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Abstract There is a broad consensus that multiple sclerosis
(MS) represents more than an inflammatory disease: it harbors
several characteristic aspects of a classical neurodegenerative
disorder, i.e., damage to axons, synapses, and nerve cell bod-
ies. While several accepted paraclinical methods exist to mon-
itor the inflammatory-driven aspects of the disease, techniques
to monitor progression of early and late neurodegeneration are
still in their infancy and have not been convincingly validated.
It was speculated that the thalamus with its multiple reciprocal
connections is sensitive to inflammatory processes occurring
in different brain regions, thus acting as a “barometer” for
diffuse brain parenchymal damage in MS. To what extent
the thalamus is affected in commonly applied MS animal
models is, however, not known. In this article we describe
direct and indirect damage to the thalamus in two distinct
MS animal models. In the cuprizone model, we observed pri-
mary oligodendrocyte stress which is followed by demyelin-
ation, microglia/astrocyte activation, and acute axonal dam-
age. These degenerative cuprizone-induced lesions were
found to be more severe in the lateral compared to the medial
part of the thalamus. In MOG;5_ss-induced EAE, in contrast,
most parts of the forebrain, including the thalamus were not
directly involved in the autoimmune attack. However, impor-
tant thalamic afferent fiber tracts, such as the spinothalamic
tract were inflamed and demyelinated on the spinal cord level.
Quantitative immunohistochemistry revealed that this spinal
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cord inflammatory-demyelination is associated with neuronal
loss within the target region of the spinothalamic tract, namely
the sensory ventral posterolateral nucleus of the thalamus.
This study highlights the possibility of trans-neuronal degen-
eration as one mechanism of secondary neuronal damage in
MS. Further studies are now warranted to investigate involved
cell types and cellular mechanisms.
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Introduction

Multiple sclerosis (MS) is known as a complex, multifactorial,
polygenic disease, influenced by various factors among age, gen-
der, hormones, viruses, and environment. At present, the most
widely accepted hypothesis is that autoreactive T and B cells
induce myelin damage, neuroinflammation, and neurodegenera-
tion. However, primary oligodendrocyte dysfunction was impli-
cated as well as potential disease-triggering factor (Barnett and
Prineas 2004; Scheld et al. 2016). Despite an unknown etiology,
the (histo-)pathological hallmarks of MS lesions are well-de-
fined. These include focal and diffuse demyelination, oligoden-
drocyte loss, inflammation, and neuronal damage which can be
seen in various brain regions including diverse white and gray
matter areas (Bo et al. 2006; Kipp et al. 2012).

From a clinical point of view, relapsing-remitting MS
(RRMS) is the most common disease course affecting about
85 % of all MS patients. RRMS means that symptoms appear
(i.e., a relapse) and then fade away ecither partially or completely
(i.e., remitting). Secondary progressive MS (SPMS) is character-
ized by chronically progressive clinical worsening over time.
This progressive course usually follows a period of well-
defined RRMS disease course. During the transition from



RRMS to SPMS, relapse frequency decreases but quickening of
neurodegeneration can be observed. In about 15 % of patients,
classical relapses from the beginning cannot be clearly delineat-
ed, despite clinical deterioration, a disease course called primary
progressive MS (PPMS). A PPMS patient’s rate of progression
may vary over time with an occasional plateau or even temporary
improvement, but the overall progression remains continuous
(Lublin and Reingold 1996). There is good evidence that the
pathological correlate of a relapse is inflammation (i.e., peripheral
immune cell recruitment into the brain with subsequent damage
to the brain parenchyma), whereas the accumulation of irrevers-
ible disability (i.e., disease progression) is due to neuroaxonal
pathology including gray matter demyelination, destruction of
synapses, axonal damage, or neuronal dystrophy. Results of sev-
eral studies suggest that the extent of neuroaxonal degeneration is
the best predictor for disease progression, much better than white
matter pathology (Calabrese et al. 2015; Dutta and Trapp 2014;
Kipp et al. 2015). However, underlying mechanisms triggering
neuroaxonal degeneration in MS patients are still poorly under-
stood, and imaging techniques to quantify the extent of
neuroaxonal loss in MS patients are still in their infancy.

In some neurodegenerative disorders, populations of neu-
rons destroyed by a particular disease are embedded in func-
tional networks. In Alzheimer’s disease, as well as in olivo-
ponto-cerebellar atrophy, progressive supranuclear palsy,
amyotrophic lateral sclerosis (ALS), primary autonomic fail-
ure of the Shy-Drager type, and other system degenerations,
the main feature of the affected neuronal populations is their
anatomical interconnectivity. In principal, three distinct bio-
logical phenomena can cause neuronal degeneration after
disrupted neuronal connectivity namely (i) anterograde
trans-neuronal degeneration, (ii) retrograde trans-neuronal de-
generation, or (iii) Wallerian degeneration. To understand the
underlying pathophysiology, it is essential to recognize that
neurons not only communicate by passing an electrical signal
from one to another but at the same time can propagate trophic
factors by means of anterograde and retrograde trans-neuronal
transport (Ferguson et al. 1990). Trophic factors, such as
BDNF or FGF-2, can be released by neurons (Dieni et al.
2012; Figueiredo et al. 2008), and these trophic factors within
the synaptic cleft can regulate presynaptic and postsynaptic
neuronal function and survival (McCabe et al. 2003; Mosca
et al. 2012; Nikoletopoulou et al. 2010). Thus, trophic recip-
rocal interactions between target neurons and their afferents
are thought to regulate neuronal survival and to determine the
shape and size of axonal and dendritic processes during de-
velopment (Purves et al. 1988). In consequence, diffuse neu-
rodegenerative changes might be best studied in brain regions
with extensive connectivity. One of these structures is the
thalamus.

The thalamus forms the largest part of the diencephalon
and is eponymous for other diencephalic components such
as the epithalamus and hypothalamus. Although the thalamus
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may appear to be a maddening jumble of nuclei, three basic
types of thalamic nuclei can be distinguished: first relay nu-
clei, second association nuclei, and third nonspecific nuclei.
Relay nuclei receive input from the periphery and forward that
information to the cortex (Jones 1991) and can be divided into
three functional groups: (i) sensory relay nuclei that receive
input from the peripheral sensory receptors through their re-
spective pathways and project to sensory areas of the cortex
[ventral posterolateral (VPL), ventral posteromedial (VPM),
medial geniculate, and lateral geniculate nuclei; (Berkley
1986)], (ii) motor relay nuclei that interconnect with motor
structures and project to motor areas of the cortex [ventral
lateral (VL) and ventral anterior (VA) nucleus; (McFarland
and Haber 2002; Sommer 2003)], and (iii) limbic nuclei that
interconnect with the different structures of the limbic system
(anterior nucleus, lateral dorsal nucleus, and dorsomedial nu-
cleus). Association nuclei as the second principal type of tha-
lamic nuclei receive most of their input from the cerebral
cortex and project back to the cerebral cortex in the associa-
tion areas where they appear to regulate activity, among other
functions. The pulvinar is the largest of these association nu-
clei, occupying the posterior part of the dorsal tier of the thal-
amus (Shipp 2003). The third principal type of thalamic nuclei
are the nonspecific nuclei, including many of the intralaminar
and midline thalamic nuclei that project quite broadly through
the cerebral cortex, and may be involved in general functions
such as alerting (Sherman 2007).

Today, it is known that the thalamus is cardinally involved
in the MS pathological process. In 1983, Gilbert and col-
leagues found in two out of five cases small plaques in the
thalamus and brain stem (Gilbert and Sadler 1983). Twenty-
five years later, Vercellino and colleagues performed a system-
atic neuropathological study focusing on the structural deep
gray matter (i.e., caudate, thalamus, putamen, pallidum, hypo-
thalamus, amygdala, and claustrum) in MS (Vercellino et al.
2009). They found that deep gray matter demyelination can be
frequently observed in post-mortem MS brains. Besides de-
myelination and inflammation, the authors observed clear
signs of neurodegeneration, including neuronal loss, neuronal
shrinkage, and acute axonal damage, the latter evidenced by
anti-amyloid precursor protein (APP) immunohistochemistry.
These findings are in agreement with another study from
Cifelli and colleagues. They additionally observed that neuro-
nal loss might be the substrate for thalamic atrophy (Cifelli
et al. 2002). Besides pathological studies, clinical studies un-
derpin the assumption that the thalamic network is severely
impaired in MS patients. Findings include the reduction of
cerebral blood flow (Inglese et al. 2007; Ota et al. 2013;
Rashid et al. 2004), a decrease of normalized thalamic volume
(Cifelli etal. 2002; Houtchens et al. 2007), or reduced cerebral
glucose metabolism rate (Blinkenberg et al. 2000; Derache
et al. 2006). Due to its great connectivity, damage to the thal-
amus and its connections potentially impairs a wide range of
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neurologic functions that may clinically translate into signifi-
cant cognitive, physical, or mental disability (Minagar et al.
2013). To be more specific, atrophy of the thalamus, deter-
mined with MRI, can help identify which patients with clini-
cally isolated syndrome (CIS) are at risk for developing clin-
ically definite MS (Brex et al. 2000; Calabrese et al. 2011;
Zivadinov et al. 2013). Second, it was found that atrophy in
the cortex and subcortical deep gray matter, including the
thalamus, was significantly related to patients’ declining cog-
nitive abilities. Thus, thalamus atrophy is a strong predictor
for cognitive decline in MS patients (Batista et al. 2012;
Benedict et al. 2013; Houtchens et al. 2007; Schoonheim
et al. 2012). Furthermore, thalamic atrophy is correlated with
long-term accumulation of EDSS-rated clinical disability in
patients with MS (Magon et al. 2014; Rocca et al. 2010). In
summary, the thalamus is an important structure in the context
of MS-related disability and disease progression.

Our knowledge regarding the involvement of the thalamus
in MS animal models is sparse. In this study, we aimed to
analyze thalamus involvement in the autoimmune animal
model for MS (i.e., experimental autoimmune encephalomy-
elitis (EAE)) (Stromnes and Goverman 2006) and the toxic
MS animal model cuprizone (Kipp et al. 2009). Furthermore,
we addressed to what extent degeneration/demyelination of
thalamic afferent fiber tracts is paralleled by neurodegenera-
tion of the thalamus.

Materials and Methods
Cuprizone-Induced Demyelination

C57BL/6]J mice were obtained from Janvier (France) and kept
under standard laboratory conditions according to the
Federation of European Laboratory Animal Science
Association’s recommendations. The procedures were ap-
proved by the Review Board for the Care of Animal
Subjects of the district government (Nordrhein-Westfalen,
Germany) and performed according to international guide-
lines on the use of laboratory mice. Demyelination was in-
duced by feeding 10-week-old (19-21 g), male mice with
ground standard rodent chow containing 0.25 % cuprizone
(bis-cyclohexanone oxaldihydrazone, Sigma-Aldrich Inc.,
Germany) for the indicated period, as published previously
(Clarner et al. 2015; Slowik et al. 2015). Control mice were
fed ground standard chow.

Induction of EAE and Clinical Scoring

For induction of EAE, we used a commercially available kit
from Hooke Laboratories (EK-2110; Lawrence, MA 01843,
USA). In brief, at day 0, 100 ul of an emulsified Freund’s
adjuvant solution containing 1 mg/ml MOG3;s_ss peptide and

5 mg/ml killed mycobacterium tuberculosis H37Ra was
injected subcutaneously on the upper and the lower back
(100 pl at each position) of 10-week-old female mice. At days
0 and 1, animals additionally received intraperitoneally 100 pl
of a pertussis toxin solution (5 pg/2.5 ml dissolved in PBS).
For clinical scoring, we used the following grading system:
score 0.5 was given when picked up by base of tail, the tail has
tension except for the tip. Muscle straining is felt in the tail,
while the tail continues to move; score 1.0 was given when
picked up by base of tail, instead of being erect, the whole tail
drapes over finger. Hind legs are usually spread apart. No
signs of tail movement are observed; score 1.5 was given
when picked up by base of tail, the whole tail drapes over
finger. When the mouse is dropped on a wire rack, at least
one hind leg falls through consistently. Walking is very slight-
ly wobbly; score 2.0 was given when picked up by base of tail,
the legs are not spread apart, but held closer together. When
the mouse is observed walking, it has a clearly apparent wob-
bly walk. One foot may have toes dragging, but the other leg
has no apparent inhibitions of movement; score 2.5 was given
when both hind legs have some movement, but both are drag-
ging at the feet (mouse trips on hind feet); Score 3.0 was given
when there is limp tail and complete paralysis of hind legs;
score 3.5 was given when the mouse is moving around the
cage, but when placed on its side, is unable to right itself. Hind
legs are together on one side of body; score 4.0 was given
when the mouse is minimally moving around the cage but
appears alert and feeding.

All animals with a disease score greater than 2.5 received
daily 500 pl of Ringer solution by subcutaneous injection. If
animals reached at two consecutive days a score of 4, eutha-
nasia was performed, and the animal excluded from any sub-
sequent analyses.

Tissue Preparation, Imnmunohistochemistry,
and Evaluation

Preparation of tissues was performed as previously described
with some minor modifications for spinal cord tissues. For
histological and immunohistochemical studies, mice were
transcardially perfused with 3.7 % paraformaldehyde in
phosphate-buffered saline (PBS; pH 7.0-7.4). After overnight
post-fixation in the same fixative, brains were dissected, em-
bedded in paraffin, and then coronary sectioned into 5-pm-
thick slices. For demineralization of the vertebrae, muscles
and connective tissues were carefully removed from the back-
bone and tissue blocks incubated in 20 % Na-EDTA solution
(in aqua dest.) for 48 h at 37 °C, with replacement of Na-
EDTA after 24 h. Embedding in paraffin was subsequently
performed in the same way as brain tissues. For immunohis-
tochemistry, sections were placed on silane-coated slides,
deparaffinized, rehydrated, if necessary heat-unmasked in ei-
ther citrate or Tris’EDTA-buffer, blocked with PBS containing



1 % normal horse or goat serum, and incubated overnight at
4 °C with the primary antibodies diluted in blocking solution.
Primary antibodies and dilutions used in the study are reported
elsewhere (Clarner et al. 2015; Schmidt et al. 2013; Slowik
et al. 2015). After washing and blocking of endogenous per-
oxidase with 0.3 % hydrogen peroxide (in PBS) for 30 min,
sections were incubated with appropriate biotinylated second-
ary antibodies for 1 h at room temperature, followed by
peroxidase-coupled avidin-biotin-complex (ABC kit, Vector
Laboratories). The di-amino-benzidine-reaction (DAB;
DAKO Deutschland GmbH, Germany) was used to visualize
peroxidase-avidin-biotin complexes. Sections were counter-
stained with standard hematoxylin to visualize cell nuclei, if
appropriate. To verify that stains are specific, negative control
experiments (omission of primary antibody and, if appropri-
ate, application of isotype controls) was routinely performed.

The forebrain was analyzed on the level R315 according to
the mouse brain atlas published by Sidman et al. The spinal
cord was analyzed at the cervical, thoracal, lumbal, and sacral
level. Sections in these regions were randomly selected.
Stained sections were analyzed using a Nikon ECLIPSE
E200 microscope. To estimate myelination in the defined re-
gions of interest, anti-proteolipid protein (PLP) staining inten-
sity has been quantified using ImageJ (NIH; version 1.47v)
after automatic setting of a threshold. For quantification of
microgliosis, astrocytosis or oligodendrocyte density, cell
numbers of two consecutive sections per mice were evaluated,
and averaged. IBA1"/GFAP"/OLIG2" cells were only count-
ed when a cell nucleus was clearly visible, considering false
positive or negative results due to hypertrophy or shrinkage,
respectively. Cell numbers are always given in cells per square
millimeter (mm?). To estimate the extent of acute axonal dam-
age in the region of interest, slides were processed for immu-
nohistochemistry using anti-APP antibodies, which is a fre-
quently used marker to detect acute axonal damage (Bitsch
et al. 2000; Herrero-Herranz et al. 2008). Following the same
strategy as for quantification of microgliosis, the extent of
acute axonal damage was quantified in a blinded and unbiased
approach. In this case, APP"-spheroids were just counted if
not localized around a cell nucleus.

For the semi-quantification of demyelination in the differ-
ent spinal cord segments, Luxol-fast-blue/periodic acid—
Schiff (LFB/PAS) stains have been performed, and the extent
of demyelination was graded in a blinded manner with 0 = nor-
mal myelination, 1 = moderate demyelination, 2 = intermediate
demyelination, and 3 = complete demyelination (see Fig. 4 for
representative images). To quantify the number of neurons
within the sensory thalamus (i.e., within the VPL nucleus), a
systematically-randomly sampled (SRS) series of 5-pum-thick
brain sections encompassing the entire VPL nucleus of both
sides was prepared, and every tenth section was subsequently
stained for the pan-neuronal marker protein NeuN following
the procedure described above. Stained brain sections were
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scanned, the VPL outlined using NDP.view2 software
(Hamamatsu Photonics, Japan), and cell profiles counted in
a blinded approach.

Statistical Analysis

Differences between groups were statistically tested using
GrapPad Prism 5. Differences between groups were tested
with unpaired 7 test. In case variances were significantly dif-
ferent, Welch’s correction was performed. Significance levels
are indicated as *p < 0.05; **p < 0.01; ***p < 0.001.

Results

Cuprizone Intoxication Induces Demyelination
and Axonal Degeneration Within the Thalamus

In the cuprizone model, demyelination occurs due to a prima-
ry metabolic disturbance of mature oligodendrocytes (Kipp
et al. 2009; Skripuletz et al. 2011). Since this model harbors
several similarities with early MS lesions (Barnett and Prineas
2004; De Groot et al. 2001; Lucchinetti et al. 2000; Marik
et al. 2007), we decided to evaluate the vulnerability of the
thalamus in this particular model. To this end, animals were
fed cuprizone for 5 weeks, and myelination (anti-PLP),
microgliosis (anti-IBA1), and astrocytosis (anti-GFAP) were
compared to control groups which received normal chow dur-
ing the experimental period.

As shown in Fig. 1, myelination of medial parts of the
thalamus, laying medial to the fasciculus retroflexus (arrow
in Fig. 1 (a)) and mamillothalamic tract (arrowhead in Fig. 1
(a)), is very low already in control animals. This part was,
therefore, excluded from all analyses. Furthermore, by gross
inspection of anti-IBA1-stained sections, it was obvious that
medial and lateral parts of the thalamus display a different
vulnerability against the 5-week cuprizone intoxication peri-
od. We, thus, decided to separately evaluate medial and lateral
parts of the thalamus (see red dotted line in Fig. 1 (a) for the
virtual border between medial and lateral aspects of the
thalamus).

As demonstrated in Fig. 1, severe and widespread demye-
lination could be found within the murine thalamus after a 5-
week cuprizone exposure period. Interestingly, vulnerable re-
gions included different functional nuclei among those devot-
ed to motor systems (i.e., ventral anterior-lateral complex, not
shown in Fig. 1) or sensory systems (ventral posterolateral
nucleus and ventral posteromedial nucleus, see star in Fig. 1
(b)). Demyelination was as well evident in regions not directly
related to motor or sensory systems such as in different
intralaminar nulcei (for example in the parafascicular nucleus
which surrounds the fasciculus retroflexus), or in the posterior
complex (rhomb in Fig. 1 (b); see Fig. 2 (d) for an anatomical
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Fig. 1 Cuprizone intoxication induces demyelination of the thalamus.
Effect of cuprizone on myelination and reactive gliosis of the thalamus
in male mice demonstrated by means of anti-PLP, anti-IBA1, and anti-
GFAP immunohistochemistry. An anti-PLP staining of a control mouse
on the level of the interbrain (i.e., diencephalon) (@). The virtual border
between medial and lateral aspects of the thalamus on that level is
illustrated by the red dotted line. The arrow in a highlights the
fasciculus retroflexus; the arrowhead in a highlights the
mamillothalamic tract. An anti-PLP staining of a mouse treated 5 weeks
cuprizone (0.25 %) (b). The arrow highlights the habenulae region;
directly beneath are running fiber tracts of the fasciculus retroflexus.
The star highlights the location of the sensory VPL/VPM area; the
rhomb highlights the lateral posterior nucleus of the thalamus. Note

overview of the thalamus). Blinded evaluation revealed that
the extent of demyelination was more severe in lateral com-
pared to medial parts of the thalamus (Fig. 1 (e)).
Demyelinated regions displayed clear signs of microglia acti-
vation. In control animals, IBA1" cells were regularly found
to have a small cell body with thin-ramified cell processes
(i.e., characteristics of resting microglia cells, see Fig. 1 (c/,
c")). In contrast, the cell body and processes of IBA1+ cells
were swollen, and ramification was less pronounced after a 5-
week cuprizone exposure period. In line with the finding of
more severe demyelination in lateral parts of the thalamus,
microglia activation was more pronounced in lateral com-
pared to medial parts (Fig. 1 (f)). Beyond, a significant in-
crease in GFAP" cell numbers was found in the lateral aspect
of the thalamus, indicating activation of the astrocyte

widespread demyelination in the thalamus; medial and lateral aspects
are affected. An anti-IBA1 staining of a control mouse on the level of
the interbrain (i.e., diencephalon) (¢). An anti-IBA1 staining of a mouse
treated 5 weeks cuprizone (0.25 %) (). Quantification of demyelination
and microgliosis in the medial and lateral aspect of the thalamus is shown
in e and f, respectively. Note that demyelination is paralleled by graded
microglia activation. Lateral thalamic parts of the respective stain in
higher magnification (a’, b', ¢', d'); medial thalamic parts of the
respective stain in higher magnification (a”, b", ¢", d"). Quantification
of astrocyte activation in the medial and lateral aspect of the thalamus is
shown in g. VPL ventral posterolateral nucleus, VPM ventral
posteromedial nucleus. Indicated significance levels: *p < 0.05;
**p <0.01; ***p <0.001

population (Fig. 1 (g)). Astrocyte activation was not evident
in the medial part of the thalamus.

In MS patients, demyelination of the thalamus was found
to be paralleled by acute axonal damage (i.e., component of
the neurodegenerative aspect of the disease) (Vercellino et al.
2009). Immunohistochemical visualization of amyloid precur-
sor protein” (APP") axonal swellings is a frequently used
method to quantify acute axonal damage. We, thus, applied
this method to see whether or not demyelination and microglia
activation within the thalamus is paralleled by neurodegener-
ation in the cuprizone model. We focused in this part of the
study on lateral aspects of the thalamus because (i)
miocrogliosis was found to be most severe there, and (ii) this
part of the thalamus harbors important structures relevant for
motor and sensory function (i.e., VL, VA, VPL, and VPM).
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Fig. 2 Cuprizone intoxication induces acute axonal damage and
widespread thalamic oligodendrocyte stress. An anti-APP staining of a
control mouse on the level of the interbrain (i.e., diencephalon) (@). An
anti-APP staining of a mouse treated 5 weeks cuprizone (0.25 %) (b). The
respective areas in a higher magnification (a’, b'). The arrows in a'
indicate APP-protein in the neuronal cell body. The arrows in b’
highlight APP* axonal spheroids, which indicate acute, ongoing axonal
damage. The quantification of APP* axonal spheroids in the lateral part of
the thalamus (c¢). Note significant axonal damage after a 5-weeks

As shown in Fig. 2, APP" material was mainly found in the
perinuclear region of neurons in control animals (see arrow-
heads in Fig. 2 (a’)). The same APP staining pattern was ev-
ident in cuprizone-treated animals. In addition, APP" spher-
oids, which have no spatial relation to neuronal cell bodies,
were found in the thalamus of cuprizone intoxicated animals
(see arrows in Fig. 2 (b')). Such spheroids were not observed
in control animals indicating that acute axonal damage occurs
in the thalamus after acute cuprizone-induced demyelination.

Our group was previously able to show that the stress-
related protein activating transcription factor-3 (ATF3) is se-
lectively expressed by oligodendrocytes in the cuprizone
model (Goldberg et al. 2013). To verify that oligodendrocytes
within the thalamus are directly stressed in this model, ATF3
levels were visualized by means of immunohistochemistry. As
shown in Fig. 2 (e), numerous ATF3" cells were found in the
white matter tract corpus callosum, which is a well investigated
and characterized region in this animal model (Kipp et al.
2011; Skripuletz et al. 2013, 2015). Additionally, we found
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lateral part medial part

cuprizone intoxication period. The anatomical structure of the thalamus
at the investigated brain level (shown in purple) (d). The expression of
ATF3 (oligodendrocyte stress marker protein) after 4 days of cuprizone
intoxication (e—g). The arrow in e highlights the white matter tract corpus
callosum. Note widespread expression of ATF3 in the medial and lateral
aspect of the thalamus, indicating primary oligodendrocyte stress
reaction. Indicated significance levels: *p < 0.05; **p < 0.01;
*kp < 0.001

numerous ATF3-expressing cells in the medial and lateral
parts of the thalamus (Fig. 2 (f, g)). To conclude, cuprizone
directly attacks oligodendrocytes within the thalamus and, in
consequence, induces demyelination, gliosis, and acute axonal
damage.

Inflammatory Lesions Are Absent in the Forebrain
of MOG35_55-Induced EAE

In a next step, we were interested whether the thalamus is
as well involved in the disease process if using an auto-
immune mediated demyelination model. To this end, fe-
male C57BL6 animals were immunized with MOGs3s_s5
peptide (for details, see “Material and Methods” section)
and sacrificed at either the peak of the disease (i.c., active
EAE) or during the chronic disease stage (i.e., chronic
EAE). This model is clinically characterized by transient
ascending hind limb paralysis and histologically by
perivascular mononuclear-cell infiltration in the brain
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(mainly cerebellum) and spinal cord with adjacent areas
of acute and chronic demyelination. In our experiments,
mice immunized with MOG;s_ss peptide in CFA usually
began to show neurological deficits between days 8 and
10, reached peak severity between days 12 and 15, and
continued to have substantial deficits throughout the ob-
servation period (see Figs. 3a and 5a). CFA + PTX control
mice showed no clinical neurological deficits (data not
shown).

The first cohort of animals was used to investigate histo-
pathological alterations during the acute phase of the disease.
As shown in Fig. 3a, in this set of experiments, first clinical
symptoms were evident around day 9 and progressively wors-
ened till day 15 post-immunization (i.c., peak of the disease).
Histological analyses of the spinal cord revealed subpial,
perivascular, and parenchymal mononuclear-cell infiltration
into the spinal cord white matter. Peripheral immune cell

recruitment was paralleled by demyelination, as demonstrated
by a loss of LFB reactivity (Fig. 3b). Furthermore, these areas
displayed pronounced accumulation of IBA1" microglia and
macrophages. Such inflammatory foci were found within the
dorsal (or posterior) column, lateral column and ventral (or
anterior) column. As already reported by other groups
(Ruffini et al. 2013; Soulika et al. 2009) a significant number
of axons displayed signs of acute axonal damage in inflam-
matory demyelinated lesions (Fig. 3b). Such histological al-
terations were absent in CFA + PTX control mice (not shown).

We next were interested about the spatial distribution of
forebrain lesions in the acute phase of MOGg;s_ss-induced
EAE. To this end, we analyzed the presence and spatial dis-
tribution of perivascular infiltrates (examples are shown in
Fig. 3c), being the histopathological correlate for peripheral
immune cell recruitment (Scheld et al. 2016). As shown in
Fig. 3c, perivascular infiltrates were not found in control nor
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Fig.3 MOG;s_ss-induced EAE does results in inflammatory spinal cord
but not thalamus lesions. a EAE clinical disease score in C57BL/6 mice
immunized with MOGs3s_s5 peptide (see “Material and Methods”). The
mean daily disease grade for each group (n = 6 mice per group) is shown.
In these experiments, the first clinical symptoms were evident around day
9 and progressively worsened till day 14-15 post-immunization (i.e.,
peak of the disease). At this time point, the animals were sacrificed. b
Representative HE and LFB/PAS stains of the spinal cord in control
(upper row) and EAE-diseased animals (lower row). Arrows in both
stains indicate inflammatory-demyelinated lesions. These lesions are, in
this animal, located in the antero-lateral funiculus of the spinal cord white
matter. From the same region, representative anti-IBA1 and anti-APP
stains are shown to visualize monocyte/microglia reactivity and acute
axonal damage, respectively. Arrows in the anti-APP stain highlight
acute, ongoing axonal damage in demyelinated spinal cord lesions. ¢

The distribution of perivascular inflammatory infiltrates in the forebrain
on the level of the thalamus. The appearance of two representative
perivascular inflammatory infiltrates in HE-stained sections is shown in
the upper part of ¢ (adopted by Scheld et al. from J Neurosci. 2016
Jan. 27;36(4):1410-5). Note that perivascular infiltrates were not found
in control nor CFA + PTX control mice. In MOGj;5_ss-immunized
animals, just three perivascular infiltrates were found at the
investigated level of six diseased animals. None of these three
infiltrates were located within the thalamus. d Histopathological
alterations of the thalamus in EAE vs. control animals. Anti-
OLIG2, anti-IBA1, and anti-GFAP antibodies were used to
visualize oligodendrocytes, microglia/macrophages, and
astrocytes, respectively. CFA complete Freund’s adjuvant), PTX
Pertussis toxin. Indicated significance levels: *p < 0.05;
**p <0.01; ***p < 0.001



CFA + PTX control mice. In MOG;5_ss-immunized animals
which developed EAE, just three perivascular infiltrates were
found at the investigated level of six diseased animals. None
of these three infiltrates were located within the thalamus
(compare with Fig. 2 (d) for anatomical borders of the thala-
mus). Furthermore, we addressed myelination (LFP/PAS), ol-
igodendrocyte cell numbers (anti-Olig2), astrocytosis (anti-
GFAP), and microgliosis (anti-IBA1) in the thalamus. We
found no overt demyelination of the thalamus in any of the
EAE-induced animals. However, numbers of OLIG2" oligo-
dendrocytes were found to be slightly lower in the thalamus of
EAE-diseased animals (224.5 + 33.5 (mean =+ std. deviation)
in control animals vs. 193 £67.3 in EAE animals; p = 0.0353).
This decline in oligodendrocyte cell numbers was paralleled
by a slight but significant increase in microglia cell numbers.
Beyond, numbers of GFAP" astrocytes tended to be higher in
EAE animals (compare Fig. 3d). Thus, while we found no
evidence that immune cells directly invade the parenchyma
of the thalamus in MOGg;5_ss-induced EAE (no perivascular
infiltrates; no CD3" lymphocytes, not shown) subtle alter-
ations were observed with respect to oligodendrocyte cell
numbers and microglia/astrocyte activation status.

Neurodegeneration in the Thalamus After Chronic
MOG35_55-Induced EAE

As pointed out in the “Introduction”, trans-neuronal degener-
ation might contribute to diffuse neurodegeneration in MS and
the thalamus might especially be prone for such degenerative
processes. Since the thalamus is not affected in the applied
EAE model, but important thalamic afferent pathways are
demyelinated (such as the sensory spinothalamic tract in the
spinal cord), we were interested whether inflammatory lesions
located within the spinal cord induce degenerative changes in
the sensory part of the thalamus (i.e., the VPL). To this end, a
separate cohort of animals was immunized with MOGj;s_s5
and sacrificed during the chronic phase of the disease (i.e.,
around 8 weeks post-immunization). As shown in Fig. Sa, this
cohort of animals as well displayed a typical MOGs;s_s5 EAE
disease course with EAE onset around 9 to 10 days after
immunization, and with peak of disease 3 to 5 days after onset
for each mouse. The peak of disease lasted 2 to 4 days, follow-
ed by partial recovery. Thereafter, there was clinically a stable
disease till week 8 (i.e., end of the observation period).

First, we determined the presence or absence of demyelin-
ation in the lateral and anterior funiculus which harbor the
lateral and anterior spinothalamic tract, respectively. Since
these are secondary sensory neurons (i.e., second-order fibers)
which have already made synaptic connections with the pri-
mary sensory neurons of the peripheral nervous system in the
posterior horn of the spinal cord, both fiber bundles directly
project towards the sensory part of the thalamus (i.e., towards
the sensory VPL). Furthermore, the posterior funiculus of the
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spinal cord was included in the analysis albeit these are first-
order fibers and, thus, do not directly make connections with
the sensory part of the thalamus. Extent of demyelination and
inflammation was graded in the respective white matter parts
of the spinal cord in LFB/PAS-stained slides with 0 = normal
myelination/no inflammation, 1 = moderate demyelination/in-
flammation, 2 = intermediate demyelination/inflammation,
and 3 = complete demyelination/severe inflammation (see
Fig. 4 for representative pictures).

As shown in Fig. 5b, c, all three sensory pathways
displayed significant demyelination/inflammation on all four
investigated spinal cord levels (i.e., cervical, thoracal, lumbal,
and sacral). Demyelination in the anterior (green arrowheads)
and lateral (yellow arrowheads) funiculus was mainly ob-
served at superficial white matter layers, however, regularly
involved the entire width of the spinal cord white matter. The
dorsal funiculus (red arrowheads), if affected, was usually not
entirely demyelinated, but demyelination and inflammation
was mainly found within the parts containing the tract of
Goll (i.e., fasciculus gracilis). In most cases, demyelination
was moderate with an average score of 1-1.2 (see Fig. 5b).

Together with the results obtained after acute EAE, it is
clearly evident that afferent projections to the thalamus are
subjected to inflammatory demyelination in this model. To
see whether or not the thalamus displays neuronal loss, we
quantified the number of neurons in the sensory thalamus.
Neurons were visualized with immunohistochemistry using
antibodies directed against the pan-neuronal marker protein
NeuN, and cell numbers and density were analyzed in the
VPL nucleus, which directly receives projections from the
anterior and lateral spinothalamic tract. In case lesions within
these fiber tracts on the level of the spinal cord induce
transneuronal degeneration (i.e., dying forward), one would

Grade O Grade 1

\LFB - R G\~ /

p=

Grade 2

o

Fig. 4 Grading scheme for demyelination and inflammation in the spinal
cord of chronic EAE-diseased animals
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Fig. 5 Transneuronal thalamus degeneration in chronic MOG;s_ss-
induced EAE. a EAE clinical disease score in C57BL/6 mice
immunized with MOGgs_ss peptide (see “Material and Methods”). The
mean daily disease grade for each group (n = 6 mice per group) is shown.
Animals were sacrificed after chronic EAE. b The mean severity of
demyelination and inflammation within the anterior, lateral, and dorsal
funiculus of the spinal cord white matter. For grading examples, please
see Fig. 4. Note that all three white matter parts of the spinal cord are
affected at all investigated levels. ¢ Representative appearance of these

expect lower numbers of neurons within the VPL nucleus (for
the anatomical location of this nucleus see Fig. 5d, arrow). As
shown in Fig. Se, there was a significant decrease in the num-
bers of neurons within the VPL nucleus of the thalamus in
EAE vs. control treated animals (756.4 + 285.5 in control
animals vs. 648.6 = 250.1 in EAE animals; p = 0.0013). To
conclude, neuronal integrity is disturbed despite the absence
of inflammatory infiltrates in this region.

Discussion

In this study, we were able to demonstrate that toxin-induced
demyelination by feeding mice with the neurotoxin cuprizone
induces demyelination and neurodegenerative changes in the
thalamus, whereas this interbrain structure is not directly af-
fected in the autoimmune MS animal model EAE (at least if
MOGgs;s_s5 peptide is used in C57BL/6 animals). Furthermore,
we were able to demonstrate for the first time that despite the
absence of inflammatory lesions within the thalamus, neuro-
degeneration occurs in this brain structure (i.e., loss of

control

MOG-EAE

lesions after chronic MOGss_ss-induced EAE. Arrow in d The anatomical
location of the sensory ventral posterolateral nucleus (i.e., VPL). e
Quantification of neuronal cell numbers evaluated in control (n = 3) and
EAE-diseased animals (» = 6). Quantification was performed in anti-
NeuN-stained sections following criteria of design-based stereology.
Note significant neuronal loss in the ventral posterolateral nucleus after
chronic EAE. Indicated significance levels: *p < 0.05; **p < 0.01;
***p <0.001

neurons) which might be due to the degeneration of afferent
thalamic fiber tracts (i.e., transneuronal degeneration).
Various animal models exist to study MS pathogenesis and
concomitant disease progression. Since MS is a very complex
and heterogeneous disease, all of these models are valuable
and represent important aspects of the human disease. The
involvement of the thalamus in MS animal models is, surpris-
ingly, not well studied. In 1971, Kesterson and Carlton de-
scribed edematous vacuolization, creating spongiform tissue
alterations 5 days after initiation of cuprizone intoxication
which was widespread but prominent in distinct brain regions,
among them the thalamus (Kesterson and Carlton 1971).
Since then, the thalamus as a region affected by the cuprizone
intoxication received minor attention. Most studies focused on
the white matter demyelination in this model. Nevertheless, it
is obvious that cuprizone intoxication induces profound cellu-
lar changes within the thalamus, such as reduction in oligo-
dendrocyte numbers (Yang et al. 2009), or decreased levels of
several metabolites, among N-acetylaspartate (NAA) or N-
acetyl-aspartyl-glutamate (Xuan et al. 2014). In this study,
we demonstrated that significant demyelination, paralleled
by microgliosis and astrogliosis can be seen in the thalamus



after a 5-week cuprizone intoxication period. Furthermore, we
did demonstrate the formation of APP” spheroids, which is a
valid and frequently applied histopathological marker to visu-
alize acute axonal damage in brain tissues.

Accumulation of APP" spheroids and reduction of NAA
levels both indicate neurodegeneration. NAA is synthesized in
neurons through the acetylation by acetyl coenzyme A of free
aspartate by the enzyme L-aspartate N-acetyltransferase and
catabolized by the enzyme aspartoacylase (ASPA) (Krauspe
et al. 2015), which is predominantly expressed in oligoden-
drocytes. Because, after glutamate, NAA is the second most
abundant amino acid in the human central nervous system, its
single peak is the most intense in proton magnetic resonance
spectroscopy (1H-MRS) of a healthy brain (Rigotti et al.
2007). Reduced levels of NAA indicate axonal degeneration
(Bitsch et al. 1999). The NAA-level quantification, as mea-
sured by 1H-MRS, is currently the best and most specific
noninvasive marker of neuronal and axonal pathology in MS
patients (Bjartmar et al. 2000, 2002). Observed reduced NAA
levels in the thalamus of cuprizone-exposed animals (Xuan
et al. 2014) further support our notion that demyelination
and reactive gliosis is paralleled by thalamic neurodegenera-
tion in this model. However, one has to point out that the
marker used to visualize thalamic neurodegeneration in this
part of the study was accumulation of APP in injured axons.
Such axons do either belong to efferent pathways originating
from thalamic nuclei or to afferent pathways projecting to-
wards thalamic nuclei. Whether or not there is a decline of
neuronal cell body loss in the thalamus itself remains to be
clarified for the cuprizone model.

Comparable to the cuprizone model, not much is known
about thalamus involvement in EAE models. MOGg;s_s5-in-
duced EAE in non-obese diabetic (NOD) mice results in le-
sions of the thalamus visualized noninvasively by MRI (Levy
Barazany et al. 2014). In C57BL/6 MOGs;s_ss-induced EAE,
it has been observed that mast cells accumulate at the thalamic
border (Kim et al. 2010). Similar results have been reported in
a rat model where animals have been immunized with spinal
cord homogenate (Cook et al. 2000; Dimitriadou et al. 2000).
Beyond, increased nerve growth factor levels were found in
the thalamus of EAE-diseased rats (Calza et al. 1997; De
Simone et al. 1996; Micera et al. 1995). Furthermore, in
EAE animals, there were higher thalamic expression levels
of the mast cell markers, c-kit, and CD40L, as well as the
astrocyte marker GFAP, the later indicating activation of as-
trocytes. Meuth and colleagues were able to show that neuro-
nal channels regulating the efflux of potassium ions and by
this can orchestrate neuronal death through intracellular po-
tassium depletion, are lower expressed in the thalamus of rats
undergoing MOG-induced EAE (Meuth et al. 2008). In sum-
mary, the thalamus appears to be affected in distinct EAE
models; however, such changes are relatively mild as com-
pared to the pronounced pathology observed in other brain
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regions such as the spinal cord or the cerebellum (Orr et al.
1994; Scheld et al. 2016). These results from various groups
are in line with our observations. We were as well able to show
that GFAP" cell number tend to be higher in the thalamus of
EAE compared to control mice (active EAE; see Fig. 3).
Furthermore, while severe inflammation was present in the
spinal cord (compare Fig. 3) and the cerebellum (not shown),
such inflammatory changes were not found in the thalamus in
animals sacrificed during the peak phase of the disease. The
relatively mild loss of oligodendrocytes, together with the
moderate activation of microglia at the absence of inflamma-
tory infiltrates and overt demyelinating foci, suggests that
such cellular changes are secondary, although this was not
directly investigated. However, transneuronal degeneration is
well feasible as the underlying mechanism for moderate oli-
godendrocyte loss and microglia activation in the thalamus
after acute EAE.

In support of the assumption that inflammatory demyelin-
ation of thalamic afferent pathways induces neuronal degen-
eration in the thalamus is our observation of neuronal loss in
the VPL. Whether or not the intense EAE lesions distant to the
thalamus (i.e., within the spinal cord) induce thalamic neuro-
degeneration by the abovementioned processes was not yet
systematically addressed in previous studies. In this study,
we were able to show that (i) sensory pathways which project
to the thalamus (i.e., the spinothalamic tract) are demyelinated
on the spinal cord level and that (ii) this is paralleled by sig-
nificant neuronal loss in the respective target region which is
the ventral posterolateral nucleus of the thalamus (i.e., VPL).
Since the thalamus is not directly attacked in the EAE model,
indirect mechanisms are most likely operant. Such mecha-
nisms include transneuronal degeneration or disturbed axonal
transport [for an extensive review on that topic see (Kipp et al.
2015)]. The term trans-neuronal degeneration describes the
death of neurons resulting from the disruption of input from
or output to other nearby neurons. Such damage might occur
in an anterograde or retrograde fashion, indicating the direc-
tion of the degeneration relative to the original site of damage.
Anterograde trans-neuronal degeneration is caused by a loss
of input, whereas retrograde trans-neuronal degeneration is
damage caused by loss of trophic support from the target.

In our studies, anterograde trans-neuronal degeneration
might be operant. We were able to demonstrate that thalamic
afferent fiber tracts are demyelinated and display histological
evidence for acute axonal damage (i.e., APP accumulation).
The loss of spinal cord axons in MOGg;s_ss-induced EAE is
well in line with findings from other groups (Berard et al.
2010; Herrero-Herranz et al. 2008; Kuerten et al. 2011). In
an ultrastructural study, it has been shown that while in acute
EAE, histopathology in white matter lesions was character-
ized by massive immune cell infiltration and tissue edema,
inflammatory changes were less pronounced in chronic
EAE. In contrast, the later disease stages were dominated by
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neurodegenerative changes (Recks et al. 2013). Importantly,
the authors noted that axonal pathologies are present from the
earliest disease stages on in MOGs;s_ss-induced EAE. This
observation is well in line with ours. As shown in Fig. 3,
animals sacrificed at the peak of the disease display intense
APP-spheroid accumulation in the spinal cord white matter.

In summary, the thalamus is presumably directly involved
in the disease process induced by global cuprizone intoxica-
tion. This means that cuprizone directly attacks oligodendro-
cytes within the thalamus and, in consequence, induces demy-
elination, gliosis, and neurodegeneration. In contrast, the thal-
amus appears not to be directly involved in the disease process
in the MOGj35_ss-induced EAE model, but transneuronal de-
generation might be operant. Bearing in mind that thalamus
atrophy in MS patients might occur either because lesions
develop within the thalamus or because of trans-neuronal de-
generation, the cuprizone model is a valuable tool to study the
first aspect, whereas the EAE model is best suitable to study
the later one. Future studies are now warranted to address
which mechanisms are operant and how such trans-neuronal
deleterious effects can be ameliorated by pharmacological
intervention.
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