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In the brain, osteopontin (OPN) may function in a va-
riety of pathological conditions, including neurodegen-
eration, microcalcification, and inflammation. In this
study, we addressed the role of OPN in primary and
secondary neurodegeneration, microcalcification, and
inflammation after an excitotoxic lesion by examining
OPN knock-out (KO) mice. Two, four, and ten weeks
after injection of the glutamate analogue ibotenate into
the corticostriatal boundary, the brains of 12 mice per
survival time and strain were evaluated. OPN was detect-
able in neuron-shaped cells, in microglia, and at the
surface of dense calcium deposits. At this primary lesion
site, although the glial reaction was attenuated in
OPN-KO mice, lesion size and presence of microcalcifi-
cation were comparable between OPN-KO and wild-type
mice. In contrast, secondary neurodegeneration at the
thalamus was more prominent in OPN-KO mice, and
this difference increased over time. This was paralleled
by a dramatic rise in the regional extent of dense mi-
crocalcification. Despite these differences, the numbers
of glial cells did not significantly differ between the two
strains. This study demonstrates for the first time a
genetic model with co-occurrence of neurodegenera-
tion and microcalcification, mediated by the lack of
OPN, and suggests a basic involvement of OPN action in
these conditions. In the case of secondary retrograde or
transneuronal degeneration, OPN may have a protective
role as intracellular actor. (4Am_J Pathol 2010, 177:829—-839;
DOI: 10.2353/ajpath.2010.090798)

Co-occurrence of neurodegeneration, parenchymal
(micro-) calcification, and inflammation can be observed in
a number of brain diseases, including Fahr’s, Alzheimer’s,
diffuse Lewy body and Parkinson’s disease, Down’s syn-
drome, and hypoxia.'

Osteopontin (OPN) is a glycophosphoprotein with
intra- and extracellular functions influencing cell survival,
inflammation, microcalcification and the maintenance of
tissue integrity after an injury.” The manifold higher abun-
dance of OPN in cerebrospinal fluid than in blood®*®
argues for a crucial role of this protein in central nervous
system (CNS) physiology and pathology. In the develop-
ing and adult (rodent) brain, neurons of the olfactory
bulb, retina, striatum, and brainstem are OPN-posi-
tive.' 3 In the aging human brain, OPN is found in
pyramidal neurons—more pronounced in Alzheimer’s
disease'*—and in dopaminergic neurons of Parkinson’s
disease patients.® Transient expression of neuronal OPN
has been observed under experimental conditions like
cryolesioning™ and status epilepticus.’® In addition,
OPN is detectable in microglial cells of lesioned CNS
tissue after ischemia,'” excitotoxicity, ' spinal cord con-
tusion,'® as well as in multiple sclerosis plaques'® and in
microglial cells of the substantia nigra of Parkinson’s
disease patients.® OPN may also be located extracel-
lularly.®'” The role of OPN in CNS diseases remains
controversial. OPN has been shown to be protective in
models of stroke'”?%2" and spinal cord contusion.'®
However, OPN inhibited axonal regeneration after injury
in the optic nerve,?? and the absence of the protein led to
a better outcome in models of multiple sclerosis' and
Parkinson’s disease.?

OPN inhibits calcification in bone and at ectopic
sites.®*27 To our knowledge, the role of OPN in brain
microcalcification is unknown. In addition, the co-occur-
rence of neurodegeneration and microcalcification has
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not yet been investigated with a genetic model. In our
present study, we were interested in whether OPN defi-
ciency—-induced neurodegeneration is paralleled by mi-
crocalcification, and which functions of the protein may
be primarily involved.

Materials and Methods

Animals

OPN-KO mice generated on a Black-Swiss background
were backcrossed to C57BI/6 over ten generations, and
genotyping was performed as previously described®® via
PCR of tail biopsies. OPN immunohistochemistry with the
polyclonal antibody LF123, a generous gift of Larry
Fisher, National Institutes of Health (Bethesda, MD), was
performed to confirm the PCR results. C57BL/6J mice
were used as wild-type. Ninety-six mice underwent sur-
gical treatment (ie, 12 mice per strain and survival time;
two, four, and ten weeks, respectively) received ibote-
nate, and four mice per strain and survival time served as
sham animals. At the day of surgical treatment, the me-
dian age of the OPN-KO mice was 127 days, and that of
the wild-type mice was 110 days, without significant dif-
ference within the compared groups. Weight and sex
also did not differ significantly between the groups. All
animal experiments were performed with permission of
the local animal care committee and in accordance with
international guidelines on handling laboratory animals
and the present Swiss law.

Excitotoxic Corticostriatal Lesion

Under combined treatment with atropin (Atropin, 0.05
mg/kg sc) and burprenorphin (Temgesic, 0.1 mg/kg sc),
followed by climazolam (Climasol, 5 mg/kg ip) and ket-
aminum (Ketamin, 80 mg/kg ip), mice were placed in a
stereotaxic apparatus and intracerebral injections per-
formed as detailed previously.?® In brief, ibotenate
(Sigma, St. Louis, MO; 0.4 ng in 0.4 ul buffered saline) or
0.4 wl buffered saline (sham animals) were injected with
a Hamilton microsyringe at the coordinates AP + 4.8 mm,
L 2.1 mmand V 2.5 mm above ear zero plane according
to the atlas of Franklin and Paxinos over a time period of
10 minutes. After further 10 to 15 minutes the needle was
withdrawn and the wound closed. To minimize treatment
bias, surgery of an OPN-KO mouse was followed by
surgery of a wild-type mouse, and such pairs had iden-
tical survival times.

Tissue Preparation and Immunohistochemistry

After recovery periods of two, four, and ten weeks, ani-
mals were anesthetized with pentobarbital (Vetanarcol,
0.04 g/kg ip) and perfused with 4% paraformaldehyde
and 0.2% glutaraldehyde in 0.1 mol/L phosphate buffer.
The brains were then dissected and immersed in 4%
paraformaldehyde overnight. Serial sagittal 40-um sec-
tions were cut with a vibratome and collected in cold TBS.
Histology and immunohistochemistry were performed ac-

cording to standard protocols, as described previou-
sly.2? In brief, extent of nerve cell death and position of
the needle was determined at the primary lesion site in
Cresyl-stained sections (0.5% Cresyl violet). To evaluate
number of micro- and astroglial cells and OPN distribu-
tion, ibal1, GFAP and OPN stainings were performed with
rabbit polyclonal antibodies (anti-iba1, Wako Chemicals,
1:100; anti-GFAP, Sigma, 1:1000; LF123, 1:100). OPN
staining was also routinely performed in OPN-KO mice.
Immunoreactions were visualized with 0.05% diamino-
benzidine and 0.1% H,0, in TBS. Microcalcification was
determined on 1% Alizarin Red S-stained sections. All
sections were mounted on coated slides, dehydrated in
graded ethanol, cleared with xylol, and coverslipped in
Eukitt (Kindler, Freiburg, Germany).

For visualizing OPN location related to glial cells,
double immunofluorescence staining was performed in
wild-type mice with a monoclonal anti-OPN antibody
(2A1, 0.2 pg/ml, raised in OPN-KO mice against re-
combinant mouse OPN, 1:500) in combination with
either the anti-iba1l (1:100), the anti-GFAP antibody
(1:1000), or the oligodendrocyte marker (rabbit 1gG
anti-carbonic anhydrase Il from Abcam, 1:200). Alexa
488-conjugated goat anti-mouse and Alexa 568-conju-
gated goat anti-rabbit (DakoCytomation) were used as
secondary antibodies. Colocalization of OPN and cal-
cified deposits was tested with slices double-stained
with Alizarin Red S and LF123. Colocalization of OPN
and cellular structures was tested with slices double-
stained with Cresyl violet and LF123. OPN abundance
in the corticostriatal lesion was not only determined in
mice with the mentioned survival times but also in mice
with four days survival time. Stainings were visualized
by an Axiovert 200M Confocal and an Axioplan Micro-
scope (Zeiss, Darmstadt, Germany).

Transmission Electron Microscopy

Unstained vibratome sections in which presence of cal-
cium deposits was suggested by polarization micros-
copy or sections neighboring Alizarin Red S—positive
serial sections were processed for ultrastructural anal-
ysis.?® In short, relevant areas were dissected under the
microscope and treated for 1 hour with 0.1% OsO,, or with
1% 0sO, and 2.5% K,Cr,0, to visualize calcium depo-
sition.®° Tissue was then dehydrated until 70% ethanol,
blockstained in 1% uranyl acetate in 70% ethanol, com-
pletely dehydrated with graded ethanol and propylene
oxide, and flat-embedded in a plastic resin (Epon;
Serva). Ultrathin sections were placed onto copper grids
and contrasted with 1% lead citrate. A CM10 electron
microscope (Philips) at 80 kV served for examining the
tissue.

Scanning Electron Microscopy

Vibratome sections from both wild-type and OPN-KO
strains with four and ten weeks survival time were placed
onto glycerin-coated slides, dehydrated in graded etha-
nol and air-dried, carbon-coated, and finally sputtered



with carbon or silver. A Philips CM 30 environmental
scanning electron microscope was used for visualization
in either the scanning or the back-scatter mode. Elemen-
tal analysis was performed with the EDAX EDS-system.

Morphological Analyses

The size of the corticostriatal neuron-depleted area was
determined by circumscribing and analyzing the largest
lesion in the cresyl-stained sections (laterality = 2.00 to
2.20 mm) on the screen with the Leica Image Scale
system.

The total number of calcium deposits in the corticos-
triatal lesion was counted on the Alizarin Red S-stained
section with the largest lesion (laterality L = 1.95 to 2.25
mm). According to a previous study,®' calcium deposits
were further classified into type 1 (transparent deposits
often reminiscent of neurons), type 2 (dense core and
transparent halo), and type 3 deposits (clearly demar-
cated dense deposits without halo). This classification
may reflect formation steps of the deposits.®" In the thal-
amus, the total area of microcalcification was evaluated
using all Alizarin Red S-stained sections exhibiting the
thalamic area.

Morphometric Analyses

Cell number of neurons, identified by the typical morphol-
ogy of their nuclei in Cresyl-stained sections, of microglia
and of astrocytes were estimated according to stereo-
logical principles with an optical fractionator,3* with sys-
tematic random sampling of about every fifth section to
yield 3-5 sections/mouse/striatum and 3-4 sections/
mouse/thalamus; for details see.? Stereological analysis
was done with a motorized x-y-z stage coupled to a
video-microscopy system and the StereologerTM soft-
ware (Systems Planning and Analysis, Inc., Alexandria,
VA). Postprocessing section thickness was measured at
each disector location using a focus drive accurate to =
0.1 mm (Applied Scientific Instrumentation, Eugene, OR).
The Franklin and Paxinos mouse brain atlas was used for
region definitions, and boundaries were identified on
each section according to reliable anatomical borders or
to the boundary of the lesion. While focusing through
relatively thick tissue sections (18-25 um), the top of the
nucleus of Cresyl-positive neurons, GFAP-positive astro-
cytes, or ibal-positive microglia were each identified
within disector counting frames (100 X 100 uwm). The total
number was then computed by multiplying the counted
number by the reciprocal of the fraction of the entire
striatum/the entire thalamus in which counting was per-
formed (12% for neurons, microglia and astrocytes, re-
spectively).®2 All analyses were performed blinded to
treatment groups and genotype. Comparison of the mor-
phometric results between the sham animals (OPN-KO
and wild-type) did not show significant differences in
neither survival time (two, four, and ten weeks). Thus, all
eight sham animals per survival time served as control
group for calculating the percentage of change of cell
numbers in the respective ibotenate-treated animals.
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Data Analysis

Data were analyzed with JMP software (version 7, SAS).
Size of the zone of corticostriatal neuron depletion and of
dense thalamic microcalcification, as well as morphomet-
ric results (numbers of neurons in the thalamus, numbers
of micro- and astroglial cells in the thalamus and the
corticostriatal lesion) were calculated with the median
and range, and significance was determined with the
Wilcoxon rank test. Post hoc analyses were performed
with analysis of variance. Categorial data were calculated
with Fisher’s exact test. Areas of microcalcification and
microglial abundance in the thalamus were compared
using Spearman’s Rho. Two-sided P values below 0.05
were considered significant.

Results

The local neurotoxin injection, which was targeted in the
frontal center of the striatum at L = 2.1 (ie, between the
second and third section depicted in Figure 1), resulted
in neurodegeneration situated concentrically around the
needle tip with a diameter of about 2 mm. There, it did not
respect anatomical boundaries but spread via the white
matter of the callosal body into the frontal cortex. Next to
this primary (corticostriatal) lesion, but spatially clearly
separated from it, a secondary neurodegeneration arose
which was restricted to a defined brain area, the thala-
mus. Medial, intermediate, and lateral parts of the thala-
mus were affected, but some subnuclei of the thalamus
were definitely spared (Figure 1; also see below). A de-
tailed analysis of the subnuclei was, however, not the
topic of this study.

L=02mm

Figure 1. Simulation of the localization and extent of lesions after the
excitotoxic insult. The primary excitotoxic lesion includes the striatum
and fronto-lateral parts of the cortex (borders marked in black). The
zone of secondary neurodegeneration in the thalamus is encircled in
orange. Adapted to Nissl-stained sections from BrainMaps.org. L indi-
cates laterality.



832 Maetzler et al
AJP August 2010, Vol. 177, No. 2

Corticostriatal Lesion
Qualitative Aspects

In the corticostriatal region of both strains, ibotenate
application induced an area of complete nerve cell loss.
A small necrotic center at the site where the capillary tip
had been positioned was often observable. The bound-
ary to the healthy tissue was clearly delineated (Figure
2A). This was comparable to previous studies.?®33 Neu-
rodegeneration was accompanied by a local increase of

microglial (Figure 2B) and astroglial cells (Figure 2C)
after two and four weeks, returning to obviously normal
density ten weeks after the insult. Calcium deposits in the
neuron-depleted area were observed in most of the ibo-
tenate-treated animals, irrespective of whether they were
OPN-deficient or wild-type (Figure 2D). The total number
of calcium deposits did virtually not differ between the
two strains, and, as previously described, type 1 deposits
(reminding of neurons, Figure 2E) were generally more
abundant after two weeks survival time, and type 3 (Fig-
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Figure 2. Visual aspects of the corticostriatal lesion. A: The arrows indicate the boundaries of a typical corticostriatal neuron-depleted area in a Cresyl-stained
section. The arrowhead indicates the needle tract, the asterisk a small region of central necrosis demarcating the position of the needle-tip. Microglial (B) and
astroglial reaction (C) were visualized in ibal- and GFAP-stained sections, and microcalcification with Alizarin Red S stain (D). E: Type 1 (nascent) deposits are
often neuron-shaped and have prominent halos (see also inset). F: Type 3 (mature) deposits are round, dense, and have almost no halo. G: Double staining with
Alizarin Red S (for calcium deposits) and LF123 (for OPN) indicates a dense association of OPN with calcified material. Note the “bulby” surface of the left deposit.
H: Osteopontin (OPN)-stained structures without (arrowheads) and with processes reminding of neurons (arrow) represent osteopontin-positive calcium
deposits. I: Section counterstained with Cresyl violet depicts presence of OPN in some neurons (long arrows) where it fills rather homogenously the cytoplasm.
Most OPN, however, is found in small-dotted fashion in the neuropil but not in the white matter of the internal capsule (IC). Occasionally dots mark the outer
surface of large perikarya (open pointers). An OPN-stained extracellular deposit is associated with small cresyl-positive structures representing most probably
microglial nuclei (open arrows). J: In SEM, mainly flat and angular bulbs are observed at the surface of a corticostriatal deposit of a wild-type mouse four weeks
after the excitotoxic lesion. K: After ten weeks, these bulbs are often interconnected with bridges (arrows), and parts of the surface of the bulbs appear rough
(arrowhead). In OPN knockout mice, corticostriatal deposits have flat and smooth surfaces (arrowhead) without obvious difference between four (L) and ten
weeks survival time (M). OPN—/— indicates osteopontin-deficient mouse; w, weeks; WT, wild-type mouse. Scale bars: 1 mm (A-D); 50 um (E, F, H, D; 5 um
(G,J, K, L, M.



ure 2F) after ten weeks survival time. However, wild-type
mice displayed more type 1 deposits, and OPN-KO mice
more type 3 deposits at all time points investigated. Dou-
ble staining with Alizarin Red S and LF123 showed that
OPN binds to the surface of the deposits (Figure 2G). In
wild-type mice, OPN-positive structures with long pro-
cesses reminded of neurons (Figure 2H). At early survival
stages, OPN was homogeneously distributed in cells re-
minding of neurons, and small-dotted OPN immunoreac-
tivity was observable in the neuropil. Large OPN-positive
round structures were associated with small cresyl-pos-
itive structures nearby resembling most probably micro-
glial nuclei (Figure 21). The presence of small-dotted OPN
in (but also outside of) microglial cells was confirmed with
double immunohistochemistry using ibal and 2A1 anti-
bodies (this was similar in the corticostriatal and the
thalamic region, see also supplemental Video at http://
ajp.amjpathol.org). After ten weeks, OPN was hardly de-
tectable. Astroglial and oligodendroglial cells never co-
localized with OPN (not shown).

Surface topography of corticostriatal deposits was
studied with scanning electron microscopy (SEM). After
four weeks, wild-type mice demonstrated mainly deposits
with flat and angular bulbs (Figure 2J). After ten weeks,
bridges connected single bulbs, and parts of the surface
of the bulbs appeared rough (Figure 2K). Surface topog-
raphy of corticostriatal deposits in OPN-KO mice was
regularly flat and smooth without obvious differences in
surface structure between four and ten weeks postinsult
survival time (Figure 2, L and M).

Quantification of Neurodegeneration, Gliosis, and
Microcalcification

Two weeks after the excitotoxic insult, OPN-KO mice
showed a smaller area of neuron depletion (1.21 mm?,
0.75-1.98; median, range) than wild-type mice (2.02
mm?, 1.16-2.47, P = 0.002). Later on, the extent of
neurodegeneration did not differ between the strains
(1.92 mm?, 0.72-2.98 in OPN-KO mice versus 1.98 mm?,
1.17-3.10 in wild-type mice after four weeks, P = 0.39;
1.60 mm?, 0.61-2.57 in OPN-KO mice versus 2.00 mm?,
1.26-2.37 in wild-type mice after ten weeks, P = 0.12,
Figure 3A).

The number of ibal1-positive microglial cells multiplied
in the vicinity of the ibotenate-induced lesion, but the
percentage of increase compared with sham animals
was generally lower in OPN-KO mice than in wild-type
mice (after two weeks, 242%, 169-440 in OPN-KO mice
versus 384%, 287-459 in wild-type mice, P = 0.02; after
four weeks, 247%, 93-451 versus 427%, 118-609, P =
0.04; after ten weeks, 164%, 102-259 versus 258%, 99—
420, P = 0.12, Figure 3B). The number of iba1-positive
cells dropped in both strains significantly from four weeks
to ten weeks survival time.

Similarly, percentages of increases in the number of
GFAP-positive cells, compared with sham animals, were
generally lower in the corticostriatal lesion of OPN-KO
compared with wild-type mice (after two weeks, 148%,
122-233 in OPN-KO mice versus 193%, 78-273 in wild-
type mice, P = 0.05; after four weeks, 168%, 115-205
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Figure 3. Morphological and morphometric analyses of the corticostriatal
lesion. A: The corticostriatal lesion was larger in wild-type than in OPN-KO
mice two weeks after the excitotoxic insult but did not differ significantly at
later time points. B: Number of microglial cells was higher in wild-type than
in OPN-KO mice two and four weeks after lesioning, and returned to lower
levels after ten weeks, now without significant difference between the
strains. C: GFAP-positive cells were more numerous in wild-type than in
OPN-KO mice at all time points investigated. D: The ratio of the deposits
(type3/type 1) was higher in OPN-KO than in wild-type mice at all investi-
gated time points.

versus 241%, 161-322, P = 0.0004; after ten weeks,
139%, 90-185 versus 247%, 144-336, P = 0.0003, Fig-
ure 3C). In wild-type mice, GFAP-positive cells were sig-
nificantly more abundant after four weeks than after two
weeks survival time.

The number of calcium deposits did not significantly
differ between the strains at the three observation points
(not shown). However, the increase of the ratio type 3
(round deposits without halo)/type 1 (neuron-shaped)
calcium deposits from two to ten weeks survival time
(Figure 3D) indicates an increased mineralization of de-
posits in OPN-KO mice.

Thalamic Degeneration
Qualitative Aspects

A progressive loss of thalamic neurons was obvious in
OPN-KO mice after the excitotoxic corticostriatal insult
(Figure 4, Cresyl). OPN immunoreactivity in wild-type
mice, as assessed with the LF123 antibody, did not differ
in its distribution from the situation in the corticostriatal
lesion, including presence of homogeneously distributed
OPN in cells reminding of neurons, and small-dotted OPN
immunoreactivity in the neuropil (see Figure 2, H and 1).
After ten weeks, OPN was hardly detectable (Figure 4,
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Figure 4. Visual aspects of the thalamic degeneration. Cresyl staining reveals a massive and progressive neuronal loss in the thalamus of OPN-KO mice. Note
also the dense structures that coincide with the regions where dense microcalcification occurs. In ibotenate-treated wild-type mice, there is a mild and
non-progressive rarification of thalamic neurons observable. Osteopontin: In wild-type mice, OPN-stained sections (LF123 antibody) show an abundance of small
dots in thalamic regions two and four weeks after the corticostriatal insult. Ibal-treated sections reveal microglia, which appears more activated in the OPN-KO
mice. Note the intrathalamic necrosis in OPN-KO mice marked by the asterisks. Areas indicated by rectangles are shown at higher magnifications at the right

side of the figure. Scale bar = 300 um.

Osteopontin). Double-immunofluorescence revealed that
much but not all small-dotted OPN was located in micro-
glial cells, at the basis of microglial processes (supple-
mental Video at http://ajp.amjpathol.org). Diffuse OPN
staining was occasionally detectable in double immuno-
fluorescence but never colocalized with glia.

Ibai staining revealed upregulation of microglial cells
in the affected area in particular after four weeks, with

virtually more intense staining in the OPN-KO strain. In
OPN-KO mice but not in wild-type mice, intrathalamic
necrotic areas were repeatedly observable (Figure 4,
iba1). They resemble tissue softening in lacunar microin-
farcts and lack microglial cells. A moderate activation of
thalamic astroglia, assessed on GFAP-stained sections,
was regularly seen after two and four weeks survival time
in both strains (not shown).
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A diffuse “misty” Alizarin Red S staining occurred regu-
larly after two and four weeks survival time in the mediodor-
sal parts of the thalamus, in particular, without an obvious
difference between the strains, and was never detectable
after ten weeks (Figure 5, A-D and J-M). In wild-type mice,
the distribution of OPN immunoreactivity and misty Alizarin
Red S staining was similar (compare Figure 4, osteopontin
staining, and Figure 5, K-M). Dense and confluent calcium
deposits with small or without halos were regularly present
in OPN-KO mice only (Figure 5, B-D, F, and G). The area of
dense calcification increased with longer survival times. In
SEM, the thalamic deposits of the OPN-KO mice showed a
smooth and flat surface (Figure 5, H, I, N, and O). Elemental
analysis revealed high P and Ca peaks (Figure 5E). In
addition, eight of the 12 OPN-deficient sham-treated ani-
mals (2/4 after two weeks, 2/4 after four weeks, 4/4 after ten
weeks) developed dense thalamic microcalcification,
which, however, was regularly restricted to one or two de-
posits (not shown), a phenomenon never found in sham-
treated wild-type mice. In ibotenate-treated wild-type mice,
dense deposits were rare and if present, they were compa-
rably small and presented with a halo.

At the ultrastructural level, degenerated myelinated ax-
ons were abundant in the degenerated parts of the thala-
mus after two weeks survival (Figure 6, A-C). Preserved
and damaged axons were often neighboring each other
(Figure 6B). Frequently, swollen mitochondria in the degen-
erated axoplasm stained positive for calcium (Figure 6B).
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Figure 5. Characteristics of thalamic microcal-
cification. Alizarin Red S: (A, J) Sham animals
with survival times of two weeks, without tha-
lamic microcalcification (note that a consider-
able percentage of OPN-KO sham animals de-
veloped detectable thalamic microcalcification
in particular after 10 weeks survival, see text).
Thalamic microcalcification occurs two and four
weeks after corticostriatal injury as Alizarin Red
S-positive misty staining, without major differ-
ences between the strains (OPN-KO mice: B, C;
wild-type mice: K, L). The misty staining disap-
pears after four weeks (D, M). Dense deposits
are almost only found in OPN-KO mice (D).
They are observable two weeks after the excito-
toxic corticostriatal lesion and present as even
larger aggregates after four and ten week sur-
vival time (B-D). A dense aggregate with a small
halo from an OPN-KO mouse with four weeks
survival is shown with higher magnification (F).
Halos have disappeared ten weeks after the corti-
costriatal excitotoxic lesion (G). SEM: (H, D) Two
representative thalamic deposits of OPN-KO mice
are shown: the surface appears flat and smooth,
without obvious differences between four and ten
weeks survival time. Energy dispersive (EDS) X-
ray analysis in the SEM of a thalamic deposit shows
high Ca- and P-peaks (E; similar results were ob-
tained for corticostriatal deposits of both wild-type
and OPN-KO mice, not shown). The positive sig-
nal in wild-type mice with four weeks survival in
the back-scatter mode (N) is no longer found ten
weeks after the corticostriatal lesion, and larger
deposits are absent (0). SEM indicates scanning
electron microscopy. Scale bar = 300 um, except
single deposits of the OPN-KO mice = 10 um.

10 weeks

Degenerated shrunken presynaptic boutons could occa-
sionally be recognized by their preserved postsynaptic
contacts (Figure 6C). More frequent, however, were darkly
degenerated “postsynaptic” structures, ie, neuronal
perikarya (Figure 6D) and their dendrites (Figure 6E). Neu-
ronal perikarya often evidenced signs of an ongoing patho-
logical process: cytoplasmic fibrillar inclusion bodies (as
found in the thalamus in humans and experimental animals
in a number of neurodegenerative diseases®*°) and ac-
cumulations of lysosomes were situated in otherwise well
preserved neuronal cell bodies (Figure 6F). These features
were found in both strains. They suggest that next to an-
terograde (terminal) degeneration, the corticostriatal lesion
caused a transneuronal and/or retrograde degeneration of
thalamic/thalamocortical neurons. On the basis of their ul-
trastructural features, these different forms of distant neuro-
degeneration cannot be differentiated.

Occasionally, small concretions with ultrastructural
characteristics of calcium deposits and not associated
with clearly identifiable neuronal or glial compartments
were found in both species while large layered depos-
its®® were only detected in OPN-KO mice (not shown).

Quantification of Neurodegeneration, Gliosis, and
Microcalcification

Two weeks after the excitotoxic insult, both strains
exhibited a significant loss of thalamic neurons, com-
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pared with sham-treated animals (P < 0.0001). In addi-
tion, OPN-KO mice (61.5% of sham, 49.5-72.7) had sig-
nificantly fewer thalamic neurons after two weeks survival
time, than wild-type animals (68.9%, 51.8-79.4, P =
0.083). Four and ten weeks after the excitotoxic lesion, the
difference increased further (after four weeks, OPN-KO
mice, 54.3%, 35.9-70.4; wild-type mice, 66.6%, 48.1-
90.7, P = 0.003; after ten weeks, OPN-KO mice, 44.2%,
34.9-56.6; wild-type mice, 65.7%, 47.4-859, P <
0.0001). The progressive neuronal loss, ie, the reduction
of cells from two to ten weeks survival time, in OPN-KO
mice was highly significant (P = 0.0001) (Figure 7A). In
wild-type mice, there was no significant difference be-
tween the different survival times (P = 0.72).

In general, the percentage of microglial cells in ibote-
nate- compared with sham-treated animals was 96%
higher after two, four, and ten weeks observation period
(P < 0.0001). The highest numbers of microglial cells
were observed after four weeks, irrespective of the strain
investigated (Figure 7B). At defined survival times, there
were no significant differences of microglial abundance
between OPN-KO and wild-type mice. In particular, micro-
glial cells reached 163% of sham (100-218) in OPN-KO,
and 125% (100-225) in wild-type mice two weeks after
ibotenate treatment (P = 0.50), 221% (177-331) in OPN-KO
and 248% (147-307) in wild-type mice after four weeks (P =
0.47), and 194% (124-232) in OPN-KO and 155% (125-
212) in wild-type mice after ten weeks (P = 0.39).

Overall, GFAP-positive cells were about 40% more
abundant in ibotenate- compared with sham-treated an-
imals (P = 0.0008). However, significant differences were

Figure 6. Ultrastructure of the thalamic degen-
eration. A: Degenerated myelinated axons dis-
play swollen mitochondria and darkly degener-
ated masses. B: Sections treated with potassium
chromate show that mitochondria in degenerat-
ing axons contain high calcium levels (white
asterisk). C: Dark degenerated corticothalamic
axon terminals maintain synaptic contact zones
with dendrites (d); a, astroglial process. D: De-
generated neuron with dense nucleus (n) and
dense cytoplasm contains swollen mitochondria,
partly staining for calcium deposition (white
asterisk). They are also found in degenerated
boutons (b). Section was treated with potassium
bichromate. E: Dark degenerated dendrite (d)
partially engulfed by astroglia (a) maintains con-
tacts with presynaptic boutons (b). F: Neuronal
perikarya contain fibrillar bodies (fb) and accu-
mulations of lysosomes (ly). Scale bar = 0.5 um.

neither detectable between strains at similar time points
nor between time points in similar strains (Figure 7C).

Thirty-four of 36 ibotenate-treated OPN-KO mice
(11/12 after two weeks, 11/12 after four weeks, 12/12 after
ten weeks survival time), and four of 36 wild-type mice
(0/12 after two weeks, 3 of 12 after four weeks, 1/12 after
ten weeks) developed dense thalamic calcium deposits
(P = 0.0001, Fisher’s exact test). In OPN-KO mice, the
area of dense microcalcification increased with longer
survival times and was significantly larger than in wild-
type mice at all time points investigated (Figure 7D).
Areas of microcalcification and microglial abundance
correlated in wild-type mice (Rho = 0.45, P = 0.026) but
not in OPN-KO mice (Rho = 0.08, P = 0.64).

Discussion

We found OPN located in neuron-shaped structures, in
microglial cells, and at calcium deposits after excitotox-
icity. This provides evidence that OPN is involved in
neurodegeneration, microcalcification, and inflammation.
In addition, progressive secondary neurodegeneration
co-occurs with microcalcification in OPN-KO but not wild-
type mice.

At the primary lesion site where neurodegeneration is
caused by the excitotoxic glutamate analogue, the area
of nerve cell loss was smaller in OPN-KO mice compared
with wild-type mice two weeks after ibotenate injection;
this difference was no longer observable at later survival
times. In addition, micro- and astrogliosis were signifi-
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Figure 7. Morphological and morphometric analyses of the thalamus. A:
OPN-KO mice had fewer thalamic neurons than wild-type mice two, four,
and ten weeks after the excitotoxic corticostriatal lesion, this loss being
progressive only in OPN-KO mice. B: Numbers of microglial cells did not
differ significantly between OPN-KO and wild-type mice, and peaked after
four weeks survival. C: GFAP-positive cells were more numerous in ibote-
nate-treated mice compared with sham animals, but their numbers did not
differ significantly between ibotenate-treated strains and survival time. D:
The total area of thalamic microcalcification was higher in OPN-KO than in
wild-type mice and increased further over time.

cantly attenuated in OPN-KO mice, in particular at “early”
investigation stages. These findings are basically in line
with a recent study that found an unaltered infarct
development at the primary injury site between
OPN-KO and wild-type mice,"” and with another study
that detected lowered mRNA levels of inflammatory
proteins in OPN-KO mice after spinal contusion.'® Our
data suggest that the attenuation of the inflammatory
process caused by the lack of OPN may delay the neu-
rodegenerative process after an excitotoxic lesion, but
has ultimately no beneficial effect on neuronal survival.
This may, at least partly, be explained by the reduced
abundance of activated astrocytes in OPN-KO mice as
observed in this study and points to a relevant role of
OPN in the organization of the glial scare and in prevent-
ing the organism from further damage through inade-
quate glial response.

Thus, the function of OPN at the primary lesion site may
more focus on its inflammation-modulating properties,
contrary to a possibly more protective role as an intracel-
lular actor at distant lesion sites (see below).

In agreement with our previous study,®' we found mi-
crocalcification at the primary lesion site. At this location,
where neurons survive only for a short time (which, how-
ever, may be sufficient for the nucleation of crystals),
number of calcified deposits did not differ between the
OPN-KO and the wild-type strain. Thus, OPN may not
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inhibit crystal nucleation relevantly or may be up-regu-
lated too late after the excitotoxic insult to exert this
function—in fact, a potent inhibitory effect of hydroxyap-
atite formation by OPN phosphopeptides has been dem-
onstrated.?® Rather, OPN may modulate the subsequent
formation of crystals in damaged (but primarily surviving)
neurons.?* We provide indirect evidence for this hypoth-
esis by showing that i) Alizarin Red S-stained deposits at
early stages remind of neurons (Figure 2E), ii) OPN is
diffusely distributed in neuron-like structures (Figure 2, H
and |), iii) OPN-KO mice have more type 3 deposits at all
time points investigated, indicating an increased min-
eralization of crystal aggregates in OPN-KO mice, and
iv) deposits of OPN-KO mice have a flat and smooth surface
topography without obvious differences between four
and ten weeks postinsult survival time (indicating little
mineral-matrix interaction), in contrast to the surface
structure of corticostriatal crystals of wild-type mice,
which change obviously between four and ten weeks
postlesion time, and exert signs of active regulation (in
our model reflected by Alizarin Red S-stained deposits
with halo, Figure 2). Using a transgenic mouse model
with selective neuronal expression of the calcium-binding
protein parvalbumin we recently demonstrated that neu-
rons are in fact hosts for crystal nucleation and are there-
fore crucially involved in ectopic microcalcification.®’ The
rough and “bulby” surface with interconnecting bridges
observed in deposits of wild-type mice with longer sur-
vival may be best explained by the known region-specific
organization of the organic matrix network on crystallo-
graphic faces.®” Taken together, these data make it im-
probable that crystal nucleation in the brain occurs
(mainly) extracellularly. We hypothesize that, if the intra-
neuronal growth process of the crystal cannot be ade-
quately modulated/inhibited (eg, by direct adsorption of
intraneuronal OPN to the surface of the deposit, but also
by other regulatory factors), the deposit will reach a di-
mension that interferes with cellular integrity, followed by
neuronal degeneration, and consecutively by the extra-
cellular location of the crystal. At this stage, the crystal
surface topography will be modified by an organic matrix
network, which consists of procalcific and anticalcific
regulatory factors, now including phagocytes.?*2538 De-
pendent on the balance between these factors, the crys-
tal will then either be removed, growth will be inhibited, or
the crystal will further grow. An incomplete removal will
finally result in an (almost) inactive stage of the dystro-
phic calcification process (in our model reflected by Al-
izarin Red S-stained deposits without a halo, Figure 2F).

At the secondary lesion site, the thalamus, antero-
grade “Wallerian” degeneration of axons and their termi-
nals from neuronal perikarya situated in the primary le-
sion area is an inherent necessity. However, in addition,
there was a massive loss of neuronal perikarya in the
thalamus, which cannot be explained by a direct expo-
sure to the excitotoxin. Rather, retrograde and/or antero-
grade transneuronal degeneration®® was abundant. This
was more prominent in OPN-KO mice two weeks after
lesioning and continued in this strain over the ten weeks
observation period. Glial reaction to this secondary neu-
rodegeneration was mild—the relative microglial cell
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numbers were up to threefold increased (Figure 7B),
compared with a two- to sixfold increase at the primary
lesion site (Figure 3B)—and did not differ between the
strains (ie, the ongoing secondary degeneration in
OPN-KO mice was not accompanied by an increased
glial reaction), suggesting that the inflammation-modulat-
ing properties of OPN may not be critical for this process.
However, with the stereological approach used in this
study we cannot definitely exclude that microglial cell
numbers were higher than in wild-type mice: KO mice
often showed necrotic areas in the thalamus, which were
always free of microglia (see also Figure 4, ibal staining,
asterisks). In addition, to omit selection bias, we counted
cells in the whole thalamus and not in subnuclei (eg,
the ventrolateral thalamus) because the boundaries of
the subnuclei are not clear-cut. This may partly explain the
different outcomes between this study and a recent pub-
lication.' Nevertheless, the lack of a significant differ-
ence between groups of 12 mice, and the unbiased and
three-dimensional approach of quantifying cells argue, at
least, for further relevant mechanisms involved in sec-
ondary neurodegeneration, and ectopic calcification.

The distant thalamic degenerative area exhibited a
massive and progressive ectopic calcification process
over ten weeks observation period in parallel with the
ongoing secondary neurodegeneration. In addition, dense
thalamic calcium deposits occurred in eight of 12 sham-
treated OPN-KO animals with two or more weeks survival
time, but in no sham-treated wild-type animals. These
findings argue for a massively reduced capacity of this
genetically altered system to counteract the nucleation
and subsequent formation of calcium aggregates.

Assuming that neurons are the (primary) source for
calcium deposits®'3649 (see also above) it is reasonable
to suggest that neurons that have intracellular nucleation
of calcium aggregates may express OPN to keep crystal
size to a minimum and finally to dissolve these aggre-
gates by the physical presence and activity of OPN.
Similar to the findings in the corticostriatal lesion, we
found neuron-shaped structures in the affected thalamus,
which stained diffusely for OPN, indicating intraneuronal
OPN abundance, but also small-dotted OPN immunore-
activity in and outside of microglial cells (supplemental
Video at http.//ajp.amjpathol.org). At a light microscopic
level, OPN was abundant where misty Alizarin Red S
staining was observable, and formation of concrete de-
posits was rare (Figure 4, osteopontin, and Figure 5,
K-M). We therefore hypothesize that OPN inhibits nucle-
ation as well as subsequent formation of mineral deposits
not only in peripheral tissues®®*" or in in vitro models, %42
but also in vivo in the central nervous system. However,
this needs to be proven in subsequent studies.

It also remains to be proven whether the inflammatory
response in the thalamic area is (not) crucially involved in
this calcification process. The dramatic difference of tha-
lamic mineralization between OPN-KO and wild-type
mice without significant differences in microglial cell
numbers, and the relatively mild inflammation in the thal-
amus compared with the primary lesion site (where, vice
versa, no significant quantitative differences in microcal-
cification could be observed) point to a minor role of

these cells in the microcalcification process at the sec-
ondary lesion site. This is in line with previous studies
demonstrating a relevant inhibitory role of endogenously
produced OPN on parenchymal cell calcification, which
occurs in the absence of inflammatory cells.*? However,
the occurrence of thalamic calcium deposits in three of
our wild-type animals after four weeks survival time but
only in one after ten weeks survival time, and the positive
correlation of microcalcification and microglial abun-
dance in the thalamus of wild-type mice (but not OPN-KO
mice) argue for an involvement of inflammation and
phagocytosis at least in the subsequent formation and
removal of crystals.

In conclusion, with these results we provide evidence
that the lack of OPN induces co-occurring progressive
secondary neurodegeneration and microcalcification.
Extracellular functions of OPN like modulation of inflam-
mation may not be primarily involved.
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