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Abstract

Cytoplasmic ubiquitin-positive inclusions containing TAR-DNA-binding protein-43
(TDP-43) within motor neurons are the hallmark pathology of sporadic amyotrophic lateral
sclerosis (ALS). TDP-43 is a nuclear protein and the mechanisms by which it becomes
mislocalised and aggregated in ALS are not properly understood. A mutation in the vesicle-
associated membrane protein-associated protein-B (VAPB) involving a proline to serine
substitution at position 56 (VAPBP56S) is the cause of familial amyotrophic lateral sclerosis
(ALS) type-8. To gain insight into the molecular mechanisms by which VAPBP56S induces
disease, we created transgenic mice that express either wild-type VAPB (VAPBwt) or
VAPBP56S in the nervous system. Analyses of both sets of mice revealed no overt motor
phenotype nor alterations in survival. However, VAPBP56S but not VAPBwt transgenic
mice develop cytoplasmic TDP-43 accumulations within spinal cord motor neurons that were
first detected at 18 months of age. Our results suggest a link between abnormal VAPBP56S

function and TDP-43 mislocalisation.
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Introduction

ALS is a fatal neurodegenerative disease that involves selective loss of motor neurons.
Most forms of ALS are sporadic but about 10% are familial and a number of genetic lesions
have now been identified that are causative for these inherited forms of the disease (Pasinelli
and Brown, 2006, Valdmanis and Rouleau, 2008, Kwiatkowski et al., 2009, Vance et al.,
2009). Mutations in the gene encoding Cu/Zn superoxide dismutase-1 (SOD1) account for
approximately 20% of the familial cases and expression of mutant but not wild-type SODI in
transgenic mice can induce motor neuron disease (Boillee et al., 2006). Analyses of such
mice have provided crucial insights into the pathogenic mechanisms that underlie ALS.

One hallmark pathology of ALS is cytoplasmic ubiquitin inclusions containing TDP-43
within motor neurons (Arai et al., 2006, Neumann et al., 2006). TDP-43 is a ubiquitously
expressed nuclear protein that is implicated in exon splicing, gene transcription, mRNA
stability, microRNA biogenesis and the formation of nuclear bodies (Ou et al., 1995, Wang et
al., 2002, Ayala et al., 2006, Ayala et al., 2008, Buratti and Baralle, 2008). Moreover, several
groups have reported mutations in TDP-43 that are linked to familial and sporadic forms of
ALS (Gitcho et al., 2008, Kabashi et al., 2008, Sreedharan et al., 2008, Van Deerlin et al.,
2008, Yokoseki et al., 2008). This evidence formally links aberrant TDP-43 function to ALS.
The mechanisms by which TDP-43 becomes mislocalised within the cytoplasm of motor
neurons in ALS are not properly understood. Interestingly, TDP-43 pathology is not
prominent in either the human mutant SOD1 familial cases or transgenic mice expressing
mutant SOD1 (Mackenzie et al., 2007, Robertson et al., 2007, Tan et al., 2007, Turner et al.,
2008). Recent studies however have provided evidence that TDP-43 can mislocalise in some
human mutant SOD1 familial cases and mutant SOD1 transgenic mice (Shan et al., 2009,

Sumi et al., 2009).



A mutation in VAPB is the cause of a further familial form of ALS (ALSS8) (Nishimura et
al., 2004). VAP proteins were first identified in Aplysia as a binding partner for VAMP, a
membrane protein in synaptic vesicles (Skehel et al., 1995). Structurally, VAPB contains an
N-terminal domain that is homologous to the filament-forming major sperm protein-1
(MSP1) of nematode worms, a central coiled-coil region and a C-terminal transmembrane
domain. The disease causing mutation involves a proline to serine substitution at position 56
(VAPBP56S); proline-56 is highly conserved and resides within the MSP1 domain.

VAPB localises to the endoplasmic reticulum (ER) but there is evidence that a proportion
is also associated with microtubules (Skehel et al., 2000, Pennetta et al., 2002, Amarilio et al.,
2005, Kanekura et al., 2006, Teuling et al., 2007). However, the precise function of VAPB is
not properly understood. It is implicated in bouton formation at the neuromuscular junction,
ER to Golgi transport and ER stress and the unfolded protein response (UPR) (Pennetta et al.,
2002, Kanekura et al., 2006, Gkogkas et al., 2008, Peretti et al., 2008, Prosser et al., 2008,
Ratnaparkhi et al., 2008, Suzuki et al., 2009). Finally, VAPB has also been shown to be
cleaved and secreted and act as a ligand for ephrin receptors (Tsuda et al., 2008). Whether
defects in any of these functions induces motor neuron disease is not clear but VAPBP56S
displays an altered cellular distribution and forms ER-derived aggregates that also contain
wild-type VAPB (Kanekura et al., 2006, Teuling et al., 2007, Chai et al., 2008, Gkogkas et
al., 2008). This has prompted the suggestion that VAPBP56S acts as a loss-of-function
mutant (Teuling et al., 2007, Ratnaparkhi et al., 2008, Suzuki et al., 2009).

One route to understand further how VAPBP56S might cause disease would be to
determine whether it is linked to other known pathogenic processes involved in ALS. To this
end, we created transgenic mice expressing wild-type VAPB (VAPBwt) or VAPBP56S to

permit analyses of in vivo phenotypic changes. We find that VAPBP56S but not VAPBwt



transgenic mice develop cytoplasmic TDP-43 and ubiquitin pathologies in motor neurons.

Our results suggest that VAPBPS56S is linked to defective TDP-43 metabolism.



Experimental Procedures

Molecular biology and creation of transgenic mice

A human VAPBP56S cDNA was created using a Quickchange mutagenesis kit
(Stratagene) and N-terminal myc tags of both VAPBwt and VAPBP56S generated by PCR.
For creation of transgenic mice, myc-tagged VAPBwt and VAPBP56S ¢cDNAs were cloned
into a modified mouse prion gene and following removal of vector sequences, mice were
produced by pronuclear injection as described (Lee et al., 2003). Animals were backcrossed
to C57B1/6 for four times prior to analyses. Mice were identified using PCR with primers 5°-
ATGGAGCAGAAACTCATCTCTGAAGAGGATCTGATGGCGAAG-3’ and 5’-
GTCAAGGCCTTCTTCCTTCCCAGTTGGGGC-3’. SODIGY93A transgenic mice were
obtained from the Jackson Laboratory (Bar Harbor, ME) and were back-crossed to C57BL/6
for 10 generations. Genotyping of SOD1G93A mice was performed as described (De Vos et

al., 2007).

Antibodies and other reagents

Rat and rabbit antibodies to VAPB were created by immunisation of animals with residues
1-219 of human VAPB expressed as a GST-fusion protein. Mouse and human VAPB display
approximately 95% homology over this region and as such, these VAPB antibodies are not
species-specific.  Antibodies were affinity purified against antigen and immunoblots
demonstrated that both antibodies detected a single species in brain and spinal cord tissues
that co-migrated with VAPB in transfected cells (data not shown). The following
commercially-available antibodies were used: myc-tag antibodies 9B11 (Cell Signaling
Technology) and 9E10 (Sigma); neurofilament antibody SMI31 (Biomol International);

ubiquitin mouse monoclonal (Ubi-1, Millipore) and rabbit polyclonal (DAKO) antibodies;



p62 Lck Ligand mouse monoclonal antibody (BD Transduction Laboratories); TDP-43 rabbit

polyclonal antibody (Proteintech); DM 1A mouse monoclonal tubulin antibody (Sigma).

Immunohistochemical analyses

Mice were terminally anesthetized with an intraperitoneal overdose of Euthatal (sodium
pentobarbital) and were immediately perfused through the heart with 50 ml cold 0.1 M
phosphate-buffer (pH 7.4), followed by 50 ml cold 4% paraformaldehyde in phosphate
buffered saline and the brain and spinal cord removed. Tissues were postfixed for 3-4 hours
in 4% paraformaldehyde then processed for paraffin embedding. 7 um sections were cut on a
Leica microtome, mounted onto Superfrost Plus slides (VWR International) and dried at
37°C for 16 hours. The slides were then stored at room temperature until required.

Sections were deparaffinized in xylene and hydrated in graded alcohol. For
immunoperoxidase labelling, endogenous peroxidase activity was blocked with H,O, in
methanol. Antigen retrieval was performed on all sections by microwave incubation in
citrate buffer. Sections were then incubated in 15% normal goat serum (Vector Laboratories)
for 30 minutes in Tris-buffered saline (TBS; 50 mM Tris(hydroxymethyl)aminomethane-HCI
containing 150 mM NaCl pH 7.6) at 22°C, and then primary antibodies for 16 hours at 4°C in
TBS containing 10% normal goat serum. For experiments involving mouse primary
antibodies, signals from endogenous mouse immunoglobulins were blocked by incubation
with unconjugated Affinipure Fab fragment of goat anti-mouse IgG (H=L) (Jackson
ImmunoResearch Labs). For immunoperoxidase labelling, sections were incubated with
biotinylated secondary antibodies (Vector laboratories; DAKO) followed by signal
amplification using avidin-biotin horseradish peroxidase complex (Vectastain ABC Elite kit,

Vector Laboratories) and the reaction product was visualized with the chromogen



diaminobenzidine (DAB; Sigma). Sections were counterstained with haematoxylin, washed
in water and then dehydrated, cleared in xylene and mounted in DPX mountant for
microscopy (VWR International).

For immunofluorescence studies, following incubation with primary antibodies, sections
were incubated with species-specific secondary antibodies generated in goat and conjugated
to Alexa Fluor® 488, 546 or 633 (Invitrogen). For mouse primary antibodies, sections were
incubated with a Biotin-SP-conjugated AffiniPure Fab fragment goat anti-mouse IgG (H+L)
(Jackson ImmunoResearch Labs) followed by a streptavidin-Alexa Fluor® 488 or 546
conjugate (Invitrogen). Some sections were co-stained with 4°,6° diamidino-2-phenylindole
to label nuclei (Invitrogen). Sections were mounted in fluorescence mounting medium
(DAKO).

Images were captured on a Zeiss Axiovert microscope equipped with an Axiocam MRc
camera. For immunofluorescence studies, confocal images were acquired using a Zeiss LSM
510 meta confocal microscope with a photomultipler detector.

Motor neuron counts were determined as described by others (Feeney et al., 2001, Zhou et
al., 2007, Ilieva et al., 2008). Briefly, 20 um sections were prepared through the spinal cord
and every tenth section stained with 1% cresyl violet and used for motor neuron counts.
Images were captured and motor neurons identified and quantified manually using Image J as
described by others (motor neurons were identified by having a prominent nucleolus, a
clearly defined cytoplasm and a cell somal area greater than 100 um?) (McHanwell and
Biscoe, 1981, Feeney et al., 2001, Zhou et al., 2007, Ilieva et al., 2008). Statistical

significance was determined using one-way ANOVA and Holm-Sidak post hoc analysis.

Image analyses




Quantitative image correlation analyses were performed essentially as described (Li et al.,
2004). For comparisons of signal distributions from different markers (ubiquitin, TDP-43
and VAPB), intensity correlation quotients (ICQs) were generated and used for statistical
analyses. ICQ analyses were carried out by means of a custom-made plug-in for the public
domain image analysis software Image J (Wayne Rasband, Research Services Branch,
National Institute of Mental Health, NIH Bethesda MD). Statistical significance was

determined using one-sample t-test.

SDS-PAGE and immunoblotting

Brain and spinal cord tissues were weighed and prepared as 10% (w/v) homogenates in
ice-cold 20 mM Tris-ClI (pH 6.8), 5 mM EDTA, 5 mM EGTA supplemented with complete
protease inhibitor mixture (Roche Applied Science), 1 mM PMSF and 1 mM sodium
orthovanadate. 10% SDS sample buffer was then added, and the samples were heated at 95°C
for 10 min. Samples were resolved by SDS-PAGE on 10% or 12% gels, transferred to
nitrocellulose using a BioRad Transblot system and the blots probed with primary and
secondary antibodies and developed using an enhanced chemiluminescence system (GE
Healthcare) as described (Tudor et al., 2005). For TDP-43 cleavage studies, samples were
prepared as described (Neumann et al., 2006). Protein concentrations were determined using

Bradford assay.

Neurological testing of mice

Neurological testing was performed on cohorts of animals aged 6-8, 12-14 and 22-24
months of age (n= 12-15 for all tests). Mice were analysed for neurological defects using the

primary SHIRPA screen (Rogers et al., 1997). These included assessment of motor
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phenotype using grip-strength and rotating rod (Rotarod) tests that were performed in similar
fashions to those reported by many other groups (e.g. (Fowler et al., 2002, Puttaparthi et al.,
2002, Fischer et al., 2005, Nakajima et al., 2008)). Briefly, fore and hind limb grip-strengths
were assessed using a Linton Grip Strength Meter (Linton Instrumentation, UK). Mice
received three trials per day for three days, and the best results of each day were averaged to
give the final result. Rotarod tests were performed using an Ugo Basile accelerating Rotarod
(Linton Instrumentation, UK). Mice were tested for 300 s in the accelerating paradigm (5-40
rpm) twice per day for 7 days and the best performance of each day was averaged to give the
final result. Performance on the balance beam was determined as described (Lalonde and

Strazielle, 2009).

Human Tissues

Human tissues were obtained from the MRC London Neurodegenerative Disease Brain
Bank. Informed consent was obtained from the families of patients in accordance with the
stipulations and guidance of the Committee for Ethics in Medical Research, Institute of
Psychiatry, King’s College London, and in line with the Human Tissue Authority’s and
Medical Research Council’s brain-banking procedures for the removal of the brain and spinal

cord and use of tissue in research.
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Results

Characterisation of transgenic mice expressing VAPBwt and VAPBP56S

We created VAPBwt and VAPBPS56S transgenic mice using the mouse prion gene
promoter and regulatory elements as previously described; the prion gene is known to drive
expression within the nervous system (Lee et al., 2003, Lee et al., 2004). To facilitate
detection, we placed a myc tag on the N-terminus of both VAPB constructs. We obtained 4
VAPBwt and 5 VAPBPS56S transgenic lines. Probing of immunoblots with antibody 9B11 to
the myc tag and with the different rabbit and rat antibodies to VAPB revealed that all lines
expressed approximately similar levels of transgenic VAPB protein in brains and spinal
cords. We therefore selected two VAPBwt and two VAPBPS56S lines for further study.
Quantification of signals from the VAPB antibodies in brain and spinal cord samples
revealed that VAPB was overexpressed to similar levels in each of the VAPBwt and
VAPBPS56S transgenic lines (Fig. 1).

To analyse VAPBwt and VAPBP56S expression in more detail, we immunostained
sections of brains and spinal cords with an antibody to the myc tag. These studies revealed
indistinguishable patterns of labelling for both VAPBwt lines with transgenic VAPBwt being
present in a number of different neuronal populations within the brain and spinal cord
including motor neurons in spinal cords (Fig. 2). Likewise, expression of VAPBP56S was
not noticeably different in the two lines studied; expression was observed in different
neuronal populations in the brain and spinal cord with labelling of motor neurons in spinal
cords again being prominent (Fig. 2). Higher magnification images revealed that whilst
VAPBwt was distributed throughout the neuronal cytoplasm, VAPBP56S was additionally
present within punctate accumulations in a similar fashion to that previously observed

following transfection into cultured cells (Nishimura et al., 2004, Kanekura et al., 2006,
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Teuling et al., 2007, Gkogkas et al., 2008) (Fig. 2). These VAPBP56S accumulations were

seen in both brain and spinal cord neurons including motor neurons (Fig. 2C, E).

Neither VAPBwt nor VAPBPS56S transgenic mice develop overt motor neuron disease

We monitored weight and lifespan (up to 2 years) of VAPBwt, VAPBP56S and their non-
transgenic littermates but detected no significant differences between the different transgenic
and non-transgenic animals. To determine whether VAPBwt or VAPBP56S transgenic mice
develop neurological dysfunction and especially motor function, we utilised aspects of the
SHIRPA primary protocol (Rogers et al., 1997) including rotarod and fore and hind leg grip-
strength tests. These tests were performed on cohorts of animals aged 6-8, 12-14 and 22-24
months of age (n= 12-15 for all tests). No significant differences were obtained between the
various genotypes at either age. We also quantified motor neuron numbers in spinal cords of
VAPBwt, VAPBP56S and their non-transgenic littermates at 24 months of age (n=3).
However, we again detected no significant differences between the genotypes. Thus,
moderate overexpression of either VAPBwt or VAPBP56S in brain and spinal cord does not

induce major motor dysfunction or overt motor neuron disease in mice.

VAPBP56S but not VAPBwt transgenic mice develop cytoplasmic ubiquitin and TDP-43

pathologies

Accumulations of neurofilaments and ubiquitin-positive cytoplasmic TDP-43 inclusions
are prominent features of ALS (Al-Chalabi and Miller, 2003, Neumann et al., 2006). Despite
the absence of overt motor neuron disease, we therefore investigated whether any
pathological changes in neurofilament, ubiquitin or TDP-43 labelling occurred in spinal cords

of VAPB transgenic mice. We analysed mice at 6 month, 12 months, 18 months and 24
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months. No noticeable differences in patterns of neurofilament staining were detected
between VAPBwt, VAPBP56S and non-transgenic littermates at ages of up to 24 months
(data not shown). However, at 18 months of age but not before, both VAPBP56S transgenic
lines but not the VAPBwt transgenic lines displayed increased cytoplasmic labelling for
ubiquitin within spinal cord motor neurons (Fig. 3). Higher magnification images revealed
that this ubiquitin labelling was granular in appearance and associated with discrete areas of
cytoplasm (Fig. 3B). For comparison, we also stained SOD1G93A transgenic mice for
ubiquitin and TDP-43 and detected strongly labelled ubiquitin-positive inclusions within
motor neurons but no overt TDP-43 pathology which is similar to previous studies
(Robertson et al., 2007, Turner et al., 2008) (Fig. 3A and Fig. 4A). We also labelled sections
for p62 which is a ubiquitin binding protein that is associated with ubiquitin inclusions,
including ubiquitin/TDP-43 inclusions in ALS (Mizuno et al., 2006, Seelaar et al., 2007).
Again, granular-like p62 labelling of discrete areas of cytoplasm was observed in motor
neurons of VAPBP56S but not VAPBwt or non-transgenic mice (Fig. 3C).

Immunostaining for TDP-43 produced prominent nuclear labelling in non-transgenic,
VAPBwt and VAPBP56S transgenic mice consistent with its known distribution. However,
in spinal cord motor neurons of VAPBP56S but not VAPBwt or non-transgenic littermates
we additionally detected the presence of cytoplasmic TDP-43 positive labelling (Fig. 4A).
This abnormal TDP-43 labelling became noticeable in 18 month old mice, the same age as
the ubiquitin pathology first appeared and was localised to discrete regions of cytoplasm
again similar to that seen for ubiquitin and p62 (Fig. 4A). In some neurons, we also
observed a diffuse general increase in cytoplasmic TDP-43 (Fig. 4B). Analyses of 24 month

old VAPBP56S mice revealed similar changes. Indeed, we detected no noticeable
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differences in ubiquitin, p62 and TDP-43 cytoplasmic labelling between 18 month old and 2
year old VAPBP56S mice.

For comparative purposes, we additionally investigated TDP-43 pathology in human ALS
spinal cord. This involved analyses of a 43-year old female who died with clinical features of
motor neuron disease and frontotemporal dementia. Histological analyses confirmed motor
neuron disease with frontotemporal lobar degeneration with TDP-43 positive inclusions.
Concordant with previous studies, we found robust cytoplasmic TDP-43 pathological
inclusions within motor neurons. Noteably however, these inclusions were more intensely
stained and of a more defined structure than those seen in VAPBP56S transgenic mice.
Rather, TDP-43 cytoplasmic abnormalities in VAPBP56S transgenic mice appeared more
granular and diffusely labelled; skein like inclusions and large round aggregates as seen in
human cases were not detected. This was the case for both 18 month and 24 month old

VAPBP56S mice.

Co-localisation of cytoplasmic ubiquitin with TDP-43 in VAPBPS56S transgenic mice

To determine whether the cytoplasmic TDP-43 and ubiquitin pathologies seen in
VAPBP56S mice motor neurons were in any way related, we triple immunostained sections
for TDP-43, ubiquitin and VAPB, and analysed the labelling by confocal microscopy. In
VAPBwt transgenic animals, TDP-43 labelling was again restricted to the nucleus and VAPB
labelling localised to the cytoplasm (Fig. 5SA). These results were thus identical to those
observed by conventional marker labelling and as described above (Figs. 2, 3, 4). However,
in VAPBP56S transgenic mice, TDP-43 labelling was also detected in the cytoplasm and in

overlay images, this labelling appeared similar to that for ubiquitin (Fig. 5B).
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Although conventional dye-overlay methods generate visual estimates of co-distribution,
these methods can report incorrect co-localisation of two proteins. This is because they do
not take into account the relative proportions of signals from different proteins which in the
case of co-localisation, should vary in synchrony. We therefore determined the co-
localisation of TDP-43 and ubiquitin, and VAPB and ubiquitin by image correlation analyses
(Li et al., 2004). Image correlation analysis compares the scatter plots of two stains against
the product of the difference of the pixel intensities of each of the two stains from their
respective means. Thus, image correlation analysis determines whether the pixel intensities
from two signals vary in synchrony. In addition, the values obtained from the analysis can be
reported as an image correlation quotient (ICQ), which is a statistically testable, single value
assessment of the relationship between two stained protein pairs; for random staining
ICQ=~0, for dependent staining (co-localisation) 0<ICQ<+0.5, and for segregated staining
0>1CQ=-0.5.

The image correlation analysis showed that in aged (18 month and 24 month old)
VAPBP56S mice, TDP-43 co-localised highly significantly with ubiquitin within the
cytoplasmic aggregates (Fig. 5C; 1CQ=0.22+0.06; 1CQ>0, p<0.001, "One sample t test",
n=17 cells). It has been reported that VAPB can also be ubiquitinated (Tsuda et al., 2008).
We therefore analyzed co-localisation of VAPB and ubiquitin in the same neurons. VAPB
and ubiquitin were also significantly co-localised (ICQ=0.16+0.05; ICQ>0, p<0.001, "One
sample t test", n=17). However, co-localisation of ubiquitin with TDP-43 was significantly
greater than ubiquitin and VAPB (p=0.0188, t-test, df=32; Fig. 5D). Thus, VAPBP56S
transgenics develop TDP-43 and associated ubiquitin pathology similar to that seen in

sporadic forms of ALS.
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Absence of cleavage of TDP-43 in VAPBP56S transgenic mice

Cleavage of TDP-43 to generate carboxy-terminal fragments including 25 kDa species have
been observed in ALS and frontotemporal lobar degeneration with ubiquitin inclusions
(FTLD-U) (Neumann et al., 2006). However, this cleavage is restricted to brain and not
spinal cord tissues (Igaz et al., 2008). We therefore enquired whether cleavage of TDP-43
occurred in spinal cords and/or brain of either VAPB or VAPBP56S transgenic mice.
Probing of spinal cord samples from 24 month old VAPB, VAPBP56S and non-transgenic
littermate mice revealed no differences in the migration TDP-43; no faster migrating species
specific to either VAPB or VAPBP56S mice were detected (Fig. 6). Thus, despite the
presence of TDP-43 pathology in spinal cords of VAPBP56S transgenic mice, we did not
detect any proteolytic cleavage of TDP-43 and this is consistent with that seen in sporadic

human ALS cases.
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Discussion

Here, we describe the phenotype of ALS-causing VAPBP56S overexpressing transgenic
mice. We compared two VAPBP56S and two VAPBwt transgenic lines. Both VAPBP56S
and VAPBwt lines expressed broadly similar levels of transgenic protein. Neurological
testing of the mice did not reveal any clear disease phenotype in either VAPB or VAPBP56S
transgenics even in mice aged 24 months; neither did we detect any loss of motor neurons.
Thus, expression of either VAPBP56S or VAPBwt to moderate levels does not induce overt
motor neuron disease in mice. This is in contrast to mutant SOD1 where expression levels of
mutant protein equal to, or less than the endogenous mouse protein (20% of endogenous) can
induce aggressive motor neuron disease (Bruijn et al., 1997). The initial description of ALS8
involved seven kindreds with the VAPBP56S mutation. Of these, three developed late-onset
slowly progressive atypical ALS, three developed late-onset spinal muscular atrophy, and in
the final family only selected members developed typical ALS with others showing atypical
ALS (Nishimura et al., 2004). Thus, absence of disease in VAPBP56S transgenic mice may
reflect the less severe and late-onset disease phenotype observed in most ALSS cases.
Whether higher levels of VAPBP56S expression in mice can induce disease is not known. A
further possibility is that disease may require expression of VAPBP56S in cell types within
the nervous system in which the prion promoter used here is not active. Indeed motor neuron
cell loss and robust disease in mutant SOD1 cases is now believed to be non-cell-autonomous
and to require expression in cell-types other than motor neurons and in particular in microglia
(Boillee et al., 2006). Similar events may be required for VAPBP56S-induced disease.

We observed cytoplasmic TDP-43 pathology in spinal cord motor neurons of VAPBP56S
but not VAPBwt transgenic mice. This involved discrete cytoplasmic accumulations but also

some diffuse, general increase in cytoplasmic TDP-43 labelling that developed first in 18
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month old mice; no obvious enhancement of this pathology was seen in 24 month old mice.
The appearance of this TDP-43 pathology coincided with the appearance of cytoplasmic
ubiquitin accumulations and we utilised image correlation analyses to demonstrate that the
two pathologies strongly co-localised. We also observed some co-localisation between
ubiquitin and VAPB although the image correlation analyses produced lower scores than for
ubiquitin and TDP-43.

We compared the TDP-43 pathology in VAPBP56S mice to that seen in human disease
cases. In the human cases, TDP-43 pathology involved skein-like, round and elongated
inclusions and to a lesser extent, diffuse granular labelling in anterior horn motor neurons.
By contrast, cytoplasmic TDP-43 accumulations present in VAPBP56S mice were less
intensely labelled and less well defined in structure. The redistribution of TDP-43 to the
cytoplasm and its ubiquitination are now known to be early events in ALS and precede the
formation of insoluble inclusion bodies (Giordana et al., 2009). Thus, one possibility is that
the structurally less defined, granular cytoplasmic TDP-43 accumulations seen in VAPBP56S
mice represent a relatively early stage in the development of pathology and this is consistent
with the absence of neurological disease in these mice. Indeed, others have reported granular
cytoplasmic TDP-43 pathologies in human fronto-temporal dementia with or without motor
neuron disease and have concluded that they represent an early pre-inclusion pathology
(Cairns et al., 2007).

The mechanisms by which both mutant SOD1 and VAPBP56S induce motor neuron cell
demise are not properly understood. However, VAPB is an integral ER protein and several
recent studies have provided evidence that it functions in protection against ER stress and in
particular in UPR signalling (Skehel et al., 2000, Loewen and Levine, 2005, Kanekura et al.,

2006, Teuling et al., 2007, Gkogkas et al., 2008, Suzuki et al., 2009). The UPR is a signalling
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pathway that is activated by accumulation of unfolded proteins within the ER and which
triggers transcriptional responses so as to rectify the protein folding capacity of the cell
(Bernales et al., 2006). VAPB has been linked to the cell’s ability to promote the UPR with
VAPBP56S being defective in this function although paradoxically in Drosophila,
VAPBP58S (the equivalent of VAPBP56S) is reported to promote UPR (Kanekura et al.,
2006, Gkogkas et al., 2008, Tsuda et al., 2008). VAPBP56S mislocalises to ER-derived
tubular aggregates which also contain wild-type VAPB and one possibility is that this
recruitment of VAPB to aggregates diminishes the cell’s UPR ability; as such VAPBP56S
may function as a loss of function and/or dominant negative molecule so that the protective
function of the UPR in response to ER stress is diminished in mutant expressing cells
(Kanekura et al., 2006, Teuling et al., 2007, Gkogkas et al., 2008, Suzuki et al., 2009).
Further support for a loss of function of VAPB contributing to ALS pathogenesis comes from
the finding that VAPB levels are reduced in spinal cords of ALS cases (Anagnostou et al.,
2008).

TDP-43 is synthesised within the ER and then trafficked to the nucleus and one suggestion
is that the appearance of cytoplasmic TDP-43 pathology in ALS is a consequence of defects
in this trafficking (Winton et al., 2008a, Winton et al., 2008b). Recently, ER stress has been
linked to defective cytoplasmic/nuclear trafficking of TDP-43 in familial fronto-temporal
lobar degeneration (FTLD) with inclusion body myopathy and Paget disease of bone that is
caused by mutations in the valosin-containing protein (VCP) gene (Gitcho et al., 2009).
Thus, one possibility is that as may be the case in the mutant VCP forms of FLTD,
VAPBPS56S induces cytoplasmic accumulation of TDP-43 via damage to the UPR and

induction of ER stress such that TDP-43 trafficking to the nucleus in impaired. Whatever the
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precise mechanism, our results reported here provide support for a link between ALS

associated VAPBP56S and cytoplasmic accumulation of TDP-43.
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Figure Legends
Figure 1

Transgene expression in VAPBwt and VAPBPS56S transgenic mice. Total protein samples
of spinal cord (A) and brain (B) from non-transgenic (NTg), the two different VAPBwt
transgenic (VAPBwt 1 and 2), and the two different VAPBP56S (VAPBP56S 1 and 2)
transgenic lines used in the study were probed on immunoblots for total VAPB and
transgene-derived VAPB (using antibody 9B11 to the myc tag). The blots were also probed

for tubulin as a loading control. 10 pg of protein is loaded in each track.

Figure 2

Immunohistochemical detection of VAPBwt and VAPBP56S in lumbar spinal cords and
brains of 18 month old transgenic mice. (A-C) show spinal cords of non-transgenic (NTg)
(A), VAPBwt (B) and VAPBP56S (C) transgenic mice labelled with antibody 9E10 to the
myc tag (myc) or rabbit anti-VAPB antibody (VB) as indicated. Lower magnification images
are shown on the left; motor neurons in ventral horns are shown at higher magnification on
the right. (D and E) show cerebral cortex in brains of non-transgenic (NTg), VAPBwt and
VAPBP56S transgenic mice labelled with antibody 9E10 to the myc tag as indicated. Lower
magnification images are shown in (D); higher magnification images in (E). Note the
punctate aggregates seen with the myc antibody in VAPBP56S mice in the higher
magnification images of both spinal cord and brain (arrowheads in C and E). Scale bars: (A-
(), 350 um (low magnification —left images) and 15 um (high magnification -right images);

(D), 30 um; (E) 10 um.

Figure 3
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VAPBP56S but not VAPBwt transgenic mice develop cytoplasmic ubiquitin
accumulations. (A) shows ventral horn regions in lumbar spinal cords of 18 month old non-
transgenic (NTg), VAPBwt and VAPBP56S mice, and 16 week old SOD1G93A transgenic
mice labelled for ubiquitin with antibody Ubi-1 as indicated. (B) and (C) show motor
neurons in ventral horns of 18 month old non-transgenic (NTg), VAPBwt and VAPBP56S
transgenic mice labelled for ubiquitin (B) and p62 (C) as indicated. Note the selective
prominent cytoplasmic ubiquitin/p62 labelling in spinal cord motor neurons in VAPBP56S

transgenic mice (arrowheads in B and C). Scale bars: (A), 50 um; (B) and (C), 15 pm.

Figure 4

VAPBP56S but not VAPBwt transgenic mice develop cytoplasmic TDP-43 pathology.
(A) shows ventral horn regions in lumbar spinal cords of 18 month old non-transgenic (NTg),
VAPBwt and VAPBP56S mice, and 16 week old SOD1G93A transgenic mice labelled for
TDP-43 as indicated. (B) shows high power images of motor neurons in ventral horns of 18
month old non-transgenic (NTg), VAPBwt and VAPBPS56S transgenic mice labelled for
TDP-43. In VAPBP56S mice granular structures and occasional small paranuclear inclusions
were detected. In addition, diffuse cytoplasmic TDP-43 labelling was also seen along with
some reduction in nuclear labelling (see lower centre image). Skeins and large round
inclusions as seen in human ALS cases were not observed. (C) shows TDP-43 labelling in
ventral spinal cord of a human fronto-temporal lobar degeneration with ALS case for
comparison. Note the numerous large and intensely stained skein-like, filamentous, round
and irregular cytoplasmic TDP-43 inclusions (arrowheads). Scale bars: (A), 50 um; (B,C) 10

um; (D), 40 um (low magnification —left image), 15 pm (high magnification —right image).
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Figure 5

Associations of cytoplasmic TDP-43 and VAPB with ubiquitin in VAPBP56S transgenic
motor neurons. Ventral horn motor neurons from lumbar spinal cords of 18 month old
VAPBwt (A) and VAPBP56S (B) mice were triple stained for VAPB (rat antibody; green),
ubiquitin (mouse antibody; yellow), and TDP-43 (rabbit antibody; red) and imaged by
confocal microsocopy. Image correlation analyses of ubiquitin and TDP43 (C), and ubiquitin
and VAPB (D) are illustrated for a region of interest taken from B (arrowed in B). The
product of the difference from the mean (PDM=(4-a)(B-b), where 4 and B are the pixel
values and a and b their respective means) was calculated for each pixel pair derived from the
2 image channels under investigation, TDP43 and ubiquitin (C), or VAPB and ubiquitin (D).
Positive pixel pairs that yielded a positive PDM, indicating co-localisation, along with
individual channels (TDP-43, ubiquitin and VAPB) and overlays (Merge) are shown in (C)
and (D). Scatter plots (Scatter) showing the relationships between the pixels intensities of
TDP-43 and ubiquitin, and VAPB and ubiquitin are shown in the right-hand plot panels of
(C) and (D) respectively. ICA plots of normalized TDP-43 (C, left) and ubiquitin (C, right),
and VAPB (D, left) and ubiquitin (D, right) versus their respective PDM ((A-a)(B-b)) values
are shown. Note the positively skewed intensity versus PDM plots in panel C, and D,
indicative of association of TDP-43 and ubiquitin, and VAPB and ubiquitin, respectively.
The TDP-43/ubiquitin ICA plots are more positively skewed than the VAPB/ubiquitin plots

in line with the higher association between TDP-43 and ubiquitin. Scale bar=10 pm.

Figure 6

Absence of TDP-43 processing in VAPBP56S transgenic mice. Immunoblots of TDP-43

in spinal cords and brains of different 24 month old non-transgenic (NTg), VAPBwt and
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VAPBPS56S transgenic mice as indicated.
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