of the Golgi apparatus is a well established
consequence of inhibition of the dynein/dynactin microtubule motor complex (Burkhardt et
al., 1997; Harada et al., 1998; Hoogenraad et al., 2001). Accordingly, we showed that
impairment of dynein function via overexpression of the N-terminus of Bicaudal D2
(BICD2-N) causes Golgi fragmentation in cultured neurons and in vivo in motor neurons of
transgenic BICD2-N mice (Teuling et al., 2008). Here we have analyzed the occurrence of
Golgi fragmentation in double transgenic G1del/BICD2-N mice resulting from crossing of
Gldel mice with BICD2-N mice from the BN1 line. Of note, BN1 mice show expression of
the BICD2-N transgene in 50-60% of the motor neurons, and show Golgi fragmentation
only in a small proportion (1-15% depending on the age) of transgenic motor neurons
(Teuling et al., 2008). Significantly, nearly 70% of BICD2-N-expressing motor neurons
showed Golgi fragmentation in Gldel/BN1 mice (Fig. 5.5), which is a much larger
proportion than in BICD2-N-negative motor neurons in Gldel/BN1 mice, in BICD2-N-
positive motor neurons in BN1 only mice, and in motor neurons in Gldel only mice (Fig.
5.5B). These data indicate that impaired dynein/dynactin function facilitates the process
causing Golgi fragmentation in Gldel mice or vice versa and suggest that Golgi
fragmentation in G1ldel mice is related to impaired dynein-dynactin dependent trafficking.

Reduced levels of endosomes in cells with Golgi fragmentation

Inhibition of dynein-dynactin function, in addition to Golgi fragmentation also
causes redistribution of other organelles, in particular endosomes that in cells with impaired
dynein-dynactin function redistribute to the cell periphery (Burkhardt et al., 1997; Harada
et al., 1998; Hoogenraad et al., 2001). We therefore studied the distribution of endosomes
in motor neurons of BN1 and Gldel mice using antibodies against early endosome antigen
1 (EEAl) (Mu et al., 1995) and Rab4 binding protein GRASP-1 (Stinton et al., 2005;
Hoogenraad et al., 2010). Strikingly, BICD2-N-expressing motor neurons in BN1 mice
rather than a redistribution of endosomes to the cell periphery showed reduced endosomal
size and density in both EAA1 and GRASP1 stained sections (Fig. 5.6A-C), indicating that
dynein/dynactin inhibition in neurons may cause a reduction rather than redistribution of
endosomal compartments. The same was observed in motor neurons with Golgi
fragmentation in Gldel mice, showing reduced levels of GRASPI staining that correlated
with the severity of Golgi fragmentation (Fig. 5.6D-F). Remarkably, increased levels of
GRASPI1 staining occurred in inclusions in cell bodies and dendrites (Fig. 5.6G, H).
Together the analyses of the endosomal markers indicate a reduction of the endosomal
compartment in motor neurons with Golgi fragmentation, as well as the accumulation of
endosomal markers in ubiquitinated inclusions.
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Figure 5.5. Facilitated Golgi fragmentation in mice G1del motor neurons with impaired dynein function

A) Representative confocal image of L4 lumbar motor neurons of a BN1/Gldel transgenic mouse of 28 weeks of
age. BN1 mice express GFP-BICD2-N in 50-60% of the motor neurons (Teuling et al., 2008). Note Golgi
fragmentation in all GFP-BICD2-N neurons and normal Golgi apparatus in the other motor neurons. Bar, 20 pm.
B) Bar graph showing the proportion of motor neurons with Golgi fragmentation in Gldel, BN1, and G1del/BN1
mice of 28 weeks of age. Note a large proportion of Golgi fragmented motor neurons in GFP-BICD2-N-positive
motor neurons of Gldel/BN1 mice. GFP-BICD2-N-negative motor neurons of Gldel/BN1 mice show a similar
percentage of motor neurons with fragmented Golgi as motor neurons in G1del mice.

Discussion

Golgi fragmentation is a well established feature of ALS spinal and cortical motor

neurons, that also occurs in some other neurodegenerative conditions, is reproduced in
SOD1-ALS mice, and is not found in degenerating motor neuron in a non-ALS disorder
(Yaguchi et al., 2003 and non-ALS mouse models [Stieber, 2000 #3592; de Waard et al.,
2010). In sporadic ALS patients Golgi fragmentation occurs in all motor neurons with an
abnormal TDP-43 distribution suggesting a relationship between Golgi fragmentation and
the presence of protein aggregates (Fujita et al., 2008). Accordingly, here we show in
SOD1-ALS mice that Golgi fragmentation occurs in all motor neurons with ubiquitinated
SOD1 inclusions. However, the majority of motor neurons with Golgi fragmentation did
not show such inclusions. This can be explained by the presence of inclusions in dendrites
that were not in the plain of the section, or small aggregates that are not detectable at the
light microscopic level (Prudencio and Borchelt, 2011). Alternatively, Golgi fragmentation
may be caused by a process upstream of large aggregates, perhaps mediated by toxic
misfolded or oligomeric SODI1 species (Shaw and Valentine, 2007; Prudencio and
Borchelt, 2011). Using antibodies against misfolded and aggregated SODI1 species (USOD
and SEDI, (Rakhit et al., 2007 5750 ; Kerman et al., 2010 5749) we did not detect changes
that showed a consistent correlation with Golgi fragmentation.
In the present study we also show that motor neurons with Golgi fragmentation more
frequently show Golgi apparatus within the proximal dendrite. Despite the limitations of
our analysis, in that we only analyzed the dendrites in the transverse plane, the data indicate
that the likelihood for a proximal dendrite showing Golgi apparatus is 3-4 times higher in
cells with Golgi fragmentation.
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Figure 5.6. Reduced endosome levels in motor neurons with Golgi fragmentation

A, B) Confocal images of staining of the endosomal proteins EEA1 (A) and GRASP1 (B) in lumbar spinal cord
sections of a BNI transgenic mouse. Note reduced EAA1 and GRASPI1 labeling in GFP-BICD2-N positive
neurons. C) Analysis of fluorescent intensities of GFP-BICD2-N positive versus negative motor neurons showed
reduced mean intensities in GFP-BICD2-N positive motor neurons (P < 0.05, unpaired Student's t-test negative
versus positive neurons). Note that all values were collected from non-transgenic (n=2 mice) and BN1 (n=4)
lumbar spinal cord specimen embedded in a single gelatin block and processed in the same immunorun (see
material and methods).

D-F) Representative images (D, E) and quantitation (F) of GRASP1-labeling in motor neurons with normal and
fragmented Golgi showing reduced GRASPI labeling in motor neurons with fragmented Golgi (P < 0.05, unpaired
Student's t-test, normal versus fragmented Golgi).

G, H) Confocal images of GM130 and GRASP1 double labeling showing increased GRASP1 staining in dendritic
(arrows in G) and somato-dendritic (arrows in H).

Bars, 10 um.
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Data from hippocampal neurons indicate that the Golgi apparatus orients toward the longest
dendrite, and that the presence of the Golgi apparatus and Golgi outposts (i.e. discrete
compartments that are discontinuous with somatic Golgi) into dendrites relates to local
secretory demands (Pierce et al., 2001; Horton et al., 2005; Sengupta and Linstedt, 2011).
Thus the increased presence of Golgi apparatus in dendrites and perhaps also Golgi
fragmentation may reflect may reflect a reorganization of the secretory pathway in response
to increased secretory demands from specific dendrites, e.g. to repair dendritic damage.
Several findings suggest that Golgi fragmentation in SODI-ALS motor neurons is
associated with reorganized or aberrant trafficking: First, fragmentation into ministacks is
reminiscent of Golgi fragmentation resulting from impaired dynein-dependent transport
(Gonatas et al., 2006; Teuling et al., 2008). Second, a subset of neurons with Golgi
fragmentation, in spite of their ability of taking up, retrogradely transport, and redistribute
the CTB throughout the somatodendritic compartment, do not show accumulation of CTB
in the trans-Golgi, suggestive of impaired endosome to Golgi retrograde trafficking. Third,
we show a large increase in Golgi fragmentation in Gldel mouse crossed with a mouse
model showing impaired dynein/dynactin dependent transport, indicative of a synergistic
interaction between the process causing Golgi fragmentation and dynein-dynactin
dependent trafficking. Fourth, we show that motor neurons with Golgi fragmentation like
motor neurons with impaired dynein/dynactin function show reduced expression of
endosomal markers. Of note, the endosomal changes that we observed in motor neurons
with impaired dynein/dynactin function are different from those observed in cultured non-
neuronal cells with radially oriented microtubules. The differences between neurons and
other cells may follow from differences in microtubule organization as well as differences
in endosomal functional pathways (Soldati and Schliwa, 2006; Schmidt and Haucke, 2007).
Another finding of this study is the enrichment of the endosomal marker GRASPI in
somatodendritic inclusions. The presence of endosomal marker in the inclusions is
compatible with the presence of a large amount of vesicular structures in inclusions as
identified by electron microscopy (Jaarsma et al., 2008; Teuling et al., 2008). Thus a
possible scenario suggested by our data is that one or more endosomal compartments are
trapped in ubiquitinated SOD1 inclusions, which subsequently could impeding recycling of
specific membrane compartments to the Golgi apparatus and hence trigger fragmentation.
Previous data from BICD2-N transgenic mice suggested Golgi fragmentation is not
necessarily detrimental. Furthermore, we showed that Gldel mice crossed with BICD2-N
transgenic mice show increased life span, which combined with the finding of the present
study that these mice show increased levels of Golgi fragmentation, indicates that Golgi
fragmentation is not detrimental.

Together our data indicate that Golgi fragmentation reflect an early reorganization of the
secretory pathway represents in response to early damage or endosomal abnormalities.

Multiple pathological events have been identified in SOD1-ALS mice models, including
mitochondrial abnormalities, ER stress, proteotoxic stress, abnormal ion and glutamate
homeostasis, abnormal axonal transport, axonal degeneration, and non-cell autonomous
toxic events mediated by glial cells, but the relationship between these events, and the
extent to which they occur in SODI-ALS and other ALS patients remains to be established
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(Ilieva et al., 2009). Golgi fragmentation is a well established feature of ALS motor
neurons. In the present study we confirm that Golgi fragmentation is a very early event that
precedes ATF3 induction and degeneration of the distal axon, and occurs independently of
the activation of apoptosis pathways. Thus the data for instance challenge the notion that
ALS primarily is a dying back axonopathy as suggested by some studies (Frey et al., 2000;
Fischer et al., 2004; Hegedus et al., 2008). We propose that Golgi fragmentation is an early
response to deleterious mechanism shared by several ALS forms. Further identification of
the mechanisms up stream of Golgi fragmentation may therefore provide important insights
in ALS pathogenesis.
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Transgenic VAPB mice

Abstract

The P56S mutant form of vesicle-associated membrane protein (VAMP)-associated protein
B (VAPB) is associated with motor neuron disorder amyotrophic lateral sclerosis type 8
(ALS8). VAPB-P56S proteins aggregate and form multiple inclusions in cellular and
invertebrate model systems. To examine the role of VAPB inclusions in motor neurons and
their significance in ALS pathogenesis, we generated transgenic mice expressing human
VAPB-P56S under the control of the Thyl.2 neuron-specific promoter. In three
independent transgenic lines VAPB-P56S accumulates into intracellular inclusions
consisting of smooth ER-like tubular profiles. The inclusions are observed in young motor
neurons, their number and size is unaffected by aging and does not correlate with signs of
axonal and neuronal degeneration, while axotomy causes their gradual disappearance
within 1-2 weeks. The VAPB-P56S inclusions are strongly immunoreactive for
ubiquitinated epitopes and factors that operate in the ER associated degradation (ERAD)
pathway, including Derlin-1 and p97/VCP. Inhibition of the proteasome and knockdown of
the ER membrane chaperone Bap31 increased the size of mutant VAPB inclusions in
cultured primary neurons. Mutant forms of seipin that also cause ER-derived inclusions
partially codistribute with VAPB-P56S inclusions. Together the data indicate that the
VAPB-P56S inclusions represent a reversible ER quality control compartment that is
formed when the amount of mutant VAPB exceeds the capacity of the ERAD pathway in
motor neurons.
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Introduction

Protein aggregation is a central feature of many neurodegenerative disorders,
including Alzheimer's disease and other dementias, Parkinson's disease, Huntington's
disease and amyotrophic lateral sclerosis (ALS). The events triggering protein aggregation
can be mutations increasing the aggregation propensity of proteins, increased expression of
aggregation-prone proteins (e.g. gene duplication), aberrant post-translation modifications
(oxidative modifications, aberrant phosphorylation), failure of the protein quality control
machinery, or combinations of these factors (Chiti and Dobson, 2006; Rubinsztein, 2006;
Aguzzi and O'Connor, 2010; Buchberger et al., 2010; GADad et al., 2011). In multiple
disorders aggregating proteins accumulate into discrete micrometer-scale structures that are
termed inclusions, inclusion bodies, aggregates or have disease or morphology specific
names (e.g. Lewy bodies, Pick bodies, neurofibrilary tangles). Not only the protein
composition, but also the morphologies, as well as (sub) cellular and regional distributions
of inclusions can be correlated to specific disorders and subtypes of disorders (Skovronsky
et al., 2006; Cohen et al., 2011; Hart et al., 2012). Depending on the type of disorder and
inclusion, inclusions may be either neuroprotective, neutral or detrimental structures
(Kaganovich et al., 2008; Tyedmers et al., 2010).

A peculiar inclusion, ultrastructurally characterized by the presence of membranous profiles
continuous with the ER, occurs in cellular and invertebrate models of a rare familial
amyotrophic lateral sclerosis (ALS)-like disorder designated ALS8 (Teuling et al., 2007;
Tsuda et al., 2008; Fasana et al., 2010; Papiani et al., 2012). ALSS is caused by mutations
in VAPB (Nishimura et al., 2004; Chen et al., 2010 6767; Funke et al., 2010; Millecamps et
al., 2010), a small tail-anchored ER membrane protein that is member of a highly conserved
VAP (VAMP/synaptobrevin-associated proteins) family of proteins. VAP proteins are
characterized by an N-terminal MSP (major sperm protein) domain, a coiled-coil motif, and
a C-terminal transmembrane region, and in mammals consists of two genes, VAPA and
VAPB, yielding at least three gene products VAPC being a splice variant of VAPB lacking
the C-terminal transmembrane domain (Nishimura et al., 1999; Lev et al., 2008; Nachreiner
et al., 2010). The MSP domain (named after C. elegans MSPs) contains a binding site for
the FFAT (diphenylalanine [FF] in an acidic tract) or FFAT-like motifs that are present in a
variety of proteins in particular lipid transfer proteins (Loewen and Levine, 2005; Mikitova
and Levine, 2012). In addition the MSP domain may function as a secreted ligand after
cleavage from the transmembrane domain (Han et al., 2012). VAPs have been implicated in
diverse processes, including non-vesicular transfer of lipids and membrane trafficking
(Loewen and Levine, 2005; Kawano et al., 2006; Perry and Ridgway, 2006; Peretti et al.,
2008), ER-organelle and cytoskeleton interaction (Amarilio et al., 2005; Rocha et al.,
2009), neurite extension [Saita, 2009; De Vos et al., 2011; Stefan et al., 2011), ER stress
(Kanekura et al., 2006; Gkogkas et al., 2008; Suzuki et al., 2009), and (at least in
invertebrates) homeostatic and signaling functions at the neuromuscular synapse (Pennetta
et al., 2002; Chai et al., 2008; Ratnaparkhi et al., 2008; Han et al., 2012).

To date, two mutations, P56S (Nishimura et al., 2004; Funke et al., 2010; Millecamps et al.,
2010) and T46I (Chen et al., 2010) both localized in the MSP domain have been associated
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with an ALS-like motor neuron disorder in man. The mutations do not perturb post-
translational insertion into ER membrane (Fasana et al., 2010), but disrupt FFAT-motif
binding and cause rapid oligomerization and aggregation of mutant VAPB, resulting in
multiple dot-like inclusions (Nishimura et al., 2004; Kanekura et al., 2006; Teuling et al.,
2007; Kim et al., 2010; Papiani et al., 2012). The presence of wild-type VAPB in the
inclusions and data from mutant invertebrates indicate that VAPB-P56S may act in a
dominant negative way by recruiting wild-type VAPB into aggregates (Pennetta et al.,
2002; Teuling et al., 2007; Chai et al., 2008; Ratnaparkhi et al., 2008; Han et al., 2012). In
addition, mutant VAPB aggregates may disrupt normal ER structure and function (Teuling
et al., 2007; Chen et al., 2010; Papiani et al., 2012; Tran et al., 2012); or interfere with ER
protein quality control systems (Kanekura et al., 2006; Moumen et al., 2011).

In this study we generated and characterized P56S-mutant VAPB transgenic mice to
examine the effect of long-term expression motor neurons in motor neurons in vivo, in a
mammalian model. The main finding of our study is that mutant VAPB inclusions that
occur in motor neurons of our transgenic mice are non-toxic structures and represent an ER
quality control compartment that is formed when the amount of substrate exceeds the
capacity of the ERAD pathway of the cell.

Materials and Methods

Transgenic mice

Animals were housed and handled in accordance with the "Principles of laboratory
animal care" (NIH publication No. 86-23) and the guidelines approved by the Erasmus
University animal care committee
Transgenic VAPB mice were generated using the cDNAs of wild-type or P56S-mutant
human VAPB were cloned into the Thyl.2-expression module. The VAPB-constructs also
contain an HA-tag to enable easy visualization of transgenic VAPB by
immunocytochemical approaches. Experiments in transfected cells have shown that the
HA-tag does not alter the biochemical characteristics of wild-type and mutant VAPB.
A selected group of all transgenic lines was allowed to age for 2 years. The mice were
weighed and inspected for signs of muscle weakness once per to weeks using a set of
simple tests: mice were examined for their ability to extend their hindlimbs when
suspended in the air by their tail and their ability to hang upside down on a grid for 60 s
(Jaarsma et al., 2008). In addition, at specific ages animals were subjected to an
accelerating rotarod test as described (van Woerden et al., 2007). The mice were killed
when they developed motor problems or when they reached 2 years of age. Mice
developing tumors were excluded from the study. Selected mice were analyzed for
neuromuscular denervation and pathological abnormalities in the spinal cord (e.g motor
neuron loss, gliosis).

Axotomy of the sciatic nerve

Six week old VM1 mice and their non-transgenic littermates were anesthetized
and the sciatic nerve was exposed. Than bound with suture and cut at mid thigh level. After
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various intervals mice were perfused transcardially with 4% paraformaldehyde and
processed for immunocytochemistry. 8 weeks old BN1 and non-transgenic animals were
anaesthetized, the sciatic nerve was exposed, bound with suture and cut just above the
division of the sciatic nerve into the tibial and common peroneal nerves. A 2 mm-piece of
the nerve was removed. Animals were left to recover for 12 or 24 hours. Following
transection, animals were perfused transcardially with 4% paraformaldehyde and processed
for immunohistochemistry as described before with antibodies against ATF3.

Primary neuron cultures and transfection

Primary hippocampal cultures were prepared from embryonic day 18 (E18) rat
brains (Hoogenraad et al., 2010). Cells were plated on coverslips coated with poly-L- lysine
(30 pg/ml) and laminin (2 pg/ml) at a density of 75,000/well. Hippocampal cultures were
grown in Neurobasal medium (NB) supplemented with B27, 0.5 mM glutamine, 12.5 pM
glutamate and penicillin/streptomycin. Hippocampal neurons were transfected using
Lipofectamine 2000 (Invitrogen). The following mammalian expression constructs and
shRNA were used: HA- and myc-tagged VAPB-wt and VAPB-P56S constructs (Teuling et
al., 2007); myc-tagged seipin-wt, seipin-N88S and seipin-S90L constructs (Ito et al., 2012);
and BAP31 shRNA construct (Wang et al., 2008). DNA (3.6 pg /well) was mixed with 3 pl
of Lipofectamine 2000 in 200 pl of NB, incubated for 30 min, and then added to the
neurons in NB at 37°C in 5% CO2 for 45 min. Next, neurons were washed with NB and
transferred in the original medium at 37°C in 5% CO2. After 2-4 days of transfection,
neurons were fixed with 4% paraformaldehyde/4% sucrose in PBS, washed three times in
PBS for 10 min and incubated with the indicated primary antibodies in GDB buffer (0.2%
BSA, 0.8 M NaCl, 0.5% Triton X-100, 30 mM phosphate buffer, pH 7.4) overnight at 4°C.
Neurons were then washed three times in PBS for 30 min and incubated with secondary
antibodies in GDB for 1hr at room temperature and washed three times in PBS for 30 min.
Slides were mounted using Vectashield mounting medium (Vector laboratories). Images for
co-localization measurements were acquired using a Nikon microscope equipped with a
100x oil objectives. Confocal images were acquired using a LSM510 confocal microscope
(Zeiss) with 40x or 63x oil objectives.

Antibodies

Primary antibodies reported in this study are: mouse anti-actin (1:5000; Millipore,
Temecula, CA), rabbit anti-ATF3 (Santa Cruz; IHC and IF 1:1000), rabbit anti-Bap31
rabbit (from M. Tagaya; Tokyo University of Pharmacy and Life Sciences (Wakana et al.,
2008)), rabbit anti-BiP/GRP78 (1:500; Stressgen Biotechnologies, San Diego, CA), rabbit
anti-calreticulin (1:1000; Affinity BioReagents), goat-anti-choline acetyltransferase (ChAT,
Chemicon, IF 1:500), rabbit-anti-CGRP (Calbiochem, IF 1:10.000), rabbit anti-Derlin-1
(D4443, Sigma-Aldrich, IF 1:1000), rabbit anti-GFAP (DAKO, IF 1:5000), mouse-anti
GM130 (BD Biosciences, IF 1:1000), rabbit anti-HA (Santa Cruz), rat anti-HA, mouse anti-
HA (1:500; Roche, Indianapolis, IN), rabbit anti KDEL (Stressgen), rabbit anti-myc (1:500;
Cell Signaling Technology, Beverly, MA), mouse anti-myc (1:500; Santa Cruz
Biotechnology, Santa Cruz, CA), chicken anti-neurofilament M (Millipore), rabbit anti-
NIR2, rabbit anti-ORP9 (gift from Neale Ridgway, Dalhousie University, Canada), rabbit
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Figure 6.1. VAPB-P56S transgenic mice develop inclusions in motor neurons

A) To generate VAPB transgenic mice the cDNAs of wild-type or P56S-mutant human VAPB coupled to HA
were cloned into the Thyl.2-expression casette.

B, C) Pro-nuclear injections yielded 4 Thyl.2-hVAPB-P56S (VM1, VM2, VM3, VMS5) and 3 Thyl.2-hVAPB-WT
(VW1, VW2, VW3) founders that showed Mendelian transmission of the transgene and widespread transgene
expression in the nervous system as identified by anti HA immunohistochemistry (B) and confocal
immunofluorescence for HA and VAPB (C). Note that 3 of 4 Thy1.2-hVAPB-P56S lines (VM1, VM3, VMS5 [not
shown]) develop multiple small spherical intensely HA and VAPB-immunoreactive inclusions in motor neurons.
Also note higher HA staining intensities in wild-type compared to mutant lines and the absence of HA staining in
non-transgenic mice (B and C). Bar in C, 10 pm.
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D) Western blot of sciatic nerve homogenate of wild-type (line VW3) and mutant (line VM1) transgenic mice
showing a high level of transgenic VAPB (running in a higher molecular weight band because of the HA-tag) in
wild-type VAPB sciatic nerve, and no transgenic VAPB in mutant VAPB sciatic nerve.

E) Western blot of whole homogenates (S1), and Nonidet P40-insoluble fraction (P2) of spinal cord mutant VAPB
(line VM1) and non transgenic mice showing the accumulation of mutant VAPB in the P2 fraction.

anti-ORP2, rabbit anti-ORP3, rabbit anti-ORP6 (gift from Vesa Olkkonen, Institute for
Molecular Medicine Finland), Man anti-PO, Rabbit anti-phosphoS6 (Cell Signalling),
mouse anti ubiquitin (FK2; 1:300; Biomol, Plymouth Meeting, PA), rabbit anti-VAPB
variable central domain of VAPB (#1006-02) and the whole cytosolic domain of VAPB
(#1006-00), guinea pig anti-VAChT, mouse anti-VCP (Ma3-004; Thermo Scientific;
1:200).

Secondary antibodies: For avidin-biotin-peroxidase immunocytochemistry biotinylated
secondary antibodies from Vector Laboratories diluted 1:200 were used. FITC-, Cy3-, and
Cy5-conjugated secondary antibodies raised in donkey (Jackson Immunoresearch, USA),
Alexa488, 568 or 633 conjugated antibodies raised in goat were used for
immunofluorescence. For Western blots, HRP-conjugated goat-anti mouse or goat-anti
rabbit IgG were used at 1:5000 (DAKO, 1:5000).

Immunohistochemical and histopathological procedures

For immunocytochemistry and immunofluorescence mice were anaesthetised with
pentobarbital and perfused transcardially with 4% paraformaldehyde. The lumbar and
cervical spinal cord were carefully dissected out and post-fixed overnight in 4%
paraformaldehyde. Routinely, spinal cord tissue was embedded in gelatin blocks, sectioned
at 40 pm with a freezing microtome and sections were processed, free floating, employing a
standard avidin-biotin-immunoperoxidase complex method (ABC, Vector Laboratories,
USA) with diaminobenzidine (0.05%) as the chromogen, or single, double and triple-
labelling immunofluorescence (Jaarsma et al., 2008). Immunoperoxidase-stained sections
were analyzed and photographed using a Leica DM-RB microscope and a Leica DC300
digital camera. Sections stained for immunofluorescence were mounted on coverslips,
placed on glass slides with Vectashield mounting medium, and were examined with Zeiss
LSM 510 and LSM 700 confocal laser scanning microscopes.
For analysis of neuromuscular denervation medial gastrocnemius muscle from 4%
paraformaldehyde fixed mice were dissected, embedded into gelatin blocks and sectioned at
80um with a freezing microtome. Sections were immunolabeled, free floating for guinea
pig anti-VAChHT and chicken-anti-NFM followed by Cy3 anti-goat and Cy5 anti-chicken or
anti-rabbit secondaries, and motor endplates were labeled with FITC-bungarotoxin (1:500,
Molecular Probes). For quantitative analyses, muscle sections were examined under a Leica
DM-RB fluorescence microscope, end-plates being scored as 'innervated' in case of
complete overlap between bungarotoxin and VAChT labeling, 'partially denervated' in case
of partial overlap, and 'denervated' in case of the absence of VACHT labeling at the end-
plate. Per muscle all endplates within three sections were analyzed.
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Quantitative analysis of immunofluorescence images

Fluorescent intensities were determined using Metamorph image analysis
software. Images were collected using Zeiss LSM 510 confocal laser scanning microscope
with 63x Plan apo oil immersion objective. Stacks of 1 um thick sections were collected
from the first 4 um facing the coverslip, and the optical section 2 um below the surface was
used for density measurements. Material from non-transgenic and transgenic mice always is
imbedded in a single gelatin block to minimalize variability in staining intensity resulting
from the sectioning and immunostaining procedure. Per mouse, motor neurons from 3
randomly selected L4 sections (yielding 4-12 cells/sections) were measured.

Analyses of sciatic nerves

Sciatic nerves were carefully dissected from perfused mice, post-fixed in 4%
paraformaldehyde with 0.2% glutaraldehyde, extensively rinsed in 0.1M PB, post-fixed in
1% osmium, dehydrated, embedded in Durcupan, sectioned transversely at 500 nm with an
Ultratome, and stained with toluidine blue.

Electron Microscopy

For electron microscopy, mice were perfused transcardially with 4%
paraformaldehyde with 0.2% (post-embedding immunogold electron microscopy) or 1%
(standard transmission electron microscopy) glutaraldehyde. Specimens were sectioned
with a Vibratome and further processed using standard methods as described before
(Jaarsma et al., 2001; Jaarsma et al., 2008). For standard transmission electron microscopy
Vibratome sections (60-100 um thick) were post-fixed in 1% osmium, dehydrated and
embedded in Durcupan. Ultrathin sections (50-70 nm) were contrasted with uranyl acetate
and lead citrate, and analyzed in a Phillips CM100 electron microscope at 80 kV. Post-
embedding immunogold labelling was performed on 50-70 nm thick thin sections from 4%
paraformaldefyde and 0.2% glutaraldehyde fixed brain and spinal cord sections as
described before (Jaarsma et al., 2008) using the rat-anti-HA antibody at 1:100.

Statistical analyses

Statistical analyzes were performed with MS Excel or Graphpad Prism software
(San Diego, USA). Means from different age groups, and different transgenic mouse lines
were compared using Student's t-test, or one-way ANOV A and Tukey's post test.

Results

Motor neurons of VAPB-P56S transgenic mice develop VAPB inclusions depending
on transgene expression level

Transgenic VAPB mice were generated using a construct of human VAPB cDNA
with or without the P56S mutation cloned into the Thyl.2 expression cassette (Fig. 6.1A)
that drives transgene expression in neurons throughout the CNS, including spinal motor
neurons (Feng et al., 2000; Jaarsma et al., 2008). The transgenes incorporated an HA-tag at
the N-terminus to enable the efficient localization of transgenic protein at the light and
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ultrastructural level (Kushner et al., 2005). On the basis of Western blot and
immunohistochemistry with antibodies against the HA-tag, we selected 4 lines of hVAPB-
P56S (VM1, VM2, VM3, VM5) and 3 lines of wild-type (wt)-hVAPB (VW1, VW2, VW3)
transgenic mice. All lines showed Mendelian inheritance of the transgene and expression of
the transgene in neurons throughout the central nervous system including cortex,
hippocampus, cerebellum, brain stem and spinal cord (Fig. 6.1B). Transgene expression
levels in motor neurons were considerable higher in wt-hVAPB compared to hVAPB-P56S
expressing lines (Fig. 6.1C). Another difference was the presence of a high level transgenic
VAPB in axons in wild-type but not mutant lines. The presence of high levels of transgenic
VAPB in axons of wild-type transgenic mice was confirmed by Western blot of sciatic
nerve homogenates (Fig. 6.1D). In all lines the transgene was expressed in the majority of
motor neurons as determined by double-labeling immunofluorescence with antibodies
against HA and the motor neuronal marker choline acetyl transferase. In all lines the onset
of transgene protein expression was present before post-natal day 7. There was no
detectable HA signal in glial cells (not shown), nor was there HA signal in various non-
CNS tissues including heart, skeletal muscle, liver, and kidney.

In 3 of 4 hVAPB-P56S expressing lines (VM1, VM3, VMY), very intense HA and VAPB-
immunoreactivity occurred in small spherical and ellipsoid inclusion-like structures (Fig.
6.1D). The structures were distributed throughout the cell bodies of the majority of motor
neurons, and resembled the inclusions previously documented in transfected cells
(Nishimura et al., 2004; Teuling et al., 2007). The inclusions also occurred in other
populations of neurons, including large spinal interneurons, and large neurons in brain stem
and the cerebellar nuclei. Comparison of different lines suggests that the frequency of
inclusions grossly correlates with transgene expression levels, occurring at higher
frequencies in lines VM1 and VM5 that express relatively high levels of mutant protein,
show larger numbers of inclusions per motor neuron, and a higher proportion of motor
neurons with inclusions (about 70 % of motor neurons; see also below) as compared to line
VM3 (about 50-60% of motor neurons has inclusions). Mice from line VM2, showed the
lowest transgene expression levels, which may explain the absence of detectable inclusions.
Western blot analysis showed that a large proportion of transgenic mutant VAPB
accumulated in a non-ionic detergent (Nonidet P40) insoluble (P2) fraction, indicative of
reduced solubility and aggregation of mutant VAPB (Fig. 6.1E). Endogenous murine
VAPB was not detectable in the insoluble fraction of spinal cord homogenate of mutant
VAPB mice, suggesting that it does not coaggregate with transgenic mutant VAPB (Fig.
6.1E).
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Figure 6.2. VAPB Inclusions in VAPB-P56S transgenic motor neurons are immunoreactive for ER markers
and are surrounded by ribosome rich areas

A-D) Confocal immunofluorescence of non-transgenic (A, C), or mutant VAPB (line VM1; B, D) spinal motor
neurons double-labeled for VAPB labeled with either anti-HA (specific for transgenic VABP; A, B) or anti-VAPB
(labels endogenous and transgenic VAPB; C, D) and antibodies against luminal ER proteins, i.e. calreticulin (A,
B) or KDEL-motif proteins (C, D); calreticulin and KDEL-immunoreactivities are diffusely distributed throughout
the cytoplasm of bo th non-transgenic (A, C) and mutant VAPB (B', D) expressing motor neurons irrespective of
the presence of VAPB inclusions.

E, F) Double labeling for HA and the ribosomal proteins PO (E) or phosphorylated-S6 (F) shows that mutant
VAPB inclusions are PO and phospho-S6-immunonegative, but the surrounding cytoplasm is always intensely PO
(arrows in E) and phospho S6-positive (F). Arrow and insert in F show that also dendritic VAPB inclusions are
surrounded by high levels of ribosomes.

G-J) Double of VAPB and HA, with antibodies against the cis-Golgi protein GM130 (G, H), lysosomal protein
LAMP1 (I), and the FFAT-motif protein ORP9 (J), shows that VAPB inclusions (arrow is I and J) are
immunonegative for these proteins. Note the presence of autofluorescent structures, representing lipofuscin (aging
pigment) in the motor neuron shown in J which is from a 70 week old VM1 mouse. Bar in C, 10 pm
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Figure 6.3. VAPB inclusions consist of smooth ER-like tubular profiles intermingled with electron dense
material
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Figure 6.3. VAPB inclusions consist of smooth ER-like tubular profiles intermingled with electron dense
material

A-D) Transmission electron photomicrographs of mutant VAPB inclusions in spinal motor neurons of a 6 weeks
old VM1 (A, B), a 6 week old VM3 (C), and a 70 weeks old VM1 x VM5 mouse (D). Note in A that the
inclusions (red arrows) are localized within normal appearing rough ER (RER). Other organelles such as Golgi
apparatus (Go) and mitochondria (m) are unaltered (A, B). In C the ER lumen is accentuated in green to outline
the continuity of tubular smooth ER like profiles in the inclusions with the surrounding rough ER cisterns. Note in
C and D that the electron dense material in the inclusions has a patchy appearance (red arrows).

E) Post-embedding immunogold electron microscopy with anti-HA antibody showing that HA-labeling is
preferentially associated with the electron dense material in the inclusions (see insert). The dashed lines outline
two distinct inclusions.

Color overlay in A: red, area outside the motor neuron; yellow, nucleus; green, lumen of ER.

Scale bars: 2 um (A), 500 nm (B), 200 nm (C, D, E)

VAPB inclusions consist of smooth ER-like tubular profiles intermingled with electron
dense material

To further characterize the inclusions in motor neurons of VAPB-P56S transgenic
mice we double stained for HA or VAPB and a variety of cellular markers. Double labeling
with antibodies against calreticulin (a luminal ER sugar-binding protein) and KDEL (a C-
terminal tetrapeptide motif shared by several ER chaperones), showed that the mutant
VAPB inclusions were immunoreactive for these ER markers (Fig. 6.2A-D). However
calreticulin and KDEL staining was not enriched in the inclusions; the same staining
intensity is observed in the inclusions as compared to the surrounding area. Accordingly,
the calreticulin and KDEL staining in motor neurons with inclusions was indistinguishable
from that in non-transgenic motor neurons (e.g. compare Figs. 6.2A and C with Figs 6.2B'
and D'). Double labeling with antibodies against ribosomal protein PO and phosphorylated
ribosomal protein S6 showed that while the inclusions were immunonegative for PO and
phospho-S6, the area around the inclusions contains a high density of ribosomes (Fig. 6.2E,
F). The specific association of mutant VAPB inclusions within ribosome-rich areas was
particularly clear in motor neuronal dendrites showing focal areas of intense phospho-S6
staining. Analysis of dendritic VAPB inclusions (> 100) indicated that in all occasions they
are present within an area of intense phospho-S6 staining (Fig. 6.2F'). Mutant VAPB did
not codistribute with Golgi apparatus markers such as GM130 (Fig. 6.1G, H) and CGRP
(not shown). The presence of inclusions did not have a detectable effect on the Golgi
apparatus morphology as identified by GM130 immunofluorescence (Fig. 6.2G, H). Also
markers for lysosomes (LAMPI, Fig 6.2I) and endosomes (EAAI1, not shown) did not
codistribute with inclusions and showed unaltered distributions in motor neurons with
inclusions. Finally we screened antibodies against a variety of FFAT-motif containing
proteins, representing a major class of VAPB interacting proteins (Loewen et al., 2003;
Kaiser et al., 2005; Teuling et al., 2007), to determine whether these proteins accumulate in
the inclusions. Consistent labeling in motor neurons was observed with antibodies against
NIR2 and ORP9 both of which are potential VAPB interacting proteins as determined by
immunoprecipitation and pull down experiments (Wyles and Ridgway, 2004; Amarilio et
al., 2005; Lehto et al., 2005; Teuling et al., 2007). However, no ORP9 (Fig. 6.2]) nor NIR2
(data not shown) accumulated in the mutant VAPB inclusions, consistent with our
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observation that the P56S mutation disrupts the FFAT-motif binding domain of VAPB
(Teuling et al., 2007).

The above data indicate that the mutant VAPB inclusions are positive for luminal ER
proteins and are surrounded by ribosome-rich areas. Consistently, transmission electron
microscopy revealed abnormal structures containing smooth ER-like tubular profiles that
were situated within the rough endoplasmatic reticulum (RER) of motor neurons in the
VAPB-P56S transgenic mice (Fig. 6.3). The tubular profiles in many occasions were
continuous with profiles of surrounding rough ER cisterns (Fig. 6.3A-D). The inclusions, in
addition to the tubular profiles, consisted of diffuse electron dense material.

Typically the electron dense material was not homogeneously distributed throughout the
inclusion, but showed a patchy appearance, suggestive of some degree of organization into
smaller clusters (Fig. 6.3C, D). Post-embedding immunogold electron microscopy with
anti-HA antibody, showed that HA-labeling was specifically associated with the inclusions
(Fig. 6.3E; 78.40 + 16.98 particles/um® [10 inclusions] versus 0.32 + 0.14 gold
particles/um? in the surrounding cytoplasm and 0.24 + 0.08 particles/um’ in non-transgenic
motor neuron, n = 10 cells) but not in any other structure. Immunogold labeling was
preferentially associated with the electron dense material in the inclusions, suggesting that
the electron dense material at least in part represent aggregated VAPB (Fig. 6.3E).
Comparison of different lines of VAPB-P56S transgenic mice, showed that the
ultrastructural characteristics of the inclusions were the same in all lines showing inclusions
at the light microscopic level (VM1, VM3 and VMS5), while they do not occur in line VM2
(see Table 1) consistent with immunofluorescence data. Also in double mutant mice
generated by crossing VM1 and VM5 mice to increase transgene expression levels (see
below) the ultrastructural characteristics of the inclusions were the same as in other lines.
The ultrastructural characteristics of the inclusions also were the same in old (70-90 weeks)
transgenic mice (Fig. 6.3D), indicating no effect of aging on their morphology. Importantly,
the RER around the inclusions and other organelles in the same cells in all instances
showed a normal appearance, suggesting that the inclusions do not have a deleterious effect
on other cellular organelles. Finally, the inclusions showed the same appearance in spinal
interneurons (not shown), indicating that the ultrastructure of inclusions does not depend on
specific features of the ER in motor neurons.

Stacked ER cisterns in wt-hVAPB motor neurons

Motor neurons of wt-hVAPB mice did not show the ER-inclusions as observed in
VAPB-P56S transgenic mice, indicating that these inclusions are a specific consequence of
mutant VAPB. A subset of motor neurons, however, showed another abnormalitiy, i.e.
stacked ER, consisting of flat or circular arrays of parallel narrow cisterns separated by a
17.2 £ 1.6 nm thick layer (Fig. 6.4A). These stacked ER cisterns resembled previously
reported stacked ERs (also termed organized smooth ER [OSER], or crystaloid ER)
observed in cells coexpressing VAPB together with FFAT-motif protein (Amarilio et al.,
2005; Lehto et al., 2005), cells expressing high levels of certain ER membrane proteins
(Takei et al., 1994; Snapp et al., 2003), and knock-down of specific proteins (Dykstra et al.,
2010 6736). Usually the ER stacks were localized in the RER bodies, the superficial
cisterns being continuous with rough ER cisterns (Fig. 6.5A). Occasionally, stacked ER
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Figure 6.4. Stacked ER in motor neurons of wild-type VAPB overexpressing mice A, B) Transmission
electron photomicrographs showing stacked ER in motor neurons from a 30 week old wild-type VAPB
overexpressing mouse (line VW3). The ER cisterns in the stacks are thin, while the cytosolic faces of the cisternal
membranes are separated by a 17.2 + 1.6 nm thick layers (A). In A" the ER lumen is accentuated in green to
outline the continuity of lumen of stacked cisterns with the surrounding ER cisterns. B illustrates stacked ER also
next to a C-type synapse characterized by the presence of subsynaptic ER cisterns. C) Post-embedding ant-HA
immunogold electron photomicrographs, showing that transgenic wild-type VAPB is concentrated in the stacked
ER. D) Transmission electron photomicrograph of a motor neuron of an 8 week old mouse from line VW1
showing a variant of stacked ER, consisting of curved more irregular ER cisterns, and electron dense intra-
cisternal spaces (inserts in D). Color overlay: yellow, nucleus (A); purple, presynaptic bouton (B); green, lumen
of ER (B and D). Scale bars: 2 um (D), 500 nm (B), 100 nm (A", C) Both the regular' and the electron-dense
irregular variant of stacked ER were never observed in VAPB-P56S transgenic mice.
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also occurred at C-type synapses (Fig. 6.4B) which in non-transgenic mice are
characterized by the presence of subsurface ER cisterns (Hellstrom et al., 2003).
Immunogold labeling showed increased anti-HA immunoreactivity within stacks (Fig.
6.4C). Remarkably, in one line of wt-hVAPB mice (line VW1) we noted a variant of
stacked ER, where ER cisterns were curved, the lumen of the cisternae was expanded and
the space linking cisterns together was considerably more electron dense (Fig. 6.4D). This
electron dense form of stacked ER was continuous with both 'regular’ ER stacks and RER
profiles (inserts in Fig. 6.4D).

Only a few VAPB-P56S transgenic mice display motor axon degeneration

Together our confocal and electron microscopic analyses show that mutant VAPB
in motor neurons of VAPB-P56S transgenic mice accumulates in unique ER containing
inclusions. To determine whether these inclusions or the presence of mutant VAPB per se
in the long term are detrimental for motor neurons and cause an ALS-like disorder, 10-13
mice from each line (VM1, VM2, VM3 and VM5) were allowed to age and tested for the
development of motor abnormalities Moreover, we increased the levels of mutant VAPB by
generating double transgenic mutant VAPB mice through intercrossing VM1 and VMS5.
Almost all VAPB-P56S transgenic mice (46 mice) reached the age of 2 years without
developing signs of motor deficits as measured by accelerating rotarod, hanging wire and
hind limb extension tests, while 2 mice developed progressive motor impairment. The mice
that survived without signs of motor abnormalities included all mice of VM1 and VM5
lines showing high levels of VAPB inclusions in motor neurons (Fig. 6.5A). In these mice
there was no evidence for increased astrocyte or microglia activation or increased
neuromuscular denervation and motor neuron loss. The mice with a motor phenotype (MP)
included a mouse from line VM3 (mouse MP1, onset 61 weeks) and line VM1xVM5
(mouse MP2, onset 74 weeks). The mice were killed when they were unable to hang for
more than Is and started to show > 20% weight loss at the age 65 (mouse MP1) and 78
(mouse MP2) weeks. At the time of killing the mice were still capable of moving their hind
limbs, but they were unable to extend them and use them properly for locomotion (Fig.
6.5B). Both mice showed mild astrocytosis and microgliosis in the spinal cord ventral horn.
Interestingly, while the motor neurons showed a relatively healthy appearance, a large
proportion throughout the spinal cord showed the expression of ATF3 (Fig. 6.5C, D), a
stress transcription factor that is expressed in motor neurons following multiple
pathological conditions (Tsujino et al., 2000; Vlug et al., 2005; de Waard et al., 2010).
Remarkably, double labeling with anti-HA antibody showed that ATF3 expressing motor
neurons in mouse MP1 and MP2 both showed diffuse HA-immunoreactivity in the
cytoplasm instead of the HA-positive inclusions (Fig. 6.5E).
Analysis of the sciatic nerve revealed profiles of degenerating axons (Fig. 6.5F). Together
the data indicate that only a few VAPB-P56S transgenic mice (<5% - MP1 and MP2) show
axonal degeneration and develop progressive motor abnormalities. Although the total
number of transgenic mice with motor neuron abnormalities is too low to conclusively link
the phenotype to VAPB-P56S expression, the data do suggest a correlation between ATF3
expression, axonal degeneration and the absence of VAPB inclusions.
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Figure 6.5. ATF3 activation and motor axon degeneration in 2 of 46 VAPB-P56S transgenic mice

A) Bar graphs showing weight, and motor performance in hanging grid and accelerating rotarod tests of mutant
VAPB transgenic mice (line VM1 and VM1xVMS5 mice) and non-transgenic littermates. VAPB transgenic mice
showed the same weight and motor performance as non-transgenic littermates. Numbers in bars represent the
number of mice tested per group. B) Mutant VAPB mouse (mouse MP2, line VM1xVMS, age 78 weeks) that
developed muscle weakness resulting in impaired locomotion and inability to extend the hind limbs when lifted by
the tail. C, D) Representative images (C) and bar graph (D) showing high levels of ATF3 expression in spinal
motor neurons of mutant VAPB mice that developed muscle weakness (Mouse MP1 and MP2).

E) Confocal images of motor neurons double-labeled for HA and ATF3 showing both the absence of VAPB
inclusions as well as ATF3 expression in motor neurons of the mutant VAPB mouse MP2.

F) Semithin (0.5 um) toluidine blue-stained sciatic nerve sections of mutant VAPB mice (line VM3) showing
degenerating axons (red arrows) in mouse MP, a VM3 mouse that developed muscle weakness.

Scale bars: 250 um (A), 10 um (B), 2 um (C).
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Figure 6.6. Loss of mutant VAPB inclusions in axotomized motor neurons A) Confocal image of lumbar
motor neurons of a VM1 mutant VAPB mouse, 7 days after sciatic nerve transection, showing that axotomized
motor neurons identified by ATF3 expression (ipsilateral) have no or very small VAPB inclusions as compared to
control (contralateral) VM1 motor neurons. B) Representative images of axotomized motor neurons (ipsilateral,
ATEF3 positive) from VM1 mice killed at different time points after axotomy. Note the gradual reduction of the
size of VAPB inclusion following post-axotomy, ultimately leading to diffuse perikaryal HA staining 2-3 weeks
post-axotomy. C, D) Bar graphs showing the inclusion size expressed as the number of pixels in a 1 pm thick
optical section (C), and the percentage of HA-labeled motor neurons with inclusions (D). Values in C represent
means + SE from more than 50 motor neurons from 2-3 mice. *, **, ***: P < (.05, P < 0.01, P < 0.001 compared
to contralateral (unpaired Student's t-test). Scale Bars: 25 pm (A), 10 pm (B).

Loss of mutant VAPB inclusions in axotomized motor neurons

To further investigate the connection between ATF3 expression, axonal damage
and the absence of VAPB inclusions, we examined the effect of axotomy on in sciatic nerve
motor neurons of VM1 mice. Axotomy results in a strong induction of ATF3 expression in
motor neurons, within 12 hours, which lasts for more than 5 weeks post transection
(Tsujino et al., 2000; Teuling et al., 2008). Analysis of inclusions in axotomized VM1
spinal cord revealed a gradual reduction of the size of inclusions starting within 24 hours
post-axotomy, and a reduction of the number of motor neurons with inclusions 3-5 days
post-axotomy, resulting in the total absence of inclusions and diffuse HA labeling 2-3
weeks post-axotomy (Fig. 6.6).
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The diffuse HA labeling in 2-3 weeks axotomized VM1 motor neurons strongly resembled
HA-labeling of MP1 and MP2 motor neurons indicating that the absence of mutant VAPB
inclusions in MP1/MP2 mice can be explained as a secondary phenomenon following
ATF3 expression/axonal injury. Importantly, the level of HA-labeling in 2-3 weeks
axotomized VM1 motor neurons is considerable higher than in VM2 motor neurons,
indicating that the absence of inclusions cannot simply be explained by reduced VAPB-
P56S expression levels.

VAPB inclusions are an ER associated degradation (ERAD) quality control
compartment

The above data indicate that mutant VAPB inclusions in motor neurons of VAPB-
P56S transgenic mice represent reversible structures. Being a misfolded ER membrane
protein, VAPB- P56S is likely to be degraded by the ERAD-C pathway, i.e. ER associated
degradation (ERAD) for ER substrates exposing a misfolded domain into the cytoplasm
(Claessen et al., 2012; Wolf and Stolz, 2012). This pathway like other ERAD pathways
involves ubiquitination of the substrate, followed by extraction from the ER membrane for
delivery to the proteasome. Studies in Drosophila and mammalian cells have documented
that P56S-VAPB can be poly-ubiquitinated, and that mutant VAPB inclusions are
immunostained with antibodies against poly-ubiquitinated epitopes (Kanekura et al., 2006;
Ratnaparkhi et al., 2008; Papiani et al., 2012), although in our hands VAPB-P56S
inclusions in transfected HeLa cells were relatively weakly positive for ubiquitin-epitopes
as compared to inclusion formed by mutant huntingtin (Supplementary Fig. 2A of (Teuling
et al., 2007)). Using monoclonal antibody FK2 that immunoreacts with mono- and poly-
ubiquitinated epitopes, inclusions of our VAPB-P56S transgenic mice showed intense
staining (Fig. 6.7A), consistent with ubiquitination of mutant VAPB in the inclusions.
Interestingly, motor neurons without inclusions showed a diffuse increase of FK2-
immunostaining throughout the cytoplasm as compared to motor neurons from non-
transgenic mice processed in the same immunorun. This was observed in 2 independent
experiments with spinal cord sections from both VM1 and VM3 mice and their respective
non-transgenic littermates (Fig. 6.7B-D). These data raise the possibility that also diffuse
mutant VAPB which is not in the inclusions may be ubiquitinylated.
We next stained for other ERAD components, such as Valosin-containing protein
(VCP/p97, cdc48 in yeast) a hexameric AAA ATPase that is an essential ERAD component
by providing the mechanical force for ER extraction (Wolf and Stolz, 2012). In wild-type
motor neurons VCP-immunoreactivity was present in the nucleus and the perykaryon, with
higher staining intensities of the nucleus (Fig. 6.7I). Motor neurons with mutant VAPB
inclusions showed the same overall staining, but in addition showed intense VCP staining
within the inclusions, indicative of an accumulation of VCP in the inclusions (Fig. 6.7E).
Staining for Derlin-1, an ER membrane spanning protein that plays a role in ERAD of
many substrates, including tail-anchored proteins (Claessen et al., 2010), showed that
VAPB inclusions also were immunoreactive for Derlin-1 (Fig. 6.7F). However, unlike
VCP, Derlin-1 immunoreactivity was not specifically enriched in the inclusions, showing
the same overall distribution in non-transgenic motor neurons and motor neurons with
inclusions (compare Fig. 6.7F'and H). Finally, we stained for Bap31 an ER membrane
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chaperone that may play a role in ERAD (Wakana et al., 2008 4512; Wang et al., 2008),
and is enriched in mutant VAPB inclusions in transfected HeLa cells (Fasana et al., 2010).
Accordingly, we found a marked enrichment of Bap31 immunoreactivity in mutant VAPB
inclusions in our transgenic mice (Fig. 6.7G). Together the data indicate that mutant VAPB
inclusions are a region of increased ERAD activity.

To further study the relationship between the ERAD pathway and the mutant VAPB
inclusion we moved to primary cultured hippocampal neurons. Like VAPB inclusions in
transgenic mice, VAPB inclusions in hippocampal neurons transfected with myc- or HA-
tagged P56S-VAPB were enriched in ubiquitinylated epitopes, VCP, Bap-31 and Derlin-1
immunoreactivity (Fig. 6.7J-M). Inhibition of the ERAD pathway by inhibiting the
proteasome with MG-132 resulted in the formation of larger inclusions (Fig. 6.8). Also
shRNA-mediated knockdown of Bap31 resulted in larger inclusions (Fig. 6.8C, D).
Together these data indicate that the sizes of the inclusions depend on ERAD activity,
compromised ERAD resulting in larger inclusions.

VAPB-P56S inclusions are not ERPO, an ER protective organelle associated with
luminal ERAD substrates

Together the data raise the possibility that VAPB-P56S clusters in motor neurons of our
P56S-VAPB transgenic mice represent a defensive cell response aimed at protecting cells
from a level of mutant ER membrane protein that exceeds the capacity of ER associated
degradation. A recent study documented a protective ER compartment termed ERPO (ER
protective organelle) in neurons of mice expressing mutated forms of seipin, an ER protein
associated with an autosomal dominant motor neuron disease (Yagi et al., 2011; Ito et al.,
2012). To determine whether overlapping mechanisms operate in the formation of mutant
seipin and VAPB inclusions we coexpressed VAPB-P56S with wild-type or mutant seipin
forms. Consistent with previous reports expression of seipin-S90L and seipin-N88S
resulted in the formation of small spherical in hippocampal neurons (not shown). The sizes
of seipin inclusion were in the same range as VAPB inclusions. In most cells expressing
mutant seipin and VAPB-P56S, the mutated proteins accumulated in distinct inclusions
(Fig. 6.9B, C). However, a few cells developed larger inclusions that contained both high
levels of both mutant seipin and VAPB (Fig. 6.9D). These data indicate that VAPB
inclusions are different from ERPO, but that in some conditions these ER quality control
compartments may fuse.
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Figure 6.7. Mutant VAPB inclusions are ubiquitin-positive and enriched in ERAD components

A-C) Representative confocal images of the distribution of ubiquitinated epitopes labeled with the FK2 antibody
in motor neurons of mutant VAPB line VM1 with (A) or without (B) inclusions, and non-transgenic littermates
(C). Note high level of FK2-immunoreactivity in inclusions (A) and diffuse increase as compared to non-
transgenic motor neurons in VM1 motor neurons without inclusions (B).

D) Bar graph of FK2-immunofluoresence signal in non-transgenic versus VM1 and VM3 motor neurons without
inclusions. Values are means + SE and are from lumbar L4 segments from 4 non-transgenic, 2 VM1 and 2 VM3
mice imbedded in a single gelatin block (see methods).

E-I) Confocal image of mutant VAPB (line VM1, E-G) or non-transgenic (H, I) spinal motor neurons double-
labeled for VAPB or HA and ERAD components, i.e. VCP/p97 E, 1), derlin-1 (F, H), and Bap31 (G).
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J-M) Maximal projections of confocal stacks of primary cultured hippocampal neurons transfected with Myc-
VAPB-P56S mutant VAPB, showing high levels of ubiquitinated epitopes, VCP/p97, derlin-1, and Bap31 in
mutant VAPB inclusions.
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Figure 6.8. Increased size of mutant VAPB inclusions after proteasome inhibition or BAP31 knockdown
A-C) Incubation of GFP and Myc-VAPB-P56S transfected primary cultured hippocampal neurons with Mg132 to
inhibit proteasome (B), or BAP31 shRNA construct to down regulate BAP31 expression (C) result in increased
size of mutant VAPB inclusions as compared to untreated cultures (A).

D) Frequency distribution of inclusion size in Myc-VAPB-P56S expressing neurons. The inclusion size is

expressed in pixel in a maximal projection of a stack encompassing the entire thickness of the cultured neurons (5-
10 um).

Discussion

Inclusions in motor neurons of transgenic VAPB-P56S mice may represent an ER
quality control compartment

In the present study we show that transgenic mice expressing the ALSS8-linked
mutant form of VAPB develop a novel type of inclusion that is localized within the rough
ER and consists of smooth ER-like tubular profiles surrounded by electron dense material.
Several lines of evidence raise the possibility that this mutant VAPB inclusion represents an
ER protein quality control compartment: First, the presence of the inclusions was not
associated with signs of neuronal malfunction or neuronal pathology. Second, the
inclusions are reversible as they gradually disappear following axonal transection. Third,the
inclusions are strongly immunoreactive for factors that operate in the ER associated
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degradation (ERAD) pathway, including p97/VCP, Derlin-1 and the ER membrane
chaperone Bap31. And forth, inhibition of ERAD increased the size of the inclusions.
Therefore we propose that the inclusions in motor neurons of our mutant VAPB transgenic
mice, represent an ER quality control compartment that arises, when the amount of
substrate exceeds the capacity of the ER associated degradation (ERAD) pathways,
reminiscent of aggresomes that may form in condition of excess cytoplasmatic misfolded
protein (Bagola and Sommer, 2008; Tyedmers et al., 2010).

Compatible with this idea, mutant VAPB inclusions do not occur in motor neurons of low-
expressing mutant VAPB transgenic mice (line VM2).Several studies have reported on ER-
derived inclusion-like structures that are formed after expression of specific mutated ER
proteins in yeast or mammalian cells, and may have cytoprotective properties (Huyer et al.,
2004; Granell et al., 2008; Yagi et al., 2011; Ito et al., 2012). An ER-derived structure
termed ERPO (ER protective organelle) has been identified as a protective ER
compartment in cells expressing the serpin al-antitrypsin with a E342K mutation,
associated with liver disease in children (Granell et al., 2008). A recent study showed that
mutant forms of seipin (N88S and S90L), that cause an autosomal dominant motor neuron
disease and accumulate into inclusions in transfected cells and neurons in transgenic mice
(Yagi et al., 2011), codistribute with al-antitrypsin in ERPO in double transfected cells (Ito
et al., 2012). These data suggest that ERPO may represent an ER quality control pathway
for multiple ER substrates. However, our data show that mutant VAPB and mutant seipin
predominantly accumulate in different inclusions when coexpressed, suggesting that the
mechanisms that operate in the formation of VAPB inclusions differ from those underlying
the formation of ERPO. In view of the presence of multiple ERAD subpathways that are
specific for different classes of ER proteins (e.g. ERAD-L, ERAD-M and ERAD-C for
luminal, intermembrane, and cytoplasmatic misfolded domains, respectively), it is
conceivable that there are also multiple ER protective compartments that may form in
conditions of overload of specific ERAD-subpathways. Interestingly, an ER derived
compartment termed ERAC (ER associated compartment) that is formed in yeast
expressing a misfolded multispanning membrane protein (Ste6p) shows ultrastructural
resemblance to the mutant VAPB inclusions (Huyer et al., 2004).Further studies are needed
to determine whether a compartment similar to ERAC exists in mammalian cells, to
characterize the molecular machinery underlying the formation of mutant VAPB inclusions,
and to determine whether there are additional proteins that use the same machinery and
accumulate in the same inclusions. These studies will also reveal to what extent the
formation of ER quality control compartments represent an integral cellular complement to
ERAD. These pathways may represent an alternative for unfolded protein response (UPR),
a set of well characterized molecular pathways that are activated by conditions of ER
proteolytic stress and result in down regulation of transcription and upregulation of ER
chaperones (Buchberger et al., 2010; Ronzoni et al., 2010; Smith et al., 2011).

The formation of a specialized ER quality control compartment may be favorable in
conditions of overload of a single mutated protein, while the UPR may be activated in more
generalized conditions causing the accumulation of multiple substrates. The presence of an
alternative for UPR in conditions of ERAD overload may explain the variability in the
literature on the activation UPR in cells expressing VAP-P56S (Suzuki et al., 2009;
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Moumen et al., 2011). Preliminary data indicate that there is no UPR activation in spinal
cord and brain homogenates from our VAPB-P56S transgenic mice.

Wild-type VAPB overexpression causes stacked ER

The ultrastructure of the mutant VAPB inclusions in motor neurons resemble the
ultrastructure of VAPB inclusion in non-neuronal mammalian cells (Teuling et al., 2007)
and drosophila neurons (Tsuda et al., 2008). However, recent work of Borghese and co-
workers (Fasana et al., 2010; Papiani et al., 2012) suggests that VAPB-P56S inclusions in
non-neuronal mammalian cells predominantly consist of a special form of stacked ER,
made of two tightly apposed smooth-surfaced ER cisternae separated by an electron-dense
layer (Fasana et al., 2010; Papiani et al., 2012). This bilayered stacked ER resembled bi-
and tri-layered ER stacks documented in 'control' COS cells transfected with salmon sperm
cDNA (Takei et al., 1994), suggesting that this type of ER abnormality is not necessarily
linked to mutant VAPB expression. We did not observe bi- or trilaminar stacked ER, nor
any other form of stacked ER in neurons of our mutant VAPB expressing lines. Instead
stacked ER occurred in motor neurons of our wild-type VAPB expressing transgenic mice.
Stacked ER is a well documented phenomenon in cells that coexpress wild-type VAPB and
FFAT-motif proteins, and it has been proposed that they are formed as a result of
heterotypic interaction between VAPB and FFAT-motif proteins (Amarilio et al., 2005;
Lehto et al,, 2005). Hence, stacked ER in motor neurons of wild-type VAPB
overexpressing mice may result from excessive VAPB interacting with endogenous FFAT-
motif protein. Remarkably, in one line of wild-type VAPB overexpressing mice we
observed a variant of stacked ER where the cytosolic space linking the cisterns together
was considerably more electron dense. These data indicate that stacked ER in some
conditions is irreversible, which contrasts with the notion that stacked ER is a relatively
harmless and reversible phenomenon (Takei et al., 1994; Snapp et al., 2003).

Does mutant VAPB cause a motor axonopathy?

Recently, another study has reported on mutant VAPB transgenic mice (Tudor et
al., 2010). Consistent with our data, their mice developed mutant VAPB inclusions in
motor neurons, but did not develop signs of motor neuron degeneration (Tudor et al., 2010
6705), further indicating that the VAPB inclusions are harmless or protective to motor
neurons. Within our cohort of mutant mice that was allowed to age up to 2 years, however,
there were two (of 46) mice that developed progressive motor deficits that, albeit milder,
resembled motor deficits in SOD1-ALS mice (Vlug et al., 2005; Jaarsma et al., 2008).
These two mice showed remarkably intact cell bodies of motor neurons, while significant
axonal degeneration occurred in the sciatic nerve. The total number of transgenic mice with
motor neuron abnormalities is too low to conclusively link the phenotype to mutant VAPB
expression. However, a low-penetrant clinical phenotype would be compatible with the
variability of clinical phenotypes in patients with the VAPB-P56S mutation (Marques et al.,
2006 6652; Marques and Marques, 2008). Furthermore, also the preferential axonal
pathology would be compatible with data from patients, showing axonal abnormalities in
nerve biopsies (Marques et al., 2006 6652).
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Figure 6.9. Mutant VAPB inclusions poorly colocalize with mutant seipin inclusions

Primary cultured hippocampal neurons cotransfected with HA-VAPB-P56S and myc-tagged seipin constructs.
Wild-type seipin shows a diffuse cytoplasic distribution, but seipin-S90L and seipin-N88S accumulate in
inclusions (B-D) designated ER protective organelle (ERPO, (Ito et al., 2012)). In most cells HA-VAPB-P56S
does not accumulate in seipin-positive inclusions (B and C). However, some cells show large inclusion like
structures that are positive for both mutant seipin and VAPB-HA (arrows in D).

Significantly, our data also showed that VAPB-P56S, in contrast to wild-type transgenic
VAPB, did not distribute to axons in our transgenic mice. Thus a toxic mechanism
involving the axon of motor neurons can not be explained by a direct toxic action VAPB-
P56S within the axon, but would imply an indirect toxic mechanism at the level of the cell
body. At this point all options, i.e. haploinsufficiency, a gained toxic activity, or a
dominant-negative effect, are still open. Studies with VAPB deficient mice may reveal to
what extent VAPB has a role in axonal maintenance and whether mutant VAPB mediated
toxicity can be explained by a haplo-insufficient or dominant-negative mechanism.
Interestingly there is an increasing number of long axon axonopathies that result from
mutations in proteins involved in ER structure and function, including receptor accessory
protein 1 (REEP1), atlastin-1 (ATL1), spastin (SPAST), and reticulon 2 (RTN2) (Renvoise
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and Blackstone, 2010 6744; Ramirez and Couve, 2011 6743; Montenegro et al., 2012 6747,
O'Sullivan et al., 2012 6748).

In summary, in this study we obtained evidence that inclusions formed by ALS8-mutant
VAPB in motor neurons in transgenic mice represent a protective ER compartment. The
data suggest that motor neurons are able to handle misfolded ER membrane protein levels
that exceed the capacity of the ERAD systems. The data do not support pathogenic
pathways involving toxic ER stress signaling or chronic proteotoxic stress proposed for
sporadic and SOD1-ALS (Lautenschlaeger et al., 2011).
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General Discussion

The studies in this thesis were aimed to gain a better understanding of the disease
mechanisms underlying ALS. The work focussed on pathological and interventional
approaches in transgenic mice that model two forms of ALS, i.e. SOD1-ALS and VAPB-
ALS. In this chapter common principles learned from these studies that are relevant for
other forms of ALS and other late onset progressive neurodegenerative disorders, such as
Parkinson’s disease and dementia are discussed. The central theme is the role of protein
aggregation and the formation of intracellular inclusions in neuronal degeneration. One
topic is the regional and cellular specificity of protein aggregation and neuronal
degeneration. In addition we discuss the role of trafficking, endoplasmic reticulum and
Golgi apparatus in ALS.

7.1 Neuroanatomy of ALS

A key feature of most neurodegenerative diseases is the non-uniform distribution
of neurodegenerative changes, while the disease causing proteins usually show ubiquitous
expression. Furthermore, pathological and clinical data indicate that at onset pathological
changes occur focally in specific populations of neurons and subsequently progress in a
relatively predictable way to other brain regions and neuronal populations. The stereotyped
progression of pathological or neurodegenerative changes in sporadic Alzheimer’s and
Parkinson’s disease has led to disease staging schemes based on topographic extent of the
lesions, the earliest stages occurring long before clinical diagnosis (Braak and Del Tredici,
2009; Braak et al., 2011). These findings also have led to the hypothesis that disorders such
as Alzheimer’s disease are 'connectopathies', in which the pathological process initiated in a
small population of neurons, subsequently spreads via interconnected neurons.
The concept of connectopathy also may apply to ALS, as it by definition requires the
involvement of two populations of topographically distant neurons that are synaptically
connected: lower motor neurons (LMN, i.e. the a-motor neurons in the spinal cord and the
brain stem) and upper motor neurons (UMN, i.e. neurons in the motor cortex). However,
the relative involvement of LMN and UMN is variable among patients, and many
neuropathological and neurophysiological studies have suggested a poor topographic
correlation between UMN and LMN symptoms (Ravits and La Spada, 2009). In an attempt
to reconcile the controversy in the literature it has been proposed that there is a linkage
between upper and lower motor symptoms in initial stages of disease when symptoms
manifest focally in discrete parts of the body, while this linkage is lost in later stages of the
disease, as the degenerative process also may spread to adjacent regions, independent of
connectivity (Ravits and La Spada, 2009). This hypothesis implies two types of
transcellular disease propagation: 1) via axonal connections such as between LMNs and
UMN:s; and 2) to neighboring cells which causes local progression and contiguous spread
of pathology (Ravits and La Spada, 2009). Such a local spreading of pathology may explain
the involvement of glial cells in ALS and other neurodegenerative disease (see below).
Importantly, the fact that cells interconnected or contiguous to afflicted cells develop
degenerative changes more readily than other cells points to the occurrence of non-cell
autonomous disease mechanisms that contribute to or facilitate the degenerative process
(see below).
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The availability of transgenic mouse models, such as SOD1-ALS mice, that reproduce an
ALS-like progressive motor neuron disease enable the precise characterization of
neuropathological changes at every stage of disease. It is important to note, however, that
the organization and connectivity of UMN:Ss is different between rodents and men (Lemon,
2008). In particular, UMNSs in mice do not provide direct synaptic input to LMN, but
project to premotor spinal interneurons. This has implications for the propagation of the
pathology via UMN axons. In fact, SOD1-ALS mice, despite early and abundant LMN
pathology, show no or very limited UMN pathology. This indirectly supports a disease
model for SODI1-ALS, in which the disease starts in LMNs and retrogradely spreads to
UMNSs. Consistent with a retrograde spreading of pathology to neurons that innervate
LMNs, in chapter 2 we show that in SOD1-ALS mice pathological changes (i.e. ubiquitin
and SODI-immunoreactive inclusions) appear first in LMN and subsequently in spinal
interneurons. Interestingly, the onset of degenerative changes in interneurons preceded the
onset of the bulk of motor neuron loss and abnormalities in motor behaviour.

As in ALS patients, motor symptoms in SOD1-ALS mice typically appear asymmetrically
in one body part, and subsequently spread to other body parts (Jaarsma et al., 2008). The
severity of LMN loss grossly correlates with the region of symptom onset (Jaarsma et al.,
2008), indicating that o-motor neuron degeneration occurs non-uniformly. Longitudinal
physiological and histological analyses showed that muscle denervation starts before
symptom onset (Pun et al., 2006; Hegedus et al., 2008). Different types of LMN display
different vulnerability to the disease: the axons from the largest motor neurons that
innervate type IIB muscle fibres and form the forceful fast-fatigable (FF) units degenerate
first, followed by fast fatigue—resistant (FR) motor neurons, while slow (S) motor neurons
innervating type I muscle fibres are relatively resistant to the disease, and are responsible
for the bulk of compensatory sprouting (Pun et al., 2006; Hegedus et al., 2008). The
absence of obvious motor symptoms despite FF axon denervation and severe loss of
maximum muscle strength presumably occurs because FF motor neurons are only recruited
during the most forceful tasks. The onset of the clinical phase coincides with the
degeneration of FR axons. Together the data indicate that the disease in SOD1-ALS mice
starts in FF motor neurons and subsequently involves other motor neurons, and at the same
time the spinal interneurons. The early involvement of interneurons, raises the possibility
that their degeneration further contributes to the degeneration of motor neurons. For
instance, degeneration of inhibitory interneurons is facilitating excitotoxic stress, which is
one of the potential factors contributing to motor neuron degeneration in SOD1-ALS (see
chapter 2).

The data from SOD1-ALS mice discussed above are consistent with data from patients
indicating that SOD1-ALS is predominantly an LMN first disorder (Andersen and Al-
Chalabi, 2011). In contrast, Alsin-deficient mice develop distal axonal degeneration of
UMNSs without obvious defects in the LMNs (Deng et al., 2007), which is also compatible
with data from ALS2 patients, that in general develop UMN first or UMN only symptoms
(Andersen and Al-Chalabi, 2011). Transgenic mice and rats overexpressing wild-type or
ALS-mutant TDP-43 in general show short life span and neurodegenerative changes in
UMN, LMN, and in other populations of neurons (Tsao et al., 2012). The relevance of these
models for ALS has been questioned as LMN loss is relatively limited, and the TDP-43
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models do not reproduce a key pathological feature observed in ALS motor neurons, i.e.
cytoplasmic mislocalization of TDP-43, while developing pathological features that do not
occur in ALS patients (Tsao et al., 2012). The presence of pathology in multiple regions,
however, is compatible with the presence of TDP-43 pathology in multiple disorders.
Analysis of the distribution of TDP-43 pathology in ALS patients shows that, although this
pathology preferentially occurs in motor cortex and spinal cord, also other areas are
affected (Geser et al., 2008; Nishihira et al., 2008). Interestingly, patients could be
classified in two groups on the basis of patterns of distributions of TDP-43 pathology: one
group with limited pathology in the non-motor area, the other group with severe non-motor
pathology in particular in the fronto-temporal cortex (Geser et al., 2008; Nishihira et al.,
2008). These data are compatible with the recent notion that ALS at least in part is
mechanistically related to FTD. An interesting possibility would be that the two groups
would represent LMN onset ALS, with subsequent spread to UMN, and UMN onset ALS
with spread to LMN as well as connected and adjacent cortical areas. Of note, even patients
that clinically present with pure LMN symptoms show pathology in motor cortex and other
brain areas, albeit limited (Geser et al., 2011). Recent pathological studies have started to
identify subtle pathological differences in TDP-43 pathology and other pathological
features in genetically distinct ALS forms, i.e. ALS with C9ORF72 expansion, and ALS
with ataxin-2 intermediate-length polyQ expansions (Hart et al., 2012; Stewart et al., 2012).
Further pathological characterisation of ALS forms may uncover the mechanisms
underlying TDP-43 abnormalities and their role in ALS pathogenesis.

7.2 A role for cell-to-cell transmission of protein aggregation in ALS

The data discussed above suggest that SODI1-ALS and perhaps other forms of
ALS show features of a connectopathy and a nextopathy, implying that cells interconnected
or adjacent to afflicted regions develop degenerative changes more readily than other cells.
Pointing to the occurrence of non-cell autonomous disease mechanisms that mediate the
spreading of the pathological process. A number of mechanisms could explain the disease
propagation: disruption of the circuitry resulting in altered synaptic input and trophic
support, toxic factors released by activated astrocytes and microglia, diffusion of toxic
factors released by dying neurons. There is evidence for a role of glial abnormalities SOD1-
ALS (Ilieva et al., 2009); see below). An alternative mechanism that could explain the
spread of pathology is transcellular transmission of protein aggregation (Aguzzi and
Rajendran, 2009). This mechanism poses that aggregates released from cells are taken up
by neighbouring cells, where they enter and facilitate or initiate aggregation in a way
reminiscent of spreading of prion protein toxicity (Aguzzi and Rajendran, 2009). Seeding
aggregates may be released in the extracellular space as a consequence of cell death, or
released via exosomes or exocytosis. Alternatively aggregates might cross synapses, which
could explain propagation along interconnected neurons. Evidence favoring transcellular
transmission of protein aggregation has been obtained for several neurodegenerative
disorders (table 7.1), in particular a-synucleinopathies and tauopathies (Aguzzi and
Rajendran, 2009). Most significantly, the importance in human disease is illustrated by the
spreading of o-synuclein aggregation to grafted cells in Parkinson’s disease patients.
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Furthermore, the phenomenon provides a scientific basis for considering antibody based
therapeutic approaches, which could operate by scavenging extracellular aggregates.
Compelling evidence favoring a role of a transcellular prion-like seeding mechanism in
ALS has been obtained in cellular models of SOD1 aggregation. These studies showed
efficient cell to cell transfer of SODI1 aggregates and the ability to transferred SOD1
aggregates to initiate aggregation of soluble mutant SOD1 (Chia et al., 2010; Grad et al.,
2011; Miinch and Bertolotti, 2011; Miinch et al., 2011). Importantly, transcellular seeding
can fully explain our pathological data obtained in SOD1-ALS mice which suggest trans-
synaptic retrograde spreading of SOD1-aggregation from spinal motor neurons to spinal
interneurons in an early preclinical disease phase (chapter 2). No data are yet available for
cell-to cell transmission of TDP-43 and FUS aggregation, but at least for TDP-43 it is well
established that seeds greatly facilitate aggregation and trigger the onset of aggregation in
some conditions (Pesiridis et al., 2011; Polymenidou and Cleveland, 2011). Proof for a role
for cell-to-cell transmission of protein aggregation in ALS awaits further experiments in
cell culture and mice models.

7.3 The role of glial pathology in ALS

Although clinical deficits and irreversible damage mostly are a consequence of
neuronal degeneration, in several neurodegenerative disorders inclusions, degenerative
changes, and other abnormalities occur in astrocytes or oligodendrocytes (table 7.2). The
presence of glial inclusions raise questions about the relationship between inclusion
formation in neurons versus glia, and about the contribution of glial pathology to neuronal
malfunction and clinical symptoms. High level glial inclusions occur in multiple system
atrophy, an atypical parkinsonian disorder characterized by a high density of a-synuclein-
positive inclusions in oligodendrocytes (Fellner et al., 2011), and in four repeat tauopathies
such as progressive supranuclear palsy and corticobasal degeneration which are
characterized by a high level of tau aggregates in astrocytes and oligodendrocytes (Kouri et
al., 2011).
In line with a pathogenic role of glial inclusions in these a-synucleopathies and tauopathies,
transgenic mice that express a-synuclein or tau selectively in oligodendrocytes or
astrocytes, not only develop glial inclusions resembling those observed in the respective
human disorders, but also recapitulate aspects of neurodegenerative and clinical changes
(Dabir et al., 2004; Forman et al., 2005; Shults et al., 2005). A role for protein aggregation
in glia in causing neurological symptoms is also provided by Alexander’s disease, which is
caused by mutations in the astrocyte specific GFAP (glial fibrilary acidic protein) protein
leading to filamentous GFAP aggregates in astrocytes in association with a variable
spectrum of neurological abnormalities (Balbi et al., 2010). Glial inclusions also occur in
ALS (table 7.2). Cytoplasmatic TDP-43 inclusions have been documented in sporadic,
TDP-43, and C9ORF72-expansion ALS (Murray et al., 2011). Frequent oligodendrocytic
aggregates also occur in a subset of FUS-ALS patients (Mackenzie et al., 2011).
Interestingly, these aggregates that were intensely positive for FUS were associated with a
benign slowly progressing form of disease, while absent in patients with rapidly
progressing disease, indirectly suggesting a minor role of oligodendrocytic aggregates in
FUS-ALS. In contrast, a prominent role for glial pathology has been proposed for SOD1-
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ALS (Ilieva et al., 2009). Astrocytic SOD1 inclusions have been documented in a subset of
SODI1-ALS patients (Watanabe et al., 2001); and in SOD1-ALS transgenic rodents (Ilieva
et al., 2009) (see chapter 3). Evidence pointing to a pathogenic role of astrocytic inclusions
in SOD1-ALS rodents include the correlation between the presence of astrocytic inclusions
and signs of astrocytic malfunction and death and the demonstration that SOD1-ALS mice
with reduced expression of mutant SOD1 show prolonged survival (Ilieva et al., 2009;
Wang et al., 2011).

Table7.1; prion like properties of aggregation prone proteins

protein disease cell to Seeding evidence references
cell

SOD1 ALS yes Yes Induction of aggregates of both mutant and | 1,2, 3
wild type protein.

Spread of aggregation from cell to cell in
cell culture.

TDP-43 ALS, FTD Yes Seeding of aggregation in vitro and cultured |4, 5,6
cells

FUS/TLS ALS, FTD Aggregation prone in vitro. 8

Amyloid Alzheimer’s | yes Yes Extracellular amyloid B plaques in Amyloid |9, 10, 11

B protein disease Precursor Protein transgenic mice after

injection with brain homogenates of
Alzheimer’s disease patients.

Induction of tau aggregation local and to
distant areas of neuronal projections in tau
overexpressing mice injected with beta-
amyloid protein.

tau tauopathies yes Yes Seeding, aggregates of mutant and wild type | 12, 13, 14,
protein and spread of pathology to regional | 15, 16
areas and to areas of neuronal projections.

a-synuclein | Synuclein- yes yes Spread of pathololgy both in vitro and in 17, 18, 19,
opathies vivo. 20, 21,22
Induce pathology in a young
synucleinopathy mouse model after
injecting brain homogenate from
symptomatic synucleinopathy mice.

Huntingtin | Huntington’s yes Seeding of aggregates in vitro. Striatum 23, 24,25
with poly Q [ disease specific expression can result in motor
repeat abnormalities in a huntington’s disease
mouse model
Prion protein | transmissible | yes yes In vitro aggregation with non-pathological | 26, 27, 28
sponiform protein.
encepha- Mice develop disease after intracerebral
lopahies injection with prion protein.

Review: (Aguzzi and Rajendran, 2009; Polymenidou and Cleveland, 2011; Aguzzi and Falsig, 2012)

References: 1) Chia et al., 2010; 2) Grad et al., 2011; 3) Miinch et al., 2011; 4) Johnson et al., 2009; 5) Furukawa
etal, 2011; 6) Guo et al., 2011; 7) Sun et al., 2011; 8) Kahle et al., 2002; 9) Meyer-Luehmann et al., 2006, 10)
Bolmont et al., 2007; 11 ) Eisele et al., 2010; 12) Clavaguera et al., 2009; 13) Nonaka et al., 2010; 14) Guo and
Lee, 2011; 15) de Calignon et al., 2012,16) Liu et al., 2012; 17) Kordower et al., 2008; 18) Li et al., 2008; 19)
Desplats et al., 2009; 20) Nonaka et al., 2010; 21) Hansen et al., 2011; 22) Mougenot et al., 2012; 23) Gu et al.,
2005; 24) Brown et al., 2008; 25) Ren et al., 2009; 26) Saborio et al., 2001; 27) Castilla et al., 2005; 28) Wang et
al, 2010

Several lines of evidence indicate that the appearance of astrocytic inclusions and their

contribution to the pathogenesis is secondary to neuronal pathology. First, the distribution
of astrocytic inclusions is spatially restricted to the brain regions developing neuronal
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pathology, and, although not yet fully documented, seemingly develop at a later time point
(Jaarsma et al., 2008). Second, neuron-specific expression of mutant SODI1 is sufficient to
cause neuronal SODI1 inclusions, and trigger motor neuron degeneration (Jaarsma et al.,
2008); Chapter 2), while astrocyte-specific expression of mutant SOD1, although causing
significant astrocytic hypertrophy and increased GFAP reactivity, does not cause astrocytic
SOD1 inclusions or motor neuron pathology (Gong et al., 2000). Third, astrocytic
inclusions have been documented for human SOD]1-patients with a prolonged clinical
course, which could indicate that their formation depends on the chronic astrocytic reaction
following neuronal degeneration (Ilieva et al., 2009).

Table 7.2: glial pathology in neurodegerative disease

astrocyte oligodendrocyte
Inclu- | Glio remarks Inclu- remarks
sions | -sis sions
Physio- Blood brain barrier, glycogen myelination (Kandell et al., 2000)
logical role storage,modulating synaptic

activity, glutamate uptake from
synaptic cleft, produce trophic
factors (Kandell et al., 2000)

TDP-43 + ? TDP-43 positive inclusions + cytoplasmic TDP-43 inclusions
ALS (Murray et al., 2011) (Neumann et al., 2007)

FUS/TLS |? ? + tangle like inclusions in late-onset
ALS cases (Mackenzie et al., 2011)
SODI1 + + hyaline inclusions (Gong et al., SODI inclusions (Lee et al., 2012).
ALS 2000; Pardo et al., 2006;

Forsberg et al., 2011; Vargas and
Johnson, 2010) .

Functional: mutant SOD1
depletion in astrocyte results in
slower disease progression
(Clement et al., 2003; Lepore et
al., 2008a; Yamanaka et al.,
2008a, 2008b)

CI90ORF72 |+ ? TDP-43 positive inclusions + TDP-43 positive aggregates
ALS (Murray et al., 2011) (Brettschneider et al., 2012).
sALS + + hyaline inclusions (Gong et al., |+

2000; Pardo et al., 2006;
Forsberg et al., 2011).

Tauopathy |+ Filamentous tau and ubiqutin i Filamentous tau inclusions, coiled
FTD positive inclusions, pick bodies bodies (Lin et al., 2003a).
(Komori, 1999; Lin et al., 2003a; Funtional: tau expression selectively
Dabir et al., 2006). in oligodendrocytes can induce
Functional: tau expression neurodegenerative disease (Higuchi
selectively in astrocytes can et al., 2005).

induce neurodegenerative disease
(Forman et al., 2005).

Tauopathy |? + Gliosis, predominantly as a - Increased proliferation of NG2
Alzheimer’ component of neuritic plaques oligodendrocyte progenitor cells
s disease (Marshak et al., 1991). (Kang et al., 2010).

tauopathy |+ + Astrocytic plaques, thorny + Coiled bodies, glial threads.
CBD astrocytes.(Komori, 1999)

table continues on next page
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Table 7.2: glial pathology in neurodegerative disease; continued

astrocyte oligodendrocyte
Inclu- | Glio remarks Inclu- remarks
sions | -sis sions
Tauopathy |+ + Tau positive, thorny, tufted + Coiled bodies, glial threads (Chin
PSP astrocytes (Yamada et al., 1992a; and Goldman, 1996).

Komori, 1999; Togo and
Dickson, 2002; Ito et al., 2008).

Synuclein- |+ + a-synuclein and ubiquitin + a-synuclein, ubiquitin and tau
opathy positive glial inclusions, gliosis positive inclusions (Papp et al., 1989;
MSA (Ishizawa et al., 2008; Song et Tu et al., 1998).

al., 2009). Functional: oligendendrocyte

specific expression of a-synuclein
results in myelin and neuronal
damage (Shults et al., 2005).

Synuclein- | ? + Thufted astrocytes, close to af§ + Coil like inclusions.

opathy plaques (Hishikawa et al., 2005;

LBD Mrak and Griffin, 2007).

Synuclein- |+ + a-synuclein inclusions; lewy + a-synuclein positive inclusions,
opathie bodies (Knott et al., 1999; Braak activated oligodendrocytes (Yamada
Parkinson et al., 2007; Power and et al., 1992b; Wakabayashi et al.,

’s disease Blumbergs, 2009). 2000)

Huntingtin | ? + Gliosis, observed early in a ? Oligodendrocyte proliferation, non-
Huntington’ huntington’s disease mouse myeling producing oligodendrocytes
s disease model (Burke, 1980; Reddy et (Guncova et al., 2011).

al., 1998; Lin et al., 2001).
Functional: glial expression of
mutant huntingtin increases
pathology in neuronal huntingtin
mice (Bradford et al., 2010).

GFAP + + Rosenthal fibers (accumulation | _ Loss of oligodendrocytes (Tian et al.,
Alexander of GFAP) in cytoplasm of 2010).
’s disease hypertrophied astrocytes.

Reduced GLT-1 expression
(Brenner et al., 2001; Tian et al.,
2010).

FTD = Frontotemporal dementia CBD = Corticobasal degeneration, PSP = Progressive Supranuclear Palsy, MSA
= Multiple System Atrophy, LBD = Lewy Body Dementia. Review by (Barres, 2008; De Keyser et al., 2008)

Beside astrocytes and oligodendrocytes, also microglia have been proposed to have a role
in ALS as well as other neurodegenerative disease. Microglia activation is a common
feature of neurodegenerative diseases, both in man and mice (Alexianu et al., 2001;
Ishizawa and Dickson, 2001; Sapp et al., 2001; Hagemann et al., 2005; Mrak and Griffin,
2007; Bellucci et al., 2011). Mutant SOD1 has the ability to activate microglia (Ezzi et al.,
2007; Zhao et al., 2010), which in turn are neurotoxic to neurons in co-cultures (Xiao et al.,
2007). Mutant SOD1 in microglia alone does not induce a MN phenotype (Beers et al.,
2006). However, as with astrocytes, deleting expression of mutant SOD1 from microglia,
resulted in a slowing of disease progression (Beers et al., 2006; Boillée et al., 2006).
Noticeably, in Alzheimer’s disease blocking microglia accumulation increases plaque
formation and enhances disease progression (Wyss-Coray et al., 2002; El Khoury et al.,
2007). In conclusion, in SOD1-ALS microglia have a role in disease progression, whereas
in Alzheimer’s disease, they control plaque size and therefore disease progression. Showing
a disease specific role for microglia activation.
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In chapter 3 we show that increasing proteotoxic stress in astrocytes of SOD1-ALS mice
by crossing them with astrocyte-specific tau mice has a marginal effect on survival, despite
abundant tau-pathology in addition to SOD1-aggregates. These data indicate that astrocytic
pathology does not have a major role in disease progression. Another finding from this
study is that the double transgenic mice develop a high level of tau-pathology in
symptomatic mice (i.e. at age 25-40 weeks) which is considerably earlier than in tau only
mice (Chapter 3). This suggests that the neurodegenerative context as observed in SOD1-
ALS mice facilitates accumulation of hyperphosphorylated and aggregation prone tau in
astrocytes. Preliminary data not documented in chapter 3 indicate that astrocytes in double
transgenic mice despite stressful conditions (i.e. high levels of tau and GFAP) do not show
earlier appearance of SODI aggregates, while showing increased levels of SODI
aggregation in late stages of disease. Together the data indicate a synergistic deleterious
pathological interplay between mutant SOD1 and excessive tau expression, but only after
the onset of neurodegenerative changes supporting the notion that glial pathology is
secondary to neuronal pathology. It has been proposed that spinal injections of non-mutant
astrocytes may be beneficial in SOD1-ALS patients (Lepore et al., 2008b, 2011; Boucherie
et al., 2009). According to our data such a treatment at best may have a limited beneficial
effect.

Table 7.3, diseases associated with dynein/dynactin mutations
protein mutation Phenotype references
classical Dynclhl | E1518K, | Intellectual disability, epilepsy, hypotony and | 1,2
lissencephaly H3822P spasticity. Cortical malformation.
(Miller-Dieker
syndrome)
Charcot-Marie- Dynclhl H306R Motor and sensory neuropathy, mostly 3
Tooth disease affecting the lower limbs.
Spinal Muscular Dynclhl | IS84L, Early childhood onset of proximal leg 4
Atrophy K617E, weakness with muscle atrophy. No sensory
Y970C loss.
Distal Spinal and | DCTNI1, P150 Slowly progressive vocal fold paralysis, 5,6
Bulbar Muscular | p150 glued- progressive weakness and muscle atrophy in
Atrophy glued G59S the hands and the face, later in the distal lower
extremities. Inclusions of dynein/dynactin
complex components in motor neurons.
Perry syndrome DCTNI, G71R, Parkinsonism, depression, weight loss and 7
p150 G71E, hypoventilation. Dopaminergic neuron
glued G71A, degeneration, TDP-43 positive neuronal
T72P and | inclusions.
Q74P
ALS DCTNI, T12491, Slowly progressive lower motor neuron 8,9
p150 MS571T, disease.
glued R785W,
R1101K
Parkinson’s DCTNI, R785Q, Dopaminergic neuronal degeneration, motor | 10
disease p150 A1230T, symptoms and as the disease progresses,
glued 1288- cognitive symptoms.
10C>T

Reference:s 1) Vissers et al., 2010; 2) Willemsen et al., 2012; 3) Weedon et al., 2011 4) Harms et al., 2012; 5)
Puls et al., 2003, 6) Puls et al., 2005, 7) Farrer et al., 2009; 8) Miinch et al., 2004, 9) Miinch et al., 2005; 10)
Vilariiio-Giiell et al., 2009
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7.4 The role of intracellular transport abnormalities in ALS

Chapter 4 describes how inhibition of dynein/dynactin dependent cellular
transport via the overexpression of BICD2-N results in ALS-like pathology without cell
death (Teuling et al., 2008). The dynein/dynactin protein complex mediates retrograde
axonal transport via microtubules. Microtubules in axons are polarized with their plus end
towards the synapse and their minus end to the cell body. Transport towards the synapse is
mediated by motors of the kinesin superfamily. Kinesins mostly mediate plus-end-directed,
where the dynein motor mostly mediates minus-end-directed transport. Retrograde
transport in the axon provides a way of maintenance and repair of the axon, but also
mediates retrograde signalling, mRNA localization, neurofilament transport, neuronal
migration, and protein recycling and degradation.
The dynein/dynactin complex is build up from various subunits. The actual motor protein,
dynein, is composed of two heavy chains with a head for ATP-binding and force
production, and multiple light, light intermediate and intermediate chains.
Mutations affecting the dynein/dynactin complex, resulting in disease, are loss of function
mutations (Willemsen et al., 2012). Table 7.3 shows human disease associated with
dynein/dynactin mutations. These diseases are characterized by neuronal death and
migration deficits. As in the mouse models (table 7.4), not only the motor neurons are
affected. Sensory (Weedon et al., 2011) and dopaminergic neurons (Farrer et al., 2009;
Vilarino-Giiell et al., 2009) can be affected by these mutations as well.
As shown in Table 7.4, mutations in dynein/dynactin are associated with various
neurodegenerative abnormalities. Three mouse models with mutations affecting dynein
heavy chain were created, two of which used N-ethyl-N-nitrosourea-induced mutations
from independent experiments; loa (Legs at odd angles) and the cral (Crawlerl) mouse.
Homozygous mouse are unable to move and die shortly after birth. Heterozygous mouse
develop progressive motor disease (Hafezparast et al., 2003). The third model, was made
using radiation induced mutations; Swl (Sprawling), develop sensory neuron loss (Chen et
al., 2007). Furthermore, a dynein heavy chain knockout mouse was developed.
Homozygous knockout is lethal and the heterozygous animals do not develop a phenotype
(Harada et al., 1998).
A mouse model expressing a mutation in one of the dynein light intermediate chains was
also developed. These mice develop, beside behavioural abnormalities, defects in neuronal
migration and outgrowth, an impairment in endosome trafficking and in Golgi assembly
(Banks et al., 2011). Indicating the importance of a well functioning dynein motor.
Mutations in the dynactin complex can disrupt retrograde transport as well. The best know
mutation is the G59S mutation in the p150glued subunit associated with lower motor
neuron disease (Puls et al., 2003). This mutation is located at the cytoskeleton-associated
protein-glycine-rich (CAP-gly) domain, resulting in a disruption of microtubule binding
and an impairment of dynactin function (Levy et al., 2006). Various mouse models
expressing this mutation, either transgenic (Laird et al., 2008), or knock-in (Lai et al.,
2007), were developed. And they all resulted in neurodegenerative disease and protein
aggregation. A knock-out of pl150glued is embryonically lethal and the heterozygous
animals show no phenotype (Lai et al., 2007).
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Table 7.4, dynein/dynactin mutations in animal models

protein Mutation phenotype references

Legs at Dynclhl F580Y Homozygous lethal. Heterozygous: a-MN decrease, 1,2
odd angels lewy like inclusions. SOD1, neurofilament and
(Loa) ubiquitin containing inclusions, reduced fast axonal

transport.
Crawler | |Dynclhl Y1055C Homozygous lethal, Heterozygous a-MN decrease, 1
(Cral) lewy like inclusion. SODI1, neurofilament and

ubiquitin containing inclusions.
Sprawling | Dynclhl 9 bp deletion | Homozygous embryonic lethal, Heterozygous early 3,4
(Swl) onset sensory neuropathie with muscle spindle

deficiency, depletion of ganglion neurons.
Dynein Dynein Dynein Homozygous embryonic lethal. Heteozygous no 5
heavy heavy chain [ heavy chain | phenotype.
chain
knock-out
transgenic | DCTNI, transgene MN disease, vesicular transport defects, neuro 6
P150¢"¢ | p1502 e P1508" muscular junction degeneration, axonal swelling.
G59S G59S
Knock-in | DCTNI, P1508td Homozygous embryonic lethal, Heterozygous motor |7
P150¢ ¢ | p150 & G59S neuron disease. Accumulation of vesicular and
G59S cytoskeletal proteins at the neuro muscular junction,

loss of motor neurons.
Knock-out | DCTNI, P1508"d Homozygous embryonic lethal. Heterozygous no 7
P1502 | p1508™e phenotype.
Dynamitin | dynamitin transgenic MN degeneration, NF accumulation, inhibited 8
(p50) dynamitin retrograde transport.

P50 subunit
dynein dynein light | N235Y Increased anxiety, neuronal migration defect. 9
intermediate
chain

References: 1) Hafezparast et al., 2003; 2) Teuchert et al., 2006; 3) Duchen and Scaravilli, 1977; 4) Chen et al.,
2007; 5) Harada et al., 1998; 6) Laird et al., 2008; 7) Lai et al., 2007, 8) LaMonte et al., 2002; 9) Banks et al.,

2011

Overexpression of the p50, dynamitin subunit of dynactin destabilizes the complex via the

connection of p150glued to Arpl. The p50 overexpressing mouse develop late onset
progressive motor neuron degeneration, neurofilament accumulation and a inhibition of
retrograde transport (LaMonte et al., 2002). The above models show that dynein/dynactin
dependent transport is highly important for neuronal integrity.
In our BICD2-N mice we observe fragmentation of the Golgi apparatus and massive
accumulations of neurofilament (NF) (Teuling et al., 2008; chapter 4). NF inclusions are
an important and well described feature in ALS (Delisle and Carpenter, 1984; Xiao et al.,

2006). Even thought a causative link could be expected, in NF heavychain overexpressing

mice that develop massive NF accumulations, no Golgi fragmentation was observed
(Stieber et al., 2000).
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Table 7.5a. GF in disease

morphology references

cell division Reduction in golgi size during metaphase. Dissapearance of labelling. 1,2

Reappearing of Golgi structure in telophase
apoptosis Golgi fragmentation, retrograde transport of golgi proteins to the ER.
axonal damage Axonal avulsion: GF into small disconnected elements,

Axonal axotomy: no GF
sporadic GF in small, round disconnected profiles. associated with bunina bodies, 4,5,6,7
ALS however no colocalization, basophilic inclusions,
SODI1 G93A GF associated with sod1 aggregates. 4,5,6,7
ALS
TDP-43 GF associated with loss of nuclear TDP-43 8
ALS
Optineurin GF before loss of nuclear TDP-43. 10
ALS
Parkinson’s GF associated with pale bodies. 11
disease
Multiple system | GF associated with a-synuclein inclusions, reduced labelling, fragmented 12
atrophy Golgi accumulated perinuclear.

Creutzfelt Jacob | In ballooned neurons; reduced golgi labeling, fragmented Gogli accumulated | 13
disease perinuclear

Olivary Small, disconnected Golgi profiles. 14
hypertrophy
Corticobasal In ballooned neurons; reduced Golgi labeling, fragmented Golgi 13
degeneration accumulated around the nucleus.
Niemann Pick GF in cerebellar purkinje cells and cerebral cortical neurons. 15
disease
Alzheimer’s GF associated with mitochondria abnormalities, 16, 17
disease NFT present: GA appears deformed and displaced by NFT no GF.

No NFT: small, round disconnected and dispersed elements.
X-linked spinal | no GF 18
and bulbar

muscular atrophy
References: 1) Robbins and Gonatas, 1964; 2) Sesso et al., 1999; 3) Fujita et al., 2011; 4) Gonatas et al., 1992; 5)
Mourelatos et al., 1994, 6) Stieber et al., 1998; 7) Fujita et al., 1999; 8) Fujita et al., 2000; 9) Fujita et al., 2008;
10) Ito et al., 2011; 11) Fujita et al., 2006, 12) Sakurai et al., 2002; 13) Sakurai et al., 2000, 14) Takamine et al.,
2000; 15) Walkley and Suzuki, 2004; 16) Stieber et al., 1996, 17) Baloyannis, 2006; 18) Fujita et al., 2006

7.5 Abnormalities of the ER and the secretory pathways in ALS

Early onset Golgi fragmentation (GF) is one of the hallmarks of ALS and other
neurodegenerative diseases, as described in table 7.5a. Animal models of disease
recapitulate this phenomenon (Table 7.5b). The significance of this phenomenon is not
entirely understood. Nakagomi and collegues describe that excitotoxicity (stimulating
NMDA glutamate receptors), reactive oxygen or nitrogen species, and ER stress can induce
GF (Nakagomi et al., 2008). Some believe GF is a sign of apoptosis, a process of cell death
regulated by caspases. Caspases are known to cleave specific proteins important in Golgi
structure, resulting in GF (Machamer, 2003). However, neurons with GF in ALS mouse
models do not have other characteristics of apoptosis; e.g. eccentric nuclei, and dystrophic
neurites (Gonatas et al., 2006). Furthermore the morphology of these fragmented Golgi
stacks is not specific for GF in apoptosis. GF in ALS resembles Golgi mini stacks instead
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of pinched off vesicles from the cisternae as described in apoptosis (Stieber et al., 1998;
Sesso et al.,, 1999). Other evidence is the absence of a correlation between apoptotic
markers and GF both in ALS models (Stieber et al., 2004) and tau expressing cells
(Liazoghli et al., 2005). Also in vitro studies using cells expressing tau or a-synuclein failed
to show a link between GF and apoptosis (Gosavi et al., 2002; Yoshiyama et al., 2003).

The Golgi apparatus is highly important in sorting and targeting proteins from the ER. If
the fragmentation of the Golgi apparatus affects this function is not known. A role for ER
stress was described in GF. ER stress is an early feature of ALS and a reaction to the
accumulation of protein aggregates. A majority of cells expressing ER stress markers show
GF and inhibiting ER stress also reduces GF. (Vlug et al., 2005; Nakagomi et al., 2008;
Lautenschlaeger et al., 2012).

Table 7.5b. GF in mouse models

morphology references
SOD1 Small, round disconnected golgi profiles, associated with 1,2,3,4
ALS ubiquitinated aggregates. Associated with ATF3, CHOP and p C-
JUN upregulation.
Neurofilament light chain | No GF, in despite of NF accumulation 3

Neurofilament heavy chain | No GF, in despite of NF accumulation

tau , JNPL3 Small, round disconnected and dispersed profiles. GF associated 5,6
with accumulation of hyperphophorylted tau and ballooned neurons

BICD2-N Small, round disconnected golgi profiles in high overexpressing 7
cells.

Loa/Loa Impaired rebuilding of Golgi after nocodazole induced GF. 8

NPC -/- mice GF similar to Niemann pick’s disease patients. 9

ercc delta/- ATF3 and p53 related golgi redistribution. 10

References: 1) Mourelatos et al., 1996; 2) Stieber et al., 1998; 3) Stieber et al., 2000; 4) Viug et al., 2005; 5) Lin
et al., 2003b; 6) Liazoghli et al., 2005; 7) Teuling et al., 2008; 8) Hafezparast et al., 2003; 9) Walkley and Suzuki,
2004; 10) de Waard et al., 2010.

It is known that the Golgi structure is dependent on an intact microtubule network.
Furthermore, intact dynein/dynactin dependent transport is important for Golgi structure.
Cells expressing mutant SOD1 showed altered cellular localization of dynein and
developed GF (Ligon et al., 2005). Also, inhibition of intracellular transport is described in
SOD1 G93A mice (Ligon et al., 2005; Bilsland et al., 2010). We have shown that inhibiting
retrograde transport by overexpressing truncated BICD2 in Gldel mice results in a an
increase of cells with GF to nearly 70% (compared to 1-15%) in these mice (Chapter 4;
(Teuling et al., 2008), indicating that Golgi morphology is highly dependent on functional
cellular transport.

Inhibiting retrograde transport can attenuate disease in mutant SOD1 mice. Breeding the
Loa and Cral mice to SOD1 G93A mice leads to milder disease phenotypes (Kieran et al.,
2005; Teuchert et al., 2006). However, breeding the Swl mice or p150 glued G59S mice
with SOD G93A mice does not delay the disease progression (Chen et al., 2007; Lai et al.,
2007). In chapter 4 we observe longer survival of Gldel mice when bred with our BICD2-
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N mice. The effect of inhibiting transport in SOD1-ALS mice seems to be dependent on the
specific mutation and the affected cell type.

One mechanism for this observation might be a delay of signalling axonal damage and
therefore delaying a neuronal stress response. An early defect in anterograde transport was
described in SOD1 G93A mice (Williamson and Cleveland, 1999; De Vos et al., 2007,
2008), Loa/SOD1 G93A show a restoration of the balance in retrograde and anterograde
transport (Kieran et al., 2005). Furthermore distribution of mitochondria is altered in mutant
SOD1 expressing cells, there number is reduced in the axon (De Vos et al., 2007;
Marinkovic et al., 2012). Possibly a reduced retrograde transport results in increased
presence of mitochondria in the axon, resulting in maintenance of energy delivery.
Disrupting axonal transport and GF potentially has a protective effect in ALS pathology,
that may be due to a delay in the signalling cascade eventually leading to cell death.

7.6 Quality control in the ER: ERAD, ERPO, ERAC

The cell is equipped with appropriate machinery to defend itself against
pathological aggregates. One of the first quality control systems is located in the ER.
Chaperones from the heat shock protein family, like HSP70, can detect the misfolded
protein. After this detection the cell tries to properly fold the protein. When proper folding
fails, the ER associated degradation (ERAD) system is activated to prevent overload of the
ER. The misfolded protein is dislocated from the ER, ubiquitinated and recruited to the
proteasome system for degradation, using various heat shock proteins and other chaperones
such as BIP, to assist in the translocation, from the ER and prevent aggregation.
ERAD is a system that recognizes misfolded proteins and targets them for the proteasomes.
Generally, misfolded proteins are recognized and translocated via an ubiqutin ligase
complex, like Derlinl and sec61. The protein is than tagged with ubiquitin and recruited to
the proteasome by VCP/P79 and its cofactors UFD1 and NPL4 (Wakana et al., 2008; Smith
et al,, 2011; Claessen et al., 2012). There are 3 types of ERAD, classified by the
localization of the misfolded region (table 7.6). These 3 pathways converge to the VCP
/p79 complex and the proteasome.

PERK — elf 2 alpha phosporylation —> ATF4 —  CHOP upregulation — apoptosis
-~ (attenuates general protein translation)
BIP/GRP78 ___ ATEg 10 golgi — proteolysis of ATF6 —> ER chaperones
dissociation .
upregulation
IRE1 —> XBP1 activation by cleaving
T caspase 12 activation —> apoptosis

Figure 7.1 ER stress pathway

When ERAD fails, accumulation of misfolded protein leads to ER stress. This is a cell
stress response first attenuating transcription, and then eventually leading to apoptosis.
There are three known pathways (Fig 7.1). IRE1, ATF6 and PERK are inactivated via an
associating with BIP. After BIP dissociation these proteins activate the ER stress cascade.
VAPB enhances splicing of XBP1 by IRE1. Mutant VAPB loses this function. Making the
cell more vulnerable to ER stress (Kanekura et al., 2009; Chen et al., 2010). Other defense
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mechanisms, when ERAD is not able to cope with the misfolded protein, consist in forming
an ER protective organelle (ERPO) (Ito and Suzuki, 2009; Yagi et al., 2011; Ito et al.,
2012), or an ER associated compartment (ERAC) (Huyer et al., 2004; Fu and Sztul, 2009).
ERAC targets proteins for degradation by autophagy. Another example are the Russel
bodies, which are dilated cisternae of ER loaded with mutant immunoglobulin (Kopito and
Sitia, 2000; Mattioli et al., 2006; Ronzoni et al., 2010) (Table 7.6).

The precise role of these ER compartments is not sure. They contain aggregate-prone
proteins, preventing these proteins to form aggregates in the cytosol. In our mutant VABP
mouse model we observe ER linked compartments, resembling ERAC. This observation
might means that mutant VAPB is contained in this compartment. Other evidence pointing
in this direction is the fact that cellular stress results in disappearing of these aggregates,
enabling mutant VAPB to exert its toxic effects.

Table 7.6. specialized ER compartments

role markers references

ER stress | Attenuate transcription, BIP/GRP 78, pIRE1, pPERK, ATF6, CHOP 1
activate apoptotic pathways
via caspase 12.

ERAD-L | Recruit misfolded proteins in | recognition: EDEM, EDEM2. Translocation: hrdl, 2,3,4
the ER lumen to the Derlinl, VIMP. Ubiquitin ligase: hrd1, gp78
proteasome. Ubiquitin-dependent protein degradation: VCP/p97

ERAD-M | Recruit misfolded ER recogniton: EDEM,EDEM?2, ubiquitin ligase:hrd1, 2,3,4
membrane proteins to the gp78, sell
proteasome. Ubiquitin-dependent protein degradation: VCP/p97

ERAD-C | Recruit ER membrane proteins | recognition: EDEM, EDEM2 ubiquitin ligase: teb4 2,3,4
with a misfolded cytosolic Ubiquitin-dependent protein degradation: VCP/p97
domain to the proteasome

ERPO ER derived, separate from the | overexpressing al-antitrypsin Z E342K 5,6,7
main ER with cytoprotective or the ER membrane protein Seipin N88S
properties.

ERAC ER related compartment Pre-autophagosome: ApelP, ER markers: Kar2p/Bip, |8, 9
targeting proteins for stel4p, ste24p
degradation by autophagy.

Russell Failure of ERAD, ER membrane protein: calnexin, ribosomes, 10, 11, 12

body compartment where the mutant | ER golgi intermediate compartment (ergic-53)

immunoglobulin is contained.

References: 1) Lin et al., 2008; 2) Vashist and Ng, 2004; 3) Carvalho et al., 2006; Yoshida and Tanaka, 2010; 4)
Kario et al., 2011; 5) Ito and Suzuki, 2009; 6) Yagi et al., 2011; 7) Ito et al., 2012; 8) Huyer et al., 2004; 9) Fu
and Sztul, 2009; 10) Kopito and Sitia, 2000; 11) Mattioli et al., 2006, 12) Ronzoni et al., 2010.

7.7 The heterogenic features of aggregates

As shown by the previous chapters, aggregates are a very important feature of
various neurodegenerative diseases. The cell has many protective pathways to prevent
toxicity from the pathological aggregates, e.g. GF and various protein degradation
pathways. These protective mechanisms can be overloaded or even change into a toxic
agent on their own.
Recent evidence in Huntington’s disease utilizing primary neuronal cultures showed that
mutant Huntingtin (Htt) harbouring a polyQ region in inclusion bodies are protective to the
cell. They showed that more inclusion bodies are correlated with increased cell survival and
that the diffuse, cytosolic staining of mutant Htt was decreased. Therefore it was speculated
that these inclusion bodies protect the cell from the toxic properties of mutant Htt (Arrasate
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et al., 2004). Furthermore, the survival of the neurons is dependent on the level of mutant
Htt and the formation of inclusion bodies, indicating the inclusions represent a defensive
mechanism (Miller et al., 2010). In conclusion, inclusion bodies are an adaptive mechanism
to prevent toxic aggregates. This notion is confirmed by showing that converting mutant
Seipin into ERPO, an ER membrane protein, resulted in a lower cytosolic seipin
concentration, attenuating the ER stress response and increased cell survival (Ito et al.,
2012). In mutant Ataxin-7 overexpressing mice, ubiquitinated aggregates develop after the
onset of neurodegenerative disease, indicating that the aggregates themselves do not trigger
the disease (Yoo et al., 2003). In our mutant VAPB overexpressing mice, we observed that
the MNs in mice that developed a MN phenotype and ATF3 upregulation, indicating
cellular stress, showed no mutant VAPB aggregates. Why these aggregates disappear,
possibly increasing the cytosolic levels of mutant VAPB, is not known. The ER
compartment could be overloaded, resulting in a total disruption of ER integrity.

In other forms of ALS and neurodegenerative disease characterized by aggregate formation,
a direct link between the appearance of ubiquitinated aggregates and disease can be made
(Cleveland and Liu, 2000; Deng et al., 2006) Furthermore the distinct upregulation of
activated microglia and astrocytes around off plaques (Marshak et al., 1991; Bamberger and
Landreth, 2001; Streit, 2004), indicates these inclusions can induce neuroinflamation, and
have toxic features.

It appears that cells have the ability to prevent the formation of toxic aggregates by
containing them in ER specific aggregates. These aggregates will appear numerous
throughout the cell and have a protective effect. The disappearing of these aggregates leads
to an increase of cytosolic mutant protein, resulting in pathology.

A connection between ALS and various other neurodegenerative diseases can be made.
These are usually characterized by protein aggregates as well. Aggregates from different
mutant proteins have different characteristics and are handled differently by different
neuronal types. These diseases are very dynamic, and pathology can spread progressively
throughout the central nervous system.

In the past few years, huge progress was made uncovering many new ALS associated
genes, all with specific pathological and clinical features. Showing ALS may not be one
disease, but a spectrum of neurodegenerative diseases, with different causative agents.
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Summary

Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative disease resulting in
progressive muscle paralysis, leading to inevitable death within 3 to 5 year after diagnosis.
ALS is characterized by dying of neurons that innervate the muscles; the motorneurons
(MN). They are located in the spinalcord, the lower MN, and in the cerebral motorcortex,
the upper MN. Both groups of MN can be affected in ALS, resulting in muscle weakness,
muscle atrophy and muscle twitches when the lower MN are affected. Or showing
symptoms of spasticity, muscle weakness and increased tendon reflexes when the upper
MN develop pathology. Symptoms usually start in a distal limb, or the head and neck area,
and spread progressively to adjacent or anatomically connected areas.

Most patients develop sporadic ALS (sALS). However, about 10 % of the patients have a
family history of disease, e.g. familial ALS (fALS). There are about 16 genes found
associated with ALS patients. In 1993 mutations in Superoxide Dismutase (SOD1) were
discovered. About 20% of the fALS cases are linked to SOD1 mutations. In total over 160
mutations throughout the gene are now described. SOD1 converts superoxide radicals to
water and hydrogen peroxide. Mutant SOD1 is proposed to cause disease via a gain of
function.

An important discovery was the presence of Tar DNA-binding protein 43 (TDP-43) in
aggregates of both sALS and non-SOD1 fALS. TDP-43 is a nuclear protein important in
RNA regulation. When pathological, it translocates to the cytosol where it forms
ubiquitinated, hyperphosporylated aggregates of abnormally cleaved protein. TDP-43
pathology is not only observed in ALS, also in frontal temporal dementia, Alzheimer’s
disease, Lewy Body dementia, and Huntington’s disease the TDP-43 pathology was found.
Mouse models expressing mutant and wild type TDP-43 develop pathological neurological
features, however the characteristic TDP-43 cytoplasmic inclusions are rare.
A very recent discovery was an expanded GGGGCC repeat in the C9ORF72 as a major
ALS gene in both fALS; up to 39%, and sALS; almost 8%. This is also highly associated
with frontotemporal dementia patients.

In this thesis we focus on two mouse models. One is the model overexpressing mutant
SOD1. Mouse models expressing mutant SOD1 develop a progressive MN disease,
resembling the human disease. Since this phenotype in mice is very robust and predictable,
they are an excellent tool to unravel the pathological features of SOD1-ALS at various
disease stages. The other model expresses mutant VAPB. This protein is located in the
endoplasmic reticulum (ER). The ER is important in the proper folding of proteins. Mutant
VAPB was linked to ALS in 2004 and expression in either cellular cultures or mouse
models result in protein aggregates highly associated with the ER.

ALS is characterized by intracellular cytoplasmic protein inclusions of misfolded protein.
Even though the disease is a MN disease, other neuronal types and non-neuronal cells are
affected as the disease progresses. Mutant SODI1 inclusions in interneurons, neurons having
important regulatory roles on MN, are observed before the onset of symptomatic disease in
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mice. Loss of interneurons specifically in the ventral horn, the area of MN, is observed
from symptom onset.

Another cell type involved in ALS disease are glial cells. These are the supportive cells of
the central nervous system, consisting of astrocytes, forming the blood brain barrier,
modulate synapses and having a nurturing role for neurons, the microglia, the immune cells
of the nervous system and oligodendrocytes, forming myelin around axons in the central
nervous system.

Astrocyte activation and the appearance of mutant SOD1 aggregates in astrocytes is a late
event in disease. Crossing mice with astrocyte specific expression of aggregate prone tau
with an ALS mouse model shows that astrocytes are highly sensitive to aggregate prone tau
in an environment of neurodegeneration. Which is shown by the formation of inclusions of
pathological tau species. Even though there is evidence that astrocytes have an effect on
disease progression, we did not observe a change in survival in double transgenic animals.
These data together show that the major determinants of ALS disease are the MNs, and
secondary disease is spreading to neighboring cells, either anatomically or synaptically.

Another pathological feature of ALS is the slowing of intracellular transport. Mutations in
dynein/dynactin, i.e. the motor regulating transport from the synapse back to the cell body,
results in neurodegenerative disease both in mice and man. By overexpressing the N-
terminus of Bicaudal 2 (BICD2-N), we inhibit dynein/dynactin function. In the BICD2-N
mice no neuronal death or motor abnormalities were observed. However, pathological
features, characteristic of ALS such as reduced retrograde axonal transport, axonal
neurofilament swellings and Golgi fragmentation are observed in these mice. Notably,
inhibiting dynein/dynactin dependent transport in an ALS-mouse model increases their life
span. Possibly by attenuating signaling of damage from the axon, and postponing cellular
stress reactions.

We also observed a high increase of cells with Golgi fragmentation (GF) in these mice. GF
is another hallmark of ALS, however its role in disease is not clear. We show GF is an early
disease phenomenon, preceding neuromuscular denervation and upregulation of the cellular
stress marker, ATF3. Even though cells with GF can still take up and transport the f
subunit of cholera toxin to the cell body, the distribution of this protein is altered in cells
with severe GF. Furthermore, a decrease in the expression of endosomal markers is
observed in cells with GF. Indicating GF is associated with altered organization of
intracellular trafficking and a defect in the sorting machinery of the cell.

In mutant VAPB overexpressing mice we observe aggregates associated with the ER. These
inclusions are observed in young neurons and their size and numbers do not change with
ageing. However, when cellular stress is induced via axotomy of the sciatic nerve, these
mutant VAPB aggregated disappear over 1 to 2 weeks. This was also observed in a
minority of mutant VAPB animals that showed expression of ATF3 in MN at high age.
VAPB is a protein located in the membrane of the endoplasmatic reticulum (ER). The ER is
important in the proper folding of proteins, and harbors multiple defense mechanisms for
misfolded proteins, that otherwise accumulate in the ER, leading to ER stress. One example
is ER associated degradation (ERAD). Inhibiting the ERAD in neuronal cell cultures results
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in an increased size of the mutant VAPB inclusions. Furthermore, the misfolded protein can
be shielded from the rest of the cell in special ER compartments. Mutant VAPB inclusions
seem to be accumulated in one of these compartments. The precise role of these inclusions
is not clear, but evidence points to a protective effect by shielding the mutant protein from
the rest of the cell in specific ER compartments.

ALS is a disease of the MN, progressively spreading throughout the central nervous system
to other neuronal cell types and to glia. Inclusions in ALS and other neurodegenerative
disease are hallmarks of these diseases. These inclusions can both have toxic and protective
effects, showing ALS is a multifactorial disease.
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Samenvatting

Amyotrofische Laterale Sclerose (ALS) is een ziekte van de motorneuronen, die
onontkoombaar leidt tot progressieve spierverlamming en overlijden binnen 3 tot 5 jaar na
diagnose. De belangrijkste parameter van de ziekte is het verdwijnen van de cellen die de
spieren aansturen; de motorneuronen. Deze cellen zijn gelokaliseerd in het ruggenmerg, die
direct de spieren aansturen, en in de motorcortex van de grote hersenen, die de activiteit van
de motorneuronen in het ruggenmerg controleren. Deze beide groepen kunnen aangedaan
zijn in ALS. Symptomen van de lagere motorneuronen zijn verzwakking en atrofie van de
spieren en fasciculaties, ofwel spiertrekkingen en bij ziekte in de motorneuronen in de grote
hersenen passen klachten van spastische verlamming, spierzwakte en verhoogde
peesreflexen.

De meeste patiénten hebben geen familie geschiedenis van ALS, dit wordt sporadische
ALS genoemd (sALS). Ongeveer 10% hebben wel familieleden met ALS in de familie
(fALS). Er zijn tot nu toe 16 genen geassocieerd met de ziekte. In 1993 is een mutatie in het
gen voor superoxide dismutase (SOD1) ontdekt in een familie met ALS, geassocieerd met
ongeveer 20% van de fALS patiénten. SODI1 is een eiwit belangrijk voor het omzetten van
toxische zuurstofradicalen naar zuurstof en waterstof peroxide. Het pathologische effect
lijkt te komen door een versterkte SOD1 functie. Een grote ontdekking in het ALS veld was
het voorkomen van Tar DNA-binding protein-43 (TDP-43) in inclusies in SALS en fALS
patiénten. TDP-43 is belangrijk in het reguleren van RNA. Ook patiénten met
frontotemporale dementie en andere neurondegeneratieve ziekten hebben deze TDP-43
inclusies. TDP-43 komt gewoonlijk tot expressie in de celkern, echter, in ziekte verplaatst
het van de kern, naar het cytoplasma, waar het ophoopt in ubiquitine positieve aggregaten
met pathologisch vervormd TDP-43. Muis modellen die mutant en gewoon TDP-43 tot
overexpressie brengen ontwikkelen wel neuronale pathologie en zelfs tekenen van
spierzwakte, maar de pathologische inclusies in het cytoplasma zijn zeer zeldzaam.

In 2011 is een zeer belangrijke mutatie in het C9ORP72 gen ontdekt, waarbij een
verlenging van een GGCCCC repeat wordt gevonden. Een grote groep fALS (39%) en
SALS (bijna 8%) patiénten dragen deze verlenging. Daarbij wordt een sterke correlatie
gezien met patiénten die ook cognitieve problemen hebben; frontotemporale dementie.

In dit proefschrift focussen we op twee muismodellen. Het eerste model heeft een hoge
expressie van mutant SODI1. Verschillende muismodellen die mutant SOD1 tot expressie
brengen ontwikkelen progressieve spierzwakte en pathologie, die sterk lijkt op de
pathologie van ALS patiénten. Deze muizen zijn dan ook een zeer waardevol model om de
pathologie van SOD1-ALS op verschillende tijdstippen te bestuderen.

Het andere model heeft een hoge expressie van mutant VAPB. Mutaties in dit eiwit zijn
ontdekt in ALS patiénten in 2004. VAPB is een eiwit in het endoplasmatisch reticulum
(ER) en vormt zowel in cellulaire modellen als in muismodellen typische eiwit ophopingen
in het ER.

De pathologie van ALS wordt gekenmerkt door intracellulaire eiwit inclusies van
misvormde eiwitten. Hoewel ALS een ziekte is van de motorneuronen komen deze
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aggregaten ook in andere neuronale types voor, zoals de interneuronen en in niet- neuronale
cellen in het centrale zenuwstelsel.

De interneuronen hebben een belangrijke rol in het reguleren van de vuursterkte van
motorneuronen. In deze cellen zien we pathologische inclusies voordat de muis symptomen
van spierzwakte ontwikkeld. Echter, pas nadat deze aggregaten zich in motorneuronen
hebben ontwikkeld. Na het begin van symptomen in de muis, met name in het gebied waar
de motorneuronen zich bevinden, zien we celdood van de interneuronen.

Andere celtypen die aangedaan zijn, zijn de glia cellen. Dit zijn astrocyten, de steuncellen
van het centrale zenuwstelsel met een belangrijke rol in het onderhouden van neuronen,
microglia, de afweercellen van het centrale zenuwstelsel en oligodendrocyten, belangrijk in
het vormen van myeline; een isolatielaag om axonen binnen het centrale zenuwstelsel.
Astrocyt activatie is een kenmerk van neurodegeneratieve ziekten. Daarnaast zien we
aggregaten van mutant SODI1 in deze cellen in een laat stadium van de ziekte. Door SOD1-
ALS muizen te kruisen met muizen die astrocyt specifieke tau expressie hebben, een eiwit
zeer vatbaar voor aggregatie, kunnen we zien dat astrocyten erg vatbaar zijn voor
aggregatie van pathologisch tau in een omgeving van neurodegeneratie. Hoewel wij geen
verschil zagen in overleving tussen de verschillende muizen, is er bewijs dat astrocyten een
effect hebben op de progressie van de ziekte.

Dit tezamen laat zien dat motorneuronen de eerst aangedane cellen in de ziekte zijn en dat
de ziekte zich daarna verspreidt naar andere celsoorten in de buurt of via synaptische
contacten.

Een ander kenmerk van de ziekte is het verslechteren van het intracellulaire transport.
Mutaties in dyneine/dynactine, een eiwit belangrijk voor transport van de synaps naar het
cellichaam, veroorzaken neurodegeneratieve ziekte zowel in patiénten als in muis
modellen. Door de N-terminus van het eiwit Bicaudal D (BICD2-N) hoog tot expressie te
brengen wordt de motorfunctie van dyneine/dynactine verstoord.

In muizen met overexpressie van BICD2-N zien we geen celdood of tekenen van
spierzwakte. We zien op eiwitniveau wel karakteristiecken van ALS: fragmentatie van het
Golgi apparaat, axonale zwellingen met neurofilament en een vertraagd cellulair transport.
Wanneer we dit muismodel kruisen met SOD1-ALS muizen, zien we dat het ziekte proces
vertraagt en de muis langer leeft. Mogelijk door een vertraging in de signalering van
axonale schade en daardoor een uitstel van de cellulaire stress respons. Daarnaast zien we
een vermeerdering van het aantal cellen met Golgi fragmentatie.

Golgi fragmentatie is een ander kenmerk van ALS dat al vroeg in de ziekte wordt gezien,
maar de rol hiervan is niet helemaal duidelijk. Wij laten zien dat in de SOD1 muis, Golgi
fragmentatie al ontstaat voor het kapot gaan van axonen en voor de detectie van een
cellulaire stress marker; ATF3. En hoewel cellen met Golgi fragmentatie nog steeds de niet
toxische B-subunit van het cholera toxine kunnen opnemen en transporteren naar het
cellichaam, verandert de distributie hiervan in cellen met ernstige Golgi fragmentatie. Dit
laat zien dat cellen met Golgi fragmentatie een stoornis in de eiwitverdeling en het -
transport hebben.
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In muizen met overexpressie van mutant VAPB zien we inclusies die aankleuren met
endoplasmatisch reticulum (ER) markers. Deze inclusies zien we al in jonge muizen en
zowel het formaat als het aantal verandert niet bij veroudering. Maar, als we cel-stress
veroorzaken door het axon door te snijden, dan verdwijnen deze inclusies in 1 tot 2 weken.
Hetzelfde zagen we in een paar oude mutant VAPB muizen die ATF3 expressie hadden in
motorneuronen.

VAPB is een eiwit dat in het ER membraan zit. Het ER is zeer belangrijk in het vormen van
eiwitten. Als dit niet goed lukt, heeft het ER verschillende manier om het op te lossen en
niet verstopt te raken met misvormd eiwit. Dit leidt tot ER stress. Een voorbeeld van een
ER stress mechanisme is het ER geassocieerde degeneratie (ERAD). Ook kan het
misvormde eiwit in speciale ER compartimenten geplaatst worden en zo is de rest van de
cel beschermd tegen het gemuteerde eiwit. De VAPB inclusies lijken in een beschermd ER
compartiment te zitten. Als ERAD geremd wordt in gekweekte neuronen, zien we dat het
formaat van de inclusies toeneemt, wat laat zien dat de VAPB inclusies een nauwe relatie
met ERAD hebben.

De precieze rol van deze ER compartimenten is niet geheel duidelijk, maar ze lijken een
beschermend effect te hebben door het gemuteerde eiwit weg te houden van de rest van de
cel.

ALS is een ziekte van de motorneuronen, die zich progressief verspreidt door het centrale
zenuwstelsel naar andere soorten neuronen en glia cellen. Inclusies zijn een van de
belangrijkste kenmerken van ALS en andere neurodegeneratieve ziekten. Deze inclusies
kunnen zowel toxisch als beschermend zijn, en laten dus zien dat ALS een ziekte is met
meerdere oorzaken en specifieke pathologische beelden.
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Dankwoord

Na 4,5 jaar op de afdeling Neurowetenschappen kan ik eindelijk een dankwoord schijven.
In de afgelopen jaren heb ik veel leuke dingen gedaan, veel mensen ontmoet en
samengewerkt. Ik zal proberen het een beetje kort te houden. Ik hoop dat ik niemand
vergeet.

Waarschijnlijk lijkt het na het lezen van dit dankwoord dat ik mijn tijd op de afdeling
vooral heb volgemaakt met borrelen, kletsen en koffie drinken. Gelukkig ligt voor u het
bewijs dat ik ook nog aardig wat uren op het lab en achter de microscoop heb doorgebracht.
Hoewel ik echt een fantastische tijd heb gehad, is nu toch de tijd gekomen dat ik mijn
studie geneeskunde af moet ronden. Wat daarna komt, zal alleen de tijd kunnen leren.

Als afdelingshoofd en promotor kan Chris de Zeeuw niet ontbreken. Na het voltooien van
mijn master kon ik dankzij u op de afdeling blijven en beginnen aan het avontuur dat ik nu
aan het afsluiten ben.

Mijn tweede promotor, Casper Hoogenraad. Inmiddels gesetteld in Utrecht om daar een
eigen afdeling te leiden. Het bespreken van het werk met Marijn en Dick was altijd erg
gezellig en verrassend genoeg ook productief. De afdeling is waarschijnlijk nog immer aan
het groeien en ik twijfel er niet aan dat er nog aardig wat Cell en Science papers uit zullen
voortvloeien.

Dick, als ontwetende masterstudent begon ik in 2007 in jou groepje. Hoewel je vond dat ik
teveel met sport bezig was, hoop ik dat ik toch genoeg data geproduceerd heb. Als student
heb ik ontzettend veel geleerd van je, hoewel ik soms tussen de regels door moest luisteren.
Ik heb altijd het idee gehad dat je zoveel weet, dat het er soms niet helemaal duidelijk uit
komt. Ook is je werk met confocal plaatjes z6 goed, dat op de een of andere manier zijn
mijn plaatjes nooit zo mooi als die van jou. Etentjes en besprekingen waren ontzettend
gezellig. Zonder jou briljante ideeén zou dit boekje er absoluut niet zijn.

Mijn leescommissie: Prof.dr. J.M. Kros, Prof. dr. P.A.E. Sillevis Smitt en Prof.dr. D.N.
Meijer wil ik bedanken voor het lezen en goedkeuren van dit proefschrift. Helaas kunnen
Prof.dr. J.M. Kros, Prof. dr. P.A.E. Sillevis Smitt niet in mijn grote commissie plaatsnemen,
toch ben ik blij dat u tijd voor mijn proefschrift heeft willen vrijmaken

Natuurlijk kan ook hier mijn grote commissie niet ontbreken. Joost Jongen, leuk dat u af
toe een kamergenoot was. De combinatie neuroloog en wetenschapper lijkt mij een
moeilijke. Ik vind het zeer bewonderingswaardig hoe u beide zaken combineert. Joan
Holstege, ik moet altijd erg lachen om uw humor en tijdens de gesprekjes over mijn
onderzoek wist u toch altijd de juiste vraag te stellen. Gerard Borst, gelukkig had u altijd
wel tijd voor een kort praatje bij het koffieapparaat. Rob Willemsen Ik wil jullie allen
bedanken dat jullie tijd vrij maken om mij het vuur aan de schenen te leggen.
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De meeste tijd heb ik doorgebracht op het immer gezellige histolab. Mijn paranymfen,
Elize, al gewend om Dickiaans te lezen, wat een enorme hulp was. Bij issues met lab en
leven kon ik altijd bij je terecht. En natuurlijk ook voor pindarotsjes, en heerlijke taarten.
Als drijvende kracht achter de borrel zorg je voor veel gezelligheid en binding op de
afdeling. Zonder jou hulp met muizen en kleuringen had ik het allemaal niet gered

Erika, mijn buurvrouw op het lab. Eerlijk en glashelder, soms wat kort door de bocht, maar
dan weet ik precies waar ik aan toe ben. Tussen het spoelen door was er altijd wel tijd om
even te babbelen over de verbouwing van het huis, de schoolissues van Job en natuurlijk
mannen issues. In mijn co-schappen let ik toch wat beter op mijn kleding en dan heb ik toch
vaak jouw commentaar in mijn achterhoofd als steuntje.

Fellow Histolab inhabitants, always time for a chat and exchanging histology tips and trics:
Aram, Liron, Shoista, Zineb, Sheena, Behdokht, Malik, John, Ru, Lucia, Haibo, Thijs,
Carolien. Thank you all for an amazing time.

Groep Dick, door de jaren zeer van samenstelling verandert, maar de rode draad is toch dat
Dick zich graag omringt met vrouwen. Suzan, toen bezig met de afstudeerstage, je hebt mij
de eerste stapjes van het immuno doen geleerd. Studenten die bij Dick onderzoek kwamen
doen: Brenda, Lucas, Ilse, Mani (succes met de bin, vergeet vooral niet om zo enthousiast
te blijven!). Ik hoop dat jullie een leuke tijd hebben gehad. Filipa, I hope you are able to
use your lab skills from the masters in your future career. I hope you can be at my defense.
Cindy, je aanwezigheid op de afdeling zal altijd zichtbaar blijven in het em-snijhok. En ik
zal er altijd toch weer om moeten grinniken. Ben blij dat je mijn enthousiasme over het
werk deelt, dat kom je toch niet vaak tegen.

En de verschillende mensen met wie Dick samenwerkte: Monique Mulder, helaas was
statine injecteren in muizen niet succesvol. Monique de Waard en Yvonne Rijksen;
Tussen de bedrijven door was het altijd gezellig op het histolab. Ik ben blij dat ik altijd ATS8
antibody kon gebruiken. Wiep Scheper, ook al hebben we elkaar nooit ontmoet, Ik ben blij
dat we een goede negatieve controle hebben kunnen leveren voor ER-stress experimenten.
And Elisa, Thanks so much for reading and correcting parts of my thesis. And for your
hard work bringing the department closer together.

Ook heb ik wat tijd op het mollab doorgebracht. In het algemeen wil ik jullie bedanken
voor de gezellige BBQs, de leuke weekendjes, de gezellige gesprekken en borrels. Karin,
ik heb een jaartje voor je gewerkt. Zo heb ik kunnen proeven van het kloneren en omgaan
met celkweek. Hoewel mijn experimenten niet altijd vlekkeloos gingen, hoop ik dat je er
toch nog een mooi artikel van kan maken. In die tijd heb ik gezellig een bench gedeeld met
Robert, gelukkig wilde je altijd de bovenste plankjes gebruiken en alle hoge dingen voor
mij pakken. Phebe, voor het altijd klaar staan met hulp en advies bij experimenten. Ook
Nanda, voor het helpen met de yeast -2 hybrid screens, en natuurlijk voor het maken van
neuronen. E*, altijd tijd voor een praatje. En natuurlijk voor de chocolaatjes en vooral de
gedichtjes met sinterklaas. Marijn, naast al je andere projecten, werkte je gelukkig ook aan
VAPB. Het artikel is zeer mooi aan het worden, mede door jouw experimenten. Ook heb je
een paar bijzonder leuke restaurants uitgezocht in Utrecht voor onze maandelijkse paper
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besprekingen. Carol, you started as a student of Eva and we quickly became friends. I love
the Chinese food and all the nice drinks and dinners we have. Eva, toen ik begon bij Dick
heb jij mij de eerste truukjes van het blotten en metamorph geleerd. Ook het pcr-en en
handelen van de muizen En ook nu, in het laatste stukje van mijn PhD heb je bijgedragen
door mijn discussie en inleiding door te lezen. Heel veel geluk in Groningen en het
begrijpelijk maken van wetenschap voor het grote publiek.

Daarnaast waren de vrijdag ochtend besprekingen altijd zeer nuttig. Waarbij ik natuurlijk
Anna Akhmanova en haar groep niet kan weglaten. Anna, it is amazing how you always
know all new literature and all proteins and their function. The other members of the group:
Babet, Ilya, Max, Kah Wai, Myrrhe, Lukas, Martha, Benjamin, Kai, Renu, Mariella,
Andrea, Chris (van Esther). Thanks to all for the useful Friday mornings and
drinks/chats/help/cakes/dinners/parties.

De omgeving van mijn kamerje was ook altijd druk met kleurrijke mensen, die het werk
nog weer leuker maakten. Buurman Hans, je klusvaardigheid en kennis zijn een gemis op
de afdeling. Tom, je anatomishe kennis en de kennis van tracers is van onschatbare waarde.
Helaas ben je niet aanwezig bij mijn verdediging, ik had het een eer gevonden als je in mijn
commissie had gezeten. Rogerio, je belevenissen zorgden voor interessante gesprekken.

Mijn werk had ik niet kunnen doen zonder de muizen. Voor de goede zorgen en het altijd
beantwoorden van mijn vragen wil ik graag Ineke Maas en haar collega’s bedanken.
Mandy, door je zorgzame instelling kon ik altijd bij je terecht, voor muizen issues of als
mijn taq weer eens op was. Ook heb ik goed gebruik gemaakt van de verschillende confocal
microscopen, waarvoor mijn dank uit gaat naar het oic. Gert van Cappellen, Alex Nigg en
Adriaan Houtsmuller voor het onderhoud en hulp als er weer eens wat vastliep. Ype,
inmiddels Professor Elgersma en Geeske, doordat ik de rotarod wekelijks kon gebruiken
heb ik mooie data kunnen verzamelen.

Ook de dames van het secretariaat kan ik hier niet vergeten. Loes, Edith en Suzan. De
koekjes van Edith, en de altijd goed gevulde snoeppot waren een welkome afwisseling van
mijn boterhammetjes. Ik keek toch altijd even met een schuin oog of er nog wat lekkers lag
als ik langs jullie kantoor liep. Ook kon ik natuurlijk altijd terecht voor hulp bij e-mail
problemen, pedel, en andere zaken. En natuurlijk gewoon een praatje over alledag. Wat
soms ook hard nodig was.

Kenneth en Annette, nooit te beroerd voor een feestje, maar gelukkig ook altijd
behulpzaam bij bestellingen en budgetnummer.

Tijdens de lunch in de koffiekamer was het immer gezellig. Elize, Erika, Tom, Marcel,
Sheena, Lucia, en de overige mensen die regelmatig aanschoven aan tafel. Het gaf even een
momentje rust tijdens een drukke dag.

And off course a lot of people that I didn’t mention yet. But who made a round to the coffee
machine a social event and the Friday drinks a good end of the week (even continuing
outside the department), Milly, Thijs. Taf, Lieke, Corstiaan, Aleksandra, Susan,
Jeanette, Arman, Jolet.
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Petra, buiten je expertise op het lab kan ik gelukkig altijd bij jou terecht voor een drankje
en een dansje. Hopelijk heb ik daar straks weer meer tijd voor. Linde, op verschillende
meetings hebben we kamers gedeeld. Je nuchtere kijk op de wereld is erg prettig. Jouw baas
zit in mijn commissie, gaat mijn baas dan ook in jouw commissie?

Dan zijn er natuurlijk nog een hoop vrienden bij wie ik terecht kon om mijn frustraties over
het schrijven te uiten. Danwel begrip toonden als ik niet mee kon gaan stappen. Ik vind het
geweldig dat iedereen zo begripvol en trots is! Inez en Charlotte, inmiddels kan ik
gelukkig steeds beter de medisch getinte gesprekken volgen. Barry, hoewel we elkaar niet
vaak zien, is het toch altijd weer gezellig. Andreea, ik ben enorm gevleid dat ik je paranimf
mag zijn. Ik ga mijn uiterste best doen je te helpen waar ik kan. (een dag co-schap missen
kan gelukkig wel). Bo. Esther, Machiel (en Jori en Kian), Kor en vele anderen. Ik voel
me aardig schuldig dat ik zo lang niks heb laten horen. Hier voor je hebben jullie de
oorzaak liggen (en mijn excuus). Kevin, ik ben bang dat het niet meer gaat lukken voor je
trouwen af te spreken, maar 21 september ben ik zeker van de partij. JanWillem en
Heleen, jullie huisje begint steeds mooier te worden, ben benieuwd naar de hot-tub, ik wil
hem graag uitproberen! Mijn co-groepje, ik hoop veel van jullie ze zien op mijn feestje!

Sporten is altijd erg belangrijk voor me. Ik kan helaas niet iedereen bij naam noemen, maar
vul jezelf gerust hier in als je vind dat je erbij hoort. Willeke, ik blijf trots op ‘onze’ zwarte
band. Ik ben heel benieuw hoe Deventer gaat bevallen. En ik blij dat je nu tijd vrijmaakt om
mijn samenvattingen nog eens kritisch te lezen. Jerry, je kwam precies op het juiste
moment aanlopen bij EDS. Ik hoop dat we komend ETDS een mooie show kunnen
neerzetten!

Constance en Frans, ik voelde me vanaf het begin thuis bij jullie, nu echt als een deel van
het gezin. Ik vind het erg leuk dat jullie aanwezig zijn bij de verdediging en de
feestelijkheden. Jeroen, ook al heb ik de layout uitendelijk niet met LaTex gemaakt, je
bereidheid om te helpen was zeer welkom.

Als laatste dan eindelijk mijn familie. Pap en Mam, helaas kunnen jullie niet bij mijn
verdediging aanwezig zijn. Gelukkig is er nu dit boek, een blijvende herinnering aan mijn
prestatie. Ik ben trots op wie ik ben en wat ik doe, mede dankzij jullie betrokkenheid en
doordat jullie me steunen in al mijn keuzes. Mirte, Elise Ik ben blij dat we als zussen zo
een goede band hebben. Dat lijkt met toch iets bijzonders. Frank, ik kan je inmiddels wel
mijn zwager noemen. Ik kom graag snel weer koffie drinken en ik moet nog steeds een 3D
film kijken op jullie mega-scherm. Als laatste Michiel, ik heb je eindelijk in pak gekregen!
(moeten we nog wel gaan kopen, dus ik hoop dat het doorgaat). Je hebt heel wat
scheldpartijen en frustratie momenten moeten doorstaan. Je doet zoveel voor me, ik zou
niet weten waar ik moet beginnen met bedanken. Je hulp bij mijn kaft, je geweldige
kookkunst, het bouwen van kapstokken en banken, reparaties uitvoeren, marktplaats
afstruinen voor mij; en meer, echt te veel om op te noemen. Zonder jou steun had ik dit echt
nooit gered
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