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Introduction  

1. Introduction                      

Multiple sclerosis is a chronic inflammatory disease of the central nervous 

system (CNS) that leads to demyelination and axonal damage in the white and 

grey matter. Axonal damage with consecutive neuronal loss was proposed to 

contribute to progressive disability over time. Immunohistochemical 

investigations of myelin content and axonal damage are therefore frequently 

performed in animal models of multiple sclerosis. However，the number of 

reliable markers to detect axonal damage is limited. 

Neurons comprise numerous dendrites but only one cell body and single axon. 

Neuronal cell bodies synthesize substances that are delivered into axons at fast 

or slow transport via motor proteins such as kinesin and dynein. Every 

transport velocity involves both anterograde and retrograde directions. In 

general, kinesins convey anterograde cargos along microtubule tracts and 

dyneins pull retrograde compartments (1). The anterograde cargoes mediated 

by kinesins carry mainly synaptic components and mitochondria at a fast rate 

from cell bodies to axonal tip (2). Cytoskeletal polymers migrate via slow 

anterograde transport. Axonal transport determines neuronal destiny and the 

transmitted neurotransmitters play a crucial role in performing the normal 

nerve excitability (3). When axons disrupt, the transferred organelles and 

protein complexes assemble in the proximity of lesions (4). Therefore, 

detection of accumulated proteins may indicate disturbance of axonal transport, 

and thus, axonal damage. 

β-Amyloid Precursor Protein (APP) is an established marker to detect axonal 

damage. APP is a type 1 transmembrane internal glycoprotein with 110-135 

KDa. It’s C-terminus locates in the cytoplasm while it’s N-terminus faces the 

extracellular space (5). In normal axons APP undergoes fast anterograde 

transport in kinesin dependent vesicular cargoes (6), and the N- and 
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C-terminus of APP are respectively located inside and outside of the vesicles 

(7). In the case of axon transection the transport stops and APP concentrates in 

the proximity of lesions. Still, the precise function of APP is ambiguous. Apart 

from acting as precursor of the β-amyloid protein, few propositions have been 

postulated as follows: regulation of neurite growth and restoration, stem cell 

differentiation, cell adhesion and apoptosis. However, although being an 

established marker to stain disturbed axons APP is not exclusively expressed 

in neurons but may occur in activated astrocytes as well (8). 

Staining of neurofilaments presents another possibility to uncover axonal 

damage. Neurofilaments are expressed in neurons and are part of the 

cytoskeleton together with tubulin and actin. They move towards the distal 

synapse via slow predominantly anterograde axonal transport and regulate 

axonal caliber and transport (9). Physiological axons contain phosphorylated 

neurofilaments while non-phosphorylated neurofilaments occur in  

demyelinated or damaged axons and can be labeled by the SMI-32 antibody 

(10). 

Synaptophysin is an abundant 38-kDa integral transmembrane protein crossing 

the vesicle membrane for 4 times with C- and N-termini all orientating 

cytoplasm. It is a major small presynaptic vesical protein composing 7-10% of 

total presynaptic vesicle proteins (11). Synaptophysin is secreted in neuronal 

cell bodies and then transferred to synapses at both anterograde and retrograde 

directions. In addition to kinesin and dynein, synaptophysin also interacts with 

other motor proteins including v-SNAR，vesicle-associated membrane protein 

2/synaptobrevin II (VAMP2), vesicular proton pump V-ATPase, myosin V, 

dynamin I, and adaptor protein 1 (AP-1) (12). Meanwhile, synaptophysin is 

identified as calcium- or cholesterol-binding protein associated with 

Ca
2+

-dependent transmitters release and cholesterol-dependent microvesicles 

biogenesis. Furthermore, synaptophysin is involved in diverse procedures of 

synaptogenesis, vesicle protein sorting, vesicle priming, synapse formation 
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and exo- and endocytosis (13). Thus, synaptophysin marks both axonal 

spheroids and neurons (14). 

The aim of this work was to investigate the potential character of the protein 

synaptophysin as another marker to detect axonal disturbance. 
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2. Results            

2.1  Investigations of axonal damage by using the toxic cuprizone model of 

de- and remyelination in mice 

Feeding male C57Bl/6N mice the copper chelator cuprizone (0.2% mixed into 

the standard chow) for 5 weeks induced nearly complete loss of myelin 

proteins in the corpus callosum, a process generally accepted as acute 

demyelination. Chronic demyelination was achieved by feeding mice for 12 

weeks with 0.2% cuprizone. Remyelination occurred when cuprizone was 

withdrawn from the diet.  

To investigate synaptophysin as a possible marker to detect axonal damage 

immunohistochemical stainings of brain sections from cuprizone fed mice and 

untreated controls were performed. Two different antibodies (from Serotec and 

Abcam) revealed similar staining patterns indicating the reliability of the 

synaptophysin staining (Supplementary Figure 1 in the published manuscript).      

During cuprizone induced demyelination the amounts and sizes of 

synaptophysin positive dots increased in the white matter of the corpus 

callosum. For counting three different sizes of synaptophysin positive 

spheroids were differentiated: small (<2 mm), medium (2–7.5 mm) and large 

sized spheroids (8–15 mm). The small dots decreased in numbers during acute 

and chronic demyelination and recovered during remyelination with a delay 

after chronic demyelination. Medium sized spheroids increased clearly during 

cuprizone induced demyelination reaching the peak at the time point week 4. 

At this time point the peak of microgliosis is found in this model. After the 

time point week 4 medium sized spheroids decreased in both the acute and 

chronic demyelination procedure. There was a tendency to higher numbers of 

large synaptophysin positive spheroids during acute demyelination. During 
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chronic demyelination significant higher numbers of large spheroids were 

found after 6 weeks of myelin loss and remained increased during the whole 

demyelination phase up to week 12. Medium sized spheroids were rarely 

found and large spheroids did not occur in controls. We thus hypothesized that 

small dots represent a physiological process while medium and large spheroids 

represent a pathological accumulation of vesicles due to axonal transport 

disturbance.     

In the next step, immunohistochemical double stainings were performed for 

synaptophysin and APP which is a widely accepted marker to detect axonal 

damage. It could be detected that synaptophysin positive spheroids 

co-localized with APP positive spheroids during cuprizone induced toxic 

demyelination and the subsequent remyelination. However, some single APP 

positive spheroids were found. Since it is known that APP might be found in 

GFAP positive astrocytes (15) additional stainings with GFAP were performed. 

Stainings revealed that some GFAP positive astrocytes expressed APP as well. 

In contrast, double positive GFAP and synaptophysin cells were not found 

indicating that synaptophysin might be more reliable to stain damaged axons. 

Additional double staining for synaptophysin and oligodendrocytes (staining 

for the marker NogoA) and microglia (staining for the marker Iba-1) did not 

show a co-localization.  

The reliability of the synaptophysin staining was further investigated by 

double stainings with neurofilament markers. In control animals 

neurofilaments are highly phosphorylated a process that could be visualized by 

the SMI-312 staining. During demyelination neurofilaments lost their 

phosphorylation as consequence of damaged axonal transport. The marker 

SMI-32 was used to visualize non-phosphorylated neurofilaments. During 

cuprizone induced demyelination SMI-32 positive spheroids were found at the 

time point week 4 which corresponds to the peak of microglial activation and 

severe demyelination. During the onset of demyelination (week 3) and 
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complete myelin loss (week 5) SMI-32 positive spheroids rarely co-localized 

with synaptophysin positive spheroids. After 6 weeks of cuprizone feeding 

during the whole chronic demyelination SMI-32 and synaptophysin 

predominantly co-localized in large spheroids. These spheroids were positive 

for APP as well. Nevertheless, single synaptophysin and single SMI-32 

spheroids were found during chronic demyelination. 

Correlation studies revealed that medium and large sized synaptophysin 

positive spheroids correlated with the expression of the myelin marker MBP 

during acute demyelination. No correlation could be found for the myelin 

marker PLP and synaptophysin positive spheroids during acute demyelination. 

Furthermore, both myelin marker did not correlate with synaptophysin 

positive spheroids during chronic demyelination. In contrast, strong 

correlation was found for synaptophysin positive spheroids and microglial 

numbers during both acute and chronic demyelination. We therefore 

hypothesized that inflammation might be a strong factor leading to axonal 

transport damage.  

 

2.2  Investigations of axonal damage by using the viral TMEV induced 

model of demyelination in mice 

To further investigate the reliability of the synaptophysin marker to detect 

axonal damage the Theiler Murine Encephalomyelitis Virus (TMEV) induced 

inflammatory model of demyelination was used. In this model, viral infection 

induces demyelination in the spinal cord in mice of the SJL/J strain. 

Inflammation and myelin loss were investigated in the spinal cord at different 

time points. Demyelination started 6 weeks (42 days) after infection and 

further progressed. After 35 weeks (245 days) nearly 30% of the spinal cord 

area was demyelinated. Activation of microglia was observed 6 weeks after 

viral infection and peaked in numbers after 14 weeks and 21 weeks. Thereafter, 
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microglial numbers declined. Immunohistochemical stainings revealed 

medium and large sized synaptophysin positive spheroids in the white matter 

of the spinal cord during demyelination. Double stainings with synaptophysin 

and APP showed double positive spheroids which could be predominantly 

found in demyelinated and microglia enriched areas. Pathological 

synaptophysin and APP spheroids did not occur in control animals.  

  

2.3  Investigations of axonal damage by using brain sections of multiple 

sclerosis patients   

In addition to animal models of demyelination with different mechanisms of 

demyelination induction human brain tissue was used to further investigate the 

reliability of the marker synaptophysin. Ten demyelinating lesions from six 

patients with multiple sclerosis were analyzed. Numerous synaptophysin 

positive spheroids were found at the edges of demyelinating lesions in four 

patients with multiple sclerosis. These lesions were accompanied by microglial 

activation. In addition, some synaptophysin positive spheroids were found in 

completely demyelinated areas. Double staining with synaptophysin and APP 

showed co-localization of both markers indicating the reliability of the marker 

synaptophysin to detect axonal damage. No synaptophysin and APP positive 

spheroids occurred in control brain tissue.  



 

8 

 

Discussion 

3. Discussion    

Myelin loss and disturbance of axonal transport resulting in axonal damage are 

frequently found in the central nervous system of patients with multiple 

sclerosis. Damaged axons are supposed to be the major reason for the 

development of irreversible disabilities in multiple sclerosis patients. 

Therefore, preventive therapeutic treatments in patients with multiple sclerosis 

aim to prevent inflammation, and thus, demyelination and loss of axons. 

Investigations of potential neuroprotective substances are usually performed in 

animal models that mimic multiple sclerosis. The extent of demyelination can 

be analyzed by immunohistochemical methods and the use of antibodies to 

different myelin proteins. However, only few reliable antibodies are available 

for the detection of axonal damage. APP is widely used to uncover damaged 

axons but it was also shown that APP stains some GFAP positive astrocytes as 

well (15). In a recent study the calpain-derived alpha-II spectrin proteolytic 

N-terminal fragment (SNTF) was proposed as a novel and sensitive marker for 

axonal damage in cerebral trauma (16). In the present study, synaptophysin 

was shown as an additional reliable marker to detect damaged axons. Two 

different animal model that mimic different aspects of multiple sclerosis were 

used. The results found in mice were further proved in human brain tissue of 

patients with multiple sclerosis.    

The reliability of synaptophysin to detect axonal damage was compared with 

the widely established marker APP and SMI-32. APP is produced in neurons 

in the grey matter of the central nervous system. This protein is transported 

from the cell bodies to the synapses by the kinesin-mediated fast axonal 

transport (2,6). Once disturbance of axonal transport occurs, the vesicles 

containing APP accumulate at the injured sites and can be visualized by 

immunohistochemical methods. The most commercial antibodies against APP 
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recognize either the N-terminus or the C-terminus of this protein. Since the 

N-terminus of APP is located inside and the C-terminus outside of the vesicles, 

the use of an appropriate anti-APP antibody is important. It was shown that 

antibodies against the C-terminus are more sensitive to detect axonal damage 

(7). In the present study, APP was detected in some GFAP positive astrocytes 

as well which is in line with previous data (15). Without a double staining with 

the astrocytic marker GFAP in some cases it is difficult to distinguish between 

accumulated APP in damaged axons and APP positive processes of astrocytes. 

The marker synaptophysin might be therefore a reliable alternative to detect 

axonal damage. In the present study, three different sized synaptophysin 

positive dots/spheroids were differentiated. Numerous physiological small 

synaptophysin positive dots were found in the normal grey matter and in less 

numbers in the white matter. During cuprizone induced demyelination the 

numbers of physiological small dots decreased while synaptophysin positive 

medium and large sized spheroids were found. Double stainings with APP 

revealed co-localization of APP and synaptophysin positive medium and large 

sized spheroids indicating synaptophysin as a reliable marker of axonal 

damage. Double stainings with GFAP revealed that synaptophysin did not 

co-localize with astrocytes indicating a beneficial effect of synaptophysin as 

compared with APP.    

In addition, the expression patterns of synaptophysin and the marker SMI-32 

which detects non-phosphorylated neurofilaments (16) were compared. 

Neurofilaments are phosphorylated in the normal white matter and become 

non-phosphorylated during demyelination (1). In the present study, SMI-32 

positive spheroids were detected during cuprizone induced demyelination and 

microglial activation. However, most SMI-32 positive spheroids neither 

co-localized with synaptophysin nor with APP. These results suggest different 

mechanisms in axonal transport damage and are in line with previous reports 

(17). It is known that neurofilaments are moved via slow axonal transport 
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while APP and synaptophysin are moved via fast axonal transport. However, 

during late demyelination some double positive synaptophysin/SMI-32 or 

APP/SMI-32 spheroids occurred. These spheroids might represent permanent 

axonal damage.  

The reliability of synaptophysin as a marker for axonal damage was shown in 

two animal models of multiple sclerosis, but however, some differences were 

found. In the viral TME model only few medium and large sized 

synaptophysin/APP positive spheroids were counted as compared with the 

toxic cuprizone model. The differences in the amount of axonal damage are 

probably due to different pathomechanisms of demyelination induction and 

consequently axonal damage. In the TME model, it was shown that axonal 

damage can occur prior to demyelination due to viral induced neuronal death 

(18). In the present study, the time point of demyelination was investigated, 

and thus, secondary damage of axons was probably detected. There were also 

some differences in human tissue of patients with multiple sclerosis. 

Synaptophysin co-localized with APP positive spheroids and supported the 

reliability of synaptophysin as a marker of axonal damage in human central 

nervous system tissue. Similar to previous works (19), synaptophysin/APP 

positive spheroids were found at the edges of inflammatory lesions supporting 

the hypothesis of inflammatory origin of axonal damage in multiple sclerosis. 

However, the amounts of synaptophysin/APP positive damaged axons varied 

in different lesions and occurred outside the lesions as well. The reason might 

be different stages of lesion development in human multiple sclerosis which is 

in contrast to animal models with defined time points of lesion induction. 

Furthermore, anti-APP antibodies stained some spheroid-like structures that 

were identified as corpora amylacea. These structures were also positive for 

the neuronal marker NeuN, which is in line with previous studies (20). 

Anti-synaptophysin antibodies did not stain APP positive corpora amylacea 

and GFAP positive astrocytes indicating a beneficial effect of synaptophysin 
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as compared with APP. However, staining with anti-synaptophysin antibodies 

induced a diffuse fine granular background staining in some brain slides. 

Therefore, to achieve reliable interpretation the application of both antibodies 

anti-APP and anti-synaptophysin is suggested.  
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4. Summary      

In the present study, synaptophysin was investigated as a potential marker to 

detect axonal damage in the central nervous system. The investigations were 

performed in two different animal models that mimic different aspects of 

multiple sclerosis. The results found in mice were further proved in human 

brain tissue of patients with multiple sclerosis. Synaptophysin positive 

medium and large sized spheroids co-localized with the established marker 

APP in both murine models and human tissue. Furthermore, synaptophysin did 

not cross react with cells of the central nervous system such as 

oligodendrocytes, microglia or astrocytes. In conclusion, the present study 

identified synaptophysin as a reliable marker to detect axonal damage in the 

central nervous system under inflammatory / demyelinating conditions. 



 

13 

 

References 

5. References   

1.  De Vos KJ, Grierson AJ, Ackerley S, et al. Role of axonal transport in 

neurodegenerative diseases. Annu Rev Neurosci 2008;31:151–73.  

 

2.  Goldstein AY, Wang X, Schwarz TL. Axonal transport and the delivery 

of pre-synaptic components. Curr Opin Neurobiol 2008;18:495–503.  

 

3.  Millecamps S, Julien JP. Axonal transport deficits and neurodegenera- 

tive diseases. Nat Rev Neurosci 2013;14:161–76.  

 

4.  Vallee RB, Williams JC, Varma D, et al. Dynein: an ancient motor 

protein involved in multiple modes of transport. J Neurobiol 

2004;58:189–200.  

 

5.  Koo EH, Sisodia SS, Archer DR, et al. Precursor of amyloid protein in 

Alzheimer disease undergoes fast anterograde axonal transport. Proc 

Natl Acad Sci 1990;87:1561–5.  

 

6.  Kamal A, Stokin GB, Yang Z, et al. Axonal transport of amyloid 

precursor protein is mediated by direct binding to the kinesin light chain 

subunit of kinesin-1. Neuron 2000;28:449–59.  

 

7.  Hoshino S, Kobayashi S, Furukawa T, et al. Multiple immunostaining 

methods to detect traumatic axonal injury in the rat fluid-percussion 

brain injury model. Neurol Med Chir (Tokyo) 2003;43:165–73.  

 

8.  Dawkins E, Small DH. Insights into the physiological function of the 

β-amyloid precursor protein: Beyond Alzheimer’s disease. J 

Neurochem 2014;129:756–69.  

 

9.  Shea TB, Chan WKH. Regulation of neurofilament dynamics by 

phosphorylation. Eur J Neurosci 2008;27:1893–901.  

 

10.  Sternberger LA, Sternberger NH. Monoclonal antibodies distinguish 

phosphorylated and nonphosphorylated forms of neurofilaments in situ. 

Proc Natl Acad Sci U S A 1983;80:6126–30.  

 

11.  Südhof TC, Lottspeich F, Greengard P, et al. A synaptic vesicle protein 

with a novel cytoplasmic domain and four transmembrane regions. 

Science 1987;238:1142–4.  



 

14 

 

 References 

 

12.  Ohyama A, Komiya Y, Igarashi M. Globular tail of myosin-V is bound 

to VAMP/synaptobrevin. Biochem Biophys Res Commun 2001;280: 

988–91.  

 

13.  Tarsa L, Goda Y. Synaptophysin regulates activity-dependent synapse 

formation in cultured hippocampal neurons. Proc Natl Acad Sci U S A 

2002;99:1012–6.  

 

14.  Wiedenmann B, Franke WW. Identification and localization of 

synaptophysin, an integral membrane glycoprotein of Mr 38,000 

characteristic of presynaptic vesicles. Cell 1985;41:1017–28.  

 

15.  Banati RB, Gehrmann J, Wiessner C, et al. Glial expression of the 

beta-amyloid precursor protein (APP) in global ischemia. J Cereb 

Blood Flow Metab 1995;15:647–54.  

 

16.  Johnson VE, Stewart W, Weber MT, et al. SNTF immunostaining 

reveals previously undetected axonal pathology in traumatic brain 

injury. Acta Neuropathol 2016;131:115–35.  

 

17.  DiLeonardi AM, Huh JW, Raghupathi R. Impaired axonal transport and 

neurofilament compaction occur in separate populations of injured 

axons following diffuse brain injury in the immature rat. Brain Res 

2009;1263:174–82.  

 

18.  Sato F, Tanaka H, Hasanovic F, et al. Theiler ’ s virus infection : 
Pathophysiology of demyelination and neurodegeneration. Pathophy- 

siology 2011;18:31–41.  

 

19.  Frischer JM, Bramow S, Dal-Bianco A, et al. The relation between 

inflammation and neurodegeneration in multiple sclerosis brains. Brain 

2009;132:1175–89.  

 

20.  Tate-Ostroff B, Majocha RE, Marotta CA. Identification of cellular and 

extracellular sites of amyloid precursor protein extracytoplasmic 

domain in normal and Alzheimer disease brains. Proc Natl Acad Sci U 

S A 1989;86:745–9.  



  

16 

 

Publication list 

7. Publication list      

 

Original publications: 

[1]  Bénardais K, Gudi V, Gai L, Neßler J, Singh V, Prajeeth CK, Skripuletz T, 

Stangel M. Long-term impact of neonatal inflammation on de- and 

remyelination in the central nervous system. Glia 2014;62:1659-70.    

[2]  Gudi V*, Gai L*, Herder V, Salinas Tejedor L, Kipp M, Amor A, Sühs KW, 

Hansmann F, Beineke A, Baumgärtner W, Stangel M, Skripuletz T. 

Synaptophysin is a reliable marker for axonal damage. J Neuropathol Exp 

Neurol 2017;76:109-25.  

*gleicher Beitrag 

 

Poster presentations: 

[1] Benardais K, Gudi V, Gai L, Neßler J, Singh V, Skripuletz T, Stangel M. 

Long-term impact of postnatal inflammation on subsequent demyelination 

in the CNS and blood-brain barrier structure. Barriers of the CNS, 

Lanzarote, Spain, 10.-13.02.2013. 

[2]  Gudi V, Benardais K, Neßler J, Gai L, Singh V, Skripuletz T, Stangel M.
 

Long-term consequences of perinatal inflammation on de- and 

remyelination in the central nervous system. XI European Meeting on Glial 

Cells in Health and Disease, Berlin, Germany, 03.-06.07.2013. Glia 

2013:61;S140. 

[3] Benardais K, Gudi V, Gai L, Neßler J, Singh V, Prajeeth CK, Skripuletz T, 

Stangel S. Long-term impact of neonatal inflammation on de- and 

remyelination in the central nervous system. 2nd International Workshop of 

Veterinary Neuroscience, Hannover, Gemany, 20.-22.03.2014. 



  

17 

 

Erklärung nach §2Abs.2Nrn.6 und 7 PromO 

8. Erklärung nach § 2 Abs. 2 Nrn. 6 und 7 PromO 

 

Ich erkläre, dass ich die in der Medizinischen Hochschule Hannover zur 

Promotion eingereichte Dissertation mit dem Titel  

 

„Synaptophysin presents a reliable marker to detect axonal damage in 

animal models of multiple sclerosis” 

 

in der Klinik für Neurologie der Medizinische Hochschule Hannover  

 

unter der Betreuung von Herrn PD Dr. med. T. Skripuletz  

 

mit Unterstützung von Frau Viktoria Gudi, PhD 

 

ohne sonstige Hilfe durchgeführt und bei der Abfassung der Dissertation keine 

anderen als die dort aufgeführten Hilfsmittel benutzt habe. 

 

Die Gelegenheit zum vorliegenden Promotionsverfahren ist mir nicht 

kommerziell vermittelt worden. Insbesondere habe ich keine Organisation 

eingeschaltet, die gegen Entgelt Betreuerinnen und Betreuer für die 

Anfertigung von Dissertationen sucht oder die mir obliegenden Pflichten 

hinsichtlich der Prüfungsleistungen für mich ganz oder teilweise erledigt. Ich 

habe diese Dissertation bisher an keiner in- oder ausländischen Hochschule zur 

Promotion eingereicht. Weiterhin versichere ich, dass ich den beantragten Titel 

bisher noch nicht erworben habe. 

 

Ergebnisse der Dissertation wurde in folgenden Publikationsorganen 

veröffentlicht: 



 

18 

 

Erklärung nach §2Abs.2Nrn.6 und 7 PromO 

 

Gudi V*, Gai L*, Herder V, Salinas Tejedor L, Kipp M, Amor A, Sühs KW, 

Hansmann F, Beineke A, Baumgärtner W, Stangel M, Skripuletz T. 

Synaptophysin is a reliable marker for axonal damage. J Neuropathol Exp 

Neurol 2017;76:109-25.   

*gleicher Beitrag 

 

 

  

  

 

Hannover, den 15.08.2019 

 

 

 



  

19 

 

Acknowledgement 

9. Acknowledgement  

I would like to thank PD Dr. med. Thomas Skripuletz. I appreciate the careful 

and patient guidance. He always gave decisive and definite viewpoints. 

Especially the prosperous based theory forcefully broadened my thinking. The 

thesis would have not been successful without your support and participation. 

 

I thank Viktoria Gudi (PhD). She was an excellent teacher in the laboratory. 

He always helped me with the methodical procedures, analyses of brain slides 

and the interpretation of data.    

 

I thank Prof. Martin Stangel for the support of my scientific work. 

 

I thank Sabine Lang and Ilona Cierpka-Leja for the great toleration in practical 

implementation and help in experimental procedures. 

 

I also thank my family and friends for the support and encouragement. 



  

20 

 

Authors 

10. Authors 

Viktoria Gudi performed the cuprizone experiments, participated in analysis 

of immunohistochemical stainings, interpreted data and drafted the 

manuscript. 

 

Lijie Gai prepared brain slides from the cuprizone experiments, performed 

immunohistochemical stainings, analyzed and interpreted the 

immunohistochemical stainings and drafted the manuscript. 

 

Vanessa Herder participated in the TMEV experiments, analyzed the data 

and contributed in drafting the manuscript. 

  

Laura Salinas Tejedor participated in analysis of immunohistochemical 

stainings and drafted the manuscript. 

 

Markus Kipp analyzed human brain tissue and contributed in drafting the 

manuscript. 

 

Sandra Amor analyzed human brain tissue and contributed in drafting the 

manuscript. 

 

Kurt-Wolfram Sühs participated in analysis of immunohistochemical 

stainings and drafted the manuscript. 

 

Florian Hansmann performed the TMEV experiments, analyzed the data and 

contributed in drafting the manuscript. 

 



 

21 

 

Authors 

Andreas Beineke participated in the TMEV experiments, analyzed the data 

and contributed in drafting the manuscript. 

 

Wolfgang Baumgärtner participated in the TMEV experiments, analyzed the 

data and contributed in drafting the manuscript. 

  

Martin Stangel participated in cuprizone experiments, conceived the study, 

analyzed the data and contributed in drafting the manuscript. 

 

Thomas Skripuletz participated in cuprizone experiments, conceived the 

study, analyzed the data and contributed in drafting the manuscript. 

 



ORIGINAL ARTICLE

Synaptophysin Is a Reliable Marker for Axonal Damage

Viktoria Gudi, PhD, Lijie Gai, MD, Vanessa Herder, PhD, Laura Salinas Tejedor, PhD,

Markus Kipp, Prof, Sandra Amor, Prof, Kurt-Wolfram Sühs, MD, Florian Hansmann, PhD,

Andreas Beineke, Prof, Wolfgang Baumg€artner, Prof, Martin Stangel, Prof, and

Thomas Skripuletz, MD

Abstract
Synaptophysin is an abundant membrane protein of synaptic vesi-

cles. The objective of this study was to determine the utility of iden-

tifying synaptophysin accumulations (spheroids/ovoids/bulbs) in

CNS white matter as an immunohistochemical marker of axonal

damage in demyelinating and neuroinflammatory conditions. We

studied the cuprizone toxicity and Theiler’s murine encephalomyeli-

tis virus (TMEV) infection models of demyelination and analyzed

CNS tissue from patients with multiple sclerosis (MS). Synaptophy-

sin colocalized with the amyloid precursor protein (APP), a well-

known marker of axonal damage. In the cuprizone model, numerous

pathological synaptophysin/APP-positive spheroids/ovoids were

identified in the corpus callosum at the onset of demyelination; the

extent of synaptophysin/APP-positive vesicle aggregates correlated

with identified reactive microglia; during late and chronic demyelin-

ation, the majority of synaptophysin/APP-positive spheroids/ovoids

resolved but a few remained, indicating persistent axonal damage; in

the remyelination phase, scattered large synaptophysin/APP-

positive bulbs persisted. In the TMEV model, only a few large- to

medium-sized synaptophysin/APP-positive bulbs were found in

demyelinated areas. In MS patient tissue samples, the bulbs ap-

peared exclusively at the inflammatory edges of lesions. In conclu-

sion, our data suggest that synaptophysin as a reliable marker of

axonal damage in the CNS in inflammatory/demyelinating

conditions.

Key Words: Axonal damage, Demyelination, Inflammation,

Synaptophysin.

INTRODUCTION
Neurons are highly specialized and polarized CNS cells

with discrete cell bodies, numerous dendrites, and normally a
single axon that can reach to a meter in length in humans; they
can be several meters long in other mammals such as whales.
Axons serve not only as “electrical mains” but also as “high-
way networks” to move different cargos such as mitochondria,
synaptic neurotransmitters, and various peptides throughout
the CNS. Proteins synthesized in the neuronal cell body (anter-
ograde transport) or absorbed via endocytosis at distal sites
(retrograde transport) are delivered to their target places on
microtubule “roads” via motor proteins such as kinesin (1, 2)
or dynein (3, 4) by energy-dependent axonal transport (5, 6).
Fast axonal transport (100–400mm/day, 1–5 mm/s) mainly
moves vesicular cargos whereas slow axonal transport (0.2–
5mm/day, 0.0002–0.05 mm/s) conveys mostly cytosolic and
cytoskeletal proteins, such as microtubules, neurofilaments,
and actin (5–8).

Axonal transport impairment and/or axonal damage are
prominent features of CNS neuroinflammatory and neurode-
generative diseases, such as multiple sclerosis (MS) (9, 10). In
neuropathological investigations of MS and CNS trauma, axo-
nal damage is most often identified using immunohistochemi-
cal staining for the b-amyloid precursor protein (APP), a
ubiquitously expressed 110–135kDa integral glycoprotein
type 1 with an extracellular N-terminus (11–13). The precise
biological function(s) of APP is(are) still not well defined but
different biological roles including regulation of growth pattern,
differentiation, cell adhesion, and apoptosis in different cell
types have been proposed. Synaptotrophic and neuroprotective
functions have also been postulated (14, 15). APP undergoes
kinesin-dependent, predominantly anterograde fast axonal trans-
port (16, 17). Axonal damage/transection results in disturbances
of this transport leading to accumulation of vesicles and subse-
quent formation of APP-positive spheroids or bulbs (18, 19).

The antibody SMI-32, which detects non-phosphorylated
neurofilaments, is another established marker for axonal damage
(20–23). Neurofilaments are major components of the neuronal
cytoskeleton; their phosphorylation is tightly linked to axonal
transport and myelination (24–27). Neurofilaments are moved
via slow axonal transport (8, 28, 29). Because of aberrant phos-
phorylation or impaired transport, neurofilaments also accu-
mulate in affected axons in various pathological conditions
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(21, 30–32). The pathological mechanisms of axonal dam-
age are not completely understood and additional markers
to detect axonal disturbances are needed.

Synaptophysin is a 38-kDa integral transmembrane
protein with 4 transmembrane domains (cytosolic C and N
termini) and a major small synaptic vesicle protein compris-
ing 7%–10% of the total synaptic vesicle proteins (33–35). It
is a major Ca2þ- and cholesterol-binding protein of synaptic
vesicles (36–38), and it interacts with different synaptic
vesicle and motor proteins including v-SNARE vesicle-
associated, membrane protein 2/synaptobrevin II (VAMP2),
vesicular proton pump V-ATPase, myosin V, dynamin I, and
adaptor protein 1 (AP-1) (39–44). Synaptophysin is involved
in different steps of synaptic biogenesis, vesicle protein
sorting, vesicle priming, synapse formation, and exo- and
endocytosis (37, 38, 45–48). It is transported in the fast
axonal component in both anterograde and retrograde direc-
tions (6, 49, 50).

In this study, we investigated the potential for synapto-
physin to serve as a marker for CNS axonal damage using 2
animal models that mimic different aspects of the complex
processes in MS and in brain tissue from patients with MS.

MATERIALS AND METHODS

Animals
Mice underwent routine cage maintenance once a week

and were microbiologically monitored according to the Feder-
ation of European Laboratory Animal Science Associations
recommendations (51). All research procedures were ap-
proved by the Review Board for the Care of Animal Subjects
of the district government (Lower Saxony, Germany) and per-
formed according to international guidelines on the use of lab-
oratory animals. Male C57BL/6 mice were purchased from
Charles River Laboratories (Sulzfeld, Germany); female SJL/
JHanHsd mice were purchased from Harlan (Rossdorf, Ger-
many). Control animals did not display any abnormalities dur-
ing experiments.

Induction of Demyelination via Cuprizone and
Tissue Processing

Experimental toxic demyelination was induced by feed-
ing 8-week-old male C57BL/6 mice with 0.2% (w/w) cupri-
zone (bis-cyclohexanone oxaldihydrazone, Sigma-Aldrich, St.
Louis, MO) mixed into a ground standard rodent chow (main-
tenance diet, rats/mice, Altromin, Lage, Germany) (52). The
drinking water was prepared in the animal facility of the Han-
nover Medical School by demineralizing, filtering (5 mm) and
bottling with a bottle filling system (Scanbur BK, Denmark).
Cuprizone treatment was maintained for 5 weeks to investi-
gate acute demyelination (53). Chronic demyelination was
induced by feeding cuprizone for 12 weeks (54). After with-
drawal of cuprizone, remyelination was analyzed 2 and 3
weeks later (ie week 7 and 8 after onset of experiments). After
the 12-week period of cuprizone feeding, remyelination was
investigated 2 and 4 weeks after withdrawal of the toxin (week
14 and 16 after onset of experiments). Tissue processing was
performed as previously described (55, 56). At different time

points, the mice under deep anesthesia were perfused transcar-
dially with 4% paraformaldehyde ([PFA], Merck) for immuno-
histochemistry or with phosphate-buffered saline for real-time
polymerase chain reaction (PCR) analyses.

For immunohistochemistry, brains were post-fixed in
4% PFA and paraffin-embedded. Seven-lm serial coronal sec-
tions were cut on a bright rotary microtome (RM2245, Leica)
from�0.82mm bregma to�1.70mm bregma. A group size of
4–6 animals was evaluated at each time point along with con-
trol animals.

Theiler’s Murine Encephalomyelitis Virus
Infection and Tissue Processing

For induction of Theiler’s murine encephalomyelitis vi-
rus (TMEV) infection, 5-week-old female SJL/JHanHsd mice
were intracerebrally infected with 1.63 � 106 PFU/mouse of
the BeAn strain of TMEV or mock infected (tissue culture me-
dium) in age-matched controls, as previously described (57,
58). Spinal cords were removed, post-fixed in 10% formalin
for 24 hours, decalcified in 25% ethylenediamine tetraacetic
acid (EDTA) for 48 hours and embedded in paraffin. For light
microscopy, 3-mm transverse sections of the thoracic spinal
cord were prepared on a microtome. A group size of 4–6
animals was evaluated at each time point (1 section/animal)
(control, 42, 98, 147, 196, and 245 days post-infection
[dpi]). Previous studies revealed significant inflammation,
as demonstrated by immunohistochemistry targeting CD3
(T-lymphocytes), CD45R (B-lymphocytes) and CD107b
(microglia/macrophages), as well as axonal damage in the
spinal cord of susceptible SJL-mice during the chronic
phase of TME, including the time points 42, 98, 147, 196,
and 245 dpi (57, 71).

MS Patient Tissue
Paraffin-embedded postmortem human brain tissue was

obtained through a rapid autopsy protocol from 6 patients with
different MS progression (ie 3 patients with secondary pro-
gressive MS, 2 patients with primary progressive MS, and 1
patient with not-characterized MS) in collaboration with VU-
Medical Center, Amsterdam, The Netherlands. MS patients
represented both genders (2 female and 4 male MS patients).
The ages of the patients ranged from 49 to 80 years. In addi-
tion, 3 control brains from patients without evidence of neuro-
logical disease or neuropathological alterations were included.
This study was carried out accordingly to the applicable na-
tional ethical guidelines and legal regulations regarding the
use of archival postmortem material.

Immunohistochemistry
For immunohistochemistry, paraffin-embedded sections

were dewaxed and heat-unmasked in 10mM citrate buffer
(pH 6.0). The following primary antibodies were used: for my-
elin, anti-myelin proteolipid protein ([PLP] mouse monoclo-
nal IgG2a, 1:500, Serotec), and -myelin basic protein ([MBP]
mouse monoclonal IgG2b, 1:500, Covance); for microglia,
anti-ionized calcium-binding adaptor molecule 1 ([Iba-1] rab-
bit polyclonal IgG, 1:1000, Wako); for neurons, anti-NeuN
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(mouse monoclonal IgG1, 1:200, Millipore); for identification
of oligodendrocytes, anti-myelin-associated neurite outgrowth
inhibitor (Nogo-A; rabbit polyclonal IgG, 1:700, Millipore);
for astrocytes, anti-glial fibrillary acidic protein ([GFAP]
1:200, rabbit polyclonal IgG, DakoCytomation); for axonal
damage, anti-APP (mouse monoclonal IgG1, 1:800, Millipore
and rabbit polyclonal IgG, 1:200, Invitrogen); anti-
synaptophysin antibodies, (mouse monoclonal IgG1, 1:200,
Serotec and 1:200, rabbit monoclonal IgG, YE269, Abcam,
Cambridge, UK); anti-neurofilament antibodies, SMI-32,
NF-H, non-phosphorylated (mouse monoclonal IgG1, 1:200,
Covance), SMI-312, pan NF, phosphorylated (mouse mono-
clonal IgG1, 1:500, Covance), and NF-M (rabbit polyclonal
IgG, 1:300, Abcam). All antibodies were diluted in PBS con-
taining 0.3% Triton-X100. Sections were further incubated
with biotinylated secondary antibodies, followed by
peroxidase-coupled avidin–biotin complex (ABC Kit, Vector
Laboratories, Burlingame, CA). The immunoreaction product
was visualized with 3,30-diaminobenzidine ([DAB] Dako).
For immunofluorescent single/double staining, slides were in-
cubated with respective secondary antibodies (Alexa 488 or
555 conjugated goat IgG, 1:500, Invitrogen). Slides were
counterstained either with hematoxylin and eosin for DAB or
with 4’,6-diamidino-2-phenylindole ([DAPI] Invitrogen) for
immunofluorescence staining.

Determination of De- and Remyelination
The extent of cuprizone-induced demyelination and ini-

tial remyelination was assessed as previously described (56,
59). Sections immunostained for myelin proteins were scored
in the midline of the corpus callosum using a light microscope
(Olympus BX61) on a scale from 0 (complete demyelination)
to 3 (normal myelin); scores 1 and 2 represented the different
grades of partial demyelination/remyelination (53, 60). To de-
terminate the extent of demyelination in the thoracic spinal
cord of TMEV-infected mice, paraffin sections were stained
with PLP for identification of white matter and synaptophysin
for mapping grey matter. Demyelinated PLP-negative areas
were manually outlined using the Cell’s softwareVR from
Olympus BX6. The percentage of demyelination in the tho-
racic spinal cord segment of TMEV infected mice was deter-
mined by calculating the percentage of PLP-negative white
matter areas to the total white matter area. The same set of
threshold values was used for all animals.

Human material was processed for anti-PLP immunos-
taining as published previously to stage lesional activity (61).
Murine and human control tissue did not display any myelin
abnormalities.

Quantification of Synaptophysin- and
APP-Positive Spheroids and Glial Reactions

Synaptophysin- and APP-positive spheroids were
counted in the central corpus callosum using a magnification
of�400 (Olympus BX61, Cell’s software

VR
) or in the total

white matter of thoracic spinal cord sections at a magnification
of�200. The sizes of synaptophysin- and APP-positive spher-
oids (small [<2 mm], medium [2–7.5 mm], and large [8–15 mm])

were measured using Cell’s software
VR
. The results are pre-

sented as a mean 6 SEM of spheroid numbers per mm2

(n¼ 4–6). Quantitation of microglia accumulation was per-
formed for immunoreactivity of Iba-1 staining (62). Data are
presented as a number of cells per mm2 (mean 6 SEM;
n¼ 4–6). Human material was processed for anti-MHC-II
(LN3) staining as published previously to stage lesional ac-
tivity (61). No evidence of inflammation was detected in
age-matched control mice. Sporadic age-related aggrega-
tions of activated microglia were observed in single control
human samples (data not shown).

Real-Time PCR
Corpus callosum and cerebral cortex were dissected

from whole brains under a light microscope. The total RNA
was extracted from the tissue using the RNeasy

VR
Mini Kit

(Qiagen), as previously described (55, 63). cDNA was synthe-
sized according to the manufacturer’s recommendations using
the High Capacity cDNA Reverse Transcription Kit (Life
Technologies). Quantitative real-time PCR analysis was per-
formed using the StepOneTM Real-Time PCR System and ap-
propriate TaqMan probes (Life Technologies). The DDCt
method was applied to determine differences in the expression
of Synaptophysin, IL-1b, TNF-a, Kif1a, Kif1b, Kif1c Kif5a,
Kif5b, Kif5c, and dynein genes between cuprizone-treated and
age-matched control animals (n¼ 4–5/group). Changes in
mRNA expression levels were calculated after normalization
to the arithmetic mean of HPRT-1 and GAPDH. (1) Ct target

treated � Ct mean (HPRT and GAPDH) treated¼DCt treated. (2) Ct target
control � Ct mean (HPRT and GAPDH) control¼DCt control. (3) DCt

controlþ (n� 1)DCt controlþ nDCt control¼ R DCt controlþ (n� 1)
DCt controlþ n DCt control/n¼DCt control mean. (4) DCt treated �

DCt control mean¼DDCt treated. (5) DCt control � DCt control mean¼

DDCt control. (6). Fold change treated¼ 2�DDCt treated. (7) Fold
change control¼ 2�DDCt control.

Statistical Analysis
Statistical analysis was performed using two-way analy-

sis of variance (ANOVA) or one-way ANOVA followed by
the Tukey’s multiple comparison post hoc test. All data are
given as arithmetic means6SE. P values of the ANOVAs are
given in the Results section; group comparisons derived from
post hoc analysis are provided in the figures. Correlation and
linear regression analysis was performed by applying the Pear-
son correlation test. The normality of all values was evaluated
using Kolmogorov–Smirnov test. In all cases, significant ef-
fects are indicated by asterisks (compared to the preceding
time point) or hash marks (compared to controls) (*#p< 0.05;
**##p< 0.01; ***###p< 0.001).

RESULTS

Numbers and Sizes of Synaptophysin-Positive
Spheroids Change during Cuprizone-Induced
Demyelination

To investigate the distribution of synaptophysin under
both physiological and pathological conditions in the CNS,
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immunohistochemical staining of coronal brain sections from
control and cuprizone challenged mice were performed. We
used 2 different antibodies for synaptophysin: a mouse mono-
clonal IgG from Serotec and rabbit monoclonal from Abcam.
Both antibodies showed similar staining patterns (Supplemen
tary Data Fig. S1). The grey matter of the cerebrum and cere-
bellum in controls displayed a widespread fine granular
synaptophysin-positive signal (Fig. 1A, B), whereas a few
small physiological synaptophysin-positive dots were found in
the white matter of the corpus callosum (Fig. 1C).

During cuprizone-induced demyelination, the sizes of
synaptophysin-positive dots and their amounts increased (Fig.
1E, F; p< 0.0001 for small and medium-sized spheroids dur-
ing both an acute and chronic demyelination; p< 0.001 for
large spheroids/ovoids in both acute and chronic demyelin-
ation). Numbers of small dots decreased significantly during
cuprizone-induced demyelination reaching the lowest num-
bers at the time point week 5 (which corresponds to nearly
complete demyelination in the corpus callosum in this model)
and remained at a low level during chronic demyelination of
12 weeks. When animals were allowed to remyelinate after
5-week cuprizone treatment, the small synaptophysin spher-
oids recovered already after 2 weeks of remyelination. In
contrast, after chronic demyelination, small physiological
synaptophysin-positive spheroids recovered with a delay and a
significant increase occurred after 4 weeks of remyelination.

Medium-sized spheroids (2–7.5 mm) were only rarely
found in controls. During cuprizone-induced demyelination, the
numbers of medium-sized synaptophysin-positive bulbs in-
creased dramatically reaching a peak at the time point week 4,
which corresponds to the peak of microglial activation in this
model. Thereafter, the numbers of medium-sized spheroids de-
creased even during chronic demyelination at 12 weeks.

Large synaptophysin-positive spheroids (8–15 mm) were
also not found in the corpus callosum in controls. During demye-
lination, their numbers increased but did not reach significant
levels during the short 5-week period of demyelination. During
chronic demyelination, significantly, numbers of large spheroids
were detected at the time point week 6 and remained increased
during the later demyelination phase. During remyelination,
large spheroids were still present in low numbers.

Summing up, we hypothesized that small synaptophysin-
positive dots represent physiological synaptic vesicles transported
through the axonal network, whereas medium-and large-sized
synaptophysin-positive bulbs/ovoids/spheroids reflect pathologi-
cal vesicle accumulations due to axonal transport disturbances.
Similar synaptophysin patterns were observed in other prominent
white matter tracts such as the internal capsule or hippocampal
white matter (Fig. 1G, H). Double staining demonstrated that syn-
aptophysin did not colocalize with the oligodendroglial marker
Nogo-A (Fig. 1I), astrocytic marker GFAP (Fig. 1J), or the micro-
glia marker Iba-1 (Fig. 1K).

Synaptophysin as a Marker of Axonal Transport
Disturbances in the Cuprizone Model

The next step aimed to verify synaptophysin as a marker
to study axonal damage and/or axonal transport disturbances.
We performed immunohistochemical double staining for

synaptophysin and APP, a widely accepted marker of axonal
damage. For quantification, only synaptophysin-positive
spheroids>2 mm were considered as pathological vesicles be-
cause small synaptophysin-positive dots were considered to be
physiological (Figs. 1C, 4A, C, 5G).

Double staining for APP/synaptophysin revealed that
synaptophysin-positive spheroids colocalized with APP dur-
ing de- and remyelination in the corpus callosum (Fig. 2A–H).
However, during the time point of strong microglia activation
and demyelination, some APP-positive structures that were
not positive for synaptophysin were found. Because it is
known that APP may colocalize with reactive astrocytes (64),
additional double staining with anti–GFAP was performed.
GFAP-positive astrocytes were also found to express APP
(Fig. 2I, K, M), whereas there were not GFAP/synaptophysin
double-positive cells found (Fig. 2L, N). Thus, for colocaliza-
tion studies only APP-positive spheroids without nuclear co-
staining were counted (Fig. 2A, B, D, G).

Colocalization studies for synaptophysin and SMI-32 (an-
other established marker of axonal damage) were next per-
formed. In untreated control animals neurofilaments were highly
phosphorylated, as shown by immunostaining with the marker
SMI-312, which stained highly phosphorylated axonal epitopes
on neurofilaments M (medium) and H (heavy) (Fig. 3B). Over
the course of demyelination, neurofilaments substantially lost
their phosphorylation. However, SMI-312-positive swellings/
traces could be detected in the affected corpus callosum (Fig.
3D, F, H). SMI-32 visualizes non-phosphorylated neurofilament
H. In controls, large axons were not marked with SMI-32 in the
corpus callosum (Fig. 3A). Numerous non-phosphorylated SMI-
32-positive spheroids were, however, identified at the time point
week 4, which corresponded to the peak of microglia activation
and strong demyelination (Fig. 3C, E). During early and com-
plete demyelination (weeks 3–5), SMI-32- or SMI-312-positive
spheroids only rarely colocalized with synaptophysin (Fig. 3C,
3E, example for colocalization: 3F, F1–F3). In contrast, at later
time points beginning at week 6 and further on during chronic
demyelination SMI-32 and SMI-312 were predominantly lo-
cated in large synaptophysin-positive spheroids (Fig. 3G, H);
these were also-positive for APP (data not shown). Nevertheless,
mainly single synaptophysin-positive spheroids and some single
SMI-32 or SMI-312-positive spheroids were detected.

The expression and distribution of neurofilament medium
chain (neurofilament M) was also analyzed (Fig. 4A–E). In
control animals neurofilament M was observed inter alia in
cortical neuronal bodies and in callosal axons; physiological
synaptophysin-positive vesicles were located inside of neuro-
filament-positive axons (Fig. 4A, C). Upon demyelination the
intensity of neurofilament M staining decreased and few neuro-
filament M-positive swellings appeared in the affected corpus
callosum (Fig. 4B, D, E). Colocalization studies with synapto-
physin (Fig. 4B, D, E), and APP (data not shown) revealed
aligned patterns similar to those of SMI-312 and SMI-32.

Axonal Disturbances during Microglia
Activation in the Cuprizone Model

To investigate the reasons for the axonal transport dis-
turbances we first investigated the gene expression of different
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FIGURE 1. (A–C) Representative sections illustrate immunohistochemical staining for synaptophysin (Syp) in the cerebral cortex
and hippocampus (A), cerebellum (B), and corpus callosum (C) of untreated control mice. (D) Accumulation of synaptophysin-
positive vesicles¼ spheroids/ovoids/bulbs in the corpus callosum of a cuprizone-treated mouse. Arrows indicate the different sizes
of synaptophysin-positive-spheroids; small [S],<2 mm (as in panel C); middle-sized [M], 2–7.5 mm; large [L], 8–15 mm, pathological
size. (E, F) Graphs show numbers of different sized synaptophysin-positive spheroids in the corpus callosum during acute (5 weeks,
E) and chronic (12 weeks, F) demyelination followed by remyelination after stopping cuprizone. Significant effects between
different time points were calculated separately for each type/size of bulbs (*p<0.05, **p<0.01, **p<0.001). Significant effects
for different cuprizone time treatments in comparison to the untreated control: #p<0.05, ##p<0.01, ###p<0.001), n¼4–6.
(G, H) Representative images show synaptophysin-positive bulbs in the demyelinated hippocampus (G) and internal capsule (H).
(I-K) Representative images show that synaptophysin does not colocalize with the oligodendroglial marker Nogo-A (I), the
astrocytic marker GFAP (J), or with the microglial marker Iba-1 (K). Scale bar in (K)¼100 mm, applies to (I) and (J).
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FIGURE 2. (A, B) Graphs represent the quantitative analysis of APP, synaptophysin (Syp), and double-positive spheroids in the
corpus callosum of cuprizone-treated mice with acute demyelination (A) and chronic demyelination (B). Two-way ANOVA
analysis identify that there were no significant differences between numbers of APP- and synaptophysin-positive spheroids during
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kinesins and dynein, which are important motor proteins re-
sponsible for anterograde and retrograde vesicle transport in
cortical neurons. Hares et al reported reduced axonal motor
protein expression in non-lesional grey matter in MS patients
(65). In our study, apart from kinesin 1b, which was upregu-
lated at week 4 of demyelination (Supplemental Fig. 2D), we
did not identify significant alterations of mRNA expression
for either kinesins 1a, 1c, 5a, b, and c nor for dynein in the cor-
tical grey matter at all time points investigated (Supplemen
tary Data Fig. S2B–I). Synaptophysin mRNA expression was
also not altered in cortical grey matter during the course of
acute demyelination (Supplementary Data Fig. S2I).

We next tested whether myelin loss might be responsi-
ble for axonal transport disturbances. Thus, we correlated the
callosal expression of myelin proteins MBP and PLP to the
appearance of pathological medium-sized and large synap-
tophysin-positive axonal swellings in the corpus callosum
((Figs. 5G-L, 6A). There was a positive correlation for MBP
during acute demyelination (p¼ 0.0051; R¼ 0.8856;
r¼�0.9410) (Fig. 6A, D), but not for PLP (p¼ 0.1920;
R¼ 0.3807; r¼�0.617) (Fig. 6A, C). For chronic demyelin-
ation we did not see any correlation for either MBP
(p¼ 0.0738; R¼ 0.3867; r¼�0.6218) or PLP (p¼ 0.3164;
R¼ 0.1426; r¼�0.3776) (Fig. 6F, G). During severe chronic
demyelination the entire amount of pathological
synaptophysin-positive spheroids (medium- and large-sized)
did not increase (Fig. 6B). Moreover, medium-sized bulbs
even decreased in their numbers while the amount of large
bulbs rose slightly (Figs. 1F). These large bulbs persisted after
4 weeks of remyelination. During remyelination some
synaptophysin-positive bulbs were surrounded by PLP-
positive myelin, suggesting that disturbed axons can be remye-
linated (Fig. 5O, P). Finally, we investigated the relationship
of microglia infiltration/activation and the appearance of
medium-and large-sized synaptophysin-positive ovoids. We
found a strong correlation between these 2 parameters during
both acute and chronic demyelination (acute: p¼ 0.0188;
R¼ 0.7849; r¼ 0.8860; chronic: p¼ 0.0075; R¼ 0.6635;
r¼ 0.8146) (Figs. 5A–F, M, N, 6A, B, E, H).

Changes in mRNA expression for the inflammatory cy-
tokines IL-1b and tumor necrosis factor (TNF) were found in
the cortex (area of neuronal cell bodies) and the corpus callo-
sum (axonal area). The expression of these cytokines peaked
after week 4/5 weeks of cuprizone diet and matched with the
maximum of synaptophysin amount (Fig. 7B, C, E, F).

Thus, because we found a strong correlation between
microglia accumulation and synaptophysin-positive spheroid
numbers, we conclude that inflammation might be the stron-
gest factor leading to acute axonal transport disturbances. In
addition, the amount of synaptophysin aggregations decreased
during chronic demyelination, when inflammation abated.

Synaptophysin as a Marker for Axonal Damage
in Theiler’s Murine Encephalomyelitis Virus-
Induced Demyelination

To confirm synaptophysin as a reliable marker to detect
axonal transport damage during demyelinating conditions, a
second model of CNS neuroinflammation was studied. Immu-
nohistochemical analyses were performed in thoracic spinal
cord sections after TMEV-induced demyelination. Infiltration
of microglia/macrophages was visualized using Iba-1 staining.
As shown in Figure 8, a scattered accumulation of activated
microglia/macrophages could be observed already after
42 dpi. Microglial activation peaked at 98 and 147 dpi with a
subsequent decline on days 196 and 245 (p< 0.001) (Fig. 8A).
Microglia/macrophage infiltration followed not only a tempo-
ral sequence but also a special spatial pattern. First, microglia/
macrophages appeared in the ventral part of the spinal cord
(42 dpi) and then spread to the lateral parts (98, 147 dpi). At
the latest time point analyzed, activated microglia/macro-
phages were observed predominantly in the dorsal parts be-
tween the dorsal horns of the spinal cord (Fig. 8E–H).

The appearance of demyelinating areas showed a similar
distribution pattern. Demyelination began at 42 dpi and prog-
ressed gradually during the next weeks (p< 0.001). Finally, at
245 dpi, nearly 30% of all spinal cords white matter was
demyelinated (Fig. 8B). We detected pathological medium-
and large-sized synaptophysin-positive spheroids in the
white matter during TME-induced demyelination (p¼ 0.0022)
(Fig. 8C). These synaptophysin-positive formations colocal-
ized with APP-positive spheroids (Fig. 8L–N, S–U), and
were predominantly observed in demyelinated (Fig. 8I, O)
and microglia-enriched areas (Fig. 8J, K, P). Pathological
synaptophysin/APP-positive bulbs were not present in untre-
ated animals.

Synaptophysin as a Marker for Axonal Damage
in CNS Tissue of MS Patients

Synaptophysin immunostaining revealed a fine granular
pattern in synapse rich human grey matter areas (Fig. 9T). Ten
chronic active demyelinating lesions from 6MS patients were
analyzed. At the edges of 4MS lesions we observed numerous
synaptophysin-positive spheroids (Fig. 9A–K [lesion 1]; Fig.
9L–O [lesion 2]). These areas were characterized by accumu-
lation of LN3-positive microglia/monocytes and diffuse
myelin loss (Fig. 9A, B, I, L–O). Some single synaptophysin-
positive spheroids were also found in completely demyelinated
areas (data not shown). In both cases, synaptophysin-positive
spheroids colocalized with APP-positive bulbs (Fig. 9C-H, J,
K, N). Synaptophysin-positive/APP-positive bulbs were not
detected in the human control brain tissue.

FIGURE 2. Continued
both acute and chronic demyelination or during the remyelination periods. Significant effects between different time points are
indicated by asterisks (*p<0.05, **p<0.01, **p<0.001). Significant effects for different cuprizone time treatments in
comparison to the untreated control were indicated by hatch marks (#p<0.05, ##p<0.01, ###p<0.001), n¼4–6. (C–H)
Representative pictures show colocalization in the corpus callosum of both markers at 4- and 12-week time points. Arrows in (D)
and (E) indicate astrocytes expressing APP in the corpus callosum. (I–N) Representative images show that APP (MAB 348) was
also expressed in reactive astrocytes in the hippocampus; GFAP and synaptophysin are not colocalized.
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FIGURE 3. Immunohistochemical staining of the corpus callosum evaluating phosphorylation of neurofilaments and their
colocalization with synaptophysin (Syp) during cuprizone-induced demyelination. (A–H) SMI-32 detecting non-phosphorylated
heavy neurofilaments are shown in panels (A, C, E, G). SMI-312 detecting phosphorylated neurofilaments H and M are
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DISCUSSION
Vesicular axonal transport disturbances and axonal

damage are hallmarks of numerous neurological disorders, in-
cluding MS (9, 10). Thus, reliable markers for the detection of
axonal transport disturbances are required to study the under-
lying pathomechanisms. Recently, a calpain-derived alpha-II
spectrin N-terminal fragment (SNTF) was identified as a new,
highly sensitive marker to study different axonal transport dis-
turbances in traumatic brain injury (66). Synaptophysin pre-
sents another possible marker to detect axonal damage under
different neuropathological conditions such as MS (67–69).
Here, we established synaptophysin, an abundant vesicle
membrane protein, as a reliable marker for the detection of ax-
onal damage by performing detailed synaptophysin expression

studies in 2 animal models of demyelination and in brain tis-
sue from MS patients. The accumulation of synaptophysin
during pathological conditions was compared with the well-
established axonal damage markers APP (12, 70, 71) and
SMI-32 (21, 72).

APP is synthetized in the neuronal cell soma and under-
goes fast axonal transport mediated by conventional kinesin
(16, 17, 73). Disruptions of axonal transport or axon dissection
lead to accumulation of APP-positive vesicles that can be
identified using immunohistochemistry (18, 74). During its
transport along the axon, the N-terminus of APP is located in-
side and the C-terminus outside of the vesicles. Previously, it
was reported that antibodies against the C-terminus are even
more sensitive to detect the accumulation of APP-positive

FIGURE 3. Continued
illustrated in panels (B, D, F, H). Inserts in (C) and (D) show higher magnification images. Neurofilaments were highly
phosphorylated in untreated control animals (B). During the course of demyelination, neurofilaments lost their phosphorylation
(D, F, H). Moreover, mostly dephosphorylated neurofilaments (E) but also some phosphorylated neurofilaments (F) cannot be
properly transported throughout axons and accumulate in numerous small bulbs. These neurofilament bulbs predominantly did
not colocalize with synaptophysin-positive spheroids. However, during the progression of demyelination both markers were
found in similar structures, i.e. large ovoids probably representing transected axons (G, H). F1, F2, F3 (from the boxed area in F)
also show synaptophysin-positive transected axons.

FIGURE 4. (A-E) Representative images show neurofilament medium chain staining in the corpus callosum of control mice (A,
C) and cuprizone-treated mice (B, D, E). Panels (A) and (B) are confocal images.
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FIGURE 5. (A-P) Representative sections show immunostaining in the corpus callosum for synaptophysin/Iba-1 (A-F) and synaptophysin/
PLP (G–L) during acute and chronic cuprizone induced demyelination and subsequent remyelination. Inserts in (A–F) show the
morphology/shape of microglia identifying their activation state. Inserts in (G–L) show higher magnification of synaptophysin accumulations.
Panels (M) and (N) are confocal images from RCA-1 (microglia activation marker, green) and synaptophysin (red) during inflammation in
cuprizone-treatedmice. Panels (O) and (P) show remyelinated axons (PLP, green) with internal synaptophysin accumulation (red).
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vesicles at the site of axonal damage (19, 75). Thus, the choice
of an appropriate anti-APP antibody seems important because
APP becomes post-transcriptionally processed by glycosyla-
tion, sulfation, and undergoes a complicated post-translational
proteolytic processing (14, 76, 77). Moreover, APP is not ex-
clusively expressed in neurons but may occur in other cell
types, including reactive astrocytes (64, 78–80). Different
splice variants are known, which are predominantly expressed
by neurons (APP-695) or other cell types (APP-751, APP-770,
L-APP, and APP-639) (81–84). In our study, we detected APP
in some reactive astrocytes during cuprizone-induced demye-
lination, which is in line with previous publications (64).

Unfortunately, in some cases it is difficult to distinguish
between an APP-positive damaged axon and APP-positive as-
trocytic processes without co-staining with an astrocytic marker.
Thus, additional markers for axonal damage might be helpful to
resolve these difficulties. Like APP, synaptophysin is also
moved via the fast axonal transport mostly in an anterograde
direction. Here, we found that small synaptophysin-positive
dots appear in very high numbers in the normal CNS grey mat-
ter; fewer are seen in normal white matter. In the cuprizone-
induced demyelination model, the amounts of small physiolog-
ical synaptophysin dots decreased and larger spheroids, which
can be considered as pathological accumulations of synaptic

FIGURE 6. The appearance of synaptophysin (Syp)-positive pathological (medium-and large-sized) spheroids was compared and
correlated with the extent of demyelination (proteolipid protein: PLP, myelin basic protein: MBP) and microglia infiltration
(Iba-1) induced by cuprizone feeding (acute or chronic). (A, B) Graphs show the extent of microglia accumulation, appearance
of pathological synaptophysin bulbs and the extent of de- and remyelination as judged by scoring of MBP and PLP
immunostaining. Score of 3 represents complete myelination; score of 0 represents complete demyelination. (C–H) Correlation
analyses of synaptophysin-positive bulbs with the extent of de- and remyelination and microglia numbers (n¼5–6).
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vesicles in damaged axons, were found in the corpus callosum
and in other white matter structures. Colocalization studies re-
vealed that these spheroid structures are immunopositive for
both synaptophysin and APP. This suggests that the entire fast
axonal transport mechanism is impaired during cuprizone-
induced demyelination because APP and synaptophysin are
known to be moved in different vesicular compartments (50).

Further, we compared the expression pattern of synapto-
physin with the marker SMI-32, which detects non-
phosphorylated neurofilaments (20–23, 85). In the normal
white matter, neurofilaments are mostly phosphorylated
whereas in demyelinated axons neurofilaments become
dephosphorylated (21, 72, 86). Neurofilaments are moved via
slow axonal transport (8, 28, 29). As a consequence of aber-
rant phosphorylation or transport, neurofilaments accumulate
in the affected axons (30, 31, 68, 87). In the present work we
detected SMI-32-positive bulbs during the acute microglia ac-
tivation and demyelination phase in the cuprizone model. At
this time, most SMI-32-positive spheroids did not colocalize
with synaptophysin or APP. This is probably due to the differ-
ent transport mechanisms, i.e. slow axonal transport for SMI-
32 and fast axonal transport for synaptophysin and APP. A
similar result was observed in another study that investigated
axonal transport disturbances in immature rat brain injury and
detected compacted neurofilament (RM014 immunoreactiv-
ity) and APP (31). However, we observed some large double-
positive SMI-32/synaptophysin or SMI-32/APP bulbs at later
time points of cuprizone-induced demyelination and even dur-
ing remyelination. We hypothesize that the large SMI-32/
APP/synaptophysin-positive bulbs might represent permanent
axonal damage or terminally transected axons. In contrast,

different medium-sized spheroids, which are either APP/syn-
aptophysin double-positive or SMI-32 single-positive, might
detect reversible fast or slow axonal transport impairments,
i.e. “vesicle jams”, that can disintegrate when inflammation is
resolved. This concept was proposed by Ferguson et al in
1997 (74), and later corroborated by others (88), particularly
by the group of Kerschensteiner investigating axonal transport
disturbances in experimental autoimmune encephalomyelitis
(EAE) using in vivo imaging (89). In our study, the amount of
synaptophysin-positive bulbs correlated poorly with the loss
of myelin proteins during acute demyelination, as judged by
PLP or MBP immunostaining. The mRNA expression of kine-
sins 1a, 1b, 1c, 5a, 5b, 5c, and dynein, which represent main
motor proteins responsible for the transport of synaptic vesi-
cles (90, 91), was also not affected in our study. Thus, we hy-
pothesize that inflammation in particular may be the key factor
that impairs axonal transport. This assumption is in line with
the correlation between the extent of microglia accumulation
and the amount of synaptophysin-positive spheroids in the
corpus callosum. Moreover, the appearance of synaptophysin-
positive bulbs showed a similar temporal pattern as the
mRNA expression of the inflammatory cytokines IL-1b and
TNF. Stagi et al also showed that microglial NO significantly
inhibited axonal transport of synaptophysin enhanced green
fluorescent protein-marked synaptic vesicles in hippocampal
neuronal cultures (92).

Kornek et al investigated the distribution of voltage–
gated calcium channels in samples from MS patients and ani-
mals with EAE. They showed that axonal transport was
impaired and the a1b subunit of N-type calcium channels accu-
mulated in dystrophic axons of active demyelinating MS brain

FIGURE 7. (A, D) Sketches of the mouse brain in coronal section. The marked areas in the cortex and corpus callosum represent
investigated regions. (B, C) Graphs indicate mRNA expression of the inflammatory cytokines TNF and IL-1b in the cerebral
cortex. (E, F) mRNA expression of TNF and IL-1b in the corpus callosum, Significant effects between different time points are
indicated as: *p<0.05, **p<0.01, **p<0.001. Significant effects for different cuprizone time treatments in comparison to the
untreated control are indicated as: #p<0.05, ##p<0.01, ###p<0.001), n¼4–5.
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lesions and spinal cord lesions in EAE similar to APP (93).
Frischer et al performed correlative studies between synapto-
physin reactivity and accumulation of reactive T cell and mac-
rophage infiltrates in different MS lesions and provided direct
evidence that axonal injury is consistently associated with
inflammation (67). Nevertheless, the precise sequence of
the degenerative events remains an open and intensively dis-
cussed question, i.e. whether axonal damage/axonal transport

collapse is caused by inflammation or if it is a consequence
of demyelination or both (13, 74, 94–99). In a previous
study, we showed less microglial activation after astrocyte
depletion using the cuprizone model, which led to delayed
myelin debris removal. In those mice, the number of
synaptophysin-positive spheroids was not changed, suggest-
ing that microglial accumulation is at least not the sole rea-
son for axonal damage (63).

FIGURE 8. (A–C) Graphs show microglia/macrophage infiltration (A) and the course of demyelination (B) during Theiler’s virus
induced encephalomyelitis in the thoracic segment of murine spinal cord. (C) Panel shows the appearance of pathologic
accumulation of synaptophysin (Syp). Significant effects between different time points were indicated as: *p<0.05, **p<0.01,
**p<0.001. Significant effects for different time treatments in comparison to the untreated control are indicated as: # p<0.05,
## p<0.01, ### p<0.001), n¼4–6. (D–H) Representative images of thoracic spinal cord segment illustrate infiltration of
microglia/macrophage at different days after the injection of Theiler’s murine encephalomyelitis virus. (I–U) Panel (I) shows the
appearance of synaptophysin-positive bulbs exclusively in the demyelinated area; (J) and (K) illustrate the appearance of
synaptophysin-positive spheroids surrounded by activated microglia/macrophages. (L–N) Colocalization of synaptophysin and
APP in the spheroid structures. (O–U) Serial staining of the same spinal cord area during Theiler’s virus induced
encephalomyelitis (O, synaptophysin/PLP double staining; P, synaptophysin/Iba-1 double staining; R, synaptophysin/APP
double staining; S–U, higher magnification of area shown in R).
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FIGURE 9. Representative images show the expression of synaptophysin (Syp) in CNS tissue of 2 different patients with MS. (A–
H) Different immunohistochemical stainings from a chronic active MS lesion (serial sections). Panels (E) and (F) show the higher
magnifications from boxed areas 1 in (C) and (D). Panels (G) and (H) demonstrate higher magnification from boxed areas 2 in
(C) and D. (I–K) Representative double immunostaining for synaptophysin and Iba-1 demonstrate microglia accumulation (I)
and proving colocalization of APP and synaptophysin (J, K). (L–O) Demyelination/inflammation/axonal damage in another MS
lesion. DAB staining in (L) and (M) illustrate the extent of demyelination (PLP) and inflammation (LN3 marks HLA-DR-positive
cells: lymphocytes and macrophages) in this MS lesion. Panels N and O show higher magnification of the boxed are from this
lesion in (L) and (M) demonstrating double expression of APP and synaptophysin in (N) and double staining of PLP and
synaptophysin in (O). (P–U) Corpora amylacea are immunostain-positive for APP (P, S), and NeuN (U), but not synaptophysin
(R, T).
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In the present study, we found some differences between
the animal models and MS patient tissue. In contrast to the cupri-
zone model, only a few large- or medium-sized APP/synaptophy-
sin-positive bulbs were found in TME. The differences in the
amount of APP/synaptophysin bulbs are probably due to different
pathomechanisms underlying axonal damage in the 2 models.
Tsunoda et al postulated that axonal damage can occur in TME
even prior to demyelination due to neuronal cell death caused by
TMEV followed by Wallerian degeneration (Inside-Out model)
(100, 101). Later this hypothesis was refined and proposed as a
concept for axonal damage in demyelinating diseases, i.e. a pri-
mary event caused by neuronal cell death andWallerian degener-
ation evoking an inflammatory cascade and secondary axonal
damage or axonopathy (Inside-Out and Outside-In model) (102).
Because in our study, we examined particularly the demyelinating
phase of TME, we probably detected secondary axonal damage.

Finally, we investigated the expression of synaptophysin
and the presence of axonal damage in MS patient CNS tissue.
Synaptophysin-positive spheroids were found to be colocalized
with APP, supporting the finding that synaptophysin is a marker
for axonal damage in the human CNS. However, this is in con-
flict with the hypothesis of Schirmer et al postulating synapto-
physin as a marker for neuronal regeneration after an inflamma-
tory insult (85). However, similar to the work of Frischer et al
(67), synaptophysin/APP-positive bulbs were found predomi-
nantly at the edges of demyelinating lesions, areas with the high-
est amount of infiltrating immune cells. This observation sup-
ports the hypothesis of an inflammatory origin of axonal
damage. However, these synaptophysin/APP-positive spheroids
were not always found in MS lesions and their amounts varied
in different lesions, suggesting a high complexity or different
mechanisms underlying axonal damage. This could also be due
to different stages of MS lesion development because it is not
possible to obtain the material at defined time points. Further-
more, anti-APP antibodies also detected large spheroid–like
structures, which were faintly stained with hematoxylin and
were identified as corpora amylacea (Fig. 9P, S). Interestingly,
corpora amylacea were also positive for NeuN, suggesting a
neuronal origin of these aggregations (Fig. 9U). This observation
is in line with some previous studies (103, 104). In contrast to
anti-APP, anti-synaptophysin antibodies did not immunostain
corpora amylacea (Fig. 9R, T) or reactive astrocytes. However,
there was sometimes a diffuse fine granular background stain-
ing. Thus, for better interpretation of immunohistochemical
staining identifying axonal damage in MS tissue as well as in the
spinal cord during TME we suggest applying both anti-APP and
-synaptophysin with nuclear co-staining.

In conclusion, we confirm here that synaptophysin is a
reliable marker to study axonal damage in the cuprizone
model of demyelination (105) since it colocalized with APP
and did not cross-react with neither oligodendrocytes, astro-
cytes, nor microglia. Synaptophysin detected axonal damage
in demyelinating human MS lesions and may also serve as a
marker for studying axonal damage in the TMEVmodel.
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Supplemental Figure 2. A, a sketch of the mouse brain in coronal 

section. The square marked areas in the cortex represent 

investigated regions. B-I: Graphs of mRNA expression of different 

motor proteins (B-H), and synaptophysin (I). Significant effects 

between different time points are indicated by asterisks (* p<0.05, 

** p < 0.01, ** p < 0.001). Significant effects for different cuprizone 

time treatments in comparison to the untreated control are 

indicated by rhombs (# p < 0.05, ## p < 0.01, ### p < 0.001), n = 4. 


	2
	newThesis_Gai Lijie_final version
	Thesis_Gai Lijie_final 2
	1. Introduction
	2. Results
	2.1  Investigations of axonal damage by using the toxic cuprizone model of de- and remyelination in mice
	2.2  Investigations of axonal damage by using the viral TMEV induced model of demyelination in mice
	2.3  Investigations of axonal damage by using brain sections of multiple sclerosis patients

	3. Discussion
	4. Summary
	5. References
	6. Curriculum vitae
	7. Publication list
	8. Erklärung nach § 2 Abs. 2 Nrn. 6 und 7 PromO
	9. Acknowledgement
	10. Authors

	Gudi_2017_synaptophysin
	Supplemental Figure 1
	Foliennummer 1

	Supplemental Figure 2
	Foliennummer 1



