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Slow development of ALS-like spinal cord pathology in
mutant valosin-containing protein gene knock-in mice

HZ Yin', A Nalbandian?, C-l Hsu', S Li', KJ Llewellyn?, T Mozaffar'3, VE Kimonis*? and JH Weiss*'*

Pathological features of amyotrophic lateral sclerosis (ALS) include, in addition to selective motor neuron (MN) degeneration, the
occurrence of protein aggregates, mitochondrial dysfunction and astrogliosis. SOD1 mutations cause rare familial forms of ALS
and have provided the most widely studied animal models. Relatively recent studies implicating another protein, TDP-43, in
familial and sporadic forms of ALS have led to the development of new animal models. More recently, mutations in the valosin-
containing protein (VCP) gene linked to the human genetic disease, Inclusion Body Myopathy associated with Paget’s disease of
bone and frontotemporal dementia (IBMPFD), were found also to be associated with ALS in some patients. A heterozygous
knock-in VCP mouse model of IBMPFD (VCPR'%" ) exhibited muscle, bone and brain pathology characteristic of the human
disease. We have undertaken studies of spinal cord pathology in VCP?'5+ mice and find age-dependent degeneration of
ventral horn MNs, TDP-43-positive cytosolic inclusions, mitochondrial aggregation and progressive astrogliosis. Aged animals
(~24-27 months) show electromyography evidence of denervation consistent with the observed MN loss. Although these
animals do not develop rapidly progressive fatal ALS-like disease during their lifespans, they recapitulate key pathological
features of both human disease and other animal models of ALS, and may provide a valuable new model for studying events
preceding onset of catastrophic disease.

Cell Death and Disease (2012) 3, €374; doi:10.1038/cddis.2012.115; published online 16 August 2012

Subject Category: Neuroscience

Amyotrophic lateral sclerosis (ALS) is characterized by a
number of pathological hallmarks, including selective motor
neuron (MN) loss, intracellular inclusions, astrogliosis, and
mitochondrial abnormalities.” Whereas most cases are
sporadic, ~10% are familial and some of those are caused
by mutations in the SOD1 gene. Although transgenic mutant
SOD1 animals, which provide the most widely studied models
of the disease, display many of these features, ' therapeutic
efficacy in these animals has been poorly predictive of human
efficacy, and itis not clear the degree to which studies in these
models overexpressing a gene implicated in a small subset of
human cases will prove applicable to human disease.

An important breakthrough came with the relatively recent
findings implicating roles of an unrelated protein, TDP-43 in
familial as well as sporadic ALS.** TDP-43 containing
inclusions are found in both forms of the disease, and
mutations in TDP-43 are associated with some familial forms
of ALS. Interestingly, TDP-43 pathology is also associated
with forms of frontotemporal dementia (FTD), suggesting
some mechanistic overlap between these neurodegenerative
diseases.>®

Elucidation of the link between TDP-43 and ALS has led to
the recent development of some new animal models.”
Although the mechanism of injury is still unclear,® TDP-43 is
normally a nuclear RNA/DNA-binding protein involved in
multiple aspects of RNA metabolism, and, in disease, often
appears in cytosolic inclusions. Suggesting a broad relevance
of consequent mechanisms, a related RNA/DNA-binding
protein, fused in sarcoma (FUS), is also associated with
forms of FTD and ALS.®

Mutations in an unrelated gene, valosin-containing protein
(VCP), were previously found to be associated with a genetic
disease, Inclusion Body Myopathy associated with Paget’s
disease of bone and frontotemporal dementia (IBMPFD).°
Features of ALS were found in 10% of individuals, '® and VCP
mutations have recently been linked to 1-2% of isolated
familial ALS cases, which are associated with TDP-43
pathology."" In addition, two mouse models of IBMPFD have
been produced, both reproducing muscle, bone and brain
pathology characteristic of the human disease, including
TDP-43-positive inclusions.®'3 In one, nuclear clearance of
TDP-43 was reported in ~5% of spinal neurons. '3
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We have undertaken the first study to date examining the
evolution of spinal cord pathology in a mutant VCP mouse
model. Present studies use a novel heterozygous R155H
human VCP knock-in mouse model (VCPR'®5%*) "in which
the mutant gene is expressed in physiological patterns and
levels. Clincially, these animals show mild progressive
weakness, but do not develop rapidly progressive ALS-like
disease. However, by 24 months, they have widespread
denervation and neurogenic (as well as some myopathic)
changes on electromyography (EMG), suggestive of a motor
neuropathy/neuronopathy, and pathological examination
shows progressive age-dependent MN degeneration. These
animals also show age-dependent appearance of TDP-43-
labeled cytosolic inclusions in MNs, and astrogliosis. Mutant
VCP knock-in animals provide a new model recapitulating key
pathological features of ALS, which may yield insights into
pathogenesis of both familial and sporadic forms of human
disease.

Results

VCPR'55H+ heterozygous knock-in mice develop slowly
progressive weakness. The Kimonis laboratory previously
generated and characterized a heterozygote knock-in mouse
with the most common human VCP mutation (R155H)
expressed at physiological levels.'? Examination of brain,
muscle, and bone pathology in this VCPR'®"* mouse
revealed many of the features of human IBMPFD disease,
including the progressive cytoplasmic accumulation of TDP-
43 and ubiquitin-positive inclusions in muscle and the
cerebral cortex.'? We have subsequently produced a slightly
modified VCPR'®*"+ knock-in mouse model (which is
identical to the previously described model except for the
lack of a Neomycin cassette) to assess and confirm the
phenotype of the VCP mutant knock-in, without risk of
interference from the Neo cassette. Like the Neo cassette
containing strain,'? these Neo-free mice also express VCP at
an endogenous level. Western blot studies of spinal cord
tissue from these animals shows VCP levels to be
indistinguishable from those in wild-type (WT) animals at
both 7 and 18 months of age (Figure 1a).

These Neo-free heterozygotes, used in the present studies,
have similar brain, muscle, and bone pathology as the Neo
cassette containing heterozygotes, including the appearance
of age-dependent pathological changes in muscle (with
basophilic rimmed cracks and centrally located nuclei in
muscle fibers, Figure 1b). The bone, brain, and muscle
phenotype of these animals is more fully described in a
separate publication.' Furthermore, these mice appeared
generally normal in growth and behavior. They showed mildly
decreased weights after 24 months of age and mild
progressive weakness from ~9 months of age (Figure 1ci
and ii). Although their maximal lifespans are the same as WT
mice (close to 30 months), their survival curves differ, with
some VCPR'%5"+ mice dying prematurely and survival time
broadly distributed between ~ 15 and 30 months (Figure 1ciii).

Although these mice manifest slowly developing but
extensive ALS-like spinal cord pathology (as described
below), they do not develop a rapidly progressive ALS-like
disease (as is seen in mutant SOD1-overexpressing models),
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and maintain generally normal appeareance and behavior
throughout their lives. The absence of clinical ALS may be
consistent with human VCP-linked disease, in which ALS only
occurs in ~10% of patients. The causes of the premature
deaths in some of the VCPR %M+ mice is not known, but may
resemble causes of death in affected humans, many of whom
die in their 40s—60s, often with cardiorespiratory failure.'®

Notably, homozygosity of the R155H mutation is lethal, with
these animals dying by 21 days of age with indications of
abnormalities in several systems including muscle, brain and
spinal cord (the complex phenotype of these animals will be
fully characterized in a separate publication).

EMG evidence of MN degeneration in aged VCP?'%5"/*
mice. Needle EMG examination provides a valuable tool for
the discrimination between neurogenic and myopathic
causes of neuromuscular dysfunction. Neurogenic findings
on EMG include fasciculation potentials and fibrillation
potentials in the acute phase, as well as increased amplitude
and duration of motor unit potentials with polyphasia and
reduced recruitment. Myopathic changes include short
duration, small amplitude polyphasic potentials with normal
recruitment patterns.

EMG examination was carried out on four VCPR155%/+
animals and four WT littermates (see Materials and methods).
Evidence of widespread acute denervation was seen in the
VCPR1%"+ mice (average age 24.98 + 0.41 months) but not
in their WT littermates. These changes included varying
degree of abnormal spontaneous activity in the form of
fibrillation and fasciculation potentials, and distinct reduction
in recruitment and interference patterns. Motor unit analysis
was, however, complicated by the fact that both ‘myopathic’
(narrow duration, small amplitude) potentials and neurogenic
(large amplitude, broad duration) potentials were seen. Firing
rates were generally increased, suggestive of a neurogenic
rather than myopathic pattern of activation (Figure 2a).
Notably, these distinctive abnormalities were seen in almost
all the muscles examined in the VCPR'%+ mice, but were
never seen in the WT mice (Figure 2b).

Age-dependent MN degeneration in VCPR15°H+ mijce,
MN degeneration was assessed in lumbar spinal cord
sections from VCPR'%"* and WT animals at various ages.
MNs were labeled with toluidine blue, and immunocyto-
chemically using an antibody to non-phosphorylated neuro-
filament epitopes, SMI-32, which strongly labels MNs as well
as their neuritic processes.15 In WTs, virtually all MNs
appeared healthy, with a small percentage showing mild
atrophic changes in older animals (Figure 3a and b).
However, in the VCPR'+ animals, there were clear
age-dependent degenerative changes, which appeared to
follow distinct pathways. Some MNs showed progressive
cellular and nuclear constriction, others showed cytoplasmic
vacuolar changes, and some showed nuclear enlargement
and chromatin loss (Figure 3a vii and viii). At late stages,
MNs often appeared to be replaced by glial nodules
(Figure 3a vii and viii, arrows). Surviving MNs were counted
in SMI-32-labeled slices from VCPR'%5"+ and WT siblings
(Figure 3b), from three age groups (8+2, 20+2, 262
months). By ~20 months, MN numbers in VCPR'55H + mijce
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Figure 1 VCP expression levels, muscle pathology, mild weakness and modestly decreased lifespan in Neo cassette free VCPR'55™+ mice. (a) Western blots showing
VCP expression in spinal cord of WT and VCPR'5%"'* knock-in mice at 7 and 18 months of age. Note that WT and VCPR'**" + mice show very similar levels of VCP at both 7
and 18 months of age (two animals of each genotype at each age). Alpha tubulin was used as a loading control. (b) Muscle pathology in VCPR'%" + mice. Hematoxylin and
eosin staining was carried out on quadriceps muscle from 20-month-old WT (left), and VCPR'55"+ knock-in (right) mice. Pathological features noted include variation in
muscle fiber size, basophilic rimmed cracks (black arrows) and centrally located nucleii (white arrow). Bar =50 um. (¢) Mild weight, strength and survival deficits in
VCPR18H+ mice. (i) Mildly decreased weight in VCPR'%" + mice at 24-28 months, but not at 18 months of age (n= 18 each WT and VCPR'%*+ mice at 18 months, n= 4
each strain at 24-28 months; *P<0.05 by two-tailed ttest). (i) Mild progressive weakness in VCP™'%*"+ mice. Grip strength was assessed using a Grip Strength Meter
apparatus (TSE Systems Gmbh); for each measurement on each animal, the maximum force achieved among five repetitions was used. Note the mild but significant decrease
in grip strength in VCP™'%*"+ animals starting at 9 months of age. (14-16 WT animals and 12 VCPR'**"'+ animals were examined at each age. * indicates significant
difference by paired ttest at P<0.01; **P<0.005). (iii) Survival curve comparing the natural history of WT and VCPR'®"+ heterozygous mice. Mice were allowed to age
until they died naturally. Note that although the maximal lifespan was close to 30 months in VCPR'5" + as well as WT mice, some VCPR'®"'+ mice died prematurely. n =22
VCPR1SH+ and 22 WT mice; P<0.02 by the log rank (Mantel-Cox) method

had decreased almost 50% (Figure 3c). Notably, at all ages noted in some MNs (Figures 4b iii and c). This age-
examined, neurodegenerative changes were far less in the dependent appearance of TDP-43 pathology in WT animals
dorsal horn (Figure 3a, bottom panels). may be compatible with recent observations of TDP-43

pathology in brains of 29% of non-diseased humans over
Age-dependent TDP-43 pathology and mitochondrial ~ 65.'° In contrast, in the VCPR'®*"* mice, there was a far
aggregation in VCPR15®W+ mijce. Western blots were  greater tendency for TDP-43 to appear in dense cytosolic
carried out to assess levels of TDP-43 in spinal cord. aggregates, which increased prominently with age (Figure 4b
Interestingly, TDP-43 levels were similar in WT and iv, v and vi). Quantification of the degree of cytosolic TDP-43
VCPR15+ mice at 7 months of age, but were markedly ~ aggregation (see ‘Quantification of histopathological
increased in VCPR'%"* mice at 18 months (Figure 4a). changes’ under Materials and Methods), confirmed the
Immunostains were carried out to assess the occurrence of significantly greater age-dependent cytosolic TDP-43 aggre-
TDP-43 containing cytosolic aggregates in MNs. In young gation in the mutant animals (Figure 4c). Interestingly, in the
WT animals, staining was either absent, was nuclear, or  homozygous VCPR15/R155H animals, in which only mutant
appeared diffusely in the cytosol (Figure 4b i and ii). With VCP is present and which generally die with severe
increasing age, a mild degree of cytosolic aggregation was weakness and multiple organ involvement by 3 weeks of

w
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Figure 2 EMG evidence of muscle denervation in VCPR'%"+ mice. EMG studies were carried out on four VCPR'%"'+ animals (average age 24.98 + 0.41 months), in
comparison with four WT littermates. (a) Traces show representative pathological changes, which were seen only in the VCPR1 animals. (i) Fasciculation potential (ii)
fibrillation potentials; (jii) reduced motor unit recruitment. This is a neurogenic recruitment pattern. Firing frequency in these animals was increased at 50 Hz. (iv) Co-existing
neurogenic and myopathic potentials. Motor units exhibit mixed morphology with small amplitude, polyphasic potentials, suggestive of a myogenic disturbance. However,
recruitment frequencies are decreased, suggesting a neurogenic pattern. (b) Tabular chart showing frequency of various abnormalities seen on EMG from the sampling of
seven muscles in each animal. Note frequent abnormalities in VCP™""+ animals and absence of abnormalities in WT mice (MUP, motor unit potential)

age, advanced TDP-43 pathology was evident in MNs of
10-day-old animals, an age at which VCPR'S®W+ mice
showed little TDP-43 pathology (Figure 4b vii).

We also carried out double immunofluorescence stains for
TDP-43 along with the mitochondrial marker, COX-IV. In
young WT and VCPR'5"* animals, COX-IV labeling was
diffuse and speckled, as expected for mitochondria, and TDP-
43 labeling was faint and nuclear or diffuse cytosolic (as
described above). In aged (~18 month) WT animals,
mitochondria were still diffusely distributed, but there was
some minimal aggregation noted, which co-localized with
areas of slight TDP-43 aggregation (Figure 5a i and ii).
However, in the aged VCPR'®5"* animals, COX-IV labeling
was densely aggregated and co-localized strongly with TDP-
43 (Figure 5aiiii and iv). Examination of all MNs in sets of age-
matched sections revealed little COX-1V aggregation up to 8
months in either WT or VCPR'5%"+ animals, but substantial
co-aggregation of COX-IV and TDP-43 by 18 months only in
the VCPR'®5"* animals, with much milder age-dependent
co-aggregation seen in WT animals (Figure 5b).

Cell Death and Disease

To further address the pathological similarities between the
VCPR1%+ animals and diverse forms of human ALS, we
carried out immunostains for ubiquitin (Figure 5c) as well as
for the autophagy related protein, SQSTM1/P-62 (Figure 5d),
both of which are prominent constituents of cytosolic MN
aggregates in most human ALS cases.'” Labeling with either
marker revealed appearance of cytosolic aggregates similar
to that seen with TDP-43, with far greater age-dependent
cytosolic aggregation in the VCPR'®5"* animals than in WT
animals.

Age-dependent astrogliosis and 3-nitrotyrosine labeling
in heterozygous R155H mice. Previous reports have
indicated progressive reactive astrogliosis in mutant SOD1
as well as TDP-43 mouse models of ALS.”'® Similarly, we
see a dramatic age-dependent increase in GFAP labeling in
VCPR1%+  animals, most prominent in ventral horn
(Figure 6a and c i).

Paralleling this increased astrogliosis, we also note
increases in 3-nitrotyrosine (3-NT) labeling, both within
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Figure 3 Progressive age-dependent degenerative changes and loss of ventral horn MNs from heterozygous VCP knock-in (VCPR'55"'+) mice. (a) Age-dependent
degenerative changes in ventral horn MNs VCPR55%+ mice. Lumbar sections were stained with toluidine blue. Images show representative fields (400 x ) from ventral horn
of WT and sibling VCPR'%5"'+ mice at the indicated ages ( 2 months). In the WTs, virtually all MNs appeared healthy, with mild atrophic changes noted in a small number of
the older MNs. In contrast, in VCPR '+ animals, clear age-dependent degenerative changes are seen (panels vii and viii) with eccentric nuclei, fragmentation of dendrites,
and some MNs showing cellular and nuclear constriction (stars), and others showing prominent swelling and vacuolar changes in cytoplasm (arrowheads). In some cases,
degenerated MNs were replaced by glial nodules (arrows). Bottom panels (iv and ix) show low power views from 26-month-old spinal cords, with regions from ventral horn
(VH) and dorsal horn (DH) highlighted. Arrows indicate high power views of regions indicated. Note the relative preservation of neuronal morphology in the DH region, despite
extensive degenerative changes in the VH region of the 26 month VCP™"** + mouse (panels viii, ix, and x). Comparative examination of VH and DH regions from > 40 slices
from 26 % 2-month-old WT and VCP™'*"+ mice revealed similar condition of VH and DH neurons in all WT’s but distinctly greater degenerative changes in VH MNs
compared to DH regions in all slices from VCPR'%5"'+ mice. Bar =500 um (low power panels); 50 um (all other panels). (b) Age-dependent loss of ventral horn MNs in
VCPR18+ mice. Lumbar sections were immunostained for the non-phosphoryylated neurofilament marker, SMI-32. Images show representative fields (400 x ) from ventral
hom of WT and sibling VCPR'%*+ mice at the indicated ages ( + 2 months). Note the age-dependent atrophy and loss of MNs in the VCPR'55"*+ animals. Bar = 50 um.
(c) Quantification of MN cell loss. Surviving MNs were counted in SMI-32 immunostained slices from each condition. Values represent mean number of surviving ventral horn
MNs per section (containing two ventral horns), as assessed under direct microscopic examination. Each data point reflects counts from 3-7 animals (for SMI-32); all ventral
hom MNs were counted in each of 10-15 slices for each animal. Note the modest age-dependent MN loss in WTs in contrast to the marked loss in the VCPR™H'+ mice,
* indicates difference from WT animals at the same age by two-tailed ttest (P<0.025)

and between ventral horn MNs. Unlike the astrogliosis, the 3-NT labeling was often particularly strong near
this 3-NT labeling was most prominent at ~20 months, MN somata, falling off sharply with distance, possibly
decreasing at advanced ages when many MNs had degen- consistent with a role of ROS generated within MNs
erated. As noted in our studies of mutant SOD1 animals,'®2°  (Figure 6b and ¢ ii).

Cell Death and Disease
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degeneration seen in mutant SOD1 overexpressing animal
models, these knock-in animals, which express a mutant
human gene in physiological patterns, show slowly progres-
sive MN damage, possibly modeling the slow evolution of
spinal cord pathology preceding the onset of rapidly
progressive clinical ALS in subsets of patients with mutations
in VCP or other ALS risk enhancing genes of incomplete
penetrance. It is intriguing that with advancing age, these
animals develop fairly extensive (>50%) MNs loss with
minimal symptoms, possibly reflecting the slow evolution of
pathology, providing time for compensatory mechanisms to
maintain adequate motor function.

In addition to MN loss, these animals also display other
characteristic features of human spinal cord ALS pathology,
including the appearance of TDP-43 containing cytosolic
inclusions, evidence of mitochondrial aggregation, progres-
sive astrogliosis and indices of oxidative damage in affected
ventral horn tissues. Of note, examination of findings in age-
matched WT animals revealed that virtually all the patholo-
gical findings were not exclusive to the mutant animals, but
occurred, albeit far more slowly and to a milder degree, in
WTs, raising the possibility that an effect of the mutant
VCP gene may be to accelerate certain processes that
occur normally with aging. The presence of advanced
cytosolic TDP-43 inclusions in very young homozygous
VCPR1SSHRISSH animals may be consistent with this idea.

Relevance to human disease. Although the development
of mutant SOD1 animal models of ALS provided a major
advance in the study of disease processes, there is
uncertainty regarding the relevance of these models to most
human ALS. Subsequent characterization of the linkage
between TDP-43 and FUS with both familial and sporadic
forms of ALS®® has led to the recent development of novel
TDP-43 based animal models. In addition, as TDP-43 and
FUS are both associated with FTD as well as with ALS, these
models may prove more broadly relevant to mechanisms of
neurodegenerative disease. However, most TDP-43-based
animal models fail to show characteristic TDP-43 containing
cytosolic aggregates,’ raising questions as to how well they
recapitulate key events of human disease.

It is intriguing that the disease spectrum caused by VCP
mutations similarly includes both ALS and FTD and that TDP-
43 pathology occurs prominently in VCP linked disease.®''~'3
Whereas TDP-43 and FUS are both thought to be primarily
nuclear RNA/DNA-binding genes involved in aspects of RNA
metabolism, the unrelated VCP protein (also known as p97)
belongs to the family of type Il ATPase associated with a

<
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variety of cellular activities (AAA). Although the relevant
mechanism in disease is uncertain, among its many functions,
it appears to have important roles in the delivery of proteins
from the ER to the cytosol, regulation of ubiquitination,?’ and
the maturation of autophagosomes into autolysosomes,?® and
thus may be crucial to the normal function of ubiquitin—
proteasome-dependent proteolysis (UPS) and autophagy.
Suggesting interactions between VCP and TDP-43-depen-
dent mechanisms, either mutant VCP or autophagic inhibition
resulted in cytosolic TDP-43 accumulation.??

Other recent studies lend further support to the idea that
defects in protein clearance mechanisms (proteolysis or
autophagy) may have integral roles in ALS. Mutations in the
gene UBQLN2, which encodes a ubiquitin-like protein, ubiquilin 2,
involved in protein degradation through the UPS, were recently
found to be linked to forms of dominantly inherited, X-linked ALS
and ALS/dementia.?® Similarly, mutations in optineurin® and in
SQSTM1 (which encodes the protein p62),2® both of which were
previously linked to Paget's disease of bone and have roles in
UPS/autophagy pathways, were recently found to be linked to
rare familial or sporadic forms of ALS. Interestingly, ubiquilin 2,
optineurin, and SQSTM1 are major components of the
inclusions seen in most familial and sporadic ALS patients,
often along with ubiquitin and TDP-43, even the absence of
mutations in these genes.'”?32* Thus, there appears to be a
common final pathway for multiple forms of familial and sporadic
ALS, wherein cytosolic accumulation of aggregated proteins,
whether via a primary enhancement of aggregate formation or
via defects in autophagy or the UPS, creates an environment
that promotes neurodegeneration.

Emerging clues to common mechanisms of selective MN
degeneration in diverse forms of ALS. Comparison of the
evolution of pathological changes between SOD1, TDP-43
and VCP models of ALS provide hints of other commonal-
ities. First, in addition to MN degeneration, SOD1 and TDP-
43 based models, like the present VCP mutant model, show
prominent and progressive astrogliosis in ventral horn over
the course of the disease,”?® highlighting the likely contribu-
tions of neighboring astrocytes to the pathogenesis of MN
degeneration in ALS. One consequence of astrocyte
dysfunction may be loss of their glutamate transport capacity,
which has been widely described in ALS and may underlie
glutamate receptor mediated (excitotoxic) contributions to
MN injury.” In addition, all three models show evidence for
the involvement of mitochondria in cytosolic aggre-
gates,??”?8 consistent with prominent roles of mitochondrial
dysfunction in ALS.

Figure 4 Age-dependent increases in total spinal cord TDP-43 and its appearance in cytosolic inclusions in ventral horn MNs of VC

PR1%H/+ mice. (a) Westem blots

showing TDP-43 expression in spinal cord of WT and VCP™'®+ knock-in mice at 7 and 18 months of age. Note that WT and VCPR'%"'+ mice show very similar levels of
TDP-43 at 7 months of age, whereas TDP-43 levels were markedly increased in the VCPR'%"'+ spinal cord at 18 months. Alpha tubulin was used as a loading control.
(b) Immunocytochemical assessment of cytosolic TDP-43 aggregation as a function of age-representative photomicrographs. Lumbar sections were immunostained for TDP-
43 and photographed (400 x ). Representative fields are shown from ventral homn of WT (i, i, and iii) and sibling VCPR'®®"'*+ mice (iv, v, and vi) at the indicated ages
(£ 2months). In WT animals, faint and generally cytosolic or nuclear labeling was generally seen at young ages, with more prominent but generally still diffuse staining seen by
20 months. In the VCPR'%"'+ animals, cytosolic TDP-43 labeling was both stronger, and far more prone to appear as discrete inclusions or aggregates with increasing age
(arrowheads). By way of comparison, we also show stains from young (0.5 months) homozygous VCPR%R195H animals (vii). Note the markedly accelerated appearance of
strong cytosolic TDP-43 aggregation in MN from these young mice (arrowheads). Bar = 50 or 25 um (detail). (c) Quantification of cytosolic TDP-43 aggregation. Each MN in
examined sections was rated for cytosolic TDP-43 aggregation according to a five point scale as described (see Materials and methods). Each data point represents all MNs
(>160) present in 5-10 ventral horn micrographs from each of 2-5 animals. * indicates difference from WT animals at the same age by two-tailed ttest (P<0.001)
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Figure 5 Colocalization of mitochondrial aggregates with TDP-43, and occurrence of ubiquitin and SQSTM1/ p62 aggregates in aging VCPT'SH+ MNs,
(a) Representative images. Slices were double fluorescence immunostained for the mitochondrial marker, COX-1V (top) and TDP-43 (bottom) (400 x ); inserts show overlay.
Note in the 18-month-old WT animals, the COX-IV labeling is speckled and distributed throughout the cytoplasm. TDP-43 labeling shows mild early aggregation in a small
number of MN, that co-localizes with some early mitochondrial aggregation (arrowheads). In contrast, in age-matched VCPR'**+ animals, the COX-IV labeling is highly
aggregated and colocalizes with TDP-43 (arrows). Bar = 25 um. (b) Quantification of COX-IV and TDP-43 co-aggregation. Graph shows the % of examined MNs containing
COX-IV and TDP-43 co-aggregation at each age (each point based on examination of >40 MNs). Note the paucity of co-aggregation at 8 months in all animals, and the sharp
increase of co-aggregation in the VCPR'%*"'* mice by 18 months. (¢ and d): Ubiquitin (c) and SQSTM1/ p62 (d) labeling (24-month-old animals) revealed similar patterns of
age-dependent appearance of cytosolic aggregates as seen for TDP-43. Arrows denote aggregates in VCPR'>S+ MNs. Bar =25 um

Cell Death and Disease



ALS-like spinal pathology in mutant VCP mice
HZ Yin et al

o5

R155H/+

VCP

w
]

aWT
22M 4.5 1 w ycpRISSH/ * L

3.5
3 -
2.5 4
1.5 4 af
1 -
Q -

&M 20M 26M

GFAP(+) cellnumbers —
N~

3-NT intensity

8M 18M 22M 8M 18M 22M
MN surrounding

Figure 6 Progressive astrogliosis and increased 3-NT labeling in ventral horn of VCPR'®*"+ mice. (a) Representative images of GFAP labeled slices. Lumbar sections
were immunostained for GFAP and the ventral homs photographed under fluorescence (200 x ). Note the marked increase in reactive astrocytes in VPR + mice at 26
months (iv). Low magnification images of the hemi-spinal cord show the greater degree of astrogliosis in the ventral horn (VH) compared with the dorsal horn (DH) of the
VCPR158H/+ mice (vi). Bar = 50 uum (high power); 400 um (low power). (b) Representative images of 3-NT labeled slices. Lumber slices from 22-month-old WT and VCPR 55
* mice were immunostained for 3-NT, and photographed under immunofluorescence. Inserts show pseudocolor (8 bit) representation of fluorescence, in order to highlight the
gradient in labeling intensity. Note the moderate labeling of WT MNs, but the markedly increased intensity of labeling not only in MNs of the VCPR1%+ mice, but also in the
neuropil surrounding and between MNs. (Dotted lines show representative regions marked for one MN, as was used for fluorescence quantification, below). Note that the
region of increased 3-NT labeling between ventral horn MNs in the VCPR1S mice may correspond generally to the region of increased ventral hom astrogliosis (see a,
panels iv and vi above) in these animals. Bar = 50 um. (¢): Quantification of GFAP and 3-NT labeling. (i) GFAP immunoreactive astrocytes were counted from lumbar ventral
homs of WT and VCPR'55W + mice of the indicated ages. Each data point reflects counts from 3-5 animals; for each animal, all GFAP labeled astrocytes were counted from
200 % ventral hom microscope fields from five sections. Note the marked age-dependent increase in numbers of reactive astrocytes in the VCP™%+ animals. * indicates
difference from WT animals at the same age by two-tailed ttest (P<0.025). (ii) 3-NT labeling intensity was assessed in MNs, and in 10 um wide zones surrounding MNs, in
WT and VCPR'5" + mice as indicated. Each data point represents all MNs (> 75) present in 5-10 ventral horn micrographs from each of 2-5 animals. Note the age-
dependent increase in 3-NT labeling in WT mice, and the greater increase in VCPR'®*"* mice, both within the MNs (MN) and in the neuropil surrounding them (surrounding).
* indicates difference from WT animals at the same age by two-tailed ttest (P<0.001); ¥indicates difference from 18-month-old VCPR'55"+ mice (P<0.001)
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A central question in the study of ALS pathogenesis is thus
how a range of perturbations, likely reflecting combinations of
genetic and environmental factors, may trigger a convergent
phenotype with selective MN loss and surrounding astro-
gliosis. Possible clues to the selectivity of MN loss may be
provided by studies examining factors underlying their high
vulnerability to excitotoxic injury. Specifically, susceptible
MNs possess large numbers of unusual Ca?" permeable
AMPA channels,®2° yet have little ability to buffer cytosolic

Ca®* rises,®*3! such that they may be unusually prone to
mitochondrial Ca®?" loading and consequent oxidative
stress. 952

Excessive oxidative stress could contribute to the oxidation
and aggregation of various proteins. Indeed, in the case of
SOD1-linked disease, oxidative stress promotes the forma-
tion of insoluble SOD1 multimers in affected spinal cord
tissue.3®3* Interestingly, oxidative stress has also recently
been reported to promote the aggregation of TDP-43 and its
recruitment into stress granules.®®* Other recent studies
suggest that with both SOD13"*® and TDP-43,%94° the
aggregates may mediate injury in large part via interactions
with mitochondria.

Present findings of mitochondrial aggregation in the VCP
model (analogous to that previously reported in SOD1 and
TDP-43 models), along with evidence of increased oxidative
stress (3-NT labeling) within and surrounding the MNs are
also compatible with a mechanism wherein disruption of
mitochondrial function, perhaps reflecting a combination of
retention of dysfunctional mitochondria due to defects in
autophagy/mitophagy and deleterious interactions with mis-
folded proteins, results in further oxidative stress, more
protein aggregations and propagation of a disese process in
which mitochondrial dysfunction, oxidative stress and protein
aggregation are all intimitely involved. Oxidative stress in and
around MNs could also contribute to the activation (and likely
dysfunction) of ventral horn astrocytes seen in each of the
three ALS models (SOD1, TDP-43 and VCP).204

Conclusions

Present studies extend the range of animal models available
to study mechanisms underlying pathogenesis in ALS. The
pathological commonalities between human ALS and the
three animal models of genetic forms discussed (SOD1, TDP-
43 and VCP) are striking, in that they all show, in addition to
preferential MN loss, the appearance of aggregates in MNs,
evidence of mitochondrial dysfunction and/or oxidative tissue
damage, and pronounced astrogliosis in the ventral horn.
Thus, it appears that mutations in these three completely
unrelated genes can trigger a cascade of events resulting in a
relatively characteristic pathological phenotype. A key aim of
ongoing studies is thus to elucidate what ties these distinct
forms of disease together and explains the convergent
phenotype despite distinct ‘causes’. It is likely that the
convergent phenotype reflects attributes of the MNs them-
selves and the nature of their interactions with surrounding
cells like astrocytes. We suggest a possible factor: that MNs,
in part because of their complement of excitatory receptors
and Ca?" handling characteristics, are unusually prone to
oxidative stress, which may promote aggregation and

Cell Death and Disease

misfolding of proteins. Primary defects in UPS/autophagy
pathways (as may occur with VCP, UBQLN2, SQSTM1, or
optineutin mutations) may similarly promote aggregate
formation. The aggregates may disrupt mitochondrial func-
tion, causing more oxidative stress and protein aggregation,
setting in motion cascades that cause slowly developing MN
degeneration.

It is interesting that these mice, however, do not develop
classical clinical ALS, in which disease (associated with
severe MN degeneration) progresses rapidly and contigu-
ously from one or multiple sites. Perhaps clinical ALS occurs
when dysfunction of MNs and surrounding astrocytes in a
region of tissue exceeds a threshold necessary to maintain
cellular energy balance and ionic homeostasis, resulting in
feed forward cascades and propagation of the injury front
across the compromised tissue.

Of note, human ALS is typically a disease of aging adults
and the VCP mutation may accelerate events (including TDP-
43 aggregation and MN loss) that occur far more slowly with
normal aging. Might these VCP mice, in which extensive ALS-
like patholological changes develop slowly over their lifespans
without frank disease, thus provide valuable models for the
study of ways in which ALS risk genes of partial penetrance
may accelerate age-associated changes and bring spinal cord
tissue to a level of dysfunction that may on occasion trigger
onset of characteristic rapidly progressive disease? Com-
parative studies in these and other available ALS animal
models may enable breakthroughs in the understanding of
common and essential mechanisms of disease and the
testing of therapeutic or preventative interventions.

Materials and Methods

Vertebrate animals. This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. The protocol was approved by the Institutional Animal
Care and Use Committee of the University of California, Irvine (Protocol number:
1997-1267). All procedures were terminal and all animals were deeply anethetized
before starting any procedures to minimize suffering.

VCPR15% knock-in mice. In order to generate a VCP disease mouse
model, a genomic VCP fragment with 7.9 kb of upstream homology sequence and
2.1kb of downstream homology sequence was sub-cloned into a targeting vector.
Site-directed mutagenesis using Quick-Change XL Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA, USA) was used to introduce the R to H mutation at
amino acid position 155. The knock-in mouse model with the R155H VCP
mutation was generated at InGenious Targeting Laboratory, Inc. (Stony Brook,
NY, USA) through a Neomycin cassette insertion using 129/SvEv mice. The
expression of mutant VCP was confirmed by RT-PCR using the following primers
in the PCR reactions: forward 5-CACGGTGTTGCTAAAAGGAAAGAAAAG-3';
reverse 3'-CTGAAGAATCTCCAAACGTCCTGTAGC-Y', after the RT reactions with
the reverse primer. These mice were backcrossed > 6 times with the C57BL/6 strain
before experiments were done to make sure that the majority (>98%) of the genetic
background of generated mice was of C57BL/6 origin. The Neomycin cassette was
deleted by crossing with the Flp deletion mouse model. Genotyping is carried out as
described."® Heterozygotes are bred with heterozygotes, such that half the progeny
are heterozygotes, and a quarter each WT and homozygotes. For all studies, age
and gender matched WT siblings are used as controls.

Strength testing. Muscle strength of the forelimbs of mice was measured
using a Grip Strength Meter apparatus (TSE Systems Gmbh, Hamburg,
Germany). As described (Figure 1), 14-16 WT animals and 12 VCPR'S%+
animals were examined at each age and the strongest force of 5 trails for each
animal at each age was used for analysis. Statistical analyses were performed by
Student’s test.



Tissue immunohistochemistry. Animals were perfused transcardially
with phosphate-buffered saline (PBS), followed by 4% paraformaldehyde (PFA) for
10min. The brain and spinal cord were dissected and post fixed in 4% PFA for
48h and removed to 30% sucrose/PBS for another 2-3 days. Serial 20 um frozen
sections were cut from the lumbar enlargement of spinal cord. For immunostain-
ing, sections were blocked (10% HS and 0.3% Triton-X 100, 1 h) and exposed to
monoclonal SMI-32 (1:5000; Stermberger Monoclonals, Berkeley, CA, USA)
or anti-cytochrome oxidase subunit IV (COX-IV; 1:100; ab14744; Abcam,
Cambridge, MA, USA), or to polyclonal antibodies against TARDBP/ TDP-43
(1:1000 for immunoperoxidase, 1:200 for immunofluorescence; ab41972; Abcam),
glial fibrillary acidic protein (GFAP; 1:500; G9269; Sigma-Aldrich, St Louis,
MO, USA), SQSTMI/p62 (1:3000; ab91526; Abcam) or 3-NT (1:250; 06-284;
Upstate Biotechnology, Waltham, MA, USA) in blocking solution (48-72h, 4 °C).
Slices were then incubated with an appropriate biotinylated (Vector Laboratoroes,
Burlingame, CA, USA), or fluorescent secondary antibody (DyLight 488 or 594
fluorophores; Jackson ImmunoResearch, West Grove, PA, USA). Immunoperoxidase
labeling was visualized using ABC solution (Vector Labratories) and diaminobenzidine,
and immunofluorescence labeling was visualized under fluorescence microscopy.
Specificity of all immunostains was confirmed by deletion of primary antibody.

For toluidine blue staining, the slide was flooded with 0.02% Toluidine Blue O
(Fisher Chemical, Hudson, NH, USA) for 1.5 min, washed, and flooded with 95%
ethanol to remove excess dye. For muscle studies, quadriceps muscle was
embedded in cryo-sectioning media and 5-10 um cryostat sections produced and
stained with hematoxylin and eosin.

Western blotting. Spinal cords were harvested and extracted using the NE-
PER Nuclear and Cytoplasmic Extraction Kit (Thermo Scientific, Rockford, IL,
USA). Protein concentrations were determined using the Nanodrop according to
the manufacturer’s protocols. Equal amount of proteins were separated on Bis-Tris
4-12% NuPAGE gels, and the expression levels of proteins were analyzed by
western blotting using specific antibodies against VCP (Affinity BioReagents,
Golden, CO, USA) or TDP-43 (Abcam). Alpha tubulin (Sigma-Aldrich) was used
for loading control.

Quantification of histopathological changes. Quantification of
measures (including MN survival, astrogliosis, cytosolic TDP-43 aggregation,
and 3-NT labeling) was based upon compilations of data from a total of 28 animals
(17 male, 11 female). In each study (comprising comparisons of age matched
groups of WT and VCPR'"+ mice), the gender compositions of the WT and
mutant groups were identical.

Surviving MNs or reactive astrocytes were counted in ventral horn of lumbar
spinal slices from each condition. MN numbers are presented as mean surviving
MNs per section (comprising 2 ventral horns), and GFAP labeled reactive astrocytes
calculated as numbers per unit area of ventral horn, normalized to the number
present in WTs of the youngest age. MNs with pyknotic nuclei, or with a markedly
atrophic, irregular or fragmented soma were not counted as alive.

Quantitative assessment of TDP-43 pathology was carried out by rating each
ventral horn MN in examined sections according to a 5-point scale as follows: 0, no
cytosolic TDP-43; 1, faint diffuse cytosolic label; 2, some granularity of cytosolic
labeling with no clear aggregate; 3, some clear cytosolic TDP-43 aggregation; and
4, large and dense cytosolic TDP-43 aggregates.

For quantification of 3-NT labeling intensity, sections from matched WT and
transgenic animals were identically labeled and photographed, and two regions
were marked around each MN: one immediately outlining the circumfrence of the
MN and another 10 um further out. The space between these regions was defined
as the surround zone. After subtraction of background fluorescence, averaged
intensity was calculated within each MN soma, and in the surround zone (8 bit
intensity scale, Image J software, Public Domain software from the NIH).

EMG studies. Terminal EMG study was performed on these animals at an
average age of 26.68 + 0.47 months for the WT (N-4) and 24.98 + 0.41 months for
the VCPR™Y+ mice (N=4). Subdermal EEG electrodes were used for conducting
EMG studies. The active and reference electrodes were paired together to act as a
concentric needle electrode for these recordings. In each animal, the following seven
muscles were sampled: unilateral thoracic paraspinal, bilateral tibialis anterior, bilateral
medial gastrocnemius, and bilateral hamstrings. All recordings were made using a
Cadwell Sierra LT machine (Cadwell Laboratories, Kennewich, WA, USA). Patterns of
insertional and spontaneous activity were noted along with pattemns of motor unit
potentials evoked by movement of limbs caused by noxious footpad stimuli.
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