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Summary/ Zusammenfassung 

 

Summary 

THE EFFECT OF HIGH DOSED TAMOXIFEN APPLICATIONS ON THEILER’S MURINE 

ENCEPHALOMYELITIS VIRUS INDUCED HIPPOCAMPAL DAMAGE AND SPINAL CORD 

DEMYELINATION  

Kirsten Hülskötter 

Tamoxifen gavage is a frequently used tool in experimental setups applying the CreER/LoxP 

system to influence the gene expression of genetically engineered organisms. Apart from this 

very specific use, tamoxifen as a selective estrogen receptor modulator (SERM) has tissue 

dependent pro- and anti-estrogenic effects on various cell types. The present study examined 

the effect of three high-dose tamoxifen applications, as used in the CreER/LoxP system, on 

Theiler’s murine encephalomyelitis virus (TMEV)-induced acute hippocampal damage in 

genetically modified mice on a C57BL/6 background (B6) and chronic spinal cord 

demyelination in wild type SJL mice. All mice of the study were infected intracerebrally with 

TMEV-BeAn and received three doses of 3 mg tamoxifen-in-oil solution via oral gavage.  The 

applications followed a scheme suitable for induction of the CreER/LoxP system. Tamoxifen 

gavage application started either at the time point of infection at 0, 2 and 4 days post infection 

(dpi) in B6 and SJL mice, 5, 7 and 9 dpi (B6), 18, 20 and 22 dpi (SJL) or 38, 40, 42 dpi (SJL). 

The TMEV-infected control animals did not receive tamoxifen. As expected for the used virus 

strain, the B6 mice showed no epileptogenic seizures or clinical signs during the study. In 

contrast, all SJL mice developed progressive motoric deficits in the chronic phase of TMEV 

infection. Although there were no differences in the clinical course between the respective 

treatment groups, histopathological results showed that tamoxifen gavage was associated with 

transiently increased neuronal loss in the hippocampus of B6 mice and increased demyelination 

of the spinal cord white matter of SJL mice. Respectively, 58% of the B6 mice without 

tamoxifen treatment showed minor inflammation with an intact pyramidal layer of the cornu 

ammonis (CA) 14 days after TMEV infection. The other 42% of this group were affected by 

marked inflammation with neuronal loss in the pyramidal layer of the CA. Regardless of the 

presence of lesions, none of the mice without tamoxifen treatment showed intra-hippocampal 
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TMEV antigen on day 14. Interestingly, tamoxifen application at day 0, 2 and 4 as well as 5, 7 

and 9 after TMEV infection resulted in a marked inflammatory reaction with loss of pyramidal 

neurons at 14 dpi in 94-100% of the mice, depending on the time point of the gavage 

application. In addition, 63% of the tamoxifen treated B6 mice still showed intralesional virus 

antigen at 14 dpi. Surprisingly, tamoxifen had no effect on the virus load or distribution of virus 

antigen in the CNS of SJL mice, despite causing a shift in the T cell composition in the brain 

and spinal cord with increased infiltration of CD8+ T cells. In B6 mice, tamoxifen application 

was associated with increased astrogliosis with raised numbers of reactive astrocytes of the 

neurotoxic A1 and to a lesser extent neurotrophic A2 phenotype in the hippocampus at 14 dpi, 

whereas there was no long-lasting effect on the astrocyte phenotype in the spinal cord of SJL 

mice 85 dpi. Nevertheless, tamoxifen application had a positive effect on the number of 

oligodendrocytes and oligodendrocyte progenitor cells in the spinal cord of SJL mice, despite 

increased demyelination at 85 dpi in animals with application at 38, 40 and 42 dpi. The 

expression of aquaporin 4 water channels was downregulated within inflammatory lesions of 

the hippocampus in B6 as well as the spinal cord of SJL mice, but not directly affected by 

tamoxifen. In addition to many reports on neuroprotective properties of tamoxifen, which could 

not be shown in this study, tamoxifen application at 0, 2 and 4 dpi had a negative impact on 

adult neurogenesis in the dentate gyrus of B6 mice at 14 dpi. However, this had no long-lasting 

effect on the prevalence of neuronal loss at 147 dpi, which was with 20% comparably low in 

the tamoxifen treated mice as the prevalence of 21% in mice without tamoxifen application. 

In summary, tamoxifen application during an acute TMEV infection in B6 mice was associated 

with transiently increased neuronal loss in the hippocampus, increased reactive astrocytosis, 

decelerated virus clearance and decreased neurogenesis in the dentate gyrus, depending on the 

time point of application. In SJL mice, tamoxifen gavage application promoted differentiation 

and proliferation of oligodendrocytes and their progenitors. However, if applied during chronic 

myelitis at 38, 40 and 42 dpi, tamoxifen gavage was associated with increased demyelination 

of the spinal cord white matter.
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Zusammenfassung 

 

DIE WIRKUNG VON HOCHDOSIERTEN TAMOXIFEN-APPLIKATIONEN AUF DIE DURCH DAS MURINE 

THEILERVIRUS INDUZIERTEN HIPPOKAMPUSLÄSIONEN UND RÜCKENMARKSDEMYELINISIERUNG 

Kirsten Hülskötter 

Tamoxifen ist ein häufig verwendeter Wirkstoff um mittels des CreER/LoxP-Systems die 

Genexpression von genetisch modifizierten Organismen zu beeinflussen. Abgesehen von dieser 

sehr spezifischen Verwendung, hat Tamoxifen als selektiver Östrogenrezeptor-Modulator 

(SERM), gewebeabhängig, pro- und anti-östrogene Wirkungen auf verschiedene Zelltypen. Die 

vorgestellte Studie untersuchte den Effekt von drei hochdosierten Tamoxifen-Anwendungen 

wie sie im CreER/LoxP-System verwendet werden, auf durch eine Infektion mit dem Theiler’s 

murine encephalomyelitis virus (TMEV) ausgelöste Entzündung im Hippokampus von 

gentechnisch modifizierten Mäusen mit einem C57BL/6 (B6) Hintergrund sowie eine 

chronische Demyelinisierung im Rückenmark von Wildtyp SJL-Mäusen. Alle Mäuse der 

Studie wurden intrazerebral mit TMEV-BeAn infiziert und erhielten drei Dosen von jeweils 3 

mg Tamoxifen in Öl mittels oraler Gavage. Die Applikationen folgten einem Schema das zur 

Induktion des CreER/LoxP-Systems geeignet wären. Sie begannen entweder am Tag der 

Infektion, also 0, 2 und 4 Tage nach der Infektion (dpi) in B6- und SJL-Mäusen, 5, 7 und 9 dpi 

(B6), 18, 20 und 22 dpi (SJL) oder 38, 40 und 42 dpi (SJL). Die Kontrolltiere waren ebenfalls 

TMEV-infiziert, erhielten jedoch kein Tamoxifen. Wie für den verwendeten Virusstamm 

erwartet, entwickelten die B6-Mäuse während des Untersuchungszeitraums keine klinischen 

Anzeichen einer Erkrankung oder epileptiforme Anfälle. Im Gegensatz dazu zeigten die SJL-

Mäuse progressive, motorische Defizite in der chronischen Phase der TMEV-Infektion. 

Obwohl sich keine Unterschiede im klinischen Verlauf zwischen den behandelten und 

unbehandelten Gruppen gab, zeigten sich signifikante Unterschiede in der Histopathologie. Die 

Tamoxifen-Gavage war vorübergehend mit einem erhöhten neuronalen Verlust im 

Hippokampus von B6-Mäusen verbunden. Ebenfalls zeigte sich eine verstärkte 

Demyelinisierung in der weißen Substanz des Rückenmarks bei SJL-Mäusen. Ohne 

Tamoxifenbehandlung zeigten 58% der B6-Mäuse eine geringgradige Entzündungsreaktion mit 

einem intakten Stratum pyramidale im Cornu ammonis (CA) 14 Tage nach der TMEV-
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Infektion. Die anderen 42% dieser Gruppe wiesen eine deutliche Entzündungsreaktion mit 

prominentem Verlust von Pyramidenzellen im CA auf. Unabhängig von den Läsionen war bei 

keiner der Mäuse ohne Tamoxifenbehandlung nach 14 Tagen noch TMEV-Antigen im 

Hippokampus nachweisbar.  Interessanterweise führte die Tamoxifen-Gavage am Tag 0, 2 und 

4 sowie 5, 7 und 9 nach der TMEV-Infektion zu einer deutlichen Entzündungsreaktion mit 

Verlust von Pyramidenzellen in 94% beziehungsweise 100% der Tiere 14 dpi, abhängig vom 

Zeitpunkt der Gavage.  Darüber hinaus wiesen 63% der mit Tamoxifen behandelten B6-Mäuse 

noch intraläsionales Virusantigen an Tag 14 auf. Überraschend war, dass eine 

Tamoxifenbehandlung keine Auswirkungen auf die Viruslast oder die Verteilung des 

Virusantigens im zentralen Nervensystem (ZNS) von SJL-Mäusen hatte, obwohl sich eine 

Verschiebung der T-Zell-Zusammensetzung mit erhöhter Infiltration von CD8+ T-Zellen in 

Gehirn und Rückenmark zeigte. In B6-Mäusen war die Tamoxifenbehandlung mit einer 

verstärkten Astrogliose mit größeren Zahlen reaktiver Astrozyten des neurotoxischen A1- und 

in geringerem Maße dem neurotrophen A2-Phänotypen im Hippokampus verbunden. Im 

Rückenmark von SJL-Mäusen zeigte sich hingegen kein langanhaltender Effekt auf den 

Phänotyp der Astroglia 85 Tage nach der TMEV-Infektion. Dennoch war ein positiver Effekt 

von Tamoxifen auf die Anzahl der Oligodendrozyten und deren Vorläuferzellen im 

Rückenmark von SJL-Mäusen nachweisbar. Dieser Effekt schien jedoch nicht ausreichend zu 

sein um der verstärkten Demyelinisierung bei Tieren mit einer Tamoxifenbehandlung 38, 40 

und 42 dpi entgegen zu wirken. Die Expression von Aquaporin-4-Wasserkanälen war innerhalb 

der entzündlichen Läsionen im Hippokampus von B6- und im Rückenmark von SJL-Mäusen 

herunterreguliert, jedoch nicht direkt beeinflusst von Tamoxifen. 

Zusätzlich zu vielen Berichte über neuroprotektive Eigenschaften von Tamoxifen, die in dieser 

Studie nicht gezeigt werden konnte, wirkte sich die Tamoxifen-Anwendung 0, 2 und 4 dpi auch 

negativ auf die Neurogenese im Gyrus dentatus von B6-Mäusen zum Zeitpunkt von 14 dpi aus. 

Dies hatte jedoch keinen langanhaltenden Effekt auf den neuronalen Verlusts 147 Tage nach 

der TMEV-Infektion, welche vergleichbar niedrig bei den Mäusen mit (20%) und ohne 

Tamoxifenbehandlung (21%) war. 

Zusammenfassend war die Tamoxifenbehandlung während einer akuten TMEV-Infektion in 

B6-Mäusen mit einem transient erhöhten neuronalen Verlust im Hippocampus, einer 

verstärkten reaktiven Astrozytose, einer verlangsamten Viruselimination und einer verringerten 

Neurogenese im Gyrus dentatus, in Abhängigkeit von dem Zeitpunkt der Anwendung, 

assoziiert. In SJL-Mäusen förderte die Tamoxifen-Gavage die Differenzierung und 
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Proliferation von Oligodendrozyten und ihrer Vorläuferzellen. Wurde Tamoxifen jedoch 

während der chronischen Myelitis an Tag 38, 40 und 42 nach der TMEV-Infektion appliziert, 

zeigte sich eine verstärkte Demyelinisierung der weißen Substanz im Rückenmark von SJL-

Mäusen.  
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CHAPTER 1 

GENERAL INTRODUCTION 

 

1. General introduction 

1.1 Theiler’s murine encephalomyelitis virus (TMEV) 

Theiler’s murine encephalomyelitis virus (TMEV) is a small, single stranded RNA 

Picornavirus of positive polarity from the genus Cardiovirus. Although cardioviruses are 

chiefly known as rodent pathogens including TMEV and the Theiler’s-like virus of rats, there 

are also human pathogenic strains like the zoonotic Encephalomyocarditis virus (EMCV) of 

pigs and  Vilyuisk human encephalomyelitis virus (VHEV) as well as the recently discovered 

human Saffold virus  (SAFV) (48, 80). The genome of cardioviruses contains about 7.8-8.5 kb 

and translation of the open reading frame (ORF) results in the production of a polyprotein that 

is processed into 12 proteins, the leader protein (L), structural capsid proteins (VP1 to VP4) 

and non-structural proteins (2A to 2C, and 3A to 3D) (Figure 1) (48). Processing and alternate 

reading frames can result in different protein products (21, 48). The tropism of this virus family 

is very variable, including intestine, central nervous system (CNS) and the myocardium and 

they are capable of persistent infection of the host (21). The Cardiovirus genus contains the 

Encephalomyocarditis virus- and the Theilovirus-species (97). The pathogenicity of SAFV for 

humans is currently under investigation, since it was shown to be associated with unclear 

respiratory and gastrointestinal symptoms, but also flaccid paralysis in children (109). This 

finding was of concern, since some strains of the closely related TMEV (97) are able to cause 

a progressive demyelinating disease (TMEV-IDD) resembling human multiple sclerosis (MS) 

in susceptible mouse strains (95, 114). Like SAFV, TMEV is a naturally occurring enteric virus 

(109, 115). After intracranial infection TMEV is able to infect and persist within the CNS (115, 

152, 153). 
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Because TMEV is used as murine model for human diseases since the 1970’s (35) there are 

many local variants (20, 97, 143). Anyhow, the main division of the different TMEV strains is 

made according to their neurovirulence (157). TMEV contains the major subgroups of the 

highly virulent, large plaque forming strains (GDVII and FA), causing an acute, fatal 

encephalomyelitis and the low virulent, small plaque forming strains (DA and BeAn), which 

are able to trigger chronic demyelination in the murine CNS (114). Clinical course and 

progressiveness of the demyelination after an infection with DA and BeAn is in general similar, 

although pathology as well as cell tropism differ between these strains (157). Highly as well as 

low virulent strains are able to infect neurons, astrocytes, oligodendrocytes, 

macrophages/microglia and glial progenitors in vitro (112, 167). However, the infection with a 

high virulent strain is non-persistent in-vivo due to preferential infection and lysis of neurons 

of the cerebral cortex and spinal ventral horns, followed by death of the host within few days 

(99, 152). Furthermore, attenuated strains of GDVII are as well unable to persist and most 

exclusively infect cells within the grey matter (5, 73). The low virulent strains infect neurons 

in the early phase and persist within cells in the white matter (5, 73). While the low virulent DA 

strain is mainly persisting in oligodendrocytes and to a lesser extent in astrocytes (6), the viral 

RNA of the BeAn strain is primarily found in microglia/macrophages and astrocytes (92). The 

main cell for viral replication of the BeAn strain appears to be the astrocyte, while the amount 

of viral RNA in macrophages might be partly reflective of phagocytosis (176). 

The immunodominant epitopes for the immune response of CD4+ and CD8+ T cells are the 

virus structural proteins (VP1 to VP4) of TMEV (52, 108, 171), which are responsible for the 

viral capsid structure and preferential cell tropism (77). However, essential for the intracellular 

behavior after intracranial infection is the small zinc-finger leader (L) protein (150). The non-

structural L protein decreases transcription of genes of the early anti-viral immune response, 

inhibits interferon alpha and beta (IFN-α; IFNβ) synthesis and reduces formation of stress 

granules, facilitating viral replication (17, 38, 124, 160). Only the low virulent strains of TMEV 

express an additional 13th protein, the alternate L* protein, which is essential for virus growth 

in microglia/macrophages, persistence and the development of demyelinating lesions (113, 

150).  
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Figure 1: Structure of the genome of the Theiler’s murine encephalomyelitis virus 

(TMEV). The open reading frame (ORF) contains the leading proteins (L, L*), capsid virus 

proteins (VP) 1-4 as well as the non-structural proteins 2 A-C and 3 A-D. The 5’ untranslated 

region (UTR) contains the internal ribosomal entry site (IRES). The 3’ UTR is terminated by a 

polyadenylated tail (AAAA). Modified from (26, 48). 

 

Still, the outcome of an intracranial TMEV infection with a low virulent strain is also highly 

dependent on the host genetics (Figure 2). The general susceptibility of mice can be divided 

into highly susceptible SJL/J, DBA/2, SWR, PL/J and NZW, intermediate susceptible C3H, 

CBA, AKR and C57BR, and resistant BALB/c, C57BL/6, C57BL/10, C57/L and 129/J mouse 

strains (34). Traits of resistance to TMEV-IDD are mapped to major histocompatibility 

complex (MHC) and non-MHC related genes and include, among others, the H-2D and Tmevd-

1 loci (7, 34). Resistant mouse strains can be rendered to be persistently infected by interfering 

with T cell activation (27). Immune deficient mice, unable to eliminate the virus, show variable 

brain lesions, but nonetheless, they do not show comparable demyelinating spinal cord lesions 

as susceptible mice do (42).  

1.2 Resistant mice 

In resistant mouse strains like C57BL/6 (B6) mice, an intracerebral infection with a low virulent 

TMEV strain results in an acute encephalitis with mild to moderate inflammation and 

degeneration (42). Within about two weeks, resistant mice are able to eliminate the virus from 

their CNS (Figure 2). There is no spreading of TMEV into the spinal cord or other organs in 

these mice (53, 88). A very specific lesion during the acute phase is the infection and 

degeneration of hippocampal neurons, especially in the pyramidal layer of the cornu ammonis 

(CA) region CA1 and CA2 (88, 144). These hippocampal lesions can be associated with acute 

seizures and chronic development of epilepsy, despite elimination of the virus (40). Seizures 

appear to be more frequent after a DA infection, while the development of seizures after BeAn 
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infection highly depends on the variant of the virus and mouse strain (20). Motor seizures in 

B6 mice can be divided into five stages with mouth and facial movements (1), head nodding 

(2), forelimb clonus (3), rearing (4) and rearing with falling (5) (88, 121). Because B6 mice 

develop seizures also late after virus elimination, the TMEV infection poses a ‘hit and run’ 

model for human temporal lobe epilepsy (TLE) and pharmacoresistant seizures (10).  

1.3 Susceptible mice 

Susceptible SJL mice fail to eliminate the virus and are affected by a lifelong infection with 

low virulent TMEV strains after intracerebral infection (53). SJL mice show a biphasic disease 

with an acute encephalitis, followed by spreading of virus into the spinal cord and a chronic 

TMEV-induced demyelinating disease (TMEV-IDD) with progressive ataxia and paresis of the 

hind limbs (Figure 2) (104). During the acute phase, the virus is primarily found in neurons 

and few glia cells of the gray matter and subsequently relocates into glial cells of the white 

matter of the CNS (5, 105). Regardless of infection of hippocampal neurons, SJL mice neither 

show extensive hippocampal lesions nor develop apparent motor seizures (100). This trait of 

hippocampal protection is dominantly inherited by SJL mice (68). In contrast to B6 mice, SJL 

mice show an insufficient innate and virus specific immune response, allowing the virus to 

spread into and persist within the spinal cord. Although non-enveloped picornaviruses are 

mainly disseminated by cell lysis (146), and axonal degeneration is seen in the demyelinating 

lesions of TMEV infected mice, this is not obligatory for spreading of TMEV into the glial cells 

(127). The quick distribution through the brain and spinal cord white matter happens mainly by 

axonal transport from infected neurons and transmission into the myelin and oligodendrocyte 

cell body (126, 127, 164). This non-lytic transmission is also seen in other picornaviruses and 

requires formation of autophagosomes to transport virions out of the cell (146).  
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Figure 2: Typical course of disease in resistant and susceptible mouse strains after 

intracerebral infection with the Theiler’s murine encephalomyelitis virus (TMEV). (A) 

Resistant C57BL/6 (B6) mice are able to eliminate the virus from their CNS (red line). 

Depending on the virus strain, B6 mice can develop early seizures during acute encephalitis 

and late seizures after virus clearance (dashed green lines). (B) Susceptible SJL mice show virus 

persistence in their CNS (red line) and develop a biphasic disease with acute encephalitis and a 

chronic, progressive TMEV-induced demyelinating disease (TMEV-IDD) in the spinal cord 

white matter (green line). 

 

1.4 Theiler’s murine encephalomyelitis virus-induced demyelinating 

disease (TMEV-IDD) 

1.4.1. Demyelination 

In defiance of many investigations, the pathology of the white matter demyelination in 

susceptible mice is not completely uncovered. Virus infection alone is not sufficient to cause 

the extensive demyelination seen in SJL mice (166). There appear to be additional factors 

involved in the pathology and most of them can be grouped into the four immune mediated 

categories: epitope spreading, molecular mimicry, dual T cell receptors and bystander damage 

(26). Acute virus induced death of oligodendrocytes can result in disintegration of the myelin 
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sheaths. Phagocytosis and presentation of myelin specific antigens by antigen presenting cells 

(APCs) might lead to expansion of autoreactive T and B cells (epitope spreading) (33, 82). 

Further, infection of APCs with TMEV facilitates simultaneous presentation of virus- and 

myelin-epitopes (117). Antigenic cross-reactivity of virus- and myelin-epitopes may result in 

autoimmune reactions (molecular mimicry) (31). In TMEV infected SJL mice, some cytotoxic 

CD8+ T cells own T cell receptors (TCR) that recognize different epitopes on one cell (dual T 

cell receptors) (98). Although it is not clear which antigens these TCRs recognize, it could be 

possible that a virus triggered expansion of autoreactive cytotoxic T cells might happen if one 

receptor is directed against a virus- and the other against an endogenous epitope (31, 75). The 

reaction of T cells with a dual TCR may be mistaken for molecular mimicry (31). As seen in 

the acute lesions of the hippocampus, bystander damage during the antiviral immune response 

is contributing likewise to the extent of the chronic demyelination (118). Bystander damage 

can be exerted by cytotoxicity or stress related mechanisms and results in release of cytokines 

as type I interferons (IFN-a, IFN-ß) and effector molecules (116). Following destruction, 

phagocytosis and presentation of endogenous antigens, again may trigger epitope spreading 

(41, 116) or expansion of autoreactive T cells with dual TCRs (98). In this way, both, the innate 

as well as the adaptive immune response, contribute to the lesion development after TMEV 

infection. CD4+ T cells and B cells are involved in the formation of virus-specific, as well as 

myelin-specific antibodies (humoral response) after presentation of epitopes via the MHC II 

receptor on APCs (76, 82). Cytotoxic CD8+ T cells are involved in the destruction of virus 

infected cells (cellular response) and contribute to demyelination with a principal role in axonal 

damage and loss of motor function (37, 69, 78, 125). 

1.4.2 Remyelination 

Remyelination is an ongoing process during TMEV-IDD and can be carried out by local 

oligodendrocytes, migrating oligodendrocyte progenitors (OPCs) as well as migratory Schwann 

cells from the peripheral roots and Schwann cell differentiation of local progenitors (32, 158). 

While there is Schwann cell derived remyelination ongoing during BeAn infection (158), this 

is mostly missing after DA infection (32). Virus-specific CD8+ T cells directed against VP1 

and VP2 capsid proteins of TMEV-DA might inhibit oligodendrocyte derived remyelination 

(39). Schwann cells from the peripheral nerves are thought to migrate preferentially into regions 

with a low density of reactive astrocytes (138), but also appear to prevent glial scarring and be 

themselves replaced by remyelinating oligodendrocytes (74). In cuprizone induced 
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demyelination, a toxic model, it was seen that microglial phagocytosis and production of TNF-

α, IGF-1 and FGF-2 are important to create a remyelination promoting environment (163).  

 

1.5 The Hippocampus  

1.5.1 Embryogenesis and anatomy of the hippocampal formation 

At embryonic (E) state 8.5, the murine hippocampus, as part of cerebral cortex, starts to 

invaginate from the medial pallium of the telencephalon (86). Important for formation and 

organization of the hippocampal structures are the locally expressed morphogens wingless-

related (Wnt) and bone morphogenic protein (Bmp) of the cortical hem and the choroid plexus 

epithelium that can be distinguished at E9.5 (145). The formerly stringent aligned parts of the 

developing hippocampus start to fold into the lateral ventricle. The region of the future DG is 

the most apical, followed by the CA, subiculum, pre- and parasubiculum and the entorhinal 

cortex (86). While the CA regions further expand and fold, the tip of the developing 

hippocampus is separated and forms a cup like structure that develops into the DG, partly 

engulfing the CA3 (13). The neurogenesis of the CA1 region starts at E10 and the pyramidal 

neurons are generated in a relatively large area of adjacent hippocampal neuroepithelium (HNE) 

of the cortical ventricular zone (VZ) and migrate via radial migration into the respective areas 

(36). One day later, the population of CA3 starts to migrate and peaks at E14, which is one day 

earlier than the peak of CA1 (3, 72). Differentiation of the CA1 and CA3 can be done 

morphologically or by molecular markers like SCIP, a POU-domain transcription factor (65), 

and KA1, a glutamate receptor subunit (156). The expression of these markers start at the distal 

poles of CA1 for SCIP and CA3 for KA1 around E15.5 and fuses in the CA2 region within the 

first week after birth (P7) (1). The neurons of the DG orgininate from a narrow area of dentate 

neuroepithelium (DNE) next to the fimbria (primary dentrate matrix) and migrate, attracted by 

the stromal derived factor (Sdf), tangentially in a sub-pial stream to form the secondary dentate 

matrix in the DG region (36). Neurogenesis of the DG starts at E10, peaks at E16 and is still 

visible in adulthood (86). At E20 until 5 days post partum (P5), the upper supra-granular blade 

of the DG is formed by radial migration of granule cells and development of the tertiary dentate 

matrix, further known as the subgranular zone (SGZ) is finished (14, 36, 86). The SGZ is the 

region of ongoing neurogenesis of the hippocampus, where newborn neurons migrate into the 

inner parts of the granule layer of the DG (Figure 3) (79). Essentially for migration and 
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population of the pyramidal and granular layers are different populations of radial glia cells, 

posing a scaffold for the migrating neurons, and hem-derived Cajal-Retzius cells secreting the 

extracellular matrix protein reelin to control the migration (12, 159). The hippocampal 

GABAergic interneurons originate from the ganglionic eminence and travel far through the 

cerebral cortex to establish an inhibitory network between the pyramidal neurons around E14 

(36).  

 

Figure 3: The murine hippocampus at the plate stage (E15-E19) with addition of adult 

neurogenesis in the dentate gyrus. Pyramidal neurons migrate from the neuroepithelium of 

the ventricular zone into the respective areas of the cornu ammonis (CA) where they expand 

into CA1 and CA3 towards each other until the gap in CA2 is closed. The neurons of the dentate 

gyrus (DG) originate from the neuroepithelium next to the fimbria (FI). The neurogenesis in 

the subgranular zone of the DG is still apparent in adult mice. Modified from (36). 

1.5.2 Adult hippocampal neurogenesis 

Neurogenesis is a rare trait in the adult CNS and opposes a long time dogma of the brain as an 

aregenerative system (59). It is most exclusively found in the subventricular zone (SVZ) of the 

lateral ventricles and the subgranular zone (SGZ) of the dentate gyrus (DG) of the hippocampus 
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(79, 155). Hippocampal neurogenesis is thought to be an ongoing process that reflects the 

plasticity of this brain region and is influenced by environmental factors, emotions, stress and 

learning (57, 84, 96, 161, 170). Nonetheless, it is not only necessary to increment new functions, 

but also indispensable for maintenance of normal hippocampal functions (70). In mice, 

neuroblasts that are born in the SGZ are migrating far via the rostral migratory stream into the 

olfactory bulb (OB) (102), while progenitors from the SGZ are generally rarely move down 

into the granular cell layer of the DG (2). The migration, differentiation and proliferation of 

neural stem cells (NSC) in the DG is regulated by divers factors with often differential effects 

during DG development and adult neurogenesis (Table 1) (159).  

 

Gene/ 

pathway  
Effect during development  Effect in adult neurogenesis Similar or 

different? 
Wnt  Promotes proliferation and 

neuronal differentiation of 
NPCs 

Promotes activation of quiescent 
NSCs and enhances neuronal 
differentiation 

Similar 

BMPR-Ia Promotes the proliferation of 
NPCs 

Maintains stem cells in a quiescent 
state 

Different 

Notch Maintains the NSC pool by 
preventing premature 
differentiation 

Maintains the NSC pool by 
preventing exit from quiescence 

Similar 

Neurog2 Determines the glutamergic 
differentiation of NSCs 

Expressed in glutamergic neuronal 
precursors, function not tested 

Similar 

Tbr2 Essential for the proliferation 
and differentiation of IPCs 

Essential for the proliferation and 
differentiation of IPCs 

Similar 

Prox1 Promotes differentiation and 
determines granule cell identity 

Expressed by granule neuron 
precursor cells, promotes 
differentiation 

Similar 

NIFIX Required for correct 
positioning of NSCs in the 
postnatal DG 

Not analyzed Unclear 

Tlx Not important Essential for the proliferation of 
adult NSCs 

Different 

CcnD2 Not important Essential for the proliferation of 
adult NSCs 

Different 

Ascl1 Not important Essential for the proliferation of 
adult NSCs 

Different 

GABA Produces excitatory response in 
early development 

Maintains stem cells in a quiescent 
state and works inhibitory 

Different 

Sox1 Promotes neurogenesis Promotes activation of NSCs Similar 
Pax6 Unclear Activation of Sox1 transcription Unclear 
REST Represses expression of 

neuronal-specific genes 
Maintains the NSC pool by 
preventing exit from quiescence 

Similar 

Table 1: The effect of different genes/pathways during development of the dentate gyrus 

(DG) and neurogenesis in the adult DG. While some genes play similar roles in development 

and adult neurogenesis, others lose or gain importance for the neurogenesis and differentiation 

of neurons over time. Modified from (159, 168). 
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However, after ischemia and loss of neurons in the CA1 of the hippocampus, generation of new 

neurons and repair of damage was observed (110, 134, 175). Yet, it is unclear if these newborn 

neurons differentiate from unknown local neuronal stem cells, or if a migration of stem cells 

into the damaged regions takes place (175). 

1.5.3 TMEV, hippocampal damage and seizures 

Hippocampal and striatal neuronal loss can be found after neurovirulent picornavirus infections 

in mice (47, 136) and humans (16, 103). The neuronal loss is regularly associated with 

impairment of spatial memory (16, 22, 172) as well as development of seizures (16, 100, 103).  

Pathophysiology of seizure development is not only associated with neuronal loss, but also with 

GABA reversal, restructuring of CA2, sclerosis and astrogliosis as well as dispersion of the DG 

granule cell layer through loss of reelin and aberrant mossy fiber (axons of granule cells) 

sprouting, causing hyper-excitability (25, 63, 64, 133). 

Both, structural and non-structural proteins of picornaviruses contribute to the control of host 

cell apoptotic pathways in favor of viral replication and transmission (21, 29). Nonetheless, 

during acute TMEV infection of C57BL/6 mice, also non-infected hippocampal neurons 

undergo apoptosis, indicating a bystander damage and/or death by circuit disruption (23, 141). 

In contrast to SJL mice, B6 mice show a rapid innate immune response of macrophages and 

monocytes, accompanied by apoptosis of hippocampal neurons after TMEV infection (67, 68). 

Ablation of monocyte and microglia activation can prevent hippocampal damage after TMEV 

infection in chemokine receptor CCR2 and CXCR1 knockout mice (83). Complete depletion 

of microglia leads to uncontrolled virus distribution into the spinal cord, increased hippocampal 

damage and seizures in B6 mice (166). Nonetheless, under the premise of virus elimination, the 

morphological changes in the hippocampus do not correlate with the occurrence of seizures (83, 

99). More than the loss of hippocampal neurons, the cytokine level and viral dose appears to 

contribute to the development of acute seizures (88, 99).  
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1.6 Tamoxifen   

1.6.1 Pharmacokinetics 

Tamoxifen is soluble in oil and under experimental conditions, it can be applied orally, injected 

intravenously (87), subcutaneously (19), intraperitoneally (147), fed or given by oral gavage 

(49, 123). At least between oral and subcutaneous application there is temporal difference in in 

the plasma concentrations of tamoxifen and its main metabolites (123). The LD50 in mice for 

the oral dose is 3-6 g/kg and via intraperitoneal injection 200 mg/kg (50). The dosage for 

experimental use exceeds the therapeutic dose by a multiple (60, 122, 137). The protein binding 

is 98% with albumin being the main binding plasma protein (101). In mice with an intact blood-

brain-barrier the concentration of tamoxifen metabolites is much lower, compared to the serum 

concentration (71, 135). 

Tamoxifen is metabolized by several cytochrome P450 enzymes (CYP2D6, CYP3A4, 

CYP3A5, CYP2C9, CYP2C19) and converted by UDP-glucuronosyltransferase enzymes 

(UGT1A8, UGT1A19, UGT2B7, UGT2B15) and sulfotransferase enzymes (SULT1A1) into 

excretable molecules (30). About 75% of the tamoxifen dose is eliminated as glucoronides via 

bile (101). The main primary (4-hydroxytamoxifen) and secondary (4-hydroxy-N-

desmythltamoxifen/ endoxifen) metabolites of tamoxifen are up to 100 times more potent and 

own a higher affinity to the ER than the original compound (54, 130). In addition to the 

competetive estrogen receptor inhibition, endoxifen also uniquely targets ERα for proteasomal 

degradation (169). Tamoxifen also interacts with ATP-binding cassette (ABC) transporters 

(ABCB1, ABCC1, ABCC2) responsible for toxin and metabolite efflux (30). The ABCB1 

transporter, also known as P-glycoprotein (P-gp), restricts the penetrance of tamoxifen and the 

metabolites trough an intact blood brain barrier (BBB) (71). Due to the very individualistic 

expression and efficacy of enzymes and transporters as well as other factors influencing the 

metabolism, the effect of a fixed tamoxifen dose is not completely predictable in an individual 

(51, 130). 

1.6.2 Human medicine 

Tamoxifen is a selective estrogen receptor modulator (SERM) (58). It was first synthesized in 

1962 as a possible contraceptive compound, and was then found to be a promising drug against 

breast cancer in women and men around the 1970-80’s (120). It is a first generation SERM and 
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still used as a chemo-therapeutic and chemo-preventive drug in estrogen responsive breast 

cancer patients (120). Tamoxifen modulates the signaling of the estrogen-receptors alpha and 

beta (ERα; ERβ), and the agonistic or antagonistic effect is tissue and cell specific (4, 107). For 

an anticancer drug it is relatively non-toxic (122) although it has side effects, like hot flashes 

and increased risk of uterine cancer in postmenopausal women, which are partially based on 

the specific interactions with ERs (107). Further, tamoxifen and its metabolites are known to 

form DNA adducts, that are suspected to be genotoxic and contribute to endometrial 

carcinogenesis (66, 132). The regular dose for breast cancer patients varies between 20-40 

mg/day over a period up to 5 years following breast cancer surgery or radiation (60). Tamoxifen 

is routinely taken orally, although there are ongoing clinical trials for low-dose and topical, 

percutaneous administration to reduce adverse effects (93, 140). Apart from breast cancer, 

tamoxifen is used to treat mastalgia in women (140) as well as gynecomastia and 

oligozoospermia in men (91). Because of penetrance of the blood-brain-barrier (BBB) and 

inhibition of the protein kinase C (PKC) pathway, tamoxifen was tested as a treatment for mania 

in patients with bipolar disorders (119, 174).  

1.6.3 Veterinary medicine 

Although tamoxifen is a very common compound in human medicine, the use in veterinary 

medicine is limited (18). Trials in female dogs, where mammary tumors are among the most 

frequent neoplasms, tamoxifen application of 0.5-0.8 mg/kg/day resulted in increased 

prevalence of pyometra (151). In male dogs, tamoxifen might be of use to reduce abnormal 

prostate hyperplasia (55). High-dose tamoxifen application of 600 mg/m2 every 12 h for 7 days 

in combination with the chemotherapeutic drug doxorubicin is associated with diarrhea, 

anorexia and reversible neurotoxicity in dogs (165). 

1.6.4 Experimental use and the CreER-LoxP system 

As a long time approved drug in human medicine, tamoxifen is widely tested and used in 

experimental setups, toxicity studies and clinical trials in lab animals (85, 132, 149). Long-term 

administration of low doses of this compound are commonly used in translational studies to 

find new possible applications for human diseases (81). Apart from this, tamoxifen is 

commonly used as a tool to induce genetic modifications in combination with the CreER-LoxP 

system. It is employed to investigate gene functions by altering the genome of a mouse in vivo 

and has the advance that a gene can be knocked out after full development of the affected organ 
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systems, since some knockouts have a lethal phenotype (137). Moreover, the inductive 

knockout/knockin with CreER-LoxP gives the chance to focus on the spatio-temporal role of a 

gene product and can also be time limited (137). A limitation for the use can be the penetrance 

of tamoxifen into the target organ, especially the CNS with an intact BBB, that can result in 

insufficient substance concentration in the parenchyma (135). 

The Cre-LoxP technique was developed in the 1980s using a bacteriophage enzyme that causes 

recombination (Cre) in floxed (flanked locus of crossing [x-ing]-over of bacteriophage P1) 

DNA sites in mammalian cells (131). Coupling of the Cre enzyme with a human estrogen 

receptor (ER) ligand binding domain enables to activate Cre in murine cells by application of 

tamoxifen (44). After coupling with tamoxifen, CreER is translocated into the nucleus, where 

it causes recombination of the targeted (floxed) genes (Figure 4) (44).  

 

 

Figure 4: Mechanism of the tamoxifen induced knockout with the CreER-LoxP system. 

Transcription and translation of the gene segment coding for the cre-recombinase (Cre) coupled 

with a human estrogen receptor (ER) leads to the presence of CreER within the cytoplasm. Free 

tamoxifen within the cytoplasm interacts with the ER and leads to translocation of CreER into 

the nucleus, where Cre is able to excise the floxed target gene. Modified from (89). 

 

For generation of knockout mice, animals with excised target genes (L-mice) are crossed with 

mice expressing CreER. The resulting CreER/L- mice are again crossed with mice owning 
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floxed DNA targets to generate 25% offspring with CreER expression, one excised and one 

floxed allele (CreER/+ flox/-) in which tamoxifen causes a knockout of the target gene (45). 

CreER/+ flox/+ mice with an intact allele can be used as controls for possible adverse effects 

of the Cre insertion and expression (106).  

1.6.5 The impact of tamoxifen on the immune system and neuroprotective properties 

Tamoxifen suppresses the proliferation of T cells in vitro (8). There are different theories about 

the suppressive influence of tamoxifen on T cells but the exact mechanism is so far unknown. 

Since estradiol and tamoxifen have different effects on T cells it is thought that the mechanism 

is not exclusively ER mediated (8, 162). Tamoxifen elevates the cytoplasmic calcium 

concentration in spleen cells in a reversible manner (9). Even a short time elevation of 

cytoplasmic calcium is sufficient to induce anergy in T and B cells and influence the gene 

expression (46). Moreover, tamoxifen inhibits P-gp transport activity (24). P-gp supports the 

secretion of pro-inflammatory cytokines (eg. TNF-α, IFN-γ) of T cells after contact with antigen 

presenting cells (90). A block of P-gp during experimental autoimmune encephalomyelitis 

(EAE) results in inhibition of T cell proliferation (90). This effect is however not detectable if 

the dendritic cells (DC’s) are not involved, so it is concluded that the antiproliferative effect of 

P-gp inhibitors is largely mediated by DC impairment and does not primarily affect the T cells 

(90). 

Different studies revealed neuroprotective properties of tamoxifen in trauma (11), experimental 

autoimmune encephalomyelitis (EAE) (43) and lipopolysaccharide (LPS) exposure (148). 

Studies with TMEV infected astrocytes showed that tamoxifen is able to inhibit expression of 

chemokine Ip10 (CXCL10) and interleukin 6 (IL-6) in vitro (128, 129). In rats with 

experimentally induced spinal cord injuries (SCI) tamoxifen ameliorated the functional 

locomotor recovery as well as fine movements and was associated with decreased myelin loss 

(28, 61, 154). In rats with ethidium bromide (EB) induced spinal cord lesions tamoxifen had a 

positive effect on the remyelination (56).  The effect of tamoxifen on the de- and remyelination 

was also investigated in experimental autoimmune encephalomyelitis (EAE) (15, 142). Even in 

low concentrations (0,1 or 2,5 mg 60 day time-release tamoxifen pellets) a tamoxifen treatment 

resulted in significant difference in the cumulative disease index (CDI) and appeared to 

suppress myelin antigen specific T cell proliferation with a shift to an anti-inflammatory Th2 

response (15).  
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With special emphasis on the hippocampus, tamoxifen has positive effects on learning and 

memory (173), cell density (139) and protection against neurotoxin-induced cell death (62). 

Recently, the negative effect of tamoxifen on neurogenesis in the prenatal and adult rodent 

hippocampus was revealed (94, 111). In adult mice, tamoxifen inhibited neuronal progenitor 

cell (NPC) proliferation in the SVZ and DG by dysregulation of the Wnt-Dmrta2 signaling 

pathway (94). 

 

 

1.7 Hypothesis and aims  

A tamoxifen induced knockout via the CreER-LoxP system can be applied to elaborate the 

function of a gene in a model. However, tamoxifen as a widely used agent in experimental 

setups and is not as inert in the organism as assumed. Apart from the desired functions in 

genetically modified mice, it has several effects on the immune system. The outcome of an 

intracerebral TMEV infection is dependent on the mouse strain. The acute infection with 

inflammation and neuronal loss within the hippocampus in B6 mice poses a model for virus 

induced hippocampal damage and seizure development in humans. Chronic infection of 

susceptible SJL mice goes along with progressive spinal cord white matter demyelination 

(TMEV-IDD) with an autoimmune component, as a model for human MS. Shaping the immune 

response effects the course and outcome of a TMEV infection in mice.  

Hypothesis of this study was that high dosed tamoxifen applications, as used to induce a 

knockout in mice with CreER-loxP gene modification, have a significant impact on the course 

and progression of an intracranial infection with TMEV in resistant as well as susceptible mice, 

even without induction of a knockout.  

This study aims to investigate the effect of tamoxifen itself on the TMEV model in B6 and SJL 

mice, without inducing a knockout. A special emphasis is given on the effects on hippocampal 

damage and neurogenesis in B6 as well as the chronic, progressive, virus induced spinal cord 

demyelination in SJL mice. Further, it is investigated if there is a time dependent effect of 

tamoxifen application during the TMEV infection. Thus, tamoxifen doses are applied at the 

time point of infection as well as during different immunologic key points of TMEV infection 

according to the respective mouse strain.   
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2.1 Abstract 

Tamoxifen is frequently used in murine knockout systems with CreER/LoxP. Besides possible 

neuroprotective effects, tamoxifen is described as having a negative impact on adult 

neurogenesis. The present study investigated the effect of a high-dose tamoxifen application on 

Theiler's murine encephalomyelitis virus (TMEV)-induced hippocampal damage. Two weeks 

after TMEV infection, 42% of the untreated TMEV-infected mice were affected by marked 

inflammation with neuronal loss, whereas 58% exhibited minor inflammation without neuronal 

loss. Irrespective of the presence of neuronal loss, untreated mice lacked TMEV antigen 

expression within the hippocampus at 14 days post-infection (dpi). Interestingly, tamoxifen 

application 0, 2 and 4, or 5, 7 and 9 dpi decelerated virus elimination and markedly increased 

neuronal loss to 94%, associated with increased reactive astrogliosis at 14 dpi. T cell infiltration, 

microgliosis and expression of water channels were similar within the inflammatory lesions, 

regardless of tamoxifen application. Applied at 0, 2 and 4 dpi, tamoxifen had a negative impact 

on the number of doublecortin (DCX)-positive cells within the dentate gyrus (DG) at 14 dpi, 

without a long-lasting effect on neuronal loss at 147 dpi. Thus, tamoxifen application during a 

TMEV infection is associated with transiently increased neuronal loss in the hippocampus, 

increased reactive astrogliosis and decreased neurogenesis in the DG. 

 

Keywords: C57BL/6; CreER/LoxP; TMEV; astrocytes; hippocampus; tamoxifen. 
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3.1 Abstract 

Tamoxifen gavage is a commonly used method to induce genetic modifications in cre-loxP 

systems. As a selective estrogen receptor modulator (SERM) the compound is known to have 

immunomodulatory and neuroprotective properties in non-infectious central nervous system 

(CNS) disorders. It can even cause complete prevention of lesion development as seen in 

experimental autoimmune encephalitis (EAE). The effect on infectious brain disorders is 

scarcely investigated. In this study, susceptible SJL mice were infected intracerebrally with 

Theiler’s murine encephalomyelitis virus (TMEV) and treated three times with a tamoxifen-in-

oil-gavage (TOG), resembling an application scheme for genetically modified mice, starting at 

0, 18 or 38 days post infection (dpi). All mice developed ‘TMEV-induced demyelinating 

disease’ (TMEV-IDD) resulting in inflammation, axonal loss and demyelination of the spinal 

cord. TOG had a positive effect on the numbers of oligodendrocytes and oligodendrocyte 

progenitor cells, irrespective of the time point of application, whereas late application (starting 

38 dpi) was associated with increased demyelination of the spinal cord white matter 85 dpi. 

Furthermore, TOG had differential effects on the CD4+ and CD8+ T cell infiltration into the 

CNS, especially a long lasting increase of CD8+ cells was detected in the inflamed spinal cord, 

depending of the time point of TOG application. Number of TMEV-positive cells, astrogliosis, 

astrocyte phenotype, apoptosis, clinical score and motor function were not measurably affected. 

These data indicate that tamoxifen gavage has a double-edged effect on TMEV-IDD with 

promotion of oligodendrocyte differentiation and proliferation, but also increased 

demyelination, depending on the time point of application. The data of this study suggest that 

tamoxifen has also partially protective functions in infectious CNS disease. These effects 

should be considered in experimental studies using the cre-loxP system, especially in models 

investigating neuropathologies. 

 

Keywords: Tamoxifen-in-oil-gavage (TOG), demyelination, oligodendrocytes, cre-loxP, 

neuropathology, Theiler’s murine encephalomyelitis virus (TMEV) 
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CHAPTER 4 

GENERAL DISCUSSION 

 

  

 

4. General discussion 

Tamoxifen is a widely used agent in human medicine and experimental setups (45, 70, 75, 88). 

Although it is known that tamoxifen can shape the immune response and outcome of CNS 

damage (10, 28, 81), the possible effects on studies, where it is used to induce genetic 

modifications in the CreER-LoxP system (22), is rarely investigated. The lipophilic compound 

and its metabolites are able to pass the blood brain barrier (BBB) (35, 77) and are thus of interest 

for models on CNS disorders (69, 98) as well as neuronal regeneration and brain plasticity (31, 

48, 64, 78, 97). The presented studies aimed to investigate the effect of an oral gavage of high-

dosed tamoxifen, as it is used to induce the CreER-LoxP system, on virus induced CNS damage. 

The Theiler’s murine encephalomyelitis virus (TMEV) is a good example for the importance 

of the virus and host interaction. The outcome of a TMEV infection highly depends on the virus 

strain, and moreover on the genetic background of the murine host (12, 13). For the presented 

studies, a low virulent BeAn strain of TMEV was used, that is able to cause an acute, non-fatal 

encephalitis in resistant mouse strains and is capable to persist in susceptible mouse strains, 

where it triggers a progressive demyelination (TMEV-IDD) of the spinal cord white matter 

(26). The acute encephalitis in resistant mice goes along with infection and damage of neurons, 

especially within the hippocampus (26). Depending on the virus strain, this can be accompanied 

by acute and chronic development auf seizures, which is why it poses a model for human 

temporal lobe epilepsy (TLE) (7). However, the local variant (BeAn-1), used in the presented 

studies, is not known to cause seizures, despite loss of hippocampal neurons (13). TMEV-IDD 

after chronic infection of susceptible mice is a murine model for progressive multiple sclerosis 

(MS) in humans (26). Despite many investigations, the cause for MS is not uncovered, so far. 
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However, viral and bacterial infections are, among other possible factors, under suspicion to 

trigger autoimmune disorders like MS (27). Only recently, the genus of the Cardiovirus was 

supplemented by the human Saffold virus (SAFV), which is similar to the closely related TMEV 

a natural enteric virus with a potential risk to cause neuronal disease (49, 60, 66). Taken 

together, this underlines the importance of studies on the interaction of hosts and viruses, but 

also on the effect of compounds that might influence this interaction. 

The first part of this thesis aimed to examine the effect of a tamoxifen gavage on the acute 

infection and damage of hippocampal neurons in mice on a TMEV-resistant C57BL/6 

background. Additionally, the mice were genetically modified with floxed gene sites (CD28). 

Tamoxifen treated animals did not express the Cre recombinase, thus, no gene modification 

was induced. The group of untreated animals was composed of mice with and without Cre 

expression, to investigate possible effects of insertion of the Cre gene into the genome. Further, 

all groups included male and female mice. The results showed no effects of gender or Cre 

expression on the outcome. Tamoxifen application started either at the day of infection (0 dpi) 

and the following days (2 and 4 dpi), or 5, 7 and 9 dpi, to assess a possible time dependent 

effect. Mice were sacrificed 7, 14 or 147 dpi. The late time point of necropsy was included to 

study long-term effects of changes during the early phase of infection. 

The second part of the thesis was focused on investigations on the effect of tamoxifen on the 

chronic infection and demyelination in wild type SJL mice. These groups were composed of 

females only, since a prominent effect of the gender on TMEV-IDD is already described (1). 

In these mice, tamoxifen application was not only included at the time point of infection (0, 2 

and 4 dpi), but also at later time points to investigate the effect on virus spreading (18, 20 and 

22 dpi) and development of possible autoimmune reactions against endogenous myelin (38, 40 

and 42 dpi). Mice were necropsied 7, 14 or 85 dpi.  

In both studies, the course of clinical infection and motor functions were assessed. Special 

emphasis was given also on the virus load and distribution within the CNS, as well as the 

development and progression of lesions, with focus on the intralesional cell composition and 

subset phenotypes. 
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4.1. The impact of tamoxifen-in-oil-gavage on the acute hippocampal 

lesions 

C57BL/6 (B6) mice are able to eliminate TMEV from their brain within about 2 weeks (47). 

Thus, in wild type B6 mice, the most interesting pathomorphological findings are seen within 

this early phase of innate and adaptive immune response, damage and repair. Right after 

infection, TMEV has a strong tropism towards neurons, especially within the hippocampus (5, 

26). According to his function in networking and processing of information, it owns a high 

density of neuronal cells, axons and unmyelinated mossy fibers (86). The infection of 

hippocampal neurons and inflammatory response during the acute phase is commonly 

associated with damage and loss of these cells (47, 83). In this study, it was seen that in mice, 

bred on a C57BL/6 background, 42% are affected by significant neuronal loss 14 days after 

TMEV-BeAn-1 infection (dpi). The range of neurodegeneration in the acute phase after TMEV-

BeAn-1 infection reportedly ranges from absent up to lesions involving 20-50% of the 

CA1/CA2 region 7 and 98 dpi (13). Interestingly is there no early (7 dpi) and only slight 

neurodegeneration after BeAn-2 infection in <20% of the animals in the late phase (98dpi) (13). 

DA-infection can be associated with higher prevalence and severity of hippocampal neuronal 

loss 7 dpi and 98 dpi (13) and 44% of mice show enlargement of lateral ventricles with smaller 

hippocampi 2-8 months after infection (83). Surprisingly, the tamoxifen gavage in this study 

resulted in an increase of lesion development up to 94% in Tam5dpi and 100% in Tam0dpi mice 

after BeAn-1 infection 14 dpi, respectively. The degree of hippocampal neuronal loss in 

tamoxifen treated animals at 14 dpi exceed the expected range of 0-50% of for TMEV infected 

B6 mice with DA or BeAn infection at an early time point (7 dpi) (13). 

At 147 dpi, 21% of the animals without tamoxifen gavage and 20% tamoxifen gavage at 0, 2 

and 4 dpi showed still neuronal loss in CA2. Neuronal loss in the presented study was at 147 

dpi comparably frequent as seen in B6J with BeAn-2 infection 98 dpi (20%) (13).  

The reduced neuronal loss at 147 dpi (20-21%) might indicate a closure of the gap within the 

CA pyramidal layer in many mice of this study, irrespective of tamoxifen treatment. However, 

the underlying mechanism remains undetermined and requires further investigations. Similar 

closures of CA1 lesions were seen after ischemic damage of pyramidal neurons, where a low-

level production of new neurons was hypothesized (100). Labeling of progenitor cells revealed, 

that newly generated neurons and undifferentiated progenitors from the periventricular region 

might migrate and differentiate into pyramidal neurons in CA1 in adult mice (61). However, 

the major site of neurogenesis in the adult hippocampus is the dentate gyrus, where newborn 
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neurons travel short distance from the subgranular zone (SGZ) into the granular zone (GZ) (63). 

Here they are integrated into the hippocampal circuit and preferentially communicate with the 

neurons in CA3, but stay in the DG (63). In the present study, DCX positive progenitors were 

found exclusively within the SGZ and GZ of the dentate gyrus but not in the pyramidal layer 

of the CA. In B6 mice, the TMEV infection itself should have no influence of the number of 

DCX positive cells within the DG (37). Although tamoxifen is known to have neuroprotective 

effects, also within the hippocampus (18, 30, 31, 78, 97), it has reportedly a negative impact on 

adult neurogenesis in the DG (48). Similarly, in the present study it was seen that tamoxifen 

gavage at 0, 2 and 4 dpi results in significantly lower DCX positive cells in the DG. This was 

differently if tamoxifen gavage was applied at 5, 7 and 9 dpi (Tam5dpi). These animals showed 

equally high numbers of DCX positive progenitors as mice without tamoxifen treatment and no 

lesions. The lower numbers of neuronal progenitors in mice with tamoxifen application 0, 2 and 

4 dpi at 14 dpi had no effect on the density of the DG or the prevalence of neuronal loss at 147 

dpi, which was similar to the prevalence of untreated TMEV infected mice at this time point 

(see supplemental material of chapter 2). In the absence of inflammation, the number of IBA-1 

positive microglia is inversely correlated with the presence of neurogenesis in the DG (25). 

However, under inflammatory conditions and consistent with other studies on TMEV infection 

(36), no correlation between microglial activation and DCX expression was seen in the 

presented study. 

Neuronal loss in the hippocampus can be associated with seizure development (83), but it was 

seen that the occurrence of seizures after TMEV infection highly depends on the combination 

of mouse- and virus-strain (13). The BeAn-1 strain used in Hannover is not known to cause 

seizures as seen after DA infection (13). As expected, no overt behavioral seizures were 

observed during the daily visual or weekly clinical examination of the mice until the end of this 

study at 147 dpi.  

Because TMEV has a tropism for the hippocampus (26), the virus load as well as the duration 

of infection could contribute to an increased prevalence of lesions. The present study showed 

that tamoxifen gavage impaired virus elimination, which was complete within 14 days in the 

untreated controls. At 7 dpi, 5 of 12 (41%) of the untreated mice and 4 of 5 (80%) of the 

Tam0dpi mice showed intracellular TMEV antigen, evaluated by IHC. Nonetheless, there was 

no statistically significant difference between these groups (p=0.149) regarding the number of 

cells labeled positive for TMEV antigen immunohistochemically. While the untreated mice 

showed no intracellular virus antigen at 14 dpi, 50% of the Tam0dpi and 70% of the Tam5dpi 
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mice showed TMEV-positive cells within their hippocampus at this time point. At 147 dpi, all 

untreated mice and Tam0dpi mice cleared the virus from their hippocampus (data not shown), 

underlining that tamoxifen gavage did not lead to a lifelong persistency, as seen in SJL mice 

(52). These results also show that the presence of virus and the presence of lesions are not 

completely overlapping in time. Although the initiation of hippocampal lesions is triggered by 

the TMEV infection (13), the neuronal loss and inflammatory response outlasts the intralesional 

presence of the virus in this study. For virus elimination from the CNS, a quick and effective 

innate and adaptive immune response is required (26). All neural cells including glia, 

hippocampal neurons and interneurons express various estrogen receptors (ERs) (3, 6, 90) and 

tamoxifen is known to modulate the immune response (11). Thus, the effect of tamoxifen can 

be multifactorial. Furthermore, we observed a time-dependent effect of tamoxifen on the 

hippocampal neuronal loss. The intracerebral concentration of tamoxifen and its metabolites is 

usually much lower than the serum concentration (35). However, during the inflammatory 

response to the intracerebral TMEV infection, the blood-brain-barrier (BBB) becomes leaky 

(68). While 4 dpi, the expression of adhesion, BBB and lymphatic molecules is altered in a 

minor fashion, the changes are most prominent 7 dpi in SJL mice (68). After oral uptake, the 

plasma concentration of tamoxifen and its metabolites peaks between 0.5 and 1 hour (h) in mice 

(71). The half-life is dependent on the applied dose and ranges between 1 h (4 mg/kg) and 7.6 

h (20 mg/kg) (71). In this study, the mice received three oral doses of 150 mg/kg tamoxifen 

over a period of 4 days. The Tam0dpi group received tamoxifen at 0, 2 and 4 dpi, and although 

the half-life might be expanded due to the relatively high dose, it can be assumed that the plasma 

concentration in these mice were highest at a time point when the BBB was quite intact. The 

Tam5dpi group received tamoxifen at 5, 7 and 9 dpi, and the plasma concentration can be 

assumed to be highest during the acute encephalomyelitis with leaky BBB (68). An increased 

penetrance of tamoxifen through the BBB during the acute inflammation might be responsible 

for the stronger effect seen in the Tam5dpi group. Anyways, the reported neuroprotective 

properties of tamoxifen (9, 10, 18, 28, 30, 31, 81, 91) were not seen under the infectious 

conditions in this study. 

The neuronal loss within the hippocampus is not only caused by direct cytotoxicity of the virus 

infection, although cell lysis is a major principle of virus spread in picornaviruses (73, 85). Pro-

inflammatory cytokines and cytotoxicity of infiltrating as well resident immune cells cause 

bystander damage to the hippocampal neurons (14, 26, 80). A major role in the hippocampal 

damage in B6 mice is exerted by activated microglia and monocytes (44). In brain 
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inflammation, microglia/macrophages are involved in phagocytosis and presentation of foreign 

and endogenous antigens (23, 40). Tamoxifen is known to downregulate microglial activation 

and secretion of pro-inflammatory cytokines after penetrating brain injury and thus, reduces 

bystander damage (9). Unexpectedly, the presented results show that in mice with tamoxifen 

treatment, the activation of microglia is however increased, and, as discussed above, associated 

with increased neuronal loss at 14 dpi. 

Tamoxifen is able to inhibit T cell activation (11). However, a negative effect on the overall 

number of infiltrating T cells was not seen in the hippocampus during the early phase at 14 dpi. 

At least in parts, is the inhibitory effect of tamoxifen on T cells mediated by downregulation of 

antigen presentation (10). Although the microglial activation and T cell infiltration was not 

directly affected by tamoxifen gavage, it is possible that inefficient antigen presentation 

anyways led to a delayed viral clearance. 

Apart from microgliosis and lymphocyte infiltration, there is also astrogliosis with scar 

formation in TMEV infection (26). While the number of IBA-1 positive microglia/macrophages 

decreases after virus elimination, there is a possibility for longer lasting astrogliosis (glial scar) 

(26). The formation of glial scars, composed of variable amounts of reactive astrocytes, 

activated microglia and granulation tissue (fibroblasts and capillaries) is a classical feature of 

the attempt to repair CNS trauma, irrespective of the cause (79).  An increase of IBA-1 and 

GFAP positive cells within the hippocampus CA is seen already 4 days after TMEV infection 

(54). In non-infectious brain trauma, tamoxifen reduces reactive astrogliosis (6). Opposing to 

the findings in non-infectious CNS trauma, tamoxifen is associated with increased astrogliosis 

in an infectious model. At 14 dpi, the presence of lesions was associated with increased numbers 

of GFAP positive astrocytes. At this time point, it seemed that the increase of astrocytes with 

respect to the increase of IBA-1 and CD3 expressing inflammatory cells, poses a reactive 

astrogliosis in an inflammatory surrounding. Tamoxifen treated animals showed increased 

astrogliosis compared to untreated mice with inflammatory lesions, with the strongest effect 

seen in mice with tamoxifen application at 5, 7 and 9 dpi. 

Nestin is a classical marker for early, neuronal progenitors since it co-expressed with GFAP in 

radial glia like stem cells, that can differentiate over doublecortin (DCX) progenitors into post-

mitotic neuron nuclear antigen (NeuN) positive neurons (63). However, the majority of positive 

labelled cells within the hippocampal lesions of this study own a starry morphology, resembling 

astrocytes. Further, they were mostly not located within the pyramidal layer but found in the 

stratum oriens and stratum radiatum of the CA and to a lesser extent in the molecular layer and 
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polymorph layer of the DG. They are associated with the presence of active inflammatory 

lesions in the hippocampi of the TMEV infected mice of this study, with a significant increase 

in tamoxifen treated animals. Reactive astrocytes are known to quickly upregulate nestin after 

CNS damage (76). Thus, in this investigation it can be assumed, that the nestin positive cells 

represent reactive astrocytes within the hippocampus, rather than neuronal progenitors, 

indicative for neurogenesis (16). To further differentiate the phenotype of the reactive 

astrocytes, markers for neurotoxic (A1, amigo2 positive) and neurotrophic (A2, S100A10 

positive) astrocytes were included (2). In general, all mice with hippocampal inflammatory 

lesions and neuronal loss in CA showed an increase of A1 astrocytes in this study. Additionally, 

mice with tamoxifen application 5, 7 and 9 dpi showed significantly higher numbers of A1 

astrocytes compared to untreated mice with lesions. A1 astrocytes are induced by activated 

microglia and not only cut off the promotion of survival of neurons and synaptogenesis, but 

also actively contribute to neuronal death in an inflammatory environment (51). Furthermore, 

they own a reduced phagocytic capacity in vitro (51). The results of our study corroborate these 

findings. Mice with lesions showed increased microglial activation as well as higher numbers 

of neurotoxic A1 astrocytes. These might contribute to the neuronal loss, seen in the pyramidal 

layer of the CA after TMEV infection. Tamoxifen treated animals showed even more A1 

astrocytes with the strongest effect seen in the Tam5dpi group, despite comparable levels of 

microglial activation as untreated mice with neuronal loss. The counterpart of neurotoxic A1 

astrocytes are the neurotrophic A2 astrocytes, which promote neuronal survival and are 

favorably induced by hypoxia and ischemia (51, 80). Ablation or dysfunction of reactive 

astrocytes is associated with increased neuronal loss, increased leakage of BBB and increased 

leukocyte infiltration after mechanical injury of the hippocampus (15), showing the relevance 

of reactive astrocytes also in tissue repair and neuroprotection. In the present study, mice with 

tamoxifen treatment showed increased numbers of A2 astrocytes, compared to untreated mice 

without neuronal loss.  However, in contrast to the A1 astrocytes, there was no difference in the 

number of A2 astrocytes between treated and untreated mice with lesions. It can be 

hypothesized that tamoxifen facilitates the activation of astrocytes and favors the neurotoxic 

A1 phenotype within the first two weeks after TMEV infection. 

In the adult murine hippocampus, aquaporin 4 is mostly expressed by astrocytes with a diffuse 

pattern and increased density in the stratum lacunosum moleculare of the CA1, as well as the 

molecular layer of the DG (33). Furthermore, there is a high density of aquaporin 4 channels at 

the astrocytic endfeed (glia limitans) around the blood vessels of the CNS (33, 84). After 
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activation, astroglia regulate the transcription to reshape their function and metabolism in 

response to an insult (50, 80). Among these, a classical feature of the reactive astrocyte is the 

modification and relocalization of aquaporin 4 water channel expression (55, 94). The 

expression and polarization to the glia limitans can be negatively impacted by ischemic or 

traumatic brain damage (53, 84). Similar to the findings in experimental autoimmune 

encephalitis (EAE) of rats (42) we found that aquaporin 4 expression is downregulated within 

inflammatory hippocampal lesions after TMEV infection of mice. However, tamoxifen 

application had no direct effect on the distribution of aquaporin 4 expression in the 

hippocampus, apart from the higher prevalence of inflammatory lesions and neuronal loss. 

Summarizing, the impact of tamoxifen on the acute hippocampal lesions is partly dependent of 

the time point of application. The strongest effects are regularly seen in mice with tamoxifen 

application 5, 7 and 9 dpi (Tam5dpi), likely due to an increased leakiness of the blood-brain-

barrier in this period of TMEV infection. The prevalence of inflammatory hippocampal lesions 

with neuronal loss at 14 dpi is increased from 41% in untreated mice, to 94-100% in mice with 

tamoxifen application. Tamoxifen gavage was associated with decreased efficiency of virus 

elimination in B6 mice and increased glial activation, which might have contributed to the 

increased prevalence of hippocampal damage.  

 

4.2. The impact of tamoxifen-in-oil-gavage on the chronic spinal cord 

lesions 

In contrast to B6 mice, SJL mice are unable to eliminate the virus from their CNS and are 

affected by a lifelong virus persistence with concurrent inflammation and progressive 

demyelination of the spinal cord white matter, known as TMEV-IDD (26). The aim of the 

second part of this study was to elucidate a possible impact of tamoxifen gavage at different 

time points after TMEV infection. Major key points for the tamoxifen application were: the 

acute infection (gavage at 0, 2 and 4 dpi), the time frame where the virus spreads into the spinal 

cord (gavage at 18, 20 and 22 dpi) and at the onset of white matter demyelination (gavage at 

38, 40 and 42 dpi). 

The results of this study indicated a double-edged effect of tamoxifen application on different 

aspects of TMEV-IDD. As seen in the B6 mice, not only the application of tamoxifen had an 

effect on the readout of typical pathological changes after TMEV infection, but also the time 

point of application was decisive for the outcome. Due to the ongoing inflammation during 

TMEV-IDD, the BBB of SJL mice is similarly leaky at 35 dpi as at 7 dpi (68). Thus, a stronger 
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effect of tamoxifen application was expected for the later treatment groups (18 and 38 dpi). 

While all animals of the study showed a similar onset and progression of clinical signs and 

deterioration of motor function, the later treatment groups showed a sudden drop of body weight 

around 77-85 dpi, leading to termination of the experiment. Tamoxifen application at 38 dpi 

was further associated with increased demyelination, compared to the other groups. Irrespective 

of the time point of tamoxifen application, a positive effect on the number of oligodendrocytes 

and their progenitors was assessable. Mice with larger demyelinated lesions also showed 

increased Schwann cell derived remyelination. However, the remyelination was not sufficient 

to even out the ongoing demyelination. Tamoxifen application had an effect on the composition 

of CD4+ and CD8+ subsets within the T cell infiltrate. During the early phase, tamoxifen 

application at 0, 2 and 4 dpi was associated with decreased CD4+ and CD8+ T cell infiltration 

followed by a rebound at 14 dpi with increased T cell infiltration into the brain parenchyma. 

Animals with tamoxifen application at 18, 20 and 22 dpi showed an increase of CD8+ T cells 

within the spinal cord lesions. At 7 and 14 dpi, tamoxifen treated animals showed decreased 

numbers of CD4+ T cells with an increase of CD8+ T cells.  

In humans, estradiol treatment elevates the number of CD4+ T cells and shifts the ratio of 

CD4+/CD8+ T cells towards CD4+ (20). In our study, tamoxifen has the opposite effect upon 

the CD4+/CD8+ T cell ratio, similar to the deletion of estrogen receptors (ERs) in T cells (58). 

This indicates an anti-estrogenic effect on the T cells of the periphery as well as the CNS, 

favoring CD8+ T cells. Surprisingly, immunomodulatory effects of tamoxifen during the early 

stage of the anti-viral immune response did not impact the onset or progression of TMEV-IDD. 

Interestingly, tamoxifen application resulted in inefficient and delayed clearing of the virus 

from the brain of infected B6 mice. For efficient viral clearance, mice on a C57BL/6 

background depend on a functional signaling of MHC I on CD8+ T cells (17). In our study, the 

virus clearing in the B6 mice was still effective on the long run, but until 14 dpi not always 

complete in the tamoxifen treated animals. A reduced activation of the CD8+ T cells in these 

animals might contribute to the decelerated virus clearance, as seen in other studies with 

TMEV-infected mice on a B6 background bearing an impaired CD8+ T cell response (17, 59).  

In order to transform the resistant B6 mice into a ‘susceptible strain’ for developing TMEV-

IDD showing inflammation and demyelination in the spinal cord, it is necessary to deplete the 

CD8+ T cells and increase the Tregs simultaneously (17). This indicates that a shift towards 

more but significantly less activated CD8+ T cells causes a delayed and less efficient virus 

clearance, but is not sufficient to render these mice susceptible to TMEV-IDD. In contrast to 
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the resistant B6 mice, tamoxifen had no effect on the amount of persisting virus antigen in 

chronically TMEV-infected SJL mice. The virus clearance of SJL mice is in any case 

insufficient (65) and, as seen in studies with CD8 deficient SJL mice (59), appear to be less 

dependent on a functional CD8+ T cell response. Nonetheless, both, CD4+ as well as CD8+ T 

cells contribute to the development of TMEV-IDD in SJL mice (59). The relevance of CD4+ T 

cells for the formation of autoantibodies against myelin in TMEV-IDD is still controversial (43, 

67, 92). Cytotoxic CD8+ T cells are thought to be more involved into cell damage and axonal 

degeneration within the spinal cord lesions of TMEV-IDD (19, 32, 72, 74). An effect tamoxifen 

on the intralesional T cell composition and secretory activity of infiltrating and resident cells 

might contribute to increased tissue damage (6, 11, 80). Although the effect of tamoxifen on 

the T cells was transient in the periphery, the number of CD8+ T cells in the spinal cord white 

matter of SJL mice was affected up to 85 dpi in this study.  

Similar effects on the adaptive T cell response during a TMEV infection are seen after applying 

restraint stress (RS) in mice (56, 82). The physical restriction for several hours over night has 

a similar effect on the CD4+ and CD8+ T cell composition as iatrogenic glucocorticoids (82) 

with increased virus titers and spreading of virus outside the CNS (56). It can be assumed, that 

handling of the mice as well as the application of tamoxifen caused acute stress in the mice of 

the presented study. However, the restriction during an oral gavage is not known to have an 

effect on the immune response of mice, even if it is applied each day for 18 days in a row (41). 

Furthermore, there was no acute effect of tamoxifen gavage on the body weight or clinical score 

of the mice in the present study, which might have indicated an adverse effect of the handling 

and gavage on the general condition of the treated animals (89). The sudden weight loss in the 

groups with tamoxifen application at 18, 20 and 22 dpi as well as 38, 40 and 42 dpi might more 

likely have mirrored a decreased activity and food uptake of the mice concomitant to the 

severity of demyelination in their spinal cord. As a small rodent, the mouse has a high metabolic 

rate and already few hours of fasting can cause a significant loss of body weight (39). 

Tamoxifen application at the time point of early demyelination at 38 dpi resulted in significantly 

increased demyelination of the spinal cord white matter compared to the other treatment groups. 

Nonetheless, also the 18 dpi treatment group showed a rapid weight loss at the end of the 

experiment. Although the overall myelinated area of the 18 dpi-group did not differ 

significantly from the untreated mice, the mean myelination in the 18 dpi-group (64%) was 

between the untreated (69%) or early treated 0 dpi-group (71%) and the 38 dpi-group (47%). 

The biological relevance of the extent of spinal cord white matter demyelination might differ 
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significantly within the observed range of 14% and 68% of unmyelinated area in all groups 

(treated and untreated TMEV infected SJL mice) and has very individual consequences for the 

affected mouse. In the present study, the individual difference between the body weights 77 and 

85 dpi is positively correlated to the individual myelination (correlation coefficient: 0.63; p= 

0.0023). It can be assumed that the decreased myelination had negative effects on the body 

weight by decreased mobility and food uptake. In this study, the motor functions were assessed 

during the clinical examination and by RotaRod® testing. All groups showed a decline of 

RotaRod® performance in rounds per minute (rpm) with a parallel increase of the clinical score 

around 21 to 35 dpi. In most animals, the decline of rpm was quite rapid and around 56 dpi all 

groups entered a similarly low range of mean performance between 6.73 - 7.19 rpm. At the end 

of experiment, the range of mean performance was at 6.2 - 8.43 rpm. The rotation of the rod 

started at 5 rpm. The data show that only few mice were able to stay on the rod for more than a 

few seconds/increase of rpm, already at 56 dpi. A decline in motor function and mobility 

beyond 56 dpi might not be mirrored precisely in the RotaRod® performance of mice with an 

already poor performance. For the late phase of TMEV-IDD a lower rotation rate at the 

beginning of the testing might have been more feasible and should be reconsidered in future 

investigations. The mean clinical score did not reach a comparable peak. Nonetheless, due to 

the non-linear system, the clinical score is feasible to assess the individual health status of an 

animal, but the mean data of the group is strongly affected by “drop outs” of mice with a high 

score that are euthanized before the end of the study.  

During ongoing TMEV-BeAn induced -IDD, there is also remyelination within and around the 

spinal cord white matter lesions (26, 65, 93). TMEV infection is reported to interfere with 

oligodendrocyte development, favoring an astrocytic phenotype (4, 87, 93). Additionally to the 

resident oligodendrocytes, there is infiltration of Schwann cells from the periphery, contributing 

to remyelination (38). In rats with ethidium bromide induced demyelination, tamoxifen 

facilitated remyelination (28). As seen also in other studies (8, 28, 46), tamoxifen application 

had a positive effect on oligodendrocytes and their progenitors in the present study. This was 

however not mirrored by an increased myelination in these mice.  

Schwann cell derived remyelination was not positively affected by tamoxifen application in this 

study. On the one hand, tamoxifen might have had a direct anti-estrogenic effect on the 

Schwann cells resulting in reduced differentiation and survival (29, 62, 96). Further, because 

there is either oligodendrocyte or Schwann cell derived myelination of an axon during 

remyelination, but never both (21) and oligodendrocytes are able to replace Schwann cells (38), 
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the positive effect on oligodendrocytes might have limited the Schwann cell infiltration in this 

study. Additionally, reactive astrocytes can limit migration and differentiation of Schwann cells 

in favor of oligodendrocytes (24). However, the present study shows that there was an increase 

of neurotoxic A1 and a decrease of neurotrophic A2 astrocytes (57) along with development of 

TMEV-IDD, independent of tamoxifen application. In addition, tamoxifen had no direct effect 

on the expression of aquaporin 4 water channels. As seen in the hippocampus B6 mice, the 

expression is likewise downregulated within TMEV induced inflammatory lesions in the spinal 

cord of SJL mice. 

Neuroprotective properties of tamoxifen in the spinal cord and hippocampus (18, 30, 31, 78, 

97), partly mediated by facilitation of an anti-inflammatory response (18, 28, 30, 34) and 

prevention of oxidative damage (95, 99), were not detectable in this study.  

 

4.3 Conclusion and outlook 

In summary, tamoxifen application interferes with disease development after TMEV infection 

in mice. In the early phase of acute encephalitis, it influences the virus elimination in B6 mice 

and results in increased neuronal loss in the hippocampus at 14 dpi. Applied during ongoing 

myelitis in SJL mice, tamoxifen gavage is associated with increased demyelination despite 

positive effects on oligodendrocytes.  

The present study shows that tamoxifen, a regularly used tool in experimental settings, is not 

inert with respect to the host response. This can influence the results of short- and long-term 

studies in a significant manner. Our data underline the importance of proper controls and the 

considerate interpretation of data from experiments, using tamoxifen.  

The findings of this study revealed some interesting points for future projects. So far, it is 

unclear how the repair in the CA after TMEV infection induced neuronal loss is achieved and 

which cell types might contribute to it. Another interesting finding is that on the one hand, 

tamoxifen application is associated with increased neuronal loss in the early phase of infection, 

but this effect vanishes until 147 dpi. Nonetheless, at this late stage there are about 20% of 

animals with permanent neuronal loss in the absence of inflammation, irrespective of tamoxifen 

application. The difference between mice with and without abiding neuronal loss remains to be 

examined in future studies. Further, it became apparent, that tamoxifen has a pronounced effect 

on the glial cells with increased astrogliosis of a neurotoxic phenotype in early hippocampal 

lesions of B6 mice, but also acts positive on oligodendrocytes in the spinal cord of chronically 

infected SJL mice. The molecular mechanisms that are influenced by tamoxifen in these cell 
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types that contribute in various ways to CNS damage and repair offers a broad field for future 

research.  
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Addendum 

Animal numbers 

Internal 

Number 

Genotype Necropsy Tamoxifen 

application 

Study of 

chapter 

Group Animal number per 

group 

B007d001 Cre- 7 dpi No Tam 2 1 1 

B007d002 Cre- 7 dpi No Tam 2 1 2 

B007d003 Cre- 7 dpi No Tam 2 1 3 

C007d401 Cre+ 7 dpi No Tam 2 1 4 

C007d402 Cre- 7 dpi No Tam 2 1 5 

C007d403 Cre+ 7 dpi No Tam 2 1 6 

C007d404 Cre- 7 dpi No Tam 2 1 7 

C007d405 Cre+ 7 dpi No Tam 2 1 8 

C007d406 Cre+ 7 dpi No Tam 2 1 9 

C007d407 Cre+ 7 dpi No Tam 2 1 10 

C007d408 Cre+ 7 dpi No Tam 2 1 11 

C007d409 Cre+ 7 dpi No Tam 2 1 12 

B007d021 Cre- 7 dpi Tam 0 dpi 2 2 1 

B007d022 Cre- 7 dpi Tam 0 dpi 2 2 2 

B007d023 Cre- 7 dpi Tam 0 dpi 2 2 3 

B007d024 Cre- 7 dpi Tam 0 dpi 2 2 4 

B007d025 Cre- 7 dpi Tam 0 dpi 2 2 5 

B014d031 Cre- 14 dpi No Tam 2 3 1 

B014d032 Cre- 14 dpi No Tam 2 3 2 

B014d033 Cre- 14 dpi No Tam 2 3 3 

B014d034 Cre- 14 dpi No Tam 2 3 4 

B014d035 Cre- 14 dpi No Tam 2 3 5 

B014d036 Cre- 14 dpi No Tam 2 3 6 
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Animal numbers (continued) 

C014d432 Cre+ 14 dpi No Tam 2 3 7 

C014d433 Cre+ 14 dpi No Tam 2 3 8 

C014d434 Cre+ 14 dpi No Tam 2 3 9 

C014d435 Cre+ 14 dpi No Tam 2 3 10 

C014d436 Cre+ 14 dpi No Tam 2 3 11 

C014d437 Cre+ 14 dpi No Tam 2 3 12 

B014d051 Cre- 14 dpi Tam 0 dpi 2 4 1 

B014d052 Cre- 14 dpi Tam 0 dpi 2 4 2 

B014d053 Cre- 14 dpi Tam 0 dpi 2 4 3 

B014d054 Cre- 14 dpi Tam 0 dpi 2 4 4 

B014d055 Cre- 14 dpi Tam 0 dpi 2 4 5 

B014d056 Cre- 14 dpi Tam 0 dpi 2 4 6 

B014d061 Cre- 14 dpi Tam 5 dpi 2 5 1 

B014d062 Cre- 14 dpi Tam 5 dpi 2 5 2 

B014d063 Cre- 14 dpi Tam 5 dpi 2 5 3 

B014d064 Cre- 14 dpi Tam 5 dpi 2 5 4 

B014d065 Cre- 14 dpi Tam 5 dpi 2 5 5 

B014d066 Cre- 14 dpi Tam 5 dpi 2 5 6 

B147d161 Cre- 14 dpi Tam 5 dpi 2 5 7 

B147d162 Cre- 14 dpi Tam 5 dpi 2 5 8 

B147d163 Cre- 14 dpi Tam 5 dpi 2 5 9 

B147d164 Cre- 14 dpi Tam 5 dpi 2 5 10 

B147d135 Cre- 147 dpi No Tam 2 6 1 

B147d136 Cre- 147 dpi No Tam 2 6 2 

B147d137 Cre- 147 dpi No Tam 2 6 3 

B147dV570/17 Cre- 147 dpi No Tam 2 6 4 

B147dV571/17 Cre- 147 dpi No Tam 2 6 5 
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Animal numbers (continued) 

B147dV572/17 Cre- 147 dpi No Tam 2 6 6 

B147dV573/17 Cre- 147 dpi No Tam 2 6 7 

C147d534 Cre+ 147 dpi No Tam 2 6 8 

C147d535 Cre+ 147 dpi No Tam 2 6 9 

C147d536 Cre+ 147 dpi No Tam 2 6 10 

C147d537 Cre+ 147 dpi No Tam 2 6 11 

C147dV569/17 Cre+ 147 dpi No Tam 2 6 12 

C147dV574/17 Cre+ 147 dpi No Tam 2 6 13 

C147dV575/17 Cre+ 147 dpi No Tam 2 6 14 

B147d153 Cre- 147 dpi Tam 0 dpi 2 7 1 

B147d154 Cre- 147 dpi Tam 0 dpi 2 7 2 

B147d156 Cre- 147 dpi Tam 0 dpi 2 7 3 

B147d158 Cre- 147 dpi Tam 0 dpi 2 7 4 

CB147d556 Cre- 147 dpi Tam 0 dpi 2 7 5 

S007d201 SJL wt 7 dpi No Tam 3 8 1 

S007d202 SJL wt 7 dpi No Tam 3 8 2 

S007d203 SJL wt 7 dpi No Tam 3 8 3 

S007d204 SJL wt 7 dpi No Tam 3 8 4 

S007d205 SJL wt 7 dpi No Tam 3 8 5 

S007d206 SJL wt 7 dpi No Tam 3 8 6 

S007d221 SJL wt 7 dpi Tam 0 dpi 3 9 1 

S007d222 SJL wt 7 dpi Tam 0 dpi 3 9 2 

S007d223 SJL wt 7 dpi Tam 0 dpi 3 9 3 

S007d224 SJL wt 7 dpi Tam 0 dpi 3 9 4 

S007d225 SJL wt 7 dpi Tam 0 dpi 3 9 5 

S007d226 SJL wt 7 dpi Tam 0 dpi 3 9 6 

S014d231 SJL wt 14 dpi No Tam 3 10 1 

 



ADDENDUM 
 

 

59 
 

Animal numbers (continued) 

S014d232 SJL wt 14 dpi No Tam 3 10 2 

S014d233 SJL wt 14 dpi No Tam 3 10 3 

S014d234 SJL wt 14 dpi No Tam 3 10 4 

S014d235 SJL wt 14 dpi No Tam 3 10 5 

S014d236 SJL wt 14 dpi No Tam 3 10 6 

S014d256 SJL wt 14 dpi Tam 0 dpi 3 11 1 

S014d251 SJL wt 14 dpi Tam 0 dpi 3 11 2 

S014d252 SJL wt 14 dpi Tam 0 dpi 3 11 3 

S014d253 SJL wt 14 dpi Tam 0 dpi 3 11 4 

S014d254 SJL wt 14 dpi Tam 0 dpi 3 11 5 

S014d255 SJL wt 85 dpi Tam 0 dpi 3 11 6 

S147d331 SJL wt 85 dpi No Tam 3 12 1 

S147d332 SJL wt 85 dpi No Tam 3 12 2 

S147d333 SJL wt 85 dpi No Tam 3 12 3 

S147d334 SJL wt 85 dpi No Tam 3 12 4 

S147d335 SJL wt 85 dpi No Tam 3 12 5 

S147d336 SJL wt 85 dpi No Tam 3 12 6 

S147d351 SJL wt 85 dpi Tam 0 dpi 3 13 1 

S147d352 SJL wt 85 dpi Tam 0 dpi 3 13 2 

S147d353 SJL wt 85 dpi Tam 0 dpi 3 13 3 

S147d354 SJL wt 85 dpi Tam 0 dpi 3 13 4 

S147d355 SJL wt 85 dpi Tam 0 dpi 3 13 5 

S147d356 SJL wt 85 dpi Tam 0 dpi 3 13 6 

S147d381 SJL wt 85 dpi Tam 18 dpi 3 14 1 

S147d382 SJL wt 85 dpi Tam 18 dpi 3 14 2 

S147d383 SJL wt 85 dpi Tam 18 dpi 3 14 3 

S147d384 SJL wt 85 dpi Tam 18 dpi 3 14 4 
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Animal numbers (continued) 

S147d385 SJL wt 85 dpi Tam 18 dpi 3 14 5 

S147d386 SJL wt 85 dpi Tam 18 dpi 3 14 6 

S147d391 SJL wt 85 dpi Tam 38 dpi 3 15 1 

S147d392 SJL wt 85 dpi Tam 38 dpi 3 15 2 

S147d393 SJL wt 85 dpi Tam 38 dpi 3 15 3 

S147d394 SJL wt 85 dpi Tam 38 dpi 3 15 4 

S147d395 SJL wt 85 dpi Tam 38 dpi 3 15 5 

S147d396 SJL wt 85 dpi Tam 38 dpi 3 15 6 
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