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Abstract

Nowadays, amyotrophic lateral sclerosis (ALS) is considered as a multisystem disorder,
characterized by a primary degeneration of motor neurons as well as neuropathological
changes in non-motor regions. Neurodegeneration in subcortical areas, such as the thalamus,
are believed to contribute to cognitive and behavioral abnormalities in ALS patients. In the
present study, we investigated neurodegenerative changes including neuronal loss and glia
pathology in the anterodorsal thalamic nucleus (AD) of SOD1(G93A) mice, a widely used
animal model for ALS. We detected massive dendrite swelling and neuronal loss in
SOD1(G93A) animals, which was accompanied by a mild gliosis. Furthermore, misfolded
SOD1 protein and autophagy markers were accumulating in the AD. Since innate immunity
and activation inflammasomes seem to play a crucial role in ALS, we examined protein
expression of Nod-like receptor protein 3 (NLRP3), apoptosis-associated speck-like protein
containing a caspase-1 recruitment domain (ASC) and the cytokine interleukin 1 beta (IL13)
in AD glial cells and neurons. NLRP3 and ASC were significantly up-regulated in the AD of
SOD1(G93A) mice. Finally, co-localization studies revealed expression of NLRP3, ASC and
IL1B in neurons. Our study yielded two main findings: (i) neurodegenerative changes
already occur at an early symptomatic stage in the AD and (ii) increased inflammasome
expression may contribute to neuronal cell death. In conclusion, neurodegeneration in the

anterior thalamus may critically account for cognitive changes in ALS pathology.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is the most common moto-
neuron disease in adults affecting upper motoneurons in the cere-
bral cortex and lower motoneurons in the spinal cord. Patients
usually die within 3-5 years from the onset of symptoms. Most
ALS cases occur sporadically with no obvious related risk factors
and only about 10% account for familiar forms including mutations
in diverse genes, including chromosome 9 open reading frame 72
(C9ORF72) repeat expansions, Cu>*/Zn>" superoxide dismutase
(SOD1) and TAR DNA binding protein (TDP-43) (32). Although
generally thought to exclusively affect the executive motor system,
there is a growing body of evidence that ALS is a multisystem dis-
ease with widespread neurodegeneration in extra-motor areas.
Actually, up to 40% of ALS patients show cognitive impairment,
ranging from mild cognitive deficits to frontotemporal dementia
(FTD) (6). Thus, ALS patients may develop cognitive problems
and behavioral changes including apathy and disorientation (80),
impaired verbal fluency, decision-making and memory deficits
because of neuropathological alterations within the prefrontal and
temporal lobe cortex and subcortical structures, including basal
ganglia, substantia nigra, subthalamic nucleus and thalamus (6, 14,
74). An emerging body of evidence highlights the role of thalamus
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dysfunctions contributing to cognitive impairment in ALS (37, 44).
The thalamus is reciprocally connected with numerous cortical and
subcortical areas and involved in the integration of sensory as well
as motor information. Because of its widespread integration, the
thalamus can be thought of as a “relay station” which is sensitive to
neuropathological changes in various brain regions (60). Pathologi-
cal alterations within the thalamus of ALS patients have been con-
firmed by in vivo studies using positron emission tomography
(PET) and neuropsychological examinations (37, 76), diffusion ten-
sor magnetic resonance imaging (DTI) and event-related functional
magnetic resonance imaging (fMRI) (42, 62) as well as 1H MRS
techniques (64). However, information about the cellular pathology
and molecular mechanisms of ALS-associated neurodegeneration
within the thalamus are sparse. In the present work, we investigated
neurodegenerative changes and neuroinflammation in the antero-
dorsal nucleus (AD) of the anterior thalamus (ANT) in
SOD1(G93A) mice, a widely used animal model for ALS. The
ANT consists of three different nuclei: the anteroventral (AV),
anterodorsal (AD) and anteromedial (AM) nucleus (60). The ANT
projects to the subiculum, hippocampus, cingulate and retrosplenial
cortex. Main inputs arise from the subiculum, retrosplenial cortex
and mammillary bodies (MB) (via the mammillothalamic tract,
MTT). The fiber network from the hippocampus (via the fornix),
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MB, ANT (via the MTT), cingulum, entorhinal cortex and back to
the hippocampus is also known as the “Papez circuit” (58). Inter-
ruption of this pathway clearly leads to deficits in spatial orienta-
tion, memory acquisition and storage emotional behavior (34).
There is substantial evidence that the neuronal circuit from the dor-
sal tegmental nucleus of Gudden (passing the lateral MB to the
AD) plays a critical role in the generation and propagation of head-
direction signals (5, 9). These head direction cells are thought to
convey information for spatial orientation (15). In murine models
of ANT lesions impaired spatial and non-spatial memory have been
demonstrated (3, 51, 66, 81). Clinical and experimental data have
demonstrated that damage of the ANT or MB is responsible for
memory deficits occurring in the Korsakoff syndrome (38), in tha-
lamic stroke (57) and in prion diseases (50). Furthermore, the ANT
seems to be involved in the maintenance and propagation of seiz-
ures (48, 49). In patients suffering from MS, a relationship of cog-
nitive impairment and focal atrophy of the ANT was described (8).
Finally, ALS patients with diminished regional cerebral blood flow
(rCBF) in the ANT showed an impaired verbal fluency (37).

Mechanisms involved in the pathology of ALS are complex and
poorly understood but may involve excitotoxicity, oxidative stress,
protein misfolding and aggregation, RNA mis-processing and neu-
roinflammation, resulting in necrotic or programmed neuronal cell
death (4, 10, 17, 23, 75). Pattern recognition receptors (PRRs) play
a pivotal role in the recognition of damage-associated molecular
patterns (DAMPs) (70). They are widely expressed within the cen-
tral nervous system (CNS) by glial cells and neurons (18, 24, 69)
and exert an important function in the innate immune response.
Much attention has focused on the role of inflammasomes during
neurodegeneration (63). Inflammasomes consist of a PRR NOD-
like receptor (NLR) molecule, the apoptosis-associated speck-like
protein (ASC) protein containing a caspase activating and recruit-
ment domain (CARD) and pro-caspase-1. After assembly of the
inflammasome complex, caspase 1 becomes activated, processes
IL1B and interleukin 18 (IL18) and induces pyroptotic cell death
(46). The NLRP3 inflammasome is currently the most clinically rel-
evant inflammasome involved in various neurological diseases,
including Multiple sclerosis (MS) (16), Alzheimer’s disease (31,
70), stroke (24, 40) and spinal cord injury (83). NLRP3 activation
occurs in response to numerous DAMPs, including K™ efflux (36),
extracellular ATP (45), amyloid-f3 (28), and mitochondrial reactive
oxygen species (mROS) (1). Recently, we have shown NLRP3
activation in the spinal cord of the SOD1(G93A) mouse model and
in human sporadic ALS patients (35).

In the present work we examined neuronal and glial pathology,
as well as expression of autophagy markers within the AD of the
ANT in SOD1(G93A) mice. Furthermore, we studied the possible
involvement of NLRP3 inflammasome activation in AD
neurodegeneration.

MATERIAL AND METHODS

Animals

All animal experiments were performed under the terms of the Ger-
man animal protection law and according to the regulations of the
local animal research council and legislation of the State of North
Rhine Westphalia (NRW), Germany. High-copy number B6/SJL-

Brain Pathology 28 (2018) 14-27
© 2016 International Society of Neuropathology

Neurodegeneration and NLRP3 inflammasome expression

Tg(SOD1*G93A)1Gur/] mice (27), carrying a mutant human
SOD1 gene, were obtained from Jackson Labs (Stock Number
002726, Bar Harbor, USA). The colony was maintained by cross-
ing B6/SJL males carrying the SOD1 transgene with wild type B6/
SJL females. Animals were housed in a pathogen free environment
under a 12 h light/12 h dark cycle with free access to food and
water. Genotyping was performed from tail biopsies by a standar-
dized PCR protocol using primers against the human SOD1 gene
(35). Male (m) and female (f) SOD1(G93A) mice were used to
study pre-symptomatic (6—9 weeks old; SOD1 PS) and early symp-
tomatic (11-14 weeks old; SOD1 ES) phases of the disease (35).
Wild type (WT) littermates in the same age served as controls.
Each of the four experimental groups comprised 8 animals (4m and
41). Late stage 18 weeks old SOD1 animals (SOD1 18W) and WT
(n=2) were included for representative H&E, immunofluores-
cence and electron microscopy. In total, 34 animals (n = 34) were
included in the present study.

Electron microscopy (EM)

The SOD1 (n=1), and the correspondent WT animals (n = 1)
were anaesthetized and transcardially perfused with 1% glutaral-
dehyde and 1% paraformaldehyde in a 0.1 M phosphate buffer
(PB, pH 7.4), and the tissue samples were processed for electron
microscopy. The brains were removed and brain slices (800 pm)
were postfixed in 1% OsOy, in PB, pH 7.4, for 2 h, dehydrated in
graded ethanol, and embedded in Epon 820 (Serva, Heidelberg,
Germany). The blocks were trimmed to contain the anterior thal-
amus. Semi-thin sections (1pum) were taken to find the region of
interest and stained with toluidine blue. Thin sections were cut
on a Reichert-Jung OmU3 ultramicrotome were stained with
uranyl acetate, followed by lead citrate. Thin sections
were examined with a Philipps EM 100 electron microscope and
photos were taken using a computer assisted digital camera
(Olympus, Quemesa).

Immunohistochemistry and
immunofluorescence

Brain tissue from SOD1 G93A mice was fixed and processed as
described previously (35). Coronal sections of 5 pm were prepared
within the region 245-255 according to the mouse brain atlas by
Sidmann et al (http://www.hms.harvard.edu/research/brain/atlas.
html). After heat-unmasking and blocking with 5% normal serum
sections were incubated overnight with the primary antibody
diluted in blocking solution (Table 1). After rinsing in PBS, sec-
tions were exposed to the appropriate biotinylated secondary anti-
body (1:50, Vektor Laboratories, USA). Finally, immunoreaction
was visualized using 3,3’-diaminobenzidine (DAB) as substrate
(DAKO, USA). For immunofluorescence studies, secondary anti-
bodies conjugated with the fluorescent dyes AlexaFluor 488 or 594
(1:500; Invitrogen, Germany) were applied. Cell nuclei were coun-
terstained with Hoechst 33342 (Invitrogen, Germany). To reduce
autofluorescence, samples were treated with 0.5% Sudan Black
solved in 70% ethanol for Smin at room temperature. Sections were
viewed using a Leica DMI6000 B inverted microscope.
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Table 1. List of primary antibodies.

Antibody Host Company Dilution
Order Number

ASC Rabbit Santa Cruz, USA 1:100
sc-22514-R

GFAP Goat Santa Cruz, USA 1:100
sc-6170

Iba1 Mouse Millipore, USA 1:600
MABN92

Iba1 Rabbit Wako, USA 1:5000
019-19741

IL1p Mouse Cell signaling, USA 1:100
12242S

MAP2 Rabbit Cell signaling, USA 1:500
8707S

NeuN Mouse EMD Millipore, USA 1:250
MAB 377

NLRP3 Rabbit Bioss, USA 1:500
Bs10021R

NLRP3 Mouse Adipogen, USA 1:300
AG-20B-0014-C100

Olig2 Rabbit EMD Millipore, USA 1:1000
AB9610

LAMP2 Rat BD Pharmingen, USA 1:600
550292

hSOD1 Mouse Santa Cruz, USA sc-17767 1:500

B8H10 Mouse Medimabs, USA 1:250
MM-0070

LC3B Rabbit Sigma, USA 1:300
L7543

p62/SQSTM1 Rabbit MBL, USA 1:300
PMO045

Ubiquitin Rabbit Sigma, USA 1:200
U5379

Cell counting and fluorescence intensity
measurements

Cell counting was executed to determine the number of positive
stained cells within the area of the AD. Numbers of neuronal
nuclei-positive (NeuN+) neurons, glial fibrillary acidic protein-
positive (GFAP+) astrocytes, ionized calcium-binding adapter
molecule-positive (Ibal+) microglia and Olig2+ oligodendrocytes
were counted in the AD. Cell nuclei were counterstained with
Hoechst (blue). Two slides (with a distance of ~100 um), each
containing 2 brain sections, per animal were sampled. In total, all
cells within the whole area of 8 AD (4 brain sections: left and right
AD) were counted to estimate the number of cells per mm?. Only
cells containing a visible nucleus were counted.

Intensity measurements were performed to determine relative
changes in protein expression independently of the cell number.
Analysis of GFAP, LAMP2, NLRP3, ASC and IL1B (N =8 per
group) and LC3B, p62/SQSTMI1 and Ub (N =4-5 per group)
were performed using 20X magnification and Leica Application
Suite X software. The whole area of both AD was selected in each
brain section and integrated density was measured. Background
readings were recorded from each individual nucleus and sub-
tracted from the integrated density values to obtain corrected total
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fluorescence. For intensity measurements one slide per animal con-
taining 2 brain sections were sampled.

Statistical analysis

Parametric statistics were applied with data that met Shapiro-Wilk
criteria for normal distribution and passed Bartlett’s test for equal
variances and if necessary a Box—Cox transformation was per-
formed to allow parametric tests. Multiple comparisons with regard
to genotype and age were analyzed by one- or two-way ANOVA
followed by Bonferroni’s post-hoc analysis. Data were evaluated
using PASW Statistics 22 (Chicago, IL) and GraphPad Prism 5.0
(GraphPad Software, San Diego, CA). For histological quantifica-
tion 4-8 animals per group were analyzed. All data represent the
means = standard error of the mean (SEM). Differences were con-
sidered significant when P < 0.05 (exact P-values are given). Fur-
thermore, a correlation analysis was performed and Pearson
correlation (r) is given in the results.

RESULTS

Neuropathological changes in the AD of
SOD1(G93A) mice

Pathological changes in the AD were first investigated by H&E
staining (Figure 1B-I). In stained sections, the AD was easily
assignable because of its anatomical characteristics: the triangular
shaped AD is localized left beside the stria medularis (sm) and
densely packed with large neurons (Figure 1A-I). In comparison
with WT, AD morphology of SOD1 14W exhibited obvious histo-
pathological changes, such as a prominent parenchymal vacuoliza-
tion (spongiform-like degeneration) (Figure 1F, H). Similar
pathological features were found in the AD of 18W old, late dis-
case stage, animals (Figure 11). In SOD1 9W, tissue morphology of
the AD appeared normal without apparent vacuolization (Figure
1G). To better characterize the spongiform pathology, electron
microscopy of the AD from 18W old WT and SOD1 mice was per-
formed (Figure 2). The primary neuropathological hallmark was a
massive enlargement of dendrites in SOD1 18W compared with
WT (Figure 2A,B) (green asterisk mark representative dendrites).
In higher magnification, remnants of mitochondrial membranes
(Figure 2E, arrow) and vesicular compartments of the autophagic
pathway such as multilamellar bodies (MLBs; Figure 2E and G)
were detected in dystrophic dendrites. Furthermore, vacuolated
mitochondria (Figure 2E,F, black arrowheads) are frequently
detected in AD tissue of SOD1 18W. In WT, the dendrite
diameter is regular and mitochondria exhibit a normal morphology
(Figure 2B,C).

Expression of mutant SOD1(G93A) protein

An antibody specific to the human SODI protein (hSOD1) was
applied to visualize expression of the mutant protein (Figure 3A—
D). Immunofiuorescence of hSODI1 revealed a massive accumula-
tion of the protein in the AD of symptomatic animals (Figure 1A—
D). Annular structures between neuronal bodies (MAP2 positive),
highly immunoreactive for hSOD1 (Figure 3C, detail) represent
dystrophic dendrites, as detected by EM (Figure 2). The G93A
mutation in the hSODI1 protein leads to conformation changes
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SOD1 9w

E

Figure 1. AD morphology of wild type mice (WT), pre-symptomatic 9
weeks (SOD1 9W), early symptomatic 14 weeks (SOD1 14W) and
late symptomatic 18 weeks (SOD1 18W) old SOD1 mice. (A) Location
of the AD next to the stria medullaris (sm) (modified from http://
www.brain-map.org/). (B-E) Representative H&E staining of the brain
from WT, 9W, 14W and 18W SOD1 mice (4X magnification) and (F-I)

with higher magnification (20X) of the AD. Morphology of the AD
appeared normal in WT and 9W SOD1 animals. Massive vacuolization
(spongiform degeneration), abnormal morphology and loss of neurons
were noticed in 14W SOD1 animals (H, detail: normal (asterisk) and
atypical (arrowhead) shaped neurons).

the AD of SOD1
Representative electron micrographs of the AD from 18 weeks old
WT (A-C) and transgenic SOD1 mice (D-G). Tissue from WT exhibits
a well preserved tissue structure, including normal sized dendrites (A,
asterisks) and mitochondria (B, C). Dendrites from SOD1 mice were

Figure 2. Ultrastructural changes in mice.
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expanded (D, asterisk) and mitochondria show various abnormalities,
including vacuolation (E, arrowheads) and mitochondrial remnants (E,
arrow). Higher magnifications of E show a vacuolated mitochondrion
(F) and MLBs (G).
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SOD1 9w

WT 14W

AD

Figure 3. Accumulation of mutant hSOD1 protein. (A-D)
Immunofluorescence double staining against hSOD1 (green) and
MAP?2 (red) revealed strong accumulation of hSOD1 protein especially
in the AD of SOD1 animals (B-D). (E-H) Fluorescence staining using
B8H10 vyielded a similar result with increased accumulation of
misfolded SOD1 protein in AD neurons (F-H). Annular structures

within the native protein structure, resulting in an undefined toxic
gain of function. Several antibodies have been established to specif-
ically target misfolded SOD1 (59). To detect misfolded SOD1 pro-
tein, we applied the BSH10 antibody (Figure 3 E-H). Similar to the
results obtained by the hSOD1 antibody, BEH10 immunoreactivity
was increased in AD neurons and aggregates were detected within
enlarged dendrites (Figure 3G, detail). In WT animals, no immuno-
fluorescence of either hSOD1 or BS8H10 was detected (Figure 3A,
E). Noteworthy, in other nuclei of the ANT, no morphological
abnormalities were observed in H&E stained sections (Supporting
Information Figure 1A—C). Furthermore, fluorescence signal of
hSOD1 and B8H10 was very prominent in the AD nucleus of the
ANT (Supporting Information Figure 1D,E).

Expression of autophagic markers
in AD neurons

Autophagy eliminates misfolded and aggregated proteins associ-
ated with neurodegenerative diseases. We have demonstrated
strong accumulation of misfolded SOD1 in AD neurons during dis-
ease progression, suggesting that protein clearance by autophagy
might be impaired. To investigate autophagy, we measured fluores-
cence intensity of the autophagy markers LC3B, p62/SQSTMI1 and
Ub (Figure 4A—F). The intensity of all three markers increased dur-
ing disease progression (Figure 4G-I), although significant
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SOD1 18W

(white arrows) between the neuronal cell bodies represent dilated
dendrites (C and G, detaill. SOD1 aggregates were frequently
observed within dystrophic dendrites (D). Tissues of WT mice were
negative for hSOD1 (A) and B8H10 (E). Cell nuclei were
counterstained with Hoechst (blue).

differences between WT and SOD1 were only detected for p62/
SQSTM1 (**P = 0.004458) and Ub (*P = 0.022119) (Figure 4H-T).
Furthermore, p62 positive puncta and Ub aggregates were
detected in AD neurons of SODI animals (Figure 4D and
F, detail) whereas the LC3B staining pattern was more diffuse
(Figure 4A-B). Additionally, a positive correlation was detected
between p62 intensity and Ub intensity (r = 0.579;
*P =0.030125) (Supporting Information Table 1).

Neuronal loss and glia pathology in the AD

To get a deeper knowledge of early neuropathological changes, we
have focused in particular on AD-related changes in 9 and 14W old
animals.

To further address the nature of the observed morphological
changes, immunofluorescence staining using neuronal and glial
markers was performed. To identify neurons, sections were stained
against NeuN (Figure 5SA—C). Evaluation of NeuN-positive cells
revealed a significant genotype X age interaction F(1, 28)=14.50
P=0.0007. A significant reduction (~20%) of neurons was
detected in SOD1 14W mice compared with WT 14W
(***P =0.000018) and SOD1 9W (**P = 0.000368). No differ-
ence was found between WT 9W and SOD1 9W (Figure SA-D).
Because of the fact that neurodegeneration is usually accompanied
by activation and proliferation of microglia, staining against the

Brain Pathology 28 (2018) 14-27
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Figure 4. Increased expression of autophagy markers in AD neurons.
Representative immunofluorescence labeling of LC3B (A,B), p62
(C,D) and Ubiquitin (Ub) (E,F) are shown. (G-I) Quantitative analysis
of fluorescence intensity demonstrated no significant changes in
LC3B (G) but a significant difference of p62 (H; **P = 0.004458 vs.
WT 14W) and Ub (I, *P=0.022119 vs. WT 14W) immunoreactivity in

microglia/macrophage marker Ibal was conducted. Statistical anal-
ysis by two-way ANOVA showed no significant interaction F(1,
28)=0.22, P=0.6457. Post-hoc analysis revealed a significant
difference between genotypes (WT vs. SODI1) with F(1,
28)=11.80 and **P =0.0030 but not between age. Thus, the
number of Ibal positive cells was in general higher in the AD of
SOD1 compared with WT animals. Activation of microglia in
response to neurodegeneration is often accompanied by an
increased expression of phagocytosis marker. The phagocytic state
of AD microglia was analyzed by fluorescence staining of the lyso-
some marker LAMP2 (Figure 51-K). No significant difference of
LAMP2 immunoreactivity was detected in the AD of SOD1 com-
pared with WT animals (Figure 5L). In a next step the glial marker
GFAP and Olig2 were applied to determine the number of astro-
cytes and oligodendroglia, respectively (Figure 6). No statistically
significant differences were found in GFAP-positive cell numbers
with respect to genotype and/or age (Figure 6A-D). These results
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WT 14W SOD1 9W SOD1 14W

14W SOD1 mice. Accumulation of p62 positive puncta (D, arrow) and
Ub aggregates (F, arrow) was observed in AD neurons of 14W SOD1
animals. Cell nuclei were counterstained with Hoechst (blue). Data
represent means = SEM from n=4-5. One-way-ANOVA followed by
Tukey’s post-hoc test.

are in accordance with data obtained from fluorescence intensity
measurements for GFAP (Figure 6E). Quantification of Olig2-
positive cells yielded similar numbers of oligodendrocytes in
the AD of all investigated groups with no statistical differences
(Figure 6F-I).

Expression of NLRP3 inflammasome
components in the AD

Recently, we reported NLRP3 inflammasome activation in the spi-
nal cord of SOD1(G93A) mice (Johann et a/ 2015). Therefore, we
investigated the presence of inflammasome proteins in the AD.
Immunofiuorescence staining revealed that NLRP3 and ASC, two
major components of the inflammasome complex, are expressed in
SOD1 animals (Figure 7A—H). Fluorescence intensity of NLRP3
and ASC was significantly increased in 14W-old SOD1 mice com-
pared with WT and SOD1 9W-old animals (Figure 7A-H).

19



Neurodegeneration and NLRP3 inflammasome expression

SOD1 sw

Figure 5. Neuronal loss and microgliosis in the AD. (A-C)
Representative immunofluorescence of NeuN+ cells in the AD of WT
and 9W and 14W SOD1 mice (20X magnification) are shown. Cell
nuclei were counterstained with Hoechst (blue). (D) A significant loss
of neurons was detected in 14W SOD1 but not 9W SOD1 mice
compared with the age-matched control group (***P=0.000018 vs.
WT 14W and ###P = 0.000368 vs. SOD1 9W). (E-G) Representative
images of immunofluorescence staining of Ibal (20X magnification)

Statistical analysis of NLRP3 fluorescence intensity revealed a sig-
nificant interaction of genotype X age (F(1,28)=5.53,
P =0.0260). A significant increase of NLRP3 fluorescence signals
was found in 14W SODI1 mice in comparison with WT 14W
(**P=0.001771) and 9W SODI animals ("*P=0.000264)
(Figure 7D). Evaluation of ASC total fluorescence in the AD
revealed increased ASC staining in 9W SOD1 mice that became
significant in SOD1 animals at 14 weeks compared with WT
(***P = 0.000658) and 9W SOD1 (**P=0.003891) (Figure 7H).
No interaction of genotype X age was found for ASC
F(1,28)=3.34 P=0.0784). To identify cells expressing NLRP3
(Figure 71-L) and/or ASC (Figure 7M—P), double immunofluores-
cence staining was performed in 14W SOD1 mice by using specific
markers for astrocytes (GFAP), microglia (Ibal), neurons (NeuN)
and oligodendrocytes (Olig2). Co-staining of NLRP 3 was detected
in astrocytes and neurons (Figure 71 and K; white arrowheads),
whereas microglia and oligodendrocytes were NLRP3 negative
(Figure 7] and L). Double staining using ASC revealed positive co-
staining with astrocytes, microglia and neurons (Figure 7M-O,
white arrowheads) but not oligodendrocytes (Figure 7P).
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are shown. The number of Ibal-positive cells was elevated in SOD1
compared with WT mice. A significant genotype difference
(**P=0.0030 WT vs. SOD1) but no significance between age was
found for Ibal (H). Expression of LAMP2 (I-K) was not significantly
altered (J). Cell nuclei were counterstained with Hoechst (blue). Data
represent means = SEM from n=8. Two-way-ANOVA followed by
Bonferroni's post-hoc test.

Additionally, ASC speck formation (ASC aggregation) was fre-
quently detected in neurons (Figure 70, white arrow). Table Q in
Figure 7 summarizes the results of the co-localization study were a
positive co-localization is indicated with a plus (+) and a negative
co-localization with a minus (—). Finally, correlation studies
revealed negative correlations between neuronal cell number
(NeuN) and fluorescence intensity of NLRP3 (r= —0.490;
**P =0.004417) and ASC (r= —0.483; **P = 0.005073) (Sup-
porting Information Table 1). The number of Ibal positive cells
was positively correlated with ASC intensity (r = 0.458;
**P =(.008382) (Supporting Information Table 1). At last, ASC
and NLRP3 were also positively correlated (» = 0.537;
**P =0.001523). With respect to autophagy markers we found a
positive correlation between NLRP3 intensity and Ub intensity (r
= 0.557; *P = 0.038356).

Expression of IL1§ in the AD

NLRP3 activation is characterized by increased expression of
inflammasome components and processing of pro-IL13 to the
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Figure 6. Astrocytes and oligodendrocytes cell numbers and GFAP
fluorescence intensity. (A—-C) Representative images of fluorescence
staining of GFAP (20X magnification) are presented. Quantification of
GFAP+ astrocytes in the AD revealed no change in the cell number in
all investigated groups (D). Similar results were obtained from
fluorescence density measurements (E). (F-H) Representative images

mature peptide. Because NLRP3 and ASC were significantly up-
regulated in symptomatic SOD1 mice IL1B fluorescence staining
was performed in 14W old animals. IL13 immunoreactivity was
noticed in the AD of WT and 14W SODI1 mice (Figure 8A,B) but
mean fluorescence was not significantly different in SOD1 com-
pared with WT (Figure 8C). However, MAP2-positive neurons
turned out to be the major source of IL13 (Figure 8D). Individual
astrocytes (Figure 8E) but not microglia (Figure 8F) were slightly
positive for IL1[3.

DISCUSSION

In the present study, we describe neuropathological changes in the
ANT of the SOD1(G93A) ALS mouse model. Neurodegenerative
changes were most prominent in the AD of the ANT and occurred
early in disease progression. We observed massive dendrite swel-
ling, accumulation of multilaminar structures of autophagic origin,
misfolded hSOD1 and neuronal loss in the AD of SOD1 animals.
This pathology was accompanied by a mild gliosis. To elucidate
the molecular nature of neuronal loss in the AD, NLRP3 inflamma-
some expression and autophagy markers were analyzed in pre- and
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shown. The number of Olig2-positive cells remained unchanged in all
groups (I). Cell nuclei were counterstained with Hoechst (blue). Data
represent means = SEM from n=8. Two-way-ANOVA followed by
Bonferroni’s post-hoc test.

early symptomatic mice. Accumulation of p62 and Ub suggest an
impaired autophagic elimination of misfolded hSODI1 protein,
thereby promoting neurodegeneration. Furthermore, ASC and
NLRP3 immunoreactivity was significantly increased during dis-
ease progression. Inflammasome proteins and IL13 were primarily
co-localized with neuronal markers. Together, our results clearly
demonstrate ongoing neurodegeneration of a sensory thalamic
nucleus and a possible involvement of the NLRP3 inflammasome
in neuronal cell death in the SOD1(G93A) mouse model for ALS.

Neurodegeneration of the ANT

Although less severe than in SOD1 mice, morphological changes
in the ANT have been detected in ALS patients. However, most
studies applied functional imaging methods, such as PET studies
(2, 37, 79), whereas histopathological information is sparse. Kew
et al (1993) have further demonstrated that abnormalities in the
ANT significantly correlated with verbal fluency and picture recall
scores. Our study presents evidence for ANT pathology in ALS
using the well-established SOD1(G93A) mouse model. Interest-
ingly, neuronal loss and spongiform changes in SOD1 animals
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Figure 7. NLRP3 and ASC expression and cellular co-localization in
the AD. (A-C) Representative images of immunofluorescence staining
of NLRP3 (20X magnification) are depicted. Fluorescence intensity of
NLRP3 in the AD was significantly higher in 14W SOD1 mice
(**P=0.001771 WT 14W vs. SOD1 14W; ###P=0.000264 SOD1
14W vs. SOD1 9W) (D). (E-G) Representative images of immunofluo-
rescence staining of ASC (20X magnification) are shown. Intensity of
ASC in the AD was slightly increased in 9W SOD1 and significantly
elevated in 14W SOD1 animals (***P=0.000658 WT 14W vs. SOD1
14W; ##P=0.003891 SOD1 14W vs. SOD1 9W) (H). Data represent

were only detected in the AD, whereas the AV and AM did not
show signs of neurodegeneration. So far, we do not have a satisfy-
ing explanation for the specific vulnerability of AD neurons.
Recently, regional atrophic changes of the thalamus have been
described in ALS patients, which might be at least in part because
of AD degeneration (79). Similar observations of selective AD
degeneration have been shown in patients suffering from Alzhei-
mer’s disease where a bilateral atrophy of the AD region was found
in patients (82). These findings are in part in accordance with
increased AP deposits and neurofibrillary tangles (NFT) in limbic
nuclei of the ANT in Alzheimer’s disease patients showing the
most severe NFT pathology (11). Besides neuronal loss, the most
striking neuropathological feature was the profound spongiform
neurodegeneration in the AD of SOD1 animals. Whereas the neuro-
pil in pre-symptomatic mice appeared unremarkable, a massive
vacuolization was observed in symptomatic mice. Electron
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means = SEM from n = 8. Two-way-ANOVA followed by Bonferroni's
post-hoc test. Co-localization of NLRP3 (I-L) and ASC (M-P) with neu-
ronal cell marker revealed expression of NLRP3 and ASC in astrocytes
and neurons (I, K; M, O), whereas microglia only turned out to be
ASC-positive (N). NLRP3 and ASC were absent in oligodendrocytes
(L, P). (@) Summary of the co-localization of NLRP3 and ASC with cell
type specific markers (+ co-localization; — no co-localization). Note
that only the merge of respective immunofluorescence of SOD1 14W
is shown (63X magnification). Cell nuclei were counterstained with
Hoechst (blue).

microscopy revealed that the vacuole-like structures are dilated and
degenerating dendrites of AD neurons. Dendrite swelling has been
described previously in the spinal cord of SOD1(G93A) mice (53).
Furthermore, neuropil vacuolization is also a typical hallmark of
prion diseases, such as sporadic Creutzfeldt—Jakob disease (sCID),
but similar spongiform changes have also been described for other
neurodegenerative diseases including Alzheimer’s disease (67),
dementia with Lewy bodies (33) and FTD (54, 68). Though, arti-
facts produced by poor fixation and tissue processing (78) can be
ruled out, since no vacuolization was observed in WT mice. Ultra-
structurally, accumulation of MLBs and mitochondrial remnants in
dilated dendritic processes are indicative of intense autophagy in
the AD nucleus (29, 39). Generally, MLBs have been suggested to
be involved in the storage, transport and digestion of autophagic
and endosomal cargo/waste (21). Therefore, high level of misfolded
hSOD1 and accumulation of MLBs, LC3B p62 and Ub suggest
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Figure 8. Co-localization of IL1f with and MAP2-, GFAP- and Ibal-
positive cells. Representative pictures of IL1f fluorescence staining of
the AD (A,B), (20X magnification). Immunoreaction of IL18 was
detected in WT and SOD1 animals but mean intensity was not signifi-
cantly different. Data represent means = SEM from n=8. Student's

that autophagic flux is affected in AD neurons. Various studies
have described impaired protein clearance in disease pathology of
SODI mice and human ALS patients (72, 84). Additionally, muta-
tions in autophagy related genes including p62 can cause fALS
(41,71).

Nonetheless, even if we can clearly demonstrate neurodegenera-
tive changes in the AD, the fact that significant gliosis is absent
remains elusive. Gliosis is a cardinal feature of neurodegeneration
in neurological disorders, including ALS (13). /n vivo live imaging
studies have demonstrated that microglia become rapidly activated
and migrate to injured site (56). Astrocytes, in contrast, do not
migrate to the injury site but they can osmotically swell and,
depending on the severity of the insult, can become reactive and
hypertrophic (7). To our surprise the number of Ibal positive
microglia was not significantly different in age-matched WT and
SOD1 mice. However, with regard only to the genotype (irrespec-
tive of the age), the numbers of Ibal positive cells were signifi-
cantly higher in SOD1 compared with WT mice. This result
suggests an early microglia reaction in response to hSOD1 induced
pathology. In the spinal cord, microglia react in response to moto-
neuron loss with proliferation and a morphological change from a
ramified resting cell to an activated amoeboid macrophage-like cell
type (35). Other phenotypic alterations include the up-regulation of
lysosomal markers, such as LAMP2, characterizing the cell as
phagocytic active. However, we could not detect morphological
changes or an up-regulation of LAMP2 in the AD of SOD1 mice.
Thus, the very mild microgliosis and absent LAMP2 up-regulation
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suggests a dysfunctional microglial reaction to neuropathological
changes in the AD. In ALS rats, it has been reported that in contrast
to spinal cord microglia, cortical microglia seemed to be unaffected
by the disease (55), implicating differences in microglia depending
on their specific CNS area. Microglia dysfunction is suggested to
play an important role in neurodegenerative diseases, including
ALS (12, 52). However, possible reasons leading to impaired
microglia function are diverse and further studies are needed to
investigate microglia phenotypes and genotypes in ALS with
respect to different CNS regions.

Because of the fact that we only observed a slight increase in
GFAP+ cells and GFAP— immunoreactivity, we suggest that a
more pronounced gliosis may be present in later stages of the dis-
ease when tissue remodelling takes place (13). Dendrite degenera-
tion may cause damage of neuropil, shrinkage and loss of neurons,
but significant changes may virtually be absent until excessive neu-
ronal damage occurs. It is further possible that AD astrocytes
exhibit a dysfunctional phenotype. In the AD cell number and
GFAP expression is unaffected in contrast to spinal cord astroglia
where increased GFAP intensity is observed with no differences in
the cell number between WT and SOD1 animals (25, 35). But it is
still unclear how the supportive functions of astrocytes depend on
their reactive state. Recent studies have described the role of aber-
rant astrocytes (AbA) in SODI1(G93A) rats (22, 73). These
astrocyte-like cells express high level of S100@ and Connexin-43
(Cx-43) and low levels of GFAP. Furthermore these cells lack the
glutamate transporter GLT1 and release toxic factors in cell culture.
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In conclusion, the low grade of gliosis in the AD of SODI ani-
mals reflects somehow an atypical glial reaction. A potential mal-
function of microglia and astrocytes might be an important factor
and other functional markers behind Ibal, LAMP2 and GFAP need
to be investigated. Another reason could be that cells may not play
an active role during neurodegeneration in the AD but be rather a
secondary reaction because of disease processing in neurons.

Expression of NLRP3 inflammasome
proteins in the AD

NLRs are involved in forming multiprotein complexes, so called
“Inflammasomes.” In the CNS, NLRs are highly expressed by glial
cells such as microglia (77) and astrocytes (35, 47). However, sev-
eral studies have shown the presence of NLRs in neurons (20, 24,
83). In an earlier report, we have investigated NLRP3 inflamma-
some activation in the spinal cord of SOD1 mice and human sALS
patients. Therein, we described increased levels of inflammasome
proteins together with elevated levels of IL1$3 and IL18, suggesting
a critical role of inflammasome activation in the pathogenesis of
ALS (35). The present data suggest that neurodegeneration in the
AD is accompanied by NLRP3 activation. We detected NLRP3
expression at low levels in most of the AD neurons in WT mice. In
symptomatic SOD1 animals, NLRP3 protein was markedly up-
regulated in neurons and only few astrocytes, but neither microglia
nor oligodendrocytes were NLRP3 positive. These results reflect in
part observations from our recent study, where NLRP3 was signifi-
cantly up-regulated in the spinal cord of 14W SOD1 animals. How-
ever, in the spinal cord NLRP3 was mainly detected in astrocytes
(35). In a set of studies, microglia and astrocytes have been shown
to respond to CNS damage with the activation of inflammasomes.
More recently, NLR expression was also reported for neurons, e.g.
NLRP1 in cerebellar granule neurons (43) and cortical neurons (19,
69) and NLRP3 in neurons of the cerebral cortex and in the spinal
cord (40, 83) in various models of neurodegeneration. Together,
these observations suggest that neurons have the ability to respond
to DAMPs with the formation of inflammasome complexes.
Regarding the adaptor molecule ASC, constitutive expression was
detected in microglia and endothelial cells in the AD of WT mice.
During disease progression, ASC immunoreactivity increased and
significant differences were observed in symptomatic animals. By
using co-staining, we confirmed ASC expression in astrocytes,
microglia and neurons, but not oligodendrocytes. Increased ASC
expression might be in part because of increased number of micro-
and astroglial cells in the AD of SODI mice compared with WT
mice. Though, the significant increase of ASC observed in sympto-
matic animals is rather because of increased expression in damaged
neurons. This assumption is further supported by the observation of
a very mild gliosis and that ASC-like speck formation was only
seen in AD neurons. To analyze inflammasome activation, we
investigated IL13 immunoreactivity in the AD of 14W old WT and
SOD1 mice. We detected IL1 immunoreactivity in the AD of
symptomatic mice, mainly co-localized with the neuronal marker
MAP2. Some astrocytes, but not microglia, were immunoreactive
for IL1B. However, quantification revealed no statistical difference
in IL1B fluorescence between WT and SODI. This result is
explained by the fact that all commercial available antibodies detect
both, the pro- and mature IL1 peptide. To distinguish between the
two peptides Western Blot analysis might be necessary. A limiting
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factor of the present study is the small size and the very local
pathology of the AD. Thus, a specific isolation of the AD from the
ANT proved to be difficult and tissue amount was insufficient for
Western Blot analysis. Nevertheless, several studies have demon-
strated a mutual relationship between NLRP3 activation and
autophagy. By removal of potential activators, such as misfolded
protein and damaged mitochondria (26, 85), autophagy contributes
to the inhibition of NLRP3 inflammasome activation. Furthermore,
autophagy plays a crucial role in the sequestration of pro-IL1{ into
autophagosomes (30) and degradation of inflammasome proteins
via p62 (61, 65). Therefore, increased expression of inflammasome
proteins along with the presence of damaged mitochondria and
accumulation of p62 and Ub in SOD1 animals support the hypothe-
sis of impaired autophagy in AD neurons.

CONCLUSION

To our knowledge, this is the first study describing early neurode-
generation with the focus on the histological/morphological patho-
genesis in the AD of the ANT in SOD1(G93A) mice. Our findings
indicate a selective vulnerability of sensory thalamic neurons,
which is accompanied by massive dendrite swelling, accumulation
of misfolded hSOD1, impaired autophagy and neuronal loss. Fur-
thermore, ineffective autophagy and increased NLRP3 inflamma-
some expression in damaged neurons may be responsible for cell
death and further spreading of the disease along the “Papez circuit.”
According to that, a couple of studies have already reported neuro-
degenerative changes associated with cognitive deficits in the hip-
pocampus, subiculum, retrosplenial cortex and mammillary bodies
in SOD1 transgenic animals and human ALS patients (31, 36, 51,
58, 59). Neuropathological changes in any of these structures may
also be involved in cognitive failure in a subset of ALS patients.
Finally, the SOD1(G93A) mouse may provide a suitable model to
study the involvement of limbic structures, especially the ANT and
related cognitive function in ALS pathology.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Figure S1. Morphological examination of the anterior, ventral
and medial group of the thalamus. (A) Representative brain
maps (anterior thalamic group is colored in purple; modified
from http://www.brain-map.org/) and H&E staining of the brain
from 14W WT (B) and SOD1 (C) mice at 4X magnification.
(D-E) Representative double immunofluorescence against (D)
hSOD1 or (E) B8H10 (green) and MAP2 (red). Cell nuclei
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Neurodegeneration and NLRP3 inflammasome expression

were counterstained with Hoechst (blue). In the anterior group
(pale blue dotted line) of 14W SODI1 animals, only the AD
showed histopathological abnormalities (white dotted line). No
abnormalities were observed in other nuclei of the anterior tha-
lamic group.

Table S1. Pearson’s correlation analysis of investigated markers
in the AD. Significant negative correlation was observed
between the number of NeuN positive neurons and ASC inten-
sity (r=—0.483; **P=0.005073) or NLRP3 intensity
(r=—0.490; **P =0.004417) respectively. Also the number of
Ibal positive cells was negatively correlated with LC3B inten-
sity (r=—0.597; *P=0.018683). Positive correlations were
observed between the number of Ibal positive cells and ASC
intensity (r = 0.458; **P=0.008382), ASC intensity and
NLRP3 intensity, (r = 0.537; **P =0.001523) NLRP3 intensity
and Ub intensity (r = 0.557; *P = 0.038356) and p62 intensity
and Ub intensity (» = 0.579; *P =0.030125). Significant corre-
lations are marked in bold characters.
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