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Abstract

Axonal damage is a major factor contributing to disease progression in multiple sclerosis (MS) patients. On the histological level,
acute axonal injury is most frequently analyzed by anti-amyloid precursor protein immunohistochemistry. To what extent this
method truly detects axonal injury, and whether other proteins and organelles are as well subjected to axonal transport deficits in
demyelinated tissues is not known. The aim of this study was to correlate ultrastructural morphology with the immunohisto-
chemical appearance of acute axonal injury in a model of toxin-induced oligodendrocyte degeneration. C57BL/6J mice were
intoxicated with 0.25% cuprizone to induce demyelination. The corpus callosum was investigated by serial block-face scanning
electron microscopy (i.e., 3D EM), immunohistochemistry, and immunofluorescence microscopy. Brain tissues of progressive
MS patients were included to test the relevance of our findings in mice for MS. Volumes of axonal swellings, determined by 3D
EM, were comparable to volumes of axonal spheroids, determined by anti-APP immunofluorescence stains. Axonal swellings
were present at myelinated and non-myelinated axonal internodes. Densities of amyloid precursor protein (APP)* spheroids were
highest during active demyelination. Besides APP, vesicular glutamate transporter 1 and mitochondrial proteins accumulated at
sites of axonal spheroids. Such accumulations were found as well in lesions of progressive MS patients. In this correlative
ultrastructural-immunohistochemical study, we provide strong evidence that breakdown of the axonal transport machinery results
in focal accumulations of mitochondria and different synaptic proteins. We provide new marker proteins to visualize acute axonal
injury, which helps to further understand the complex nature of axonal damage in progressive MS.

Keywords Cuprizone - Axonal damage - APP - VGLUT1 - Mitochondria

Introduction

There is broad consensus that multiple sclerosis (MS) repre-
sents more than a purely inflammatory demyelinating disease.
Most patients initially show with a relapsing-remitting (RR)
course, which is usually followed by a secondary progressive
phase [1]. These clinical phenotypes are thought to be
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associated with different underlying pathologies. While in-
flammatory lesions in the white matter are believed to be
associated with the relapses during the RR disease stage, neu-
ronal loss and axonal damage are widely considered to under-
lay the disease progression [2, 3]. Morphological changes of
injured axons include focal axonal swellings, which are asso-
ciated with impaired axonal transport of proteins and organ-
elles. This impaired axonal transport machinery can be visu-
alized by immunohistochemistry for accumulated proteins
that are synthesized in the cell body and transported along
the axon to their synaptic destination [4—7]. The most com-
monly used immunohistochemical marker to visualize axonal
transport deficits is amyloid precursor protein (APP) [7]. APP
is an integral glycoprotein type 1, which is transported to the
axonal terminal via anterograde axonal transport [8]. There,
APP is considered to regulate synaptic activity and stability
[9, 10]. In case of a disturbed axonal transport machinery, APP
accumulates at the side of axon injury and can then be visu-
alized by immunohistochemistry as spheroids [11, 12].
Focal accumulation of APP is observed in MS lesions and
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correlates with densities of macrophages and CD8* T lympho-
cytes within lesions [13, 14]. The accumulation of APP*
spheroids has also been observed in animal models of MS,
including the cuprizone model [15].

The cuprizone model is a model of toxic demyelination. Oral
administration of cuprizone induces degeneration of oligoden-
drocytes, which is closely followed by microglia and astrocyte
activation that ultimately leads to demyelination [16, 17]. After
5-6 weeks of cuprizone intoxication, the corpus callosum is
almost completely demyelinated, a process called “acute
demyelination.” In contrast, prolonged cuprizone intoxication
(> 12 weeks) leads to an impairment of oligodendrocyte regen-
eration and insufficient remyelination, termed “chronic
demyelination” [18, 19]. Like in other preclinical MS animal
models, in the cuprizone model, the number of APP* spheroids
correlates to the extent of inflammatory lesion activity [20].

For the maintenance of neuronal health and function, ve-
sicular transport is vital [21, 22]. Vesicular glutamate trans-
porters (VGLUTs) and the vesicular gamma-aminobutyric ac-
id (GABA) transporter (VGAT) are specifically expressed in
cell bodies and axon terminals of excitatory glutamatergic or
inhibitory GABAergic and glycinergic neurons, respectively.
They are transported from the cell body to nerve terminals via
anterograde axonal transport. Then, they selectively move
glutamate or GABA/glycine from the cytoplasm into synaptic
vesicles and contribute via this mechanism to the maintenance
of cell homeostasis [23, 24]. VGLUT!1 is principally associat-
ed with excitatory cortico-cortical projections [25], while
VGAT is expressed by inhibitory neurons [24].

Balanced mitochondrial transport is important for the
maintenance of axonal health. Most mitochondria are gen-
erated in the cell body and are transported along the mi-
crotubular network by microtubule-based motor proteins
to areas with high energy demands. Once an axon loses its
myelin sheath (i.e., demyelination), the demand for ener-
gy increases [26] with subsequent changes in activity and
density of mitochondria in demyelinated areas [27, 28].
Increased mitochondrial density is important for axon re-
generation [28]; however, there is accumulating evidence
that focal accumulation of axonal mitochondria may as
well contribute to axonal degeneration [29].

The aim of this study was to correlate ultrastructural
morphology with the immunohistochemical presentation
of acute axonal injury in a model of toxin-induced oligo-
dendrocyte degeneration.

Materials and Methods
Animals and Induction of Demyelination

C57BL/6J mice (Janvier Labs, Le Genest-Saint-Isle, France)
and hGFAP/EGFP transgenic mice [30] were kept under

standard laboratory conditions according to the Federation of
European Laboratory Animal Science Association’s recom-
mendations. All experimental procedures were approved by
the Review Board for the Care of Animal Subjects of the
district government (Upper Bavaria, Germany, 55.2-1-54-
2532-73-15) and were performed according to international
guidelines on the use of laboratory mice. Demyelination was
induced by feeding male mice (19-21 g) with ground standard
rodent chow containing 0.25% (w/w) cuprizone (bis-cyclo-
hexanone oxaldihydrazone, Sigma-Aldrich Inc.). Cuprizone
treatment was maintained for 1, 3, 5, or 12 weeks. Control
mice were fed standard rodent chow.

MS Tissue

Autopsy samples of human brain material were obtained
from the Netherlands Brain Bank and with the ethical ap-
proval of the VU University Medical Ethical Committee
(Amsterdam, The Netherlands). Paraffin-embedded post-
mortem brain tissues were obtained through a rapid autop-
sy protocol from clinically and neuropathologically vali-
dated patients [31]. Studies were performed on postmortem
human brain tissue from 4 MS cases (3 female, 1 male; 3
patients with SPMS, 1 patient with primary progressive
MS). The ages of the patients ranged from 49 to 77 years.
All patients had given written informed consent for autop-
sy and use of brain tissues for research purposes.

Immunohistochemistry (IHC)
and Immunofluorescence

Mice were transcardially perfused with 3.7% paraformal-
dehyde in phosphate-buffered saline (PBS; pH 7.4). After
overnight postfixation in the same fixative, brains were
dissected, embedded in paraffin, and cut into 5-pum-thick
coronal or sagittal sections. Some brains were
cryoprotected in sucrose, and thereafter quickly frozen.
The frozen brains were cut into 40-pum-thick coronal
cryo-sections.

For immunohistochemistry, paraffin sections were
deparaffinized, rehydrated, if necessary heat-unmasked in either
citrate (pH 6.0) or Tris/EDTA-buffer (pH 9.0), and blocked with
PBS containing 5% normal serum or a mixture of 2% normal
serum, 0.1% cold water fish skin gelatin, 1% bovine serum
albumin, and 0.05% Tween-20. Thereafter, slides were incu-
bated overnight at4 °C with the primary antibodies diluted in
blocking solution. The following primary antibodies were
used for mouse tissues: anti-myelin proteolipid protein
(PLP; 1:5000, Bio-Rad; RRID:AB_2237198), anti-ionized
calcium-binding adaptor molecule 1 (IBA1; 1:5000, Wako;
RRID:AB_2665520), anti-glial fibrillary acidic protein
(GFAP; 1:5000, Abcam; RRID:AB_304558), anti-amyloid
precursor protein (APP; 1:5000; Merck Millipore;
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RRID:AB_94882), anti-voltage-dependent anion-selective
channel 1 (VDAC-1; 1:8000, Abcam; RRID:AB_443084),
anti-cytochrome c oxidase subunit4 (COX4; 1:500, Abcam;
RRID:AB 445559), anti-vesicular glutamate transporter 1
(VGLUT]1 1:2000; Abcam; RRID:AB_10710315), and
anti-vesicular GABA amino acid transporter (VGAT;
1:1000, Thermo Fisher Scientific; RRID:AB_2637258).
Sections were subsequently incubated with biotinylated sec-
ondary antibodies for 1 h at room temperature, followed by
peroxidase-coupled avidin-biotin-complex (ABC kit;
Vector Laboratories). The antigen-antibody conjugate was
then visualized with 3,3’-diaminobenzidine (DAB;
DAKO). Sections were counterstained with standard hema-
toxylin to visualize cell nuclei, if appropriate.

For immunofluorescence staining, slides were incubated
with the following primary antibodies: anti-APP (1:5000),
anti-VGLUT1 (1:2000), anti-adenomatous polyposis coli
(APC, 1:200, Merck Millipore; RRID:AB_2057371), anti-
IBA1 (1:2000), or anti-GFAP (1:5000) overnight at 4 °C.
Sections were subsequently incubated with appropriate sec-
ondary antibodies (Alexa Fluor 488 or Alexa Fluor 594,
1:500, Invitrogen) for 2 h at room temperature and counter-
stained with 4’,6-diamidino-2-phenylindole (DAPI). Frozen
sections were stained free-floating (APP; 1:200).

To visualize myelin and inflammatory infiltrates in human
tissues, anti-PLP (1:5000) and anti-major histocompatibility
complex class II (MHC-IT (LN3); 1:1500, Thermo Fisher
Scientific; RRID:AB_10979984) antibodies were used.
Axonal damage was detected by anti-APP (1:100), anti-
VGLUT1 (1:2000) and anti-COX4 (1:500) antibodies.
Antigen-primary antibody conjugates were visualized using
horseradish peroxidase-labeled linked polymer secondary an-
tibodies (EnVision, Dako) and DAB as a peroxidase substrate.
For immunofluorescence staining, human tissues were incu-
bated with the following primary antibodies: anti-APP (1:50)
and anti-VGLUT1 (1:500) overnight at room temperature.
Sections were subsequently incubated with appropriate sec-
ondary antibodies (Alexa Fluor 488 or Alexa Fluor 594,
1:500, Invitrogen) for 2 h at room temperature and counter-
stained with DAPL

Serial Block-Face Scanning Electron Microscopy

Myelinated and partially demyelinated (i.e., 3 weeks
cuprizone intoxication) corporacallosa (CC) tissues were ana-
lyzed by serial block-face scanning electron microscopy (i.e.,
3D EM). To this end, mice were perfused with 2.5% (wt/vol)
glutaraldehyde and 3.7% paraformaldehyde, and tissue blocks
containing the CC were removed, stained with heavy metals,
and embedded in resin as previously described (Ohno et al.
2014). 3D EM was performed by using a SigmaVP scanning
electron microscope (Carl Zeiss) equipped with a 3View in-
chamber ultramicrotome system (Gatan, Pleasanton, CA,
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USA). Serial image sequences were generated at 80 nm steps,
providing image stacks > 10-um deep and 48-um x 48-pm
wide at a resolution of 5-10 nm per pixel. Images were proc-
essed with the software Reconstruct (BU, Boston, MA, USA)
and BioVis3D (Montevideo, Uruguay). 3D EM was per-
formed by Renovo Neural, Inc. (Cleveland, OH, USA).

Evaluation of Histological Parameters

A group of 3-8 animals was evaluated at each time point. The
medial CC including the cingulum bundle (CB) was analyzed at
the level R265 according to the online mouse brain atlas pub-
lished by Sidman et al. (http://www.hms.harvard.edu/research/
brain/atlas.html). Stained sections were analyzed using either a
Nikon Eclipse 50i or an Olympus BX50 microscope. To
determine levels of myelination, microgliosis, and astrocytosis
in the region of interest (ROI), staining intensity was quantified
using ImagelJ (version 1.47v, NIH, Bethesda, MD, USA) as
described previously [32, 33]. Staining intensities are given as
percentage area of the entire ROI after binary conversion of the
digital image. For quantification of APP*, VGLUTI1", COX4",
and VDACI1" spheroid densities, particle densities of two
consecutive sections per mouse were evaluated, averaged, and
given as numbers of spheroids per mm?. Spheroids were only
counted if not localized around a cell nucleus. Additionally, the
diameters of VGLUT1* and COX4" spheroids were measured
using ImageJ after image calibration. For quantification of APP/
VGLUT1 and APP/COX4 single and double positive spheroids,
stained brain sections were digitalized, the CC outlined, and
spheroids counted in a blinded approach using Stereo
Investigator software (version 11, MBF Bioscience, Williston,
VT, USA). Volume analysis of spheroids was done using 3D EM
and confocal fluorescence image stacks. For fluorescence image
stacks, serial image sequences from thick sections were generat-
ed at 200 nm steps using an Olympus BX51-Wi fluorescence
microscope station and Stereo Investigator software. Images
were processed and volumes of APP* spheroids (n=90) were
automatically measured with Neurolucida360 (version 2017.01.
2, MBF Bioscience, Williston, VT, USA) and Neurolucida
Explorer software (version 2017, MBF Bioscience). In 3D EM
image stacks, the areas of axonal swellings (n =20) were mea-
sured using ImageJ and the volume was calculated using the
formula: total area x cutting thickness (= 80 nm). To compare
the volumes of the two methods, the volume of cell nuclei was
used as normalization value. The volume of cell nuclei was
measured using Neurolucida360/Neurolucida Explorer (n=
268) and Image] (n = 14), respectively.

MS brain lesions were characterized by anti-MHC-II
(LN3) and anti-PLP immunostainings as published previously
[34]. To exclude autofluorescence of APP*/VGLUT1™ spher-
oids in MS lesions, double stained APP/VGLUTT] slides were
compared with consecutive slides stained for APP only.
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Statistical Analyses

All data are given as arithmetic means + standard error of the
mean (SEM). Differences between groups were statistically
tested using GraphPad Prism 5 (version 5.04, GraphPad
Software Inc., La Jolla, CA, USA). In all cases, the
Kolmogorov-Smirnov test was applied to test for normal dis-
tribution. To compare two groups, the Mann-Whitney U test
was used for non-parametric data. To compare more than two
groups, data were analyzed by one-way or two-way analysis
of variance (ANOVA) followed by Bonferroni or Dunnett’s s
multiple comparison post hoc test. For analysis of non-
parametric data the Kruskal-Wallis-test followed by Dunn’s
post hoc test was used. p values <0.05 were considered to be
statistically significant and are indicated by asterisks or
hashtags (*#p < 0.05; **##p < 0.01; ***#Hip < 0.001).

Results

Demyelination and Glial Activation
During Cuprizone-Induced Demyelination

We first investigated the myelination status and glial activa-
tion during the course of cuprizone-induced demyelination
(Fig. 1). Densitometrical analysis of anti-PLP immunoreactiv-
ity revealed normal myelin in the middle part of the CC and
the CB of control mice. Severe demyelination of the CC, but
not of the CB, was present after 5 weeks (acute demyelination)
and 12 weeks (chronic demyelination) of cuprizone treatment
(Fig. la—c, j). After acute demyelination, there was extensive
infiltration of IBA1" microglia and GFAP* astrocytes that
altered tissue morphology and increased the CC area. On the
morphological level, microglia had retracted processes and
enlarged cell bodies. Astrocytes, as well, showed enlarged cell
bodies and disorganized process distribution. Notably, after
chronic demyelination, IBA1 immunoreactivity was attenuat-
ed while severe astrocytosis was still present (Fig. 1d—i, k, 1).

Ultrastructural Axonal Swellings Have a Similar
Volume as Immunohistochemical Spheroids

It was shown that the magnitude of impaired axonal transport
of proteins and organelles correlates with the extent of inflam-
matory demyelination [6, 7]. This impaired axonal transport is
usually detected by immunohistochemistry against APP. In
line with previous results [15, 20], APP" spheroids were vir-
tually absent in the CC of control animals (1.8+1.3 APP*
spheroids/mm?; Fig. 2a), while profound accumulation of
APP (454.3+43.4 APP* spheroids/mm?; p <0.001 vs con-
trol) was detected after acute demyelination (5 weeks
cuprizone) (Fig. 2b). APP* spheroids were still observable at

week 12 (Fig. 2¢), albeit to a lower extent (78.5 = 14.5 APP*
spheroids/mm?; p < 0.001 vs control; p <0.01 vs 5 weeks).

To further characterize axonal spheroids on the ultrastructur-
al level, we performed 3D EM of the CC at week 3 and com-
pared the ultrastructure with CC tissues isolated from control
mice. Ultrastructural analysis revealed normal-shaped axons
with intact myelin sheaths in control mice (Fig. 2d). In 3 weeks
cuprizone-treated mice, axons were partly demyelinated and
axonal swellings could be readily identified (Fig. 2e, f).
Interestingly, we found axonal swellings affecting myelinated
and demyelinated axonal internodes (Supplementary Fig.1).

Although it seems reasonable that the axonal swellings
observed on the ultrastructural level represent APP* spheroids
observed by immunofluorescence staining, this aspect was
never proven experimentally. During tissue embedding, the
true volumes of cells and cellular processes can change. To
directly compare axonal swellings on the ultrastructural and
histological level, first, the cell nuclei were reconstructed from
confocal immunfluorescence and EM images and the volume
of cell nuclei was measured (Fig. 2g, h). The volume of cell
nuclei was larger in 3D EM images compared to cell nuclei in
confocal immunfluorescence images (Fig. 2i), which could be
due to tissue shrinkage or swelling. To correct for these arti-
facts in the subsequent analysis, the mean volume of cell nu-
clei of fluorescence images was divided by the mean volume
of cell nuclei obtained from EM images, which resulted in a
“normalization value” of 0.65. Second, the volume of axonal
swellings was measured in consecutive EM images, and com-
pared to the volume of axonal spheroids measured in free-
floating brain sections processed for anti-APP immunofluo-
rescence (Fig. 2j, k). To correct for tissue artifacts, values of
ultrastructural axonal swellings (3D EM) were multiplied by
the normalization value. As demonstrated in Fig. 21, mean
volumes of ultrastructural axonal swellings (26.79 pum?® +
7.20 um?) did not significantly differ from mean volumes of
APP* spheroids (31.32 pm?® +2.43 pum?) after correcting for
tissue shrinkage or swelling artifacts.

Vesicular and Mitochondrial Proteins Accumulate
as Spheroids

At higher resolution, it was evident that axonal swellings
contained large numbers of two distinct densely packed
structures, namely, (i) synaptic vesicles and (ii) mitochon-
dria (Fig. 2f). Next, we wanted to analyze whether mitochon-
dria, trapped in axonal swellings, can as well be visualized
by immunohistochemistry. Furthermore, we asked whether
synaptic vesicles, as observed by 3D EM, contain other syn-
aptic proteins than APP. First, slides were processed for anti-
VGLUT1 immunohistochemistry because the vast majority
of cortical neurons are excitatory ones and release the excit-
atory transmitter glutamate. In the gray matter (i.e., cortex)
of control and cuprizone-treated mice, VGLUT1 was

@ Springer



3988

Mol Neurobiol (2019) 56:3984-3998

<
2

a
<

PLP [area %]
IBA1 [area %]

»N
o
1
»
T

=
{

ke

a
<

GFAP [area %]

N
o
1

= =l

o= [

T
control

con’trol 1w|eek 3wéeks 5wt|eeks 12 w'eeks

1 w'eek 3 wéeks 5 wéeks 12 wleeks

o

con'trol 1 wleek 3 wéeks 5wéeks 12 w'eeks

cuprizone

Fig. T Immunohistochemical analysis of myelin and glial activation
during cuprizone intoxication. Representative sections illustrate
immunohistochemical staining for PLP, IBA1, and GFAP in the midline
of the corpus callosum (CC) including the cingulum bundle (CB) of
controls (a, d, g) and after acute (b, e, h) and chronic demyelination (c,

present around neuronal cell bodies what appeared to be
excitatory boutons. As one would expect, VGLUT1" signals
appeared as small granular spots (Fig. 3a), indicating speci-
ficity of the applied antibody. In the white matter (i.e., CC
and CB) of control animals, VGLUT1 was virtually absent
(Fig. 3a, d). During cuprizone-induced demyelination, the
densities of VGLUT1" spheroids gradually increased until
week 5 (Fig. 3b, d). At week 12, the density of VGLUT1*
spheroids was slightly lower compared to week 5, but the
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f, i). Densitometric analysis of anti-PLP (j), anti-IBA1 (k), and anti-GFAP
(1) stained sections. Four to five animals per group; one independent
experiment. Significant differences are indicated by asterisks (vs
controls) and hashtags (vs preceding time point) (¥*#p <0.5;
*HHp < 0.01; ***##Hp < 0.001). Scale bar =200 pm

diameter of individual VGLUT1" spheroids was significant-
ly larger (Fig. 3c—e).

The majority of axons in the CC are glutamatergic.
However, there is rising evidence about inhibitory fibers,
connecting the two hemispheres [35]. We next examined
whether synaptic vesicles, synthesized by inhibitory neurons,
as well accumulate in the demyelinated CC. The gray matter
of control and cuprizone-treated animals displayed a fine
granular VGAT™ staining, whereas the white matter of the
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CC was virtually devoid of any VGAT" signal (Fig. 3f). Of
note, VGAT did not accumulate as spheroids during
cuprizone-induced demyelination (Fig. 3g, h).

Since we observed accumulation of mitochondria in axonal
swellings on the ultrastructural level, we next looked for the
localization of mitochondrial proteins by immunohistochemistry.
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<« Fig. 2 Immunohistochemical and ultrastructural analysis of axonal

damage. Representative sections illustrate immunohistochemical
staining for amyloid precursor protein (APP) in the midline of the
corpus callosum in controls (a), after acute (b) and chronic (¢)
demyelination. Three-dimensional (3D) reconstructions of 3D electron
microscopy (EM) images of the CC of control (d) and 3 weeks
cuprizone-treated animals (e). The EM image shows a focal axonal
swelling filled with mitochondria and synaptic vesicles in the CC of
cuprizone-fed mice (f). Cell nuclei in EM images were reconstructed by
tracing their outlines using ImagelJ (g). Cell nuclei in APP-
immunfluorescence (IF) images were reconstructed using
Neurolucida360 (h). Volume of cell nuclei in EM and APP-IF images
(i). Representative image and reconstruction of an APP* spheroid (j, k).
Spheroid volume of 3D EM and APP-IF images after correction of tissue
shrinkage or swelling artifacts (I). Four animals per group; one
independent experiment. Statistically significant differences are
indicated by asterisks (***###p < 0.001). Scale bar =100 pm (a—c)
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COX4 is located in the inner mitochondrial membrane, while
VDACI, also known as mitochondrial porin, is a channel of the
outer mitochondrial membrane, respectively. Both were strongly
expressed in the gray matter of control animals. VDACI and
COX4 signals appeared as fine granular spots within the
neuropil, along with a stronger cytoplasmic staining (Fig. 4a,
d). In contrast, the white matter was virtually devoid of
VDACI" and COX4" signals (Fig. 4a, d), at least at the applied
antibody concentrations. During demyelination, VDAC1* and
COX4™ spheroids densities increased till week 5 (Fig. 4b, e, g,
h). Such relatively big VDAC1* and COX4* spheroids were not
in a spatial relation to cell nuclei. Of note, at week 5, we observed
as well high densities of small COX4* and VDAC1* dots, which
were frequently found in close proximity to a nucleus. These
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Fig. 3 Immunohistochemical analysis of vesicular proteins.
Representative sections illustrate immunohistochemical staining for
VGLUTT1 in the cortex (Cx) and corpus callosum (CC) of control animals
(a), after acute (b) and chronic demyelination (c). Insets show higher
magnification of VGLUT1 in the Cx and the CC. Quantification of
VGLUT1" spheroids during cuprizone-induced demyelination (d).
Spheroid diameter after acute and chronic demyelination (e).
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Representative images show VGAT immunohistochemistry in controls
(f) and coronal and sagittal sections of cuprizone-intoxicated mice (g,
h). Five to seven animals per group; two independent experiments.
Statistically significant differences are indicated by asterisks (vs
controls) and hashtags (vs preceding time point) (*#p <0.5;
*#kn < 0.001). Scale bar =200 um (a—c); 100 um (f, g)
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Fig. 4 Immunohistochemical analysis of mitochondrial proteins.
Representative sections illustrate immunohistochemical staining for
VDACI1 and COX4 in the corpus callosum (CC) of controls (a, d) and
during acute (b, e) and chronic demyelination (¢, f). Insets show higher
magnification of VDAC1 and COX4 in the cortex (Cx) and CC.
Quantification of VDACI* (g) and COX4" (h) spheroids after

small dots probably represent mitochondria in activated mi-
croglia and/or astrocytes. At week 12, densities of VDAC1™*
and COX4" spheroids were decreased, while the spheroid
size was increased compared to week 5 (Fig. 4c, f-i).
Beyond, the fine-grained, perinuclear staining pattern was
robustly reduced at week 12, further indicating that this fine
staining pattern reflects microglial mitochondria rather than
mitochondria within axonal spheroids.

Vesicular and Mitochondrial Spheroids Serve
as Marker for Axonal Damage

To verify VGLUT]I as a marker for axonal injury, we per-
formed co-localization studies for VGLUT1 and APP.
VGLUTI/APP double staining revealed co-localization of

cuprizone cuprizone

cuprizone-induced demyelination. COX4" spheroids increased in size
during cuprizone-induced demyelination (i). Five to nine animals per
group; two independent experiments. Statistically significant differences
are indicated by asterisks (vs controls) and hashtags (vs preceding time
point) (*#p < 0.5; **##p < 0.01; ***#Hp < 0.001). Scale bar =100 pm

VGLUTI1* and APP" spheroids after acute and chronic demy-
elination (Fig. 5a—f). Around one quarter of spheroids were
VGLUT1*/APP* after 5 weeks of cuprizone treatment,
shifting to one third of spheroids at the 12-week time point.
VGLUT!1 /APP" spheroids comprised the majority of spher-
oids at both time points, ranging from 64% (acute demyelin-
ation) to 49% (chronic demyelination), whereas just some
axonal spheroids were VGLUT]1 single positive (Fig.5g).

It has been suggested that VGLUT1 is expressed in
synaptic-like microvesicles of astrocytes [23, 36, 37]. We
were, thus, next interested whether VGLUT1 single positive
spheroids belong to the astrocyte population. To investigate
this, we first performed immunofluorescence double staining
experiments with anti-VGLUT1 and anti-GFAP antibodies.
As shown, VGLUT1 did not co-localize with GFAP* astro-

@ Springer



3992

Mol Neurobiol (2019) 56:3984-3998

5 weeks

12 weeks

[ 5 weeks
@ 12 weeks

I

— 801 *

£

£ 60

o

£ 407

Q.

»
Ll
oL ]

VGLUT1 APP
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localize in the corpus callosum during acute (a—c) and chronic
demyelination (d—f). Quantification of APP*, VGLUTI1", and APP*/
VGLUTI1" spheroids (g). VGLUTI1 does not co-localize with the
astrocytic marker GFAP (h), the microglial marker IBA1 (i), or the
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cytes in the CC (Fig. S5h). To further confirm this result, we
performed anti-VGLUT1 immunofluorescence staining in
hGFAP-EGFP-mice. These mice express GFAP not only
in proximal processes, but also in fine distal processes of
astrocytes [30]. In line with our results obtained by
fluorescence-double labeling, we did not find any co-
localization of VGLUT1 and GFAP in the CC (Fig. Sk—m).
Furthermore, VGLUT! did neither co-localize with IBA1™"
microglia nor APC* mature oligodendrocytes in the CC
(Fig. 51, j). In summary, this series of experiments suggests
that VGLUT1 accumulates in injured axons.

Next, we investigated whether co-localization of vesicles
and mitochondria, as evident on the ultrastructural level,
could also be observed by immunohistochemistry. Co-
localization of APP and COX4 was found in the CC after
acute and chronic demyelination (Fig. 6a—f). Comparable to
our results obtained by VGLUT1/APP double labeling,
COX4 /APP* spheroids were more numerous than
COX4*/APP" spheroids (Fig. 6g). Mitochondria are found
in the cytoplasm of almost all eukaryotic cells. In order to
confirm that COX4 single positive spheroids represent axo-
nal accumulations, immunofluorescence double stains for
COX4 and glia cell markers were performed. COX4™" spher-
oids did neither co-localize with GFAP* astrocytes,
IBA1*microglia, nor APC* mature oligodendrocytes (Fig.
6h—j). However, perinuclear COX4 signal was detected in
IBA1 positive microglia in the CC of cuprizone-treated an-
imals (Fig. 6i). This suggests that small COX4" spots rep-
resent mitochondria of glial cells, while structures without
nuclear staining represent axonal accumulations.

Finally, we compared the sensitivity of APP, VGLUT]I,
VDACI, and COX4 as markers for axonal injury during
acute and chronic demyelination. In acute lesions, numbers
of VGLUT1", VDACI1™", and COX4" spheroids were sig-
nificantly lower compared to APP* spheroids (Fig. 7a;
Table 1). After chronic demyelination, numbers of spher-
oids were similar for VGLUT1 and COX4, while numbers
of VDAC1" spheroids tended to be higher (Fig. 7b). These
data indicate that APP is, among the analyzed proteins, the
most sensitive marker for axonal transport disturbances
after acute demyelination, while this is not the case after
chronic demyelination.

Vesicular and Mitochondrial Proteins Accumulate
as Spheroids in MS Lesions

Chronic active lesions were demyelinated and hypocellular
with accumulations of macrophages/microglia at the lesion
border (Fig. 8a, b). To analyze whether acute axonal damage
is present in chronic active MS lesions, consecutive sections
were stained for APP. In affected white matter areas, numer-
ous APP* spheroids were found in the center and border of the
lesion (Fig. 8c). To verify whether lesions as well contain

VGLUTI1* and COX4" spheroids, we next performed im-
munohistochemistry for VGLUT1 and COX4. Both,
VGLUT1" and COX4™ spheroids were found in the affect-
ed white matter (Fig. 8d, e), while the normal appearing
white matter was virtually devoid of spheroids positive for
VGLUTI1 and COX4. As expected, perinuclear COX4*
staining was regularly seen in lesions and non-lesion areas.
Additionally, VGLUT1" glial-like structures could be ob-
served in lesions and the surrounding tissue (not shown).
To confirm that VGLUT1" spheroids resemble axonal
damage in human MS lesions, we performed co-
localization studies of VGLUT1 and APP. The vast major-
ity of spheroids were positive for APP, while just a minor
number of spheroids was VGLUT1*/APP* (Fig. 8f-h).

Discussion

Organelle and vesicle transport is vital for the maintenance of
axonal health, in which the distances between sites of organ-
elle biogenesis, function, and recycling or degradation can be
vast. To better understand the signature of axonal transport
deficits and damage, we selectively investigated vesicular
and mitochondrial transport deficits, and compared ultrastruc-
tural and histological morphologies.

We first determined the level of axonal damage in the
cuprizone model using anti-APP immunohistochemistry,
which is a standard method for detecting axonal transport
deficits and, hence, acute axonal injury [4, 13, 14, 38]. In
line with previous results, we observed accumulation of
APP after acute and chronic cuprizone-induced demyelin-
ation [15, 20]. Accumulations of APP have also been
observed in other MS animal models including experi-
mental autoimmune encephalomyelitis (EAE) and the
lysophosphatidylcholine-induced demyelination model
[15, 39]. Findings from EAE experiments suggest that
alterations in axonal transport is an early event and not
simply the consequence of disease progression [40].

To determine whether APP™ spheroids represent axonal
swellings observed on the ultrastructural level, we first com-
pared the volumes of axonal spheroids/swellings using two
different methods (i.e., confocal anti-APP immunofluores-
cence stains and 3D EM). For most studies exploring axonal
damage, either one or the other method was used [14, 27]. To
the best of our knowledge, this is the first study comparing
both methods site by site. Therefore, tissue of 3 weeks
cuprizone intoxication was used since intoxication with
cuprizone for 5 weeks results in severe demyelination and
tissue damage. After 3 weeks, the CC is only partly
demyelinated, the morphology is largely preserved, and axo-
nal swellings can be clearly identified. During tissue embed-
ding, the true volumes of cells and cellular processes can
change because of tissue shrinkage or swelling, respectively.
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To account for different extends of shrinkage or swelling arti-
facts in our differentially processed tissues (i.e., immunofluo-
rescence versus 3D EM), we first measured the volume of cell
nuclei in both approaches and thereby determined a
“normalization value.” Then, we quantified volumes of anti-
APP"* spheroids in free-floating sections and compared them
to volumes of axonal swellings quantified in 3D EM images.
As demonstrated in our studies, the mean spheroids volumes
were not different from mean axonal swelling volumes if we
accounted for tissue artifacts.

@ Springer

Perinuclear COX4 co-localizes with the microglial marker IBA1 (i). Five
animals per group; one independent experiment. Statistically significant
differences are indicated by asterisks (*p < 0.05, **p < 0.01). Scale bar =
10 pm

3D EM can be considered as gold standard method to
detect axonal damage in our days. Using this method,
whole axons can be tracked and reconstructed and any
anomaly including axonal swellings can be made visible
[27]. Furthermore, densely packed vesicles and mitochon-
dria can be demonstrated in axonal swellings. In line with
this, Ohno and colleagues showed in EM images axonal
swellings filled with densely packed membranous organ-
elles, including mitochondria [27]. Thus, the identification
and localization of ultrastructural changes using 3D EM



Mol Neurobiol (2019) 56:3984-3998

3995

(a)

20

o T

1
-20-
-40-

-60-

Spheroids [% of APP]

-80- I

-100

APP VGLUT1  VDACH COX4

5 weeks cuprizone

(b)

100

50

Spheroids [% of APP]

o[
1 =

APP VGLUT1  VDACT COX4

12 weeks cuprizone

Fig.7 Graphs show the ratio of VGLUT1*, VDAC1* or COX4* spheroids in relation to APP* spheroids during acute (a) and chronic (b) demyelination

provides valuable information. However, EM images pro-
vide no information about individual vesicles and their
contents. Immunohistochemistry is needed to characterize
the accumulated vesicles and organelles on the biochemi-
cal level. Thus, the combination of immunohistochemistry
and 3D EM provides a powerful tool to study the extent
and signature of acute axonal injury. By means of immu-
nohistochemistry, we could show that different vesicular
(APP and VGLUT1) as well as mitochondrial (VDACI
and COX4) proteins accumulate as axonal spheroids. In
line with accumulation of APP" spheroids, densities of
vesicular and mitochondrial spheroids was most intense
in areas of intense microgliosis. Previous studies report
organelle accumulations before obvious demyelination [7,
40]. This indicates a complex pathomechanism, which is
not simply a direct consequence of demyelination. Data
from previous studies suggest a strong correlation between
microglia/macrophages activation and axonal transport
deficits [7], which we could also observe in our study.
Interestingly, we observed high densities of small ve-
sicular and mitochondrial spheroids during acute demye-
lination, while we found less, but larger spheroids during
chronic demyelination. Increased spheroid diameters are
likely caused by the accumulation of more cargos at the
side of permanent axonal damage. Another explanation
would be that smaller axons are affected during acute
demyelination, while larger axons may be involved during
the chronic phase. Using in vivo imaging, it has been
shown that axonal transport deficits are reversible [41].
At the beginning, spheroids appear to be a temporary

event, not caused by destruction of the microtubules and
its components. It might be possible that cargos transient-
ly “lose” their connection to binding proteins and micro-
tubules under acute injury conditions and later find back
to their destination. Thus, it was proposed by Gudi and
colleagues that large spheroids represent permanent axo-
nal damage, while smaller spheroids might represent re-
versible transport deficits [7]. It would now be interesting
to systematically analyze the molecular composition of
large versus small axonal spheroids by, for example,
immunogold labeling experiments or, as performed in this
study, immunofluorescence.

Another important observation in this study is the ab-
sence of VGAT™ spheroids in the demyelinated CC. It has
been suggested that GABAergic as well as glutamatergic
neurons send their axons through the CC [35]. We were
initially surprised that damaged axons were not labeled
with VGAT. The fact that VGAT immunoreactivity is
found only in terminal regions in the cortex and not in
damaged axons may mean that (i) axons of inhibitory
neurons or the specific transport mechanism of VGAT"
vesicles are not affected or that (ii) relatively small num-
bers of vesicles filled with VGAT are transported along
the axons. Thus, the small amount of accumulated VGAT
might be beneath the immunohistochemical detection lim-
it. The latter seems more likely, since loss and damage of
GABAergic interneurons have been previously shown
[42—44]. In this study, we further showed not only vesic-
ular but also mitochondrial accumulations. Mitochondria
play a pivotal role in homeostasis and function of neurons

Table 1 Details of the statistical

analysis of spheroid counts during 5 weeks P (vs APP) 12 weeks p (vs APP) % of 5 weeks

active (5 weeks) and chronic (mean + SEM) (mean + SEM)

demyelination (12 weeks).

w3t < 0.001 APP/mm> 4543 £ 434 - 784 + 145 - 17.3
VGLUT I/mm? 1113 £20.5 ok 712+76 ns 64.0
VDAC1/mm? 2277 £12.5 wAE 119.6 + 18.7 ns 52.5
COX4/mm?> 1414 +£6.7 Hk 543 +£10.8 ns 38.4
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Fig. 8 Representative images show the extent of demyelination (PLP) (a)
and inflammation (LN3, MHC-II to visualize antigen-presenting cells)
(b) in a chronic active MS lesion. Representative images for APP* (c),

and increasing evidence suggests that dysfunction of ax-
onal mitochondria and mitochondrial transport are impli-
cated in degeneration of axons [45, 46]. Disturbed trans-
port and accumulation of mitochondria may cause local
energy depletion and changes in calcium buffering.
Furthermore, dysfunctional mitochondria may release re-
active oxygen species that lead to increased axon vulner-
ability [47]. Studies in EAE mice have described axonal
accumulation of COX4* mitochondria in correlation with
axonal degeneration [48]. Additionally, swellings of
axons and mitochondrial pathology was observed at the
side of focal axonal degeneration in EAE and active MS
lesions [41]. In the present study, we could also identify
COX4" accumulations at side of axonal damage.
Mitochondria are not only important for proper neuronal
functioning, but also for glial cells [49]. Here, we found
that small COX4™ dots appear in high numbers in activat-
ed microglia during acute demyelination. Thus, COX4
may serve not only as a marker for axonal damage, when
accumulated as spheroids, but might also represent glial
activation. Of note, careful examination of the tissues al-
low, based on nuclear co-localization, a distinction be-
tween mitochondria accumulating in glia cells versus mi-
tochondria accumulating in axonal spheroids.

@ Springer

VGLUT1" (d), and COX4" (e) spheroids in chronic active MS lesions.
Co-localization of APP and VGLUT1 (f-h). Scale bar =580 um (a, b);
10 um (c—e); 25 pm (f-h)

In summary, the current results demonstrate a vesicular
as well as mitochondrial accumulation at sites of acute
axonal injury, not only in the cuprizone model, but also
in MS lesions. We propose that the combination of 3D
EM and immunohistochemistry serves as a valuable tool
to study axonal damage in more detail and that specific
proteins, including VGLUT1 and COX4, could serve as
selective markers for axonal damage. Further studies, es-
pecially in autopsy material, are required to ascertain how
vesicular and mitochondrial accumulations vary in differ-
ent types of lesions and different clinical phenotypes. A
better understanding of axonal injury might thus contrib-
ute to the development of potential treatments which ame-
liorate or even reverse axonal pathology in MS.
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