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1. Introduction 

1.1 Multiple sclerosis  
 
Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous 

system (CNS) with profound demyelination and neurodegeneration that leads to 

long-term disability in most patients. It is estimated that more than 2.8 million 

people live with MS worldwide. In high prevalence countries, 1 in 300 people is 

diagnosed with the disease (1). MS predominantly affects individuals in their early 

adult life and shows a relatively high female-to-male ratio (~2–3:1) (2).  

 

Although MS can follow a heterogeneous clinical pattern over time (i.e., attacks, 

exacerbations, periods of clinical stability), three main clinical subtypes have 

been described (3). Initially, around 85% of patients show a biphasic course 

called relapsing-remitting multiple sclerosis (RRMS). This phase is characterized 

by acute neurological deterioration (relapses), followed by a partial or complete 

recovery and episodes of clinical stability (remission) (4). Symptoms may include 

sudden visual impairment, sensorimotor disability, pain and neurocognitive 

impairment, depending on the location of the inflammatory lesion. At later stages, 

progression of neurological disability with or without occasional relapses is 

observed in ~90% of patients initially diagnosed with RRMS (4). This distinct 

course is termed secondary-progressive multiple sclerosis (SPMS), in which 

minor remissions and plateaus can occur. A minority of ~10-15% of patients 

present with a nearly steady progression of neurological deterioration from onset, 

with or without minor fluctuations but no relapses. This clinical course is 

commonly referred to as primary-progressive multiple sclerosis (MS) (5).  

 

Despite tremendous research efforts, the ultimate cause of MS remains 

unknown. However, underlying genetic and environmental factors are becoming 

better understood (6). Various migration studies have shown that, at least to 

some extent, geographic factors contribute to the disease risk in early life (7–9). 

The likelihood of developing MS is positively correlated with increasing distance 

from the equator. In addition, a young age at migration is associated with the risk 

of the new environment, whereas migration after adolescence does not change 

the environmental risk. Other well-established environmental and lifestyle factors 
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that increase the risk of developing MS include smoking, EBV seropositivity, 

adolescent obesity, and low Vitamin D levels (6). Some of these factors interact 

with the human leukocyte antigen (HLA) complex, a region on human 

chromosome 6. This region contains ~200 genes that encode for proteins with 

crucial roles in the immune system. In particular, HLA class II is relevant for 

antigen binding and presentation to CD4+ TH-cells, while HLA class I is important 

for antigen presentation to CD8+ cytotoxic T-cells. The class II allele HLA-

DRB1*15:01, for example, is strongly associated with an increased risk of disease 

(OR ~3) (10). Taken together, genetic and environmental factors, in combination 

with potentially modifiable lifestyle factors, play an important but not exclusive 

role in the etiology of MS.  

 

Although the trigger(s) of the initial immune response remains unclear, yet two 

opposing hypotheses exist as to how this event might be initiated. First, the 

outside-in hypothesis states that the initial event takes place outside the CNS 

(e.g., in the event of a systemic infection) where extrinsic antigens trigger the 

activation of the immune system. Molecular mimicry, direct cross activity, and 

bystander activation have been proposed as mechanisms that could lead to the 

activation of autoreactive T-cells that eventually cross the blood-brain barrier 

(BBB) (11). Upon arrival in the previously unaffected CNS, the release of 

cytokines promotes inflammation, permeability of the BBB and recruitment of 

other immune cells, i.e., plasma cells and monocytes, to invade the CNS. To date, 

however, no immune response or antigen that is specific for MS has been found 

(12).  

 

Second and in contrast, the inside-out model proposes that intrinsic CNS events 

play a key role in the initiation process (13,14). According to this hypothesis, cyto-

degenerative events, particularly oligodendrocyte destruction or myelin 

pathology, lead to a release of highly autoantigenic CNS components into the 

periphery, triggering a predisposed immune system (15). In fact, oligodendrocyte 

destruction was found in autopsy tissues during early lesion development when 

T-cells are virtually absent (16). Many authors argue that there is no direct 

pathway between the CNS and the adaptive immune system, thus making this 

hypothesis unlikely. However, various pathways for antigen leakage have now 
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been described, e.g. drainage into deep cervical lymph nodes, direct involvement 

of antigen-presenting cells (APCs), and the hypothesis of antigen drainage via 

the cerebrospinal fluid, termed the glymphatic system (17–19). In addition, recent 

studies using animal models have shown that the degeneration of 

oligodendrocytes can drive immune cell recruitment into the CNS and 

subsequent lesion formation (20,21). Whatever the initial trigger, both pathways 

share common histopathological endpoints –demyelination, gliosis and acute 

neuroaxonal damage –, which lead to further recruitment of peripheral immune 

cells into the CNS.  

 

During an acute relapse, in particular, focal immune-mediated white matter 

demyelination but also edema formation lead to decreased neuronal integrity and 

axonal dysfunction (22,23). The immediate consequences of acute demyelination 

have been studied in detail. Damage to the myelin insulation layer results in 

complete or intermitted conduction blocks, as the main function of the myelin 

sheath is to facilitate the conduction of electrical impulses along the axons. For 

example, visual loss in typical opticus neuritis is caused by a conduction block 

(24). Initially, the CNS employs various mechanisms to cope with tissue damage. 

Thus, after demyelination, the axonal membrane undergoes several changes, 

such as re-distribution of sodium channels and remyelination (25–27). Such 

mechanisms allow some axons to recover and at least partially restore nerve 

conduction, thus contributing to relapse recovery (28). In a secondary process, 

neuroplasticity, i.e., the reorganization of cortical representations and long-term 

potentiation at the synaptic level, is thought to compensate for tissue damage 

(29,30). However, after a period of ~10-15 years, the compensatory capacity of 

the CNS is exceeded, and the accumulated residual damage becomes apparent 

through changes in clinical presentation and increasing neurological deficits. At 

this point, patients have entered the progressive stage.  
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1.2 Clinical and neuropathological features of progressive MS  
 

Profound focal inflammation and involvement of the peripheral immune system 

are currently thought to be the main drivers of the relapse-remitting phase. In 

contrast, different pathomechanisms are hypothesized to drive disease 

progression during the progressive disease states. This hypothesis is supported 

by several arguments.  

First, the clinical course undergoes remarkable changes after the switch from 

RRMS to SPMS. The frequency of clinically detectable relapses decreases 

significantly, indicating reduced activity of the adaptive immune system (see Fig. 

1) (31). In contrast to RRMS, SPMS is associated with a progressive, irreversible 

neurological decline and brain atrophy, independent of exacerbations and 

remissions. Neuroimaging studies that have examined these long-term effects in 

SPMS have shown only a modest correlation between the extend of early 

inflammation and brain or spinal cord atrophy (32,33). In addition, patients without 

disease activity during the first two years after diagnosis, and thus with little 

peripheral-driven inflammation, had no difference in long-term outcome 

compared to the overall cohort (34). Taken together, these findings suggest that 

there are additional pathomechanisms that are most apparent in later stages of 

MS (35).  

Second, currently available pharmacotherapeutics have shown tremendous 

efficacy in reducing relapses and neuroinflammation. However, despite their vast 

utility during the early phases of the disease, anti-inflammatory and 

immunomodulatory therapeutics are largely ineffective in the progressive stages 

(i.e., SPMS and PPMS) (36). Of note, one of the most widely used disease-

modifying therapies (DMTs), i.e., Interferon β, does not delay permanent 

disability, although it significantly reduces relapse activity (37). One explanation 

for the failure of DMTs during the progressive phase is that immune responses in 

the later phases may be confided to the CNS compartment. This could 

subsequently create a microenvironment that potentially supports brain resident 

immune cells, rendering DMTs ineffective (38). Remarkably, the sphingosine 1-

phosphate receptor modulator siponimod (Mayzent®) not only reduces 

inflammatory activity, but also interferes directly with brain cells, potentially 

reducing neurodegeneration and brain atrophy (39). In 2019, siponimod became 

the first drug to be approved for the treatment of SPMS (40).  
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Figure 1: Schematic illustration of the course of multiple sclerosis (MS). Inflammation occurs in 

the pre-symptomatic phase, but the threshold level for clinical symptoms is not reached. In cases 

where an MRI scan is performed, early white matter lesions may be seen, and the condition is 

termed radiological isolated syndrome (RIS). When a patient presents with the first neurological 

episode while not yet firmly meeting the McDonald criteria, the condition is defined as clinically 

isolated syndrome (CIS). CIS often, but not always, transitions into MS. The relapsing-remitting 

(RR) phase is associated with acute neurological deterioration, followed by partial or complete 
recovery. In secondary-progressive MS (SPMS), the contribution of the peripheral immune 

system diminishes while clinical disability worsens irreversibly. In the later stages of MS, whole 

brain atrophy is observed. To date, only two disease modifying therapies (DMTs) have been 

approved for progressive disease phases (i.e., Ocrelizumab and Siponimod). *Number of 

disease-modifying drugs = 14. Blue line: Clinical disability displayed as expanded disability status 

scale (EDSS). Black dotted line: clinical threshold. Gray dotted line: evolution of brain volume 

over time. Red dotted line: involvement of the peripheral immune system. Illustration based on 

(11). 

 

Third, on the histopathological level, actively demyelinating plaques become less 

prominent and the amount of infiltrating T-cells decreases during the progressive 

phase (41). Instead, studies that have carefully examined human brain tissue 

have found diffusely-abnormal white matter (DAWN) to harbor the characteristics 

of classic neurodegeneration. Interestingly, these areas showed no acute axonal 

pathology, blood-brain barrier leakage or reactive inflammation (42). In addition, 

regions of so called normal-appearing white matter (NAWM) and normal-

appearing gray matter (NAGM) have been discovered. They are termed “normal-

appearing” because they present normal on routine myelin stains, such as anti-

proteolipid protein (PLP). These regions, distant from focal areas of inflammation, 

show brain damage and axonal pathology with little peripheral immune cell 

involvement (43,44). Instead, histopathological characteristics include diffuse 

Inflammation / Demyelination Axonal damage / Neurodegeneration / Brain atrophy

Relapsing-remitting MS Secondary-progressive MS

Time

EDSSPre-symptomatic MS

Brain volume

Clinical threshold

Therapies available Anti-inflammatory / disease-modifying therapies*        Ocrelizumab (PPMS), Siponimod (SPMS) 

10 – 15 years 

RIS

CIS
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gliosis, microglial activation, and most notably, axonal loss (22,23,41). Thus, 

neurodegeneration could be driven, at least in part, by brain resident immune 

cells (45,46). 

 

In conclusion, it is believed that peripheral driven inflammation is not the primary 

driver for ongoing tissue injury and accumulating disability. Instead, different 

neurodegenerative pathomechanisms in white matter and gray matter are 

predominant events leading to neuroaxonal loss. These events could act together 

with ongoing inflammation. Neuroaxonal loss, i.e., neurodegeneration, is 

therefore widely believed to be the fundamental pathological substrate of clinical 

disability (14,22,43,47,48). However, the specific molecular mechanisms driving 

ongoing axonal damage and subsequent neurodegeneration are poorly 

understood and, thus, remain to be investigated in the future.  

 

1.3 The cuprizone animal model 
 
Various animal models (e.g., rats, mice and marmosets) are available to study 

CNS disease mechanisms. It is important to mention that a perfect animal model 

does not exist. With respect to MS, this is primarily due to the fact that MS is a 

purely human disease that does not occur in animals. Moreover, MS shows a 

highly heterogenetic course in terms of clinical and neuropathological aspects. 

Yet, animal models allow us to study certain aspects of the disease. For example, 

the experimental autoimmune encephalomyelitis (EAE) model is the most 

common model to study CNS inflammation and T cell-depended pathology and 

has greatly contributed to our knowledge of the relapsing-remitting phase (49). 

Many DMTs, e.g. natalizumab (Tysabri), were initially successfully tested in 

preclinical studies in the EAE model (50). However, the EAE model alone poorly 

reflects neurodegenerative features and therefore cannot be used to address the 

progressive phase.  

 

A widely used animal model that can provide insight into the mechanisms of 

neurodegeneration in MS is the cuprizone model. In this model, rodents are 

usually fed with normal chow and 0.25% cuprizone (Biscyclohexanone 

oxaldihydrazone), a selective cupper chelator that was first described by Gustav 
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Nilsson in 1950 (51). The animal model was introduced in the 1960s by William 

W. Carlton. He noticed that cuprizone administration leads to the formation of 

CNS lesions, microglial activation and development of hydrocephalus in rodents 

(52,53). Although the complex mechanisms have not been fully revealed, 

cuprizone is thought to alter the respiratory chain in mitochondria that require 

copper as a co-factor. Mitochondria of mature oligodendrocytes (OLs) are 

particularly vulnerable to metabolic impairment. As a consequence, cuprizone 

intoxication results in oxidative stress, profound loss of mature OLs, activation of 

microglia and astrocytes, and finally profound demyelination (54). Importantly, in 

contrast to EAE, T-cells play a non-dominant role in this model and 

neurodegeneration can be studied independently of peripheral immune system 

driven inflammation (55,56). In addition, BBB breakdown, which is a hallmark 

during acute lesion formation, is not or just minor present in the cuprizone model 

(57). A major feature of the cuprizone model is the highly reproducible 

demyelination of the white matter track corpus callosum (CC). Previously, it was 

assumed that predominantly the CC is affected. However, recent studies have 

demonstrated that other brain areas (internal capsule, the thalamus, 

hippocampus, anterior commissure, and cerebellar peduncles) are also markedly 

affected (58–60). Of note, lesions also appear within areas of gray matter, in 

particular in the cortex (61). After a cuprizone intoxication period of 5 weeks, a 

so-called acute demyelination phase is reached and demyelination is complete 

(55). White matter tracts display axonal injury, and a positive correlation between 

the extend of axonal damage and microglial activation has been described 

(62,63). If the cuprizone diet is withdrawn after this period, extensive 

remyelination occurs (55). Subgroups of early MS lesions exhibit similar patterns 

of de- and remyelination, thus the cuprizone model has been extensively used to 

study the dynamics underlying demyelination (64–66). When cuprizone treatment 

is prolonged to 12-13 weeks, the mechanisms leading to remyelination are 

severely altered, oligodendrocyte regeneration is impaired, and chronic 

demyelinated lesions and persistent axonal damage is induced (67).  

 

Thus, in summary, important characteristics of progressive MS are well 

recapitulated by the cuprizone model, namely de- and remyelination, and 

subsequent damage to the neuroaxonal unit (63,67). 



 17 

1.4 Aim of the thesis (paper I) 
 

The first publication investigated the complex nature of axonal damage in the  

cuprizone animal model of MS. Intact axonal transport is vital for neuronal health, 

and impairment to this vulnerable target can contribute to axon degeneration (68). 

Acute axonal injury is most frequently quantified by immunohistochemical 

staining against amyloid precursor protein (APP), an integral glycoprotein type 1 

that is transported to the axon terminal via fast anterograde transport (23,43,69). 

There, APP is thought to play a crucial role in synaptic maintenance and 

neuroaxonal health (70,71). Normal levels of APP are undetectable by 

immunohistochemistry. However, when axonal transport is disturbed, APP 

accumulates at sites of axonal injury, forming detectable spheroid-like swellings. 

 

To obtain an accurate picture of the complex dynamics of axonal damage, precise 

measurement methods are essential. Therefore, we compared current gold-

standard methods, i.e., immunohistochemistry and serial block-face scanning 

electron microscopy (3D EM), to investigate whether they can truly reflect axonal 

pathology. By comparing the volumes of cuprizone induced APP+ spheroids in 

the CC using both methods, we demonstrated that spheroid volume determined 

by immunohistochemistry correlates well with the ultrastructural morphology. We 

then hypothesized that impairment of axonal transport of other vesicles and 

organelles (e.g., mitochondria) could also be accurately visualized by 

immunohistochemistry. In that context, we investigated whether 

immunohistochemical detection of these transport deficits could potentially serve 

as new markers of axonal damage. Among others, transport cargos of the 

vesicular glutamate transporter 1 (vGLUT1) and cytochrome c oxidase subunit 4 

(COX4) accumulated in demyelinated areas. Increased numbers of spheroids 

were observed after acute demyelination. After chronic demyelination, spheroids 

were still observable, albeit to a lower extent. In co-localization experiments, the 

new candidate proteins were compared to the current gold-standard staining 

against APP. There, vGLUT1 and COX4 co-localized well with APP after acute 

and chronic demyelination. In immunofluorescence experiments, we confirmed 

that vGLUT1 and COX4 did not colocalize with astrocytes, mature 

oligodendrocytes or microglia. To test the relevance of our results, we applied the 
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markers in human tissue of MS patients. Here, synaptic and mitochondrial 

spheroids were found as well.  

1.5 Aim of the thesis (paper II)  
 

For many years, MS was considered to be a purely white matter disease. In the 

recent decades, it has become evident that gray matter pathology is also an 

essential aspect of the underlying pathology (72–74). In fact, the phenomenon 

was described in MS brains as early as the 1960s (74,75). Brain atrophy appears 

to occur not only in the late progressive phase but also in the earliest stages of 

the disease (76). Whole brain, gray matter, and white matter volume loss is the 

visible in vivo substrate of neurodegeneration (75). Quantitative MRI has been 

found promising to monitor neurodegeneration (32,75), and brain volume loss 

correlates robustly with the extent of clinical disability progression (77). A 

substantial number of clinical trials have now frequently used whole brain atrophy 

as a key outcome measurement (78). Thus, studying the underlying mechanisms 

leading to brain atrophy could help to develop new targets to postpone or prevent 

long-term disability (79,80). However, with regard to preclinical studies, brain 

atrophy in MS has not been a focused area simply due to the lack of suitable 

animal models. 

Hence, the second publication aimed to investigate whether brain volume and 

neuroaxonal loss can be reliably studied in different phases of the cuprizone 

model. We studied cortical, subcortical, and callosal volumes by design-based 

stereological analysis after acute and chronic cuprizone-induced demyelination 

(81). After 5 weeks (acute phase), all brain areas examined had volumes 

comparable to controls despite extensive demyelination and profound axonal 

damage. This could be due to the fact that (a) acute demyelination does not 

induce brain volume loss or (b) cuprizone induces changes, e.g., microglial 

activation, that mask the volume loss. In the chronic demyelination period with 

ongoing microgliosis, however, significant whole brain volume loss was 

observed. This could, at least in part, be indicative of true tissue loss. With regard 

to discrete subcortical areas, we found a significant volume reduction to be 

present in the thalamus and internal capsule. The thalamus forms the largest part 

of the diencephalon and is highly interconnected with many other brain areas. 
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There is strong evidence from clinical and histological studies that the thalamus 

is integrally involved in the pathological process of MS (82). Indeed, the thalamic 

volume has been identified as a strong predictor for cognitive decline in MS 

patients (83) and additionally correlates with the EDSS score (84). Interestingly, 

in our study, thalamic volume loss was paralleled by glucose hypermetabolism 

as measured by 18F-FDG PET. Of note, the cortex volume remained unaffected 

by chronic demyelination. 

To investigate whether the volume loss was due to true neuronal loss, we 

quantified the neuronal densities and total number of neurons in the cerebral 

cortex and in the entire subcortical area. In all subcortical areas as well as in the 

cortex, density and number of neurons were comparable to the control group. If 

the pathological substrate of volume loss in the cuprizone model is not due to 

loss from neurons, axonal degeneration may be one possible explanation. In 

areas of profound volume loss, i.e., in the thalamus and internal capsule, we 

found numerous APP+ spheroids, indicating axonal damage. Other plausible 

mechanisms could include loss of myelin, oligodendrocyte or astrocyte 

degeneration, and synaptic pathology.   
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2. Contribution to the publications 

2.1 Contribution to paper I: Visualization of the Breakdown of 
the Axonal Transport Machinery: A Comparative 
Ultrastructural and Immunohistochemical Approach* 

 

1. Conceptualization and study design in consultation with supervisors    

2. Animal care of C57BL/6 mice 

3. Tissue preparation 

3.1. Animal perfusion and post-fixation 

3.2. Paraffin embedding 

3.3. Sectioning of paraffin-embedded tissue 

3.4. Cryofixation 

3.5. Cryo-sectioning  

3.6. Microscopic evaluation of human brain autopsy samples  

4. Histochemistry  

4.1. Immunohistochemistry staining 

4.2. Immunofluorescence staining 

5. Microscopic imaging  

5.1. Light sheet fluorescence microscopy  

5.2. Immunofluorescence microscopy  

6. Data quantification and interpretation 

6.1. Stereology  

6.2. Visual image analysis 

6.3. Immunohistochemical analysis  

6.4. Volume analysis  

6.5. Densitometric analysis  

7. Statistical analysis  

8. Manuscript 

8.1. Figure preparation  

8.2. Manuscript writing 

_______________________________ 
* Contribution as first author. No shared first authorship was applied.  



 21 

2.2 Contribution to paper II: Stereological Investigation of 
Regional Brain Volumes after Acute and Chronic 
Cuprizone-Induced Demyelination** 

 

1. Study design in consultation with supervisors  

2. Microscopic imaging  

2.1. Light sheet fluorescence microscopy  

3. Histochemistry  

3.1. Free-floating immunofluorescence  

4. Neuroimaging 

4.1. Assistance in [18F]-Fluoro-2-deoxy-d-glucose Positron-Emission To-

mography (FDG PET) Imaging 

5. Data quantification and interpretation 

5.1. Stereology 

6. Manuscript  

6.1. Figure preparation  

6.2. Manuscript writing – review and editing   

 

 

 

 

 

 

 

 

 

 

 

 

_______________________________ 
**Contribution as second author. 
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3. Summary (English) 
 
Multiple sclerosis harbors closely related destructive hallmarks, namely acute 

damage to the neuroaxonal unit, progressive neuroaxonal degeneration and 

brain atrophy. In addition to other established underlying mechanisms of MS, 

such as focal inflammation, these interrelated pathological processes have been 

identified as one of the major contributors to long-term disability, particularly in 

the chronic stages of the disease. The main goal of MS therapy is to delay or 

prevent such accumulation of disability. Although our knowledge has advanced 

considerably, treatment options to prevent progression of the disease in chronic 

stages are still limited. Therefore, a better understanding of the underlying 

mechanisms leading to neuroaxonal damage and subsequent neuroaxonal loss 

is needed.  

In this study, we hypothesized that neuroaxonal pathology can be investigated in 

the acute and chronic phases of the cuprizone model. After treatment of male 

C57BL/6J mice with 0.25% cuprizone, we analyzed the accumulation of 

anterograde transport cargos, brain volume and neuronal loss using current gold-

standard methods, i.e., immunohistochemistry, immunofluorescence 

microscopy, 3D EM, 18F-FDG PET, and design-based stereology.  

In the two publications presented, we provided evidence that the cuprizone model 

is suitable to study neurodegenerative aspects of MS. We demonstrated that 

chronic but not acute cuprizone-induced demyelination leads to significant 

subcortical atrophy, although this is presumably not due to neuronal loss. 

Furthermore, we identified the thalamus and internal capsule as the most 

vulnerable regions for volumetric changes. Thus, the cuprizone model may be an 

appropriate tool when addressing subcortical brain volume loss. To investigate 

the precise pathomechanisms causing axonal injury, we demonstrated that 3D 

EM microscopy combined with immunohistochemistry is a reliable study tool. Our 

data showed the accumulation of distinct vesicular and mitochondrial vesicles at 

sites of acute and chronic axonal injury. Here, vGLUT1 and COX4 colocalized 

with APP and did not show cross-reactivity with oligodendrocytes, astrocytes, or 

microglia. We further validated our findings in human MS lesions in post-mortem 

tissue. Thus, we can conclude that vGLUT1 and COX4 serve as reliable markers 

for acute and chronic axonal damage in the human central nervous system.  
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4. Summary (Deutsch) 
 
Die Multiple Sklerose weist eng miteinander verbundene destruktive Merkmale 

auf, im Einzelnen, die akute Schädigung der neuroaxonalen Einheit, progrediente 

neuroaxonale Degeneration und Hirnatrophie. Neben anderen bekannten 

Mechanismen der MS, wie z.B. fokale Inflammation, wurden diese 

zusammenhängenden pathologischen Prozesse als einer der Hauptfaktoren für 

langfristige klinische Behinderung identifiziert, insbesondere in den chronischen 

Stadien der Erkrankung. Das Hauptziel der MS-Therapie ist es, eine 

Akkumulation dauerhafter Behinderungen zu verzögern oder zu verhindern. 

Obwohl unser Verständnis erhebliche Fortschritte gemacht hat, sind die 

Behandlungsmöglichkeiten, die das Fortschreiten der Erkrankung in den 

chronischen Stadien verhindern, immer noch begrenzt. Daher ist ein besseres 

Verständnis der zugrundeliegenden Mechanismen, welche zur neuroaxonalen 

Schädigung und nachfolgend zum neuroaxonalen Verlust führen, erforderlich.  

In dieser Studie stellten wir die Hypothese auf, dass die neuroaxonale Pathologie 

in den akuten und chronischen Phasen des Cuprizon-Modells untersucht werden 

kann. Nach der Behandlung von männlichen C57BL/6J-Mäusen mit 0,25% 

Cuprizon analysierten wir die Akkumulation von anterograden Transport-Cargos, 

das Hirnvolumen und den neuronalen Verlust mit Hilfe gängiger Gold-Standard-

Methoden (Immunfluoreszenzmikroskopie, 3D-Elektronenmikroskopie, 18F-

FDG-PET und design-basierter Stereologie).  

In den beiden vorgestellten Publikationen konnten wir nachweisen, dass das 

Cuprizon-Modell geeignet ist, neurodegenerative Aspekte der MS zu 

untersuchen. Wir konnten zeigen, dass eine chronische, nicht aber eine akute 

Cuprizon-induzierte Demyelinisierung zu einer signifikanten subkortikalen 

Atrophie führt, obwohl diese vermutlich nicht auf einen neuronalen Verlust 

zurückzuführen ist. Außerdem identifizierten wir den Thalamus und die Capsula 

interna als die am meisten vulnerablen Regionen für volumetrische 

Veränderungen. Somit könnte das Cuprizon-Modell eine geeignete Methode 

sein, um den subkortikalen Hirnvolumenverlust zu untersuchen. Wir konnten 

zeigen, dass die 3D-Elektronenmikroskopie in Kombination mit 

Immunhistochemie ein zuverlässiges Untersuchungsinstrument ist, um die 

genauen Pathomechanismen zu untersuchen, welche der axonale Schädigung 

zugrunde liegen. Unsere Daten zeigten die Akkumulation verschiedener 
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vesikulärer und mitochondrialer Vesikel an Stellen akuter und chronischer 

axonaler Schädigung. Hier ko-lokalisierten vGLUT1 und COX4 mit APP und 

zeigten keine Kreuzreaktivität mit Oligodendrozyten, Astrozyten oder Mikroglia. 

Darüber hinaus konnten wir unsere Ergebnisse in MS-Läsionen in humanem post 

mortem Hirngewebe validieren. Zusammenfassend können wir daher schließen, 

dass vGLUT1 und COX4 zuverlässige Marker für akute und chronische axonale 

Schädigung im menschlichen Zentralnervensystem sind.  
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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 newmarker 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

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 cuprizonemodel is amodel 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 Bacute
demyelination.^ In contrast, prolonged cuprizone intoxication
(> 12 weeks) leads to an impairment of oligodendrocyte regen-
eration and insufficient remyelination, termed Bchronic
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]. VGLUT1 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-μm-thick
corona l or sag i t ta l sec t ions . Some bra ins were
cryoprotected in sucrose, and thereafter quickly frozen.
The frozen brains were cut into 40-μm-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 at 4 °Cwith 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 subunit 4 (COX4; 1:500, Abcam;
RRID:AB_445559), anti-vesicular glutamate transporter 1
(VGLUT1 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 incubatedwith 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-II (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 DAPI.

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,

USA). Serial image sequences were generated at 80 nm steps,
providing image stacks > 10-μm deep and 48-μm × 48-μm
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 ImageJ (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+, VGLUT1+, COX4+,
and VDAC1+ spheroid densities, particle densities of two
consecutive sections per mouse were evaluated, averaged, and
given as numbers of spheroids per mm2. 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 spheroidswas done using 3DEM
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 × 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 ImageJ (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/VGLUT1 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; ***###p < 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. 1a–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, l).

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/mm2; Fig. 2a), while profound accumulation of
APP (454.3 ± 43.4 APP+ spheroids/mm2; 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. 2c), albeit to a lower extent (78.5 ± 14.5 APP+

spheroids/mm2; 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
Bnormalization 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. 2l, mean
volumes of ultrastructural axonal swellings (26.79 μm3 ±
7.20 μm3) did not significantly differ from mean volumes of
APP+ spheroids (31.32 μm3 ± 2.43 μm3) 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,wewanted to analyzewhethermitochon-
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
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present around neuronal cell bodies what appeared to be
excitatory boutons. As onewould 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

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

Fig. 1 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,

f, i). Densitometric analysis of anti-PLP (j), anti-IBA1 (k ), and anti-GFAP
(l) 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;
**##p < 0.01; ***###p < 0.001). Scale bar = 200 μm
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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 ofmitochondrial proteins by immunohistochemistry.
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COX4 is located in the inner mitochondrial membrane, while
VDAC1, 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. VDAC1 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
VDAC1+ 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+ andVDAC1+ dots, which
were frequently found in close proximity to a nucleus. These

Fig. 3 Immunohistochemical analysis of vesicular proteins.
Representative sections illustrate immunohistochemical staining for
VGLUT1 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).

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;
***###p < 0.001). Scale bar = 200 μm (a–c); 100 μm (f, g)
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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 (c)
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 ImageJ (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 (l). Four animals per group; one
independent experiment. Statistically significant differences are
indicated by asterisks (***###p < 0.001). Scale bar = 100 μm (a–c)
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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 VGLUT1 as a marker for axonal injury, we per-
formed co-localization studies for VGLUT1 and APP.
VGLUT1/APP double staining revealed co-localization of

VGLUT1+ 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.
VGLUT1−/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 VGLUT1 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-

Fig. 4 Immunohistochemical analysis of mitochondrial proteins.
Representative sections illustrate immunohistochemical staining for
VDAC1 and COX4 in the corpus callosum (CC) of controls (a, d ) and
during acute (b, e) and chronic demyelination (c, f). Insets show higher
magnification of VDAC1 and COX4 in the cortex (Cx) and CC.
Quantification of VDAC1+ (g) and COX4+ (h) spheroids after

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; ***###p < 0.001). Scale bar = 100 μm
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Fig. 5 VGLUT as a marker for axonal damage. VGLUT1 and APP co-
localize in the corpus callosum during acute (a–c) and chronic
demyelination (d–f). Quantification of APP+, VGLUT1+, and APP+/
VGLUT1+ spheroids (g). VGLUT1 does not co-localize with the
astrocytic marker GFAP (h), the microglial marker IBA1 (i), or the

oligodendroglial marker APC (j). VGLUT1 also does not co-localize
with hGFAP EGFP+ astrocytes (k –m). Three to five animals per group;
one independent experiment. Statistically significant differences are
indicated by asterisks (**p < 0.01; **p < 0.01). Scale bar = 10 μm
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cytes in the CC (Fig. 5h). 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. 5k–m).
Furthermore, VGLUT1 did neither co-localize with IBA1+

microglia nor APC+ mature oligodendrocytes in the CC
(Fig. 5i, 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, VGLUT1,
VDAC1, and COX4 as markers for axonal injury during
acute and chronic demyelination. In acute lesions, numbers
of VGLUT1+, VDAC1+, 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

VGLUT1+ 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
VGLUT1 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
Bnormalization 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.

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

Fig. 6 COX4 as a marker for axonal damage. COX4 and APP co-localize
in the corpus callosum during acute (a–c) and chronic demyelination (d–
f). Quantification of APP+, COX4+, and APP+/COX4+spheroids (g).
COX4+ spheroids do not co-localize with the astrocytic marker GFAP
(h), microglial marker IBA1 (i), or the oligodendroglial marker APC (j).

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 μm
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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 (VDAC1
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 Blose^ 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
active (5 weeks) and chronic
demyelination (12 weeks).
***p < 0.001

5 weeks
(mean ± SEM)

p (vs APP) 12 weeks
(mean ± SEM)

p (vs APP) % of 5 weeks

APP/mm2 454.3 ± 43.4 – 78.4 ± 14.5 – 17.3

VGLUT1/mm2 111.3 ± 20.5 *** 71.2 ± 7.6 ns 64.0

VDAC1/mm2 227.7 ± 12.5 *** 119.6 ± 18.7 ns 52.5

COX4/mm2 141.4 ± 6.7 *** 54.3 ± 10.8 ns 38.4
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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.

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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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),

VGLUT1+ (d ), and COX4+ (e) spheroids in chronic active MS lesions.
Co-localization of APP and VGLUT1 (f–h ). Scale bar = 580 μm (a, b);
10μm (c–e); 25 μm (f–h )
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Abstract: Brain volume measurement is one of the most frequently used biomarkers to establish
neuroprotective e↵ects during pre-clinical multiple sclerosis (MS) studies. Furthermore, whole-brain
atrophy estimates in MS correlate more robustly with clinical disability than traditional, lesion-based
metrics. However, the underlying mechanisms leading to brain atrophy are poorly understood,
partly due to the lack of appropriate animal models to study this aspect of the disease. The purpose
of this study was to assess brain volumes and neuro-axonal degeneration after acute and chronic
cuprizone-induced demyelination. C57BL/6 male mice were intoxicated with cuprizone for up to
12 weeks. Brain volume, as well as total numbers and densities of neurons, were determined using
design-based stereology. After five weeks of cuprizone intoxication, despite severe demyelination,
brain volumes were not altered at this time point. After 12 weeks of cuprizone intoxication,
a significant volume reduction was found in the corpus callosum and diverse subcortical areas,
particularly the internal capsule and the thalamus. Thalamic volume loss was accompanied by
glucose hypermetabolism, analyzed by [18F]-fluoro-2-deoxy-d-glucose (18F-FDG) positron-emission
tomography. This study demonstrates region-specific brain atrophy of di↵erent subcortical brain
regions after chronic cuprizone-induced demyelination. The chronic cuprizone demyelination model
in male mice is, thus, a useful tool to study the underlying mechanisms of subcortical brain atrophy
and to investigate the e↵ectiveness of therapeutic interventions.

Keywords: multiple sclerosis; cuprizone; atrophy; design-based stereology; 18F-FDG

1. Introduction

Multiple sclerosis (MS) is a chronic, inflammatory demyelinating disease of the central nervous
system. The majority of MS patients experience two clinical phases reflecting distinct but inter-related
pathologies. The first phase is characterized by recurrent episodes of immune-driven inflammation
and demyelination, from which the patients can recover completely (relapsing–remitting (RR) MS). In
the second phase, a continuous progression of clinical, permanent disability can be observed, while
the relapse frequency decreases [1,2]. This secondary disease phase is called secondary progressive
MS (SPMS), and the findings of several imaging and pathological studies suggest that neuro-axonal
damage plays a central role for the observed clinical disease progression [3–5]. Current therapeutic
strategies for MS are beneficial during RRMS by modulating or suppressing immune function [6].
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However, such therapies have no or just a moderate impact on the progressive phase, and therapeutic
options e↵ective in SPMS are still unsatisfactory [7].

Much of the research in MS focused on the inflammatory aspects of the disease. As a
consequence, the inflammatory component of MS animal models, such as peripheral immune cell
recruitment or T-cell-mediated oligodendrocyte pathology, was studied in detail [8–10]. In contrast,
the neurodegenerative aspect of the disease is by far less frequently addressed and, if so, these studies
merely focused on axonal degeneration [11,12]. In particular, brain atrophy, which is a key outcome
measure during clinical studies [5,13,14], is almost never evaluated in MS animal models, although
magnetic resonance imaging (MRI)-based protocols were published [15,16]. In MS patients, MRI
measurements revealed white-matter lesions, as well as gray-matter atrophy of specific brain areas
including cortical and subcortical gray matter [17–19]. The extent of atrophy was found to be more
severe in the subcortex compared to the superficial cortex, and was found to correlate with cognitive
performance and clinical disability in MS patients [19,20]. Thus, establishing the histological correlate
of volumetric changes in the brain is of significant importance [21,22].

The cuprizone model is a well-established mouse model of MS. Following oral administration of
the copper-chelating agent cuprizone, the mouse brain exhibits a variety of pathological alterations
including demyelination of the white and gray matter, gliosis, and axonal damage [23,24]. While acute
demyelination is usually induced by five weeks of cuprizone feeding, sustained (chronic) demyelination
can be achieved by feeding mice with cuprizone for 12 weeks. Although axonal damage is found
after acute and chronic demyelination in this model [11,12,25], there is little data available on neuronal
loss and volumetric changes in the di↵erent vulnerable brain regions. Previous imaging studies
revealed volumetric changes in the corpus callosum and the cortex after cuprizone intoxication [26–28].
Furthermore, histopathological studies showed neuronal pathologies, including loss of neurons in the
hilus of the dentate gyrus, as well as loss of parvalbumin inhibitory interneurons in the hippocampus
CA1 subregion of chronically demyelinated mice [29,30]. However, the extent of cortical and subcortical
atrophy determined by standardized histological techniques (i.e., design-based stereology [31]) is still
unexplored; therefore, the significance of this model to study the underlying mechanisms of brain
atrophy in MS is unknown.

Thus, in the present study, we used design-based stereology to analyze callosal, cortical,
and subcortical volumes, as well as neuron numbers and densities after acute and chronic
cuprizone-induced demyelination.

2. Materials and Methods

2.1. Animals

Male C57BL/6J mice were purchased from Janvier (Le Genest-Saint-Isle, France), and were housed
in a temperature-controlled environment (21–24 �C) with humidity levels between 55% and 65% on a
12-h light/dark cycle. Chow and water were provided ad libitum. All experiments were performed
according to the Federation of European Laboratory Animal Science Association recommendations
and were approved by the Review Board for the Care of Animal Subjects of the district government of
Upper Bavaria (55.2-1-54-2532-73-15).

2.2. Cuprizone Intoxication and Tissue Processing

To induce acute or chronic demyelination, male mice (19–21g) were intoxicated with 0.25%
cuprizone (bis(cyclohexanone)oxaldihydrazone, Sigma-Aldrich, St. Louis, MO, USA) mixed into
ground standard rodent chow (Ssni↵, Soest, Germany) for five or 12 weeks, respectively. Control
groups were fed with cuprizone-free standard rodent chow. Detailed numbers of animals used for
the di↵erent experiments are provided in the figure legends. After five or 12 weeks, the animals were
perfused with ice-cold phosphate-bu↵ered saline (PBS) followed by a 3.7% formaldehyde solution
(pH 7.4). After overnight post-fixation in the same fixative, brains were carefully removed from the
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skull and processed for para�n embedding or cryoprotection following established protocols [12,32].
For the preparation of para�n sections, the brains were dehydrated, cleared with xylene, embedded in
para�n, and cut into 5-µm-thick coronal sections using a sliding microtome (Type SM 2000R; Leica
Microsystems, Wetzlar, Germany). To prepare cryo-sections, post-fixed brains were rinsed in PBS and
cryoprotected in sucrose solutions (10%, 20%, and finally 30% sucrose (w/v) in PBS) at 4 �C for 24 h
in each solution. Thereafter, brains were frozen in isopentane (�70 �C, 1 min) on dry ice, cut into
40-µm-thick coronal serial sections on a cryostat (Type CM 1950; Leica Microsystems), and stored at
�20 �C in a cryoprotective solution (30% ethylene glycol, 30% glycerol in PBS) until further processing.

For immunohistochemical analyses of para�n sections, two consecutive sections (level R265
according to Reference [33]) were processed as previously described [34]. In brief, sections were
depara�nized, rehydrated, heat-unmasked by Tris–ethylene diamine tetraacetic acid (EDTA) (pH
9.0) and blocked in 5% normal goat serum or a mixture of 2% normal goat serum, 0.1% cold
water fish skin gelatin, 1% bovine serum albumin, and 0.05% Tween-20. Sections were incubated
with the following primary antibodies overnight at 4 �C: myelin proteolipid protein (PLP), 1:5000,
RRID:AB_2237198, Bio-Rad, Hercules, CA, USA; ionized calcium-binding adapter molecule 1
(IBA1), 1:5000, RRID:AB_2665520, Wako, Neuss, Germany; amyloid precursor protein (APP), 1:5000,
RRID:AB_94882, Merck-Millipore, Burlington, VT, USA. On the next day, sections were treated
with 0.3% hydrogen peroxide in PBS, and the biotinylated secondary antibodies (goat anti-mouse
immunoglobulin G (IgG), goat anti-rabbit IgG, 1:200; Vector labs, Burlingame, CA, USA) were applied
for 1 h. Thereafter, sections were incubated in peroxidase-coupled avidin–biotin reagent (ABC kit,
Vector labs) and the antigen–antibody complexes were finally visualized by 3,30-diaminobenzidine
(Dako, Hamburg, Germany). Sections were counterstained with standard hematoxylin to visualize cell
nuclei if appropriate.

For stereological analyses of cryostat sections, every third section between levels R265 and
R305 (according to Reference [33]; Figure 1) was selected with a random start (first series). In these
regions, demyelination can be induced in a highly reproducible manner in the corpus callosum [35,36].
Demyelination is not only restricted to this white-matter tract but also involves other brain areas
including the cerebral cortex, basal ganglia, and thalamus [23,37,38]. Sections were mounted on
gelatinized glass slides, dried, and stained with cresyl violet (Nissl staining) [39]. For a second series
of sections (every sixth section), free-floating immunofluorescence staining was performed. Sections
were blocked in blocking solution (10% normal donkey serum/0.5% Triton X-100/PBS) and incubated
with the primary antibodies (NeuN, 1:2000, RRID:AB_2298772, Merck-Millipore) for 48 h at 4 �C.
Thereafter, sections were incubated with the secondary antibodies (donkey anti-mouse Alexa Fluor
488, 1:500; Life Technologies, Carlsbad, CA, USA) for 6 h. Cell nuclei were counterstained using DAPI
(4,6-diamidino-2-phenyl-indole; Life Technologies), and sections were mounted on gelatinized glass
slides and coverslipped using FluorPreserve reagent (Merck-Millipore).

 
  



 45 

Cells 2019, 8, 1024 4 of 17

Cells 2019, 8, x 4 of 17 

 

objective (4×, numerical aperture (N.A.) = 0.16; Olympus), and a charge-coupled device (CCD) color 
video camera (U-CMAD-2; Olympus) or a modified fluorescence microscope (Olympus BX51; 
Olympus) equipped with a motorized specimen stage (MBF Bioscience), a customized spinning disk 
unit (DSU; Olympus), UPlanSApo objective (20×, N.A. = 0.75; Olympus), Alexa Fluor 488 filter 
(excitation: 498 nm, emission: 520 nm; Chroma, Bellows Falls, VT, USA), and a Retiga 2000R CCD 
camera (Q-Imaging, Surrey, BC, Canada). 

The first series of sections was stained with cresyl violet to analyze the volumes of the selected 
brain regions. The volumes of the distinct brain regions (cerebral cortex, subcortical area, corpus 
callosum, internal capsule, hypothalamus, thalamus, and basal ganglia (globus pallidus and 
caudoputamen)) were calculated using Cavalieri’s principle [40]. Areas of brain regions were 
determined by tracing their boundaries on each section using the stereology software. Medial 
boundaries of the cortex (CTX) were defined by the corpus callosum and a line drawn between the 
basal tip of the corpus callosum and the basal end of the piriform area (shown in Figure 1A as dashed 
line). The thalamus, hypothalamus, basal ganglia, and internal capsule were summed up as the 
subcortical area (SCTX). To estimate the volume of the distinct brain regions, the slides were 
superimposed by a rectangular grid (Figure 1B, Table 1). Then, the volumes of brain regions were 
calculated by summing the counted points (grid intersections) from all sections (Table 1) and 
multiplying this value with the area associated with each point, the section interval, and the average 
cut section thickness.  

  
Figure 1. (A) Representative coronal sections of a mouse brain at levels R265, R285, and R305 
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(CC, yellow); cerebral cortex (CTX, gray); thalamus (TH, brown); hypothalamus (HTH, pink); internal 

Figure 1. (A) Representative coronal sections of a mouse brain at levels R265, R285, and R305 (according
to Reference [33]) showing regions investigated in the present study (corpus callosum (CC, yellow);
cerebral cortex (CTX, gray); thalamus (TH, brown); hypothalamus (HTH, pink); internal capsule (IC,
blue); basal ganglia (BG, green)). (B) Representative photomicrograph of a Nissl-stained coronal section
(enlarged view of black square in (A)). The slide is superimposed with a rectangular grid (intersections
are represented by red crosses; sl-g = side length in x- and y-directions of the grid) to estimate the
volume of the designated areas. Grid intersections within the subcortical area are highlighted as yellow
dots. Scale bar in (B) = 1 mm (A) and 200 µm (B).

2.3. Evaluation of Histological Parameters and Stereological Analysis

To validate demyelination and microgliosis in the cuprizone model, two consecutive (PLP- and
IBA1-stained) sections per mouse were evaluated by densitometry of the staining intensity, and the
results were averaged. Staining intensity of the region of interest (ROI) was quantified using ImageJ
(NIH, version 1.47v, Bethesda, MD, USA) and is given as percentage myelination or percentage area
of the entire ROI. For quantification of axonal damage, APP+ spheroids were counted as previously
described [23]. In general, densities are given in spheroids or cells per square millimeter (mm2).

Stereological analyses were performed with the stereology software (Stereo Investigator, version
11.07; MBF Bioscience, Williston, ND, USA) and either a light microscope (Olympus BX51WI; Olympus,
Tokyo, Japan) equipped with a motorized specimen stage (MBF Bioscience), UPlanApo objective
(4⇥, numerical aperture (N.A.) = 0.16; Olympus), and a charge-coupled device (CCD) color video
camera (U-CMAD-2; Olympus) or a modified fluorescence microscope (Olympus BX51; Olympus)
equipped with a motorized specimen stage (MBF Bioscience), a customized spinning disk unit (DSU;
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Olympus), UPlanSApo objective (20⇥, N.A. = 0.75; Olympus), Alexa Fluor 488 filter (excitation: 498
nm, emission: 520 nm; Chroma, Bellows Falls, VT, USA), and a Retiga 2000R CCD camera (Q-Imaging,
Surrey, BC, Canada).

The first series of sections was stained with cresyl violet to analyze the volumes of the selected brain
regions. The volumes of the distinct brain regions (cerebral cortex, subcortical area, corpus callosum,
internal capsule, hypothalamus, thalamus, and basal ganglia (globus pallidus and caudoputamen))
were calculated using Cavalieri’s principle [40]. Areas of brain regions were determined by tracing
their boundaries on each section using the stereology software. Medial boundaries of the cortex (CTX)
were defined by the corpus callosum and a line drawn between the basal tip of the corpus callosum and
the basal end of the piriform area (shown in Figure 1A as dashed line). The thalamus, hypothalamus,
basal ganglia, and internal capsule were summed up as the subcortical area (SCTX). To estimate the
volume of the distinct brain regions, the slides were superimposed by a rectangular grid (Figure 1B,
Table 1). Then, the volumes of brain regions were calculated by summing the counted points (grid
intersections) from all sections (Table 1) and multiplying this value with the area associated with each
point, the section interval, and the average cut section thickness.

Table 1. Details of the stereological estimation procedure.

CC CTX SCTX TH HTH BG IC

sl-g (µm) 220 500 500 120 120 120 120P
pointsarea 337 669 985 5693 3192 2205 1943

sl-uvf (µm) - 35 35 - - - -
B (µm2) - 1225 1225 - - - -
H (µm) - 15 15 - - - -
D (µm) - 1100 1100 - - - -P

UVCS - 155 185 - - - -P
neurons - 653 555 - - - -

sl-g (µm) - - 400 - - - -P
pointsperikarya - - 305 - - - -P
pointsneuropil - - 526 - - - -

Details for stereological analysis of the corpus callosum (CC), cerebral cortex (CTX), subcortical area (SCTX),
thalamus (TH), hypothalamus (HTH), basal ganglia (BG), and internal capsule (IC): sl-g = side length in x- and
y-directions of the grids used to determine the volume;

P
points =mean number of counted points per animal; sl-uvf

= side length in x- and y-directions of unbiased counting frames; B and H = base and height of the unbiased virtual
counting spaces; D = distances between the unbiased virtual counting spaces in in x- and y-directions;

P
UVCS

=mean number of unbiased virtual counting spaces per animal;
P

neurons =mean number of counted neurons
per animal.

The second series of sections was stained with anti-NeuN antibodies to analyze total neuronal
numbers and densities within the distinct brain regions using the optical fractionator method [40,41].
The base of the unbiased virtual counting spaces (UVCS) was 1225 µm2, the height was 15 µm, and the
upper guard zone was 4 µm. The distance between the UVCS in x- and y-directions was 1100 µm and
1100 µm, respectively (Table 1). All neurons whose nucleus top came into focus within the UVCS were
counted. Then, total neuronal numbers were calculated from the numbers of marked neurons (Table 1)
and the corresponding sampling probability. Neuronal densities were calculated as the ratio of total
numbers of neurons and the volume (measured section thickness ⇥ sum of all cross-sectional areas) of
the region. The fractional volumes occupied by NeuN immunoreactive perikarya or the neuropil in
the SCTX were estimated by counting randomly positioned test points (grid intersections) falling on
nerve cell perikarya or the neuropil according to Cavalieri’s principle.

2.4. [18F]-Fluoro-2-deoxy-d-glucose Positron-Emission Tomography (FDG PET) Imaging

Chronic cuprizone-intoxicated mice (12 weeks of cuprizone) and controls were imaged with
[18F]-FDG-PET on the last day of treatment. Then, µPET imaging followed a standardized protocol [42].
In brief, 12.4 ± 2.1 MBq [18F]-FDG was injected into the tail vein after a fasting period >3 h. Emission
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was acquired from 30 to 60 min post injection followed by a 15-min transmission scan. All images
were co-registered to a [18F]-FDG-PET mouse template and normalized to standardized uptake values
(SUV). Predefined brain regions of the Mirrione mouse atlas implemented in PMOD v3.5 (PMOD
technologies, Basel, Switzerland) were applied to extract individual regional glucose metabolism of all
studied mice. Averaged SUV images of chronic cuprizone-intoxicated mice and control mice were
used to calculate voxel-based percentage changes between both groups.

2.5. Statistical Analyses

For each group of animals, data are presented as individual values and means per group. Data
were firstly analyzed using the Kolmogorov–Smirnov test for normality. Di↵erences between groups
were then analyzed using Student’s t-test or the Mann–Whitney U test, as appropriate. Data were not
corrected for multiple comparisons. The p-values and the applied statistical procedures are given in the
respective figure legends. A p-value <0.05 was considered to be statistically significant. Calculations
were performed using GraphPad Prism (GraphPad Software Inc., version 5.04; San Diego, CA, USA).

3. Results

3.1. Acute Demyelination Does Not Lead to Brain Volume Loss

We firstly investigated the severity of acute cuprizone-induced injury (i.e., demyelination, microglia
activation, and axonal damage) in the di↵erent brain regions. To this end, animals were intoxicated
with cuprizone for five weeks, and myelination (anti-PLP), microgliosis (anti-IBA1), and acute axonal
damage (anti-APP) were compared to controls which were fed normal chow during the experimental
period. In line with previous findings [23,34,36,43,44], immunohistochemical analyses revealed
extensive demyelination of the medial corpus callosum, the cerebral cortex, and the subcortical area
after five weeks of cuprizone intoxication (Figure 2A). Demyelination was most severe in the corpus
callosum, followed by the cerebral cortex and the subcortical area. In the corpus callosum and the
subcortical area, acute demyelination was paralleled by increased microglia densities (Figure 2B), in
line with previous results from our group [23,36]. In the cerebral cortex, microglia activation was
less severe, but IBA1+ cells clearly showed an activated phenotype (swollen cell bodies and retracted
processes; see Figure 2B). To examine the extent of acute axonal damage, we quantified APP+ spheroids,
a marker of acute axonal injury. As shown in Figure 2C, numerous APP+-spheroids were found in the
corpus callosum, the cerebral cortex, and the subcortical area of cuprizone-intoxicated animals. Such
spheroids were not observed in control animals.

Furthermore, we investigated whether acute cuprizone-induced injury results in overall brain
volume changes in the analyzed region (R265–R305). Mean overall volume was not altered in
cuprizone-intoxicated versus control mice (control (Co): 63.68 mm3 ± 1.15 mm3; cuprizone (Cup):
64.34 mm3 ± 0.89 mm3; p = 0.076). Furthermore, we measured the volume of the corpus callosum, the
cerebral cortex, and the subcortical area by stereological analysis. Despite extensive demyelination
and axonal damage, individual brain volumes for the corpus callosum, cortex, and subcortical area
were comparable in control and five weeks of cuprizone-intoxicated mouse brains (Figure 2D).
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Figure 2. Acute demyelination does not lead to volumetric changes. (A) Quantification of myelination
(anti-myelin proteolipid protein (PLP)) and (B) microgliosis (anti-ionized calcium-binding adapter
molecule 1 (IBA1)) from controls (Co) (n = 4) and five weeks of cuprizone-intoxicated (Cup) mice
(n = 4). Individual brain regions are shown in higher magnification: medial corpus callosum (CC),
cortex (CTX), and subcortical area (SCTX). (C) Quantification of axonal damage (anti-amyloid precursor
protein (APP)) with representative pictures of the medial CC, CTX, and SCTX from Co and Cup mice.
Arrows indicate APP+ spheroids. (D) Volumes of the CC, CTX, and the SCTX of Co (n = 4) and Cup
mice (n = 5), analyzed with design-based stereology. Data are shown as individual values and means
per group (lines). Statistical analysis revealed significant di↵erences between Co and Cup in (A) (CC,
p = 0.03, CTX, p = 0.03, SCTX, p = 0.03), (B) (CC, p = 0.03; SCTX, p = 0.03), and (C) (CC, p = 0.02, CTX,
p = 0.02, SCTX, p = 0.02); *p < 0.05. Scale bar in (B) = 2 mm (A,B) and 17 µm (enlarged views (A,B))
and (C).
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3.2. Chronic Demyelination Results in Regional Brain Volume Loss

In a next step, we investigated histopathological changes after chronic cuprizone intoxication.
Therefore, mice were fed with cuprizone for 12 weeks, and myelination and microglia activation
were evaluated. As shown in Figure 3A, severe loss of anti-PLP staining intensity was evident in
several brain regions, including the corpus callosum and cerebral cortex of animals intoxicated for
12 weeks. Moreover, moderate but consistent demyelination was observed in the subcortical area. Of
note, chronic demyelination was paralleled by increased microglia densities (Figure 3B). To analyze
volumetric changes after chronic demyelination, we analyzed the overall brain volume (R265–R305).
The overall volume of cuprizone-intoxicated mice was significantly smaller compared to control
mice (Co: 67.16 mm3 ± 0.66 mm3; Cup: 65.28 mm3 ± 0.38 mm3; p = 0.045). Next, we measured the
individual brain volumes after chronic cuprizone-induced demyelination. Mean volumes of the corpus
callosum and the subcortical area were significantly smaller in cuprizone-intoxicated versus control
mice. In particular, the volume of the corpus callosum was 1.96 mm3 ± 0.10 mm3 in control, and
1.59 mm3 ± 0.09 mm3 in cuprizone-intoxicated mice (p = 0.02), whereas the volume of the subcortical
area was 30.96 mm3 ± 0.34 mm3 in control, and 29.11 mm3 ± 0.14 mm3 in cuprizone-intoxicated mice
(p = 0.0012). No volume loss was observed in the cortex (Figure 3C).

As demonstrated above, a volume reduction after chronic cuprizone-induced demyelination
was found in the subcortical area, which consists of distinct white- and gray-matter areas including
di↵erent functional nuclei. Next, we were interested which subcortical region is most vulnerable
in the cuprizone model. Thus, we decided to separately evaluate the volumes of the thalamus,
hypothalamus, basal ganglia, and the internal capsule, and contrast atrophy with the extent of
demyelination. As demonstrated in Figure 3D, anti-PLP staining intensities were clearly reduced in
the thalamus, hypothalamus, and basal ganglia, yet demyelination was incomplete. In contrast, loss of
anti-PLP staining intensity was moderate in the internal capsule (Figure 3D). Volumetric measurements
revealed that the mean volumes of the internal capsule and the thalamus were significantly lower
in cuprizone-intoxicated versus control mice. In particular, the volume of the internal capsule was
3.60 mm3 ± 0.14 mm3 in control, and 3.08 mm3 ± 0.14 mm3 in cuprizone-intoxicated mice (p = 0.04),
whereas the volume of the thalamus was 10.18 mm3 ± 0.24 mm3 in control, and 9.45 mm3 ± 0.20 mm3

in cuprizone-intoxicated mice (p = 0.02). In contrast, the mean hypothalamus and basal ganglia
volumes were not found to be reduced after chronic demyelination (Figure 3E).
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Figure 3. Chronic demyelination leads to subcortical volumetric reduction. (A) Quantification of
myelination (anti-PLP) and (B) microgliosis (anti-IBA1) in the medial corpus callosum (CC), cortex
(CTX), and subcortical area (SCTX) from controls (Co) (n = 4) and five weeks of cuprizone-intoxicated
(Cup) mice (n = 5). (C) Volumes of the CC, CTX, and the SCTX of Co (n = 6) and Cup mice (n = 6)
analyzed with design-based stereology. (D) Quantification of myelination with representative pictures
of individual subcortical regions (thalamus (TH), hypothalamus (HTH), basal ganglia (BG), internal
capsule (IC)) from Co (n = 4) and Cup mice (n = 4). (E) Volumes of the TH, HTH, STR, and IC of
Co (n = 8) and Cup mice (n = 7). Data are shown as individual values and means per group (lines).
Statistical analysis revealed significant di↵erences between Co and Cup in (A) (CC, p = 0.03, CTX,
p = 0.03, SCTX, p = 0.03), (B) (CC, p = 0.008; SCTX, p = 0.008), (C) (CC, p = 0.02; SCTX, p = 0.0012), (D)
(TH, p = 0.03; HTH, p = 0.03; BG, p = 0.03; IC, p = 0.03), and E (TH, p = 0.04; IC, p = 0.02); *p <0.05,
**p < 0.01. Scale bar in (B) = 2 mm (A,B) and 17 µm (D).
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3.3. Axonal Damage Rather Than Neuronal Loss Contributes to Brain Volume Loss

To investigate whether the observed subcortical volume reduction results from (i) neuronal cell
body loss and/or (ii) acute axonal damage, we firstly quantified the mean numbers of neurons and
mean densities of neurons in the cerebral cortex and the entire subcortical area using design-based
stereology. In the cerebral cortex, no alterations in mean neuronal numbers and mean neuronal
densities were detected in 12 weeks of cuprizone-intoxicated mice (Figure 4A,B). Of note, also in
the subcortical area, the mean numbers and densities of neurons were comparable in 12 weeks of
cuprizone-intoxicated mice as compared to age-matched controls (Figure 4A,B). Furthermore, in the
entire subcortical area, the space occupied by perikarya and the neuropil was not significantly di↵erent
in cuprizone-intoxicated versus control mice (Figure 4C).
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Figure 4. E↵ects of chronic demyelination on the neuro-axonal/-dendritic compartment. (A) Numbers
and (B) densities of neurons in the cerebral cortex (CTX) and the subcortical area (SCTX) of control
(Co) (n = 6) and 12 weeks of cuprizone-intoxicated (Cup) mice (n = 6) analyzed with design-based
stereology. (C) Neuropil volumes and volumes occupied by nerve cell perikarya in the SCTX of Co
(n = 6) and 12-week Cup mice (n = 6). (D) Quantification of amyloid precursor protein (APP)-positive
spheroids in the thalamus (TH) and internal capsule (IC) of chronically demyelinated mice (n = 5). Data
are shown as individual values and means per group (lines). Statistical analysis revealed significant
di↵erences between Co and Cup in (D) (TH, p = 0.02; IC, p = 0.02); *p < 0.05.

Secondly, we investigated the densities of APP+ spheroids. We focused in this part of the study
on the thalamus and the internal capsule because volume loss was found to be most severe in these
two subcortical brain areas. As shown in Figure 4D, numerous APP+ spheroids were found in the
thalamus and the internal capsule of 12 weeks of cuprizone-intoxicated mice. Such spheroids were not
observed in control animals (Figure 4D).
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3.4. Mice with Chronic Demyelination Show Higher Uptake of [18F]-FDG in the Thalamus

Neuroimaging is a central part of the diagnostic work-up of patients with suspected
neurodegenerative disease, including MS. [18F]-FDG PET is an attractive tool to study
neurodegeneration on the metabolic level. Therefore, we were interested whether we could detect
metabolic alterations after chronic demyelination. To this end, glucose metabolism in the mouse
brain was analyzed using [18F]-FDG µPET. Interestingly, we found a region-dependent increase
of [18F]-FDG uptake in cuprizone-treated mice. A visual interpretation of the [18F]-FDG µPET
scans indicated increased [18F]-FDG µPET signal, particularly in the subcortical area (Figure 5A,B).
A statistical comparison between predefined brain regions in the control and cuprizone-intoxicated mice
showed significantly higher [18F]-FDG uptake in the thalamus of 12 weeks of cuprizone-intoxicated
mice (increase of 22%). There were no significant di↵erences in [18F]-FDG uptake in the cortex,
hypothalamus, and basal ganglia in 12 weeks of cuprizone-intoxicated mice compared to age-matched
controls (Figure 5C).
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Figure 5. Altered [18F]-fluoro-2-deoxy-d-glucose ([18F]-FDG) ligand uptake after chronic cuprizone
intoxication. (A) Schematic illustration of the di↵erent brain regions (cortex (CTX), thalamus (TH),
hypothalamus (HTH), and basal ganglia (BG)), evaluated for [18F]-FDG ligand uptake. (B) Cumulative
heat map illustrating percentage increases of standardized uptake values (SUV) in cuprizone-treated
mice relative to controls. (C) Quantification of the normalized [18F]-FDG uptake in Co (n = 7) and
12-week Cup mice (n = 3). Data are shown as individual values and means per group (lines). Statistical
analysis revealed significant di↵erences between Co and Cup in (C) (TH, p = 0.03); *p < 0.05.

4. Discussion

This is the first study focusing on volume, neuronal densities, and total neuronal numbers in the
cerebral cortex and subcortical area after acute and chronic cuprizone-induced demyelination. We could
show that specific subregions display volume loss after chronic cuprizone-induced demyelination,
particularly the corpus callosum, internal capsule, and the thalamus. Of note, volumetric changes were
not paralleled by loss of NeuN+ neuronal cell numbers or shrinkage of their perikarya, but by ongoing
degeneration of axons, as demonstrated by the ongoing axonal transport deficit of APP.

Of note is the specific volume loss of the subcortex, whereas no significant volumetric changes
were observed in the cerebral cortex. It is well known that, in addition to the corpus callosum, the
cortex is a vulnerable brain region in the cuprizone model, demonstrating severe and almost complete
demyelination after a five-week cuprizone intoxication period [37,45]. It was, therefore, somewhat
surprising that we did not detect cortical atrophy in the cortex even after chronic cuprizone exposure.
Since we only evaluated the entire cortex, we cannot rule out that specific cortical subregions, such

 
  



 53 

Cells 2019, 8, 1024 12 of 17

as the somatosensory and somatomotor cortex, which are particularly vulnerable in the cuprizone
model, show reduced volumes [24]. While axonal damage/injury was observed by many groups in
the cuprizone model [11,12,30], a decrease in neuronal densities or neuronal cell numbers is less well
appreciated. While Tiwari-Woodru↵’s lab demonstrated a loss of parvalbumin-expressing interneurons
in the hippocampal CA1 region [29], Löscher’s lab showed a loss of neurons in the hilus of the dentate
gyrus [30]. While neuronal cell loss in the MS brain clearly exists [46], it is unclear which mechanisms
trigger neurodegeneration. In the cuprizone model, demyelination alone seems not to be su�cient to
trigger neuronal cell loss, at least in the investigated brain areas. Interestingly, recent post-mortem
studies did not reveal any association between the extent of demyelination and the density of neurons
in the MS neocortex [47,48]. We speculate that, in addition to metabolic stressors, auto-immune
driven inflammatory mediators are necessary to induce neuronal cell loss in the neocortex and,
consequently, cortical brain atrophy. A recently described novel MS animal model principally allows
studying the interplay of innate and adaptive immunity [49–51], and we are currently investigating in
ongoing studies the extent to which the liaison of metabolic and inflammatory brain injury triggers
neuronal degeneration.

We are well aware that the underlying mechanisms of MS and cuprizone-induced injury are most
likely not the same. Nevertheless, several important aspects of the MS pathology are nicely recapitulated
by the cuprizone model. For example, mitochondrial density is increased within demyelinated axons
in active MS [52] and cuprizone-induced lesions [53]. Furthermore, splitting of the inner myelin
lamella, referred as dying-back oligodendrogliopathy, was reported in MS [54] and cuprizone-induced
demyelination [55]. Finally, the presence of apoptotic oligodendrocytes, which express active caspase-3
during lesion formation, was described in MS [56] and the cuprizone model [57]. Thus, understanding
mechanisms operant during cuprizone-induced demyelination might help to understand disease
mechanisms in MS.

As pointed out above, significant brain volume loss was found in subcortical regions among the
thalamus (see Figure 3E). The thalamus forms the largest part of the diencephalon and is eponymous
for other diencephalic components such as the epithalamus and hypothalamus. This diencephalic
brain region is highly interconnected with various cortical and subcortical areas. We speculate that
the thalamus with its multiple reciprocal connections is sensitive to pathological processes occurring
in di↵erent brain regions, thus acting as a “barometer” for di↵use brain parenchymal damage in
MS [58]. Our findings are in line with a specific subcortical gray-matter atrophy found in MS
patients [19,20,59,60]. In these MRI studies, subcortical gray-matter atrophy was most prominent in
the thalamus, showing a volume reduction of 12–25%. From a functional point of view, it is interesting
to note that the thalamus volume loss strongly correlated to patients’ declining cognitive functions
and physical disability [19,20,61,62], highlighting the thalamus as a central structure in the context of
MS-related disability and disease progression.

Thalamic volume loss was found to be related to neuro-axonal pathology. Cifelli et al. found
a reduction in both neuronal densities and N-acetylaspartate (NAA) concentration in the thalamus
of MS patients [60]. In the present study, cuprizone-induced demyelination neither a↵ected NeuN+

neuronal numbers and densities nor the space occupied by perikarya. Noteworthy, our [18F]-FDG-PET
measurements indicated a significant hypermetabolism in the thalamus of cuprizone-intoxicated mice
when compared to controls, fitting to preserved neuronal numbers in this brain region, as the vast
majority of the [18F]-FDG-PET signal is supposed to be related to neuronal energy metabolism [63].
Thus, it seems likely that equal neuronal numbers, together with increased glial activity after chronic
cuprizone intoxication, will result in higher net energy consumption when compared to controls. Of
note, there is still no evidence how much glial cells contribute to the cerebral energy consumption,
although it is assumed that glucose metabolism decreases when microglia are dysfunctional [64].

Surprisingly, we did not find callosal volume loss after acute cuprizone-induced demyelination,
despite significant axonal injury. This could have happened for a number of reasons. Firstly, in
our study, we did not measure irreversible axonal degeneration or axonal loss, but rather a deficit
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of the anterograde axonal transport machinery. The gold-standard method to detect axonal loss is
electron microscopy or thin plastic sections. Most previous studies which analyzed acute axonal
injury in the cuprizone model visualized either axonal transport deficits or the expression changes
of neurofilament proteins [11,65], which does not necessarily represent the true extent of irreversible
axonal degeneration [66]. Secondly, due to the severe astrocytosis and microgliosis accompanying
the cuprizone-induced demyelination, callosal volume loss might be “masked” despite axonal loss (if
present). Thirdly, cuprizone intoxication results in spongy degeneration of the white matter [67], another
pathological feature which might mask callosal volume loss. In MS, it was suggested that untreated
inflammation and edema might increase the brain volume, leading to an underestimation of true tissue
loss. Interestingly, anti-inflammatory therapies were associated with acceleration of brain volume
loss, referred to as pseudoatrophy [68]. This is likely caused by the resolution of inflammation and
edema rather than true brain atrophy. In our study, chronic cuprizone-induced demyelination did lead
to a brain volume reduction despite ongoing microgliosis, suggesting true tissue loss. Furthermore,
it was suggested that pseudoatrophy e↵ects are greater in white-matter structures due to larger
glial infiltration and activation compared to gray-matter structures. Thus, volume measurement of
gray-matter structures might be more reliable to distinguish irreversible changes due to tissue loss from
the reversible changes due to pseudoatrophy. The pathological substrate of subcortical volume loss in
the cuprizone model is currently unknown. In principle, volume loss might be due to loss of the myelin
sheath (i.e., demyelination), glia degeneration, neuronal cell loss, axonal degeneration, or synaptic
pathology. Of note, in a post mortem analysis, widespread loss of dendritic spines was found in the
cortex of MS patients. Dendritic spine loss occurred in demyelinated and non-demyelinated cortex
regions, and preceded loss of cortical axons [69]. In this study, we could show that subcortical volume
loss is not paralleled by a reduction of total neuronal cell numbers. However, subcortical neuropil
volumes tended to decrease, suggesting degeneration in the axonal and/or dendritic compartment. Of
note, in this study, we did not quantify the loss of cell types other than neurons, such as astrocytes
or oligodendrocytes, by means of design-based stereology. It, thus, might well be that the observed
atrophy in the thalamus, for example, is due to oligodendrocyte or astrocyte degeneration. In a recent
study, we were able to show that astrocytes express the stress-associated transcription factor DNA
damage-inducible transcript 3 after acute cuprizone-induced demyelination [32]. Further studies are
needed to investigate this aspect in more detail.

As already pointed out above, the thalamus shares broad reciprocal connections with other
brain regions, such as the cerebral cortex. These connections run within the internal capsule. In the
present study, we observed volume reduction and axonal damage of the internal capsule, despite
moderate demyelination. Thus, volume loss of the internal capsule might be due to the degeneration
of e↵erent thalamic fiber tracts. This is consistent with findings demonstrating reduced NAA levels in
normal-appearing white matter of the internal capsule in MS patients [70].

In summary, this study pointed out that the chronic, but not the acute cuprizone model may
serve as a valuable tool to study subcortical brain volume loss. Further studies are now warranted
to investigate which mechanisms are operant and how this brain volume loss can be ameliorated by
pharmacological intervention.
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