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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 proper-

ties in non- infectious central nervous system (CNS) disorders. It can even cause 

complete prevention of lesion development as seen in experimental autoim-

mune 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) result-

ing 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 ap-

plication (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, astroglio-

sis, 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 the promotion of oligodendrocyte differentia-

tion 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 
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1 |  INTRODUCTION

Tamoxifen, originally developed as post- coital contra-
ceptive, belongs to the selective estrogen receptor mod-
ulators (SERM) and is widely used as drug in breast 
cancer patients (1). Besides its clinical use, tamoxifen 
also emerged as broadly applied drug in experimental 
animal systems. Conditional knockout systems rely on 
the detection of LoxP sites by cre recombinase with sub-
sequent gene deletion. Cre recombinase can either be ex-
pressed under the control of cell- type specific promotors 
or as an inducible system. One of the most widely used 
inducible systems relies on cre coupled to a modified 
estrogen receptor which can be released by tamoxifen 
administration (2). This system is used in a wide variety 
of approaches also tackling questions related to the im-
mune system. However, it has been shown, that tamoxi-
fen is not completely inert with respect to its influence on 
resident and infiltrating immune cells (3– 6).

Theiler's murine encephalomyelitis virus (TMEV) is 
a single- stranded RNA virus that belongs to the family 
Picornaviridae, genus Cardiovirus, and is grouped to-
gether with the human Saffold virus into the Theilovirus- 
species (7– 9). The susceptibility for TMEV- persistence 
in the central nervous system (CNS) after intracranial 
infection depends on genetic differences between mouse 
strains (10). The latter include differences in genes of 
the major histocompatibility complex (11) and the T cell 
receptor loci (12). Intracerebral infection of suscepti-
ble mice, such as the SJL- strain, with the low virulent 
BeAn- strain of TMEV induces a biphasic disease with 
an acute polioencephalitis followed by a chronic demy-
elinating disease (TMEV- IDD) in the spinal cord white 
matter (13). Early TMEV infection especially affects 
neurons in the hippocampus, resulting in degeneration 
and apoptosis (14). The immune response in the early 
onset of the disease is characterized by infiltration of 
CD4+ and CD8+ T cells into the CNS (15). During dis-
ease progression and in later phases, TMEV also persists 
in monocytes/macrophages, microglia, astrocytes, and 
oligodendrocytes of susceptible mice (16, 17). Astrocytes 
are the main targets for ongoing viral replication (18). An 
intense early virus- specific CD8+ cytotoxic T lympho-
cyte (CTL) reaction plays a major role in elimination of 
virus particles (19). In case of lacking viral clearance, in-
filtrating CD8+ T cells also contribute to demyelination 
and axonal damage (20). Remyelination by oligodendro-
cytes and Schwann cells is highly influenced by the used 
virus strain as well as composition of glial cells within 

the demyelinated lesions of the spinal cord white matter 
(21– 24).

Chronic lesions of a TMEV- infection occur approx-
imately 1 month post- infection (pi) and predominantly 
show mononuclear cell infiltrates, primarily detected 
within the white matter of the spinal cord, associated 
with demyelination and axonal loss (13, 25), resulting in 
progressive motor function deficits and a flaccid paral-
ysis at very late stages (26). Caused by the similarities 
of pathomorphological changes in the spinal cord white 
matter of intracerebrally infected SJL mice, TMEV- IDD 
serves as a well- established murine model for multiple 
sclerosis (MS) in humans (27, 28).

Tamoxifen as a SERM is known to have immuno-
modulatory and neuroprotective properties (6, 29). In 
this study, we used a short- term oral application of three 
high doses of tamoxifen, similar to the scheme often 
used in the cre- loxP system to induce conditional knock-
outs in genetically modified mice (30, 31). The high doses 
ensure a quick, systemic distribution of tamoxifen and 
its effective metabolites in the periphery, as well as in 
the CNS (32). In experimental autoimmune encephalitis 
(EAE), which is a non- infectious murine model for MS, 
tamoxifen interferes with disease development by pre-
venting myelin antigen- specific T- cell proliferation (5). 
An oral gavage is a routinely used method to apply fixed 
amounts of compounds (33). Nonetheless, it is inevitably 
associated with handling and restraint of the animals, 
which may induce a stress response (34). The tamoxifen- 
in- oil- gavage (TOG) poses a combination of two tools 
that are often considered inert. The effect of TOG on 
initiation and progression of lesions in infectious models 
like TMEV has not been described so far.

It is known from previous studies that early (0– 9 
dpi), middle (14– 16 dpi), and late (after 30 dpi) stages of 
TMEV- IDD can be distinguished, and each of them has 
a very specific pathologic phenotype and characteristics 
(35, 36). The time points of tamoxifen gavage were se-
lected to impact key points of TMEV- IDD development: 
(1) at the time point of infection of neurons (first tamox-
ifen gavage at 0 dpi), (2) when the virus spreads from the 
brain to the spinal cord and starts to also infect microg-
lia/macrophages, astrocytes, and oligodendrocytes (first 
tamoxifen gavage at 18 dpi) (37). and (3) when demyelin-
ation and myelinophagia begins (first tamoxifen gavage 
at 38 dpi) (7).

The aim of the present investigation was to study the 
impact of TOG on TMEV- IDD, with special emphasis 
on pathomorphological changes in a spatio- temporal 

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

models investigating neuropathologies.
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context of application on disease initiation and 
progression.

2 |  M ATERI A LS A N D M ETHODS

2.1 | Mice

Forty- eight 3– 4- week- old, female SJL/JCrHsd (SJL) 
mice were purchased in one charge from Envigo 
RMS GmbH, Rossdorf, Germany. Mice were kept in 
individually ventilated cages (IVC) with ad libitum 
access to tap water and food (ssniff Spezialdiäten 
GmbH, DE- 59494 Soest, cat. V1534- 000) at the 
Department of Pathology, University of Veterinary 
Medicine Hannover, Germany. All experiments 
were performed in accordance with German law and 
approved by the Lower Saxony state office for consumer 
protection and food safety as the responsible authority 
(Niedersächsisches Landesamt für Verbraucherschutz- 
und Lebensmittelsicherheit (LAVES), Oldenburg, 
Germany; permission number: 17/2418). Animals 
were randomized upon arrival and acclimatized to 
the groups and housing conditions for 2  weeks while 
receiving training in handling and RotaRod® testing. 
Groups of six mice were housed together according 
to their TOG application, and time point of necropsy 
to avoid tamoxifen contamination and regrouping/ 
changes of the group composition after necropsy of 
earlier time points in the same treatment group.

2.2 | Clinical scoring and RotaRod® testing

Mice were visually inspected on a daily basis to assess 
the general health status. Once a week, a clinical 
scoring, including recording of the body weight and 
motor skills by the RotaRod® test (38), was performed 
by the same rater. The clinical scoring was based on 
three categories with individual scores from 0 to 3 for 
appearance and activity or 0 to 4 for gait (Table S1) 
(39). The rater was not blinded for the treatment group 
of the mice. Animals were examined twice a week 
and granted access to HydroGel® and food pellets on 
ground level, if they reached a score >0 in any of the 
categories. If the animals showed a deterioration of the 
general condition in the daily visual control, the mice 
were examined clinically according to the evaluation 
scheme. Prior to infection mice were trained on the 
RotaRod® twice, once for 5  minutes and once for 
10 minutes at a constant speed of 5 rotations per minute 
(rpm). During the following weekly tests, the rod was 
linearly accelerated from 5 rpm, over 300 seconds, to a 
maximum of 55 rpm, and the time as well as maximum 
rpm was measured automatically until the mice failed 
to stay on the rod. The mean of three measurements 
per mouse was weekly obtained for data analysis.

2.3 | Theiler's murine encephalomyelitis 
virus infection

Anesthesia and intracerebral infection with Theiler's 
murine encephalomyelitis virus (TMEV) was performed 
as described before (40) with 20 µl of a 2.7x107 plaque- 
forming units (PFU)/ml TMEV- BeAn cell culture 
supernatant, which is a dose of 5.4x105 PFU per infection.

2.4 | Tamoxifen solution 
preparation and treatment

The crystalline >99% tamoxifen (Sigma, cat. T5648- 5G) 
was dissolved in rapeseed oil at a dose of 3 mg/100 µl by 
mechanical vortexing and ultrasound bath for 15 minutes 
at room temperature. The solution was used for three 
applications over a period of 4 days and stored at +4℃ in 
the refrigerator. Prior to usage, the applied amounts were 
tempered to body temperature. For tamoxifen treatment, 
all virus- infected mice were randomly divided into four 
different groups with six animals per application group 
and time point of necropsy. Tamoxifen was applied by 
oral gavage of 3  mg tamoxifen per application diluted 
in 100  µl rapeseed oil three times within 4  days (every 
second day) using disposable, flexible 20 G polypropylene 
feeding tubes for rodents with soft elastomer tips (Instech, 
cat. FTP- 20- 38- 50). Tamoxifen application was always 
performed by the same person and started either at the 
day of TMEV infection (0 dpi), 18 dpi, or 38 dpi. Mice 
were necropsied at 7, 14, or 85 dpi.

2.5 | Necropsy

After euthanasia, perfusion was performed through the 
left ventricle with phosphate buffered saline (PBS) and a 
flow rate of 3.75 ml/min. Brain, spinal cord, and peripheral 
lymphoid organs (spleen, thymus, and lymph nodes) were 
removed and fixed for 24 h in 4% buffered formaldehyde 
solution prior to paraffin embedding. The left hemisphere 
of the brain, caudal parts of the cervical, thoracic and 
lumbar spinal cord, and further organ samples were snap 
frozen in liquid nitrogen and stored at −80℃.

2.6 | Histology

Formalin- fixed, paraffin- embedded (FFPE) 
hematoxylin– eosin (HE) stained sections of  brain and 
spinal cord with a thickness of  2  µm were examined 
regarding hyper- cellularity, perivascular infiltrates, 
vacuolization, and neuronal or axonal damage with a 
grading system from 0 to 3 (38). In the brain, different 
regions (olfactory bulb, cerebral cortex, striatum, 
hippocampus, thalamus, hypothalamus, midbrain, pons, 
medulla and cerebellum, see Figure S1) were evaluated 
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and scored (0– 3) accordingly. Cervical, thoracic, and 
lumbar spinal cord segments were evaluated separately. 
Each spinal cord segment (cervical, thoracic, and 
lumbar) was subdivided into the dorsal, lateral, and 
ventral aspect (see Figure S2). Spinal cord demyelination 
was evaluated applying luxol- fast- blue (LFB) staining of 
cervical, thoracic, and lumbar segments. The segments 
were graded with scores from 0 to 3 as previously 
described (38). The rater was blinded during scoring and 
evaluation of  the histological slides.

2.7 | Immunohistochemistry

FFPE slides were deparaffinized in Roticlear® (C. 
Roth, cat.A538.3), isopropanol (C. Roth, cat. 6752), 
and 96% ethanol. Frozen tissue sections were thawed at 
room temperature. The following primary antibodies 
were used for paraffin- embedded tissues: anti- periaxin 
(PRX) antibody produced in rabbit (Merck, cat.
HPA001868), anti- myelin basic protein (MBP) antibody 
(Merck, cat. AB980), anti- Alzheimer precursor protein 
(beta- APP) A4 antibody, a.a. 66- 81 of APP (NT), clone 
22C11 (Merck, cat. MAB348), anti- neurite outgrowth 
inhibitor- A (NoGo- A), antibody (Merck, cat. AB5664P), 
anti- neuron glial antigen 2 (NG- 2), chondroitin sulfate 
proteoglycan antibody (Merck, cat. AB5320), polyclonal 
rabbit anti- glial fibrillary acidic protein (GFAP, Dako, 
cat. Z0334), anti- adhesion molecule with Ig- like domain 
2 (amigo 2) antibody (BiossUSA, cat. Bs- 11450R), anti- 
S100A10 antibody (Bio- Techne GmbH, cat. Ab JF0987), 
anti- aquaporin 4 (Millipore, cat. AB3594), and cleaved 
caspase- 3 (Asp175) antibody (D175) polyclonal from 
rabbit (Cell Signaling Technology, cat. 9661). The 
immunohistochemical detection of Theiler's murine 
encephalomyelitis virus (TMEV)- antigen was performed 
by applying a polyclonal rabbit- anti- TMEV antibody 
(41). Immunohistochemical staining of FFPE material 
was performed as described before (41). Frozen, O.C.T- 
embedded and acetone fixed, 2– 5  µm thick tissue 
slides were used for staining of CD4+ (monoclonal rat- 
anti- mouse CD4 BD Pharmingen™; cat. 550280) and 
CD8+ cells (monoclonal rat- anti- mouse CD8b.2, BD 
Pharmingen™; cat. 553038).

2.8 | Morphometrical analysis

Morphometrical analysis of Immunohistochemistry 
(IHC)- slides was performed on scans generated on a light 
microscope with camera (Olympus, DP72, Hamburg, 
Germany) or compact fluorescence microscope 
(BIOREVO- BZ9000, Keyence, Neu- Isenburg, Germany) 
with bright field imaging and BZ- II Analyzer software 
(Keyence, Neu- Isenburg, Germany) for image merging. 
Magnifications between 40x and 600x were selected 
according to the requirements.

2.9 | Statistical analysis

Power analysis was performed to assess the required group 
size per time point of necropsy prior to the experiment, 
using data of former own TMEV infection experiments 
(40). Statistics and graphs were generated with R- Studio 
(RStudio, Inc.), SAS (SAS Institute), or GraphPad Prism 
(GraphPad Software). Normality was assessed visually 
via histogram and quantile- quantile (QQ) plots, and 
with Shapiro- Wilk tests. Non- normally distributed data 
sets were tested with Mann- Whitney- U- tests (MWU). 
Normally distributed data sets were tested with a three- 
way analysis of variance for independent and repeated 
measurements with post hoc Ryan- Einot- Gabriel- Welsch 
Multiple Range Tests for pairwise comparisons.. A p value 
<0.05 was considered significant.

3 |  RESU LTS

3.1 | Tamoxifen application has a negative 
effect on the body weight, but not on functional 
motor performance and clinic of TMEV infected 
SJL mice

Between the different treatment groups without and 
with tamoxifen (starting at 0, 18, and 38 dpi), no 
significant clinical differences were detected at any of the 
investigated time points. All infected mice, irrespective of 
the treatment group, showed an initial rapid increase of 
the clinical score starting between 21 and 28 dpi, which 
further increased until 85 dpi (Figure 1A). All TMEV- 
infected SJL mice showed a similar overall decline of 
motor coordination as quantified by RotaRod® test 
(Figure 1B). Interestingly, animals with no tamoxifen 
treatment developed a tendency toward a lower body weight 
compared with TOG- treated animals in the later course 
of the experiment; however, the body weight remained 
relatively stable over time (Figure 1C). By contrast, there 
was a significant (n = 10/11, MWU: p = 0.00048) weight 
loss in mice with tamoxifen treatment starting 18 or 38 
dpi. This was detected between 77 and 85 dpi, when the 
mean body weight of these groups dropped below the 
other two groups, and resulted in the termination of the 
experiment. Three animals were euthanized and/or died 
before termination of the experiment at 85 dpi (Figure S3).

3.2 | Tamoxifen gavage has no influence 
on TMEV- induced pathology, but 
affects the number of infiltrating CD4+ and 
CD8+ cell subsets

The general characteristics of TMEV- induced pathology 
in the CNS were similar in tamoxifen- treated and  
non- treated animals. Mice showed perivascular cuffing 
of lymphocytes, macrophages, and infiltrations of the 
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meninges as well as neuronal loss in the hippocampus 
at 7 and 14 dpi. Overall, the main brain lesions moved 
over time from the site of primary infection hippocam-
pus (7 and 14 dpi) over pons to medulla (Table S2) and 
into the spinal cord (85 dpi). Lesions in the brain disap-
peared simultaneously in the same order. At 85 dpi, SJL 
mice showed demyelination within the spinal cord white 
matter, accompanied by lympho- histiocytic perivascular 
cuffing. Thus, the main focus for evaluation of the early 
phase (7 and 14 dpi) lies on the brain, while the chronic 
demyelinating lesions (85 dpi) are mainly found in the spi-
nal cord, as expected.

In the early phase, the total number of infiltrating 
CD4+ and CD8+ cells was affected by TOG. At 7 dpi, a 
lower number of infiltrating CD8+ cells was detected in 
the brain of animals with tamoxifen treatment starting 
at 0 dpi (Figure 2, *p = 0.03). A week later, at 14 dpi, the 
tamoxifen- treated mice showed increased numbers of 
CD4+ (*p = 0.002) and CD8+ (*p = 0.01) cells in the brain 
parenchyma (Figure 2).

Assessment of the chronic lesions within the spinal 
cord at 85 dpi revealed a long- term effect on the number 
of CD8+ cells, but not on CD4+ cells when tamoxifen is 
given at a later time point (Figure 3). Mice with tamoxifen 
treatment starting 18 dpi showed significantly increased 
numbers of infiltrating CD8+ cells into the spinal cord 
compared with untreated animals (*p = 0.016) and mice 
with early tamoxifen treatment starting 0 dpi (*p = 0.032).

3.3 | SJL mice show increased demyelination 
after late tamoxifen treatment

In the early phase of infection (7 dpi and 14 dpi), no white 
matter demyelination in the spinal cord was detected, inde-
pendent of the treatment. At 85 dpi, SJL mice of all groups 
showed prominent demyelinated lesions in the spinal cord 
white matter. When tamoxifen was given at 38 dpi, the de-
myelination was significantly increased at 85 dpi (Figure 4, 
Figure S2 and Table S3). Earlier tamoxifen treatment was 

F I G U R E  1  Weekly clinical data 
of SJL mice 0– 85 dpi. Increasing mean 
clinical score (A) and parallel decline 
of mean rotations per minute (rpm) on 
the RotaRod (B). The mean body weight 
(C) shows an expected initial drop after 
TMEV- infection in all groups. Afterwards 
all animals gain weight until 35– 49 dpi 
where the body weights start to decline 
again. Except for the last week of the 
experiment, there were no significant 
differences between the treatment groups. 
Between 77 and 85 dpi, the animals with 
tamoxifen gavage 18 or 38 dpi showed a 
prominent loss of body weight compared 
with the two other groups (n = 10/11, 
*p = 0.0005), which led to the termination 
of the experiment. *Mann- Whitney- U- test 
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not associated with increased demyelination, as evidenced 
by the analysis of anti- myelin basic protein (MBP) reactive 
area at 85 dpi (Ryan- Einot- Gabriel- Welsch Multiple Range 
Test, ANOVA [F = 18.19], n = 5 and 6 per group), mice with 
later tamoxifen application on 38 dpi showed increased de-
myelination compared with all other groups (Figure 4).

3.4 | Tamoxifen- treated SJL mice show 
higher numbers of oligodendrocytes and 
oligodendrocyte progenitor cells in the spinal 
cord but insufficient Schwann cell remyelination

Differences in the degree of demyelination due to 
tamoxifen treatment during the TMEV- infection 

prompted us to study remyelination in detail by in-
vestigating markers associated with myelin formation 
such as neurite outgrowth inhibitor- A (NoGo- A) and 
neuron- glial- antigen- 2 (NG- 2) for oligodendrocyte 
progenitor cells (OPCs). Results show that tamoxifen 
treatment in TMEV- infected mice induced signifi-
cantly higher numbers of NoGo- A positive cells within 
the thoracic spinal cord at the early (7 and 14 dpi) and 
late (85 dpi) time points (early time points: n = 12 per 
group, *p = 0.02; time point 85 dpi: No Tam vs. Tam 0 
dpi, n = 5 per group: *p = 0.03; Figure 5). Comparing 
nontreated mice (n  =  5) with tamoxifen- treated mice 
(n  =  16) at 85 dpi, tamoxifen treatment is associated 
with higher numbers of NoGo- A positive cells per mm² 
(*p = 0.04).

F I G U R E  2  Hippocampal region at 7 dpi (A- D) and ventral midbrain and pons at 14 dpi (E- H) from TMEV- infected, untreated mice (A, B, 
E, F) and mice with tamoxifen gavage at 0 dpi (C, D, G, H), comparing the infiltration of CD4+ cells (left column: A, C, E, G) and CD8+ cells 
(right column: B, D, F, H). (A) High numbers of CD4+ and (B) moderate numbers of CD8+ cells within the hippocampus of a mouse without 
TOG at 7 dpi. (C) Low numbers of CD4+ cells and (D) few CD8+ cells within the hippocampus of a mouse with TOG at 0 dpi after 7 dpi. (E) 
Low numbers of CD4+ and (F) few CD8+ cells within the ventral midbrain and pons of a mouse without TOG at 14 dpi. (G) High numbers of 
CD4+ cells and (H) moderate numbers of CD8+ cells within the ventral midbrain and pons of a mouse with TOG 0 dpi after 14 dpi. (I) Total 
number of infiltrating CD4+ and CD8+ cells in one sagittal brain section 7 and 14 dpi. While the infiltrate is lower in tamoxifen- treated animals 
at 7 dpi (*p = 0.030), there is increased infiltration of CD4+ (*p = 0.002) and CD8+ (*p = 0.01) cells into the brain parenchyma 14 dpi. Data are 
presented as box and whiskers plots (min- max) with mean and data points. * Mann– Whitney U- test 
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Furthermore, mice treated with tamoxifen at 0 dpi 
showed increased numbers of NG- 2 positive OPCs in the 
early phase after infection (n = 12 per group, **p = 0.006, 
7 and 14 dpi, Figure 6). These data indicate that there is 
a positive proliferative effect of tamoxifen treatment on 
NoGo A positive cells and OPCs- like NG- 2 positive cells, 
whereas loss of myelin remains surprisingly a prominent 
feature. At 85 dpi, the proliferative effect of tamoxifen on 
NG- 2 positive OPCs has vanished, and mice with tamox-
ifen treatment 38 dpi showed a trend for even less NG- 2 
positive cells (p = 0.081, Figure 6). Reduced numbers of 
OPCs in the late phase of the disease in animals with late 
tamoxifen treatment are associated with an increased 
degree of demyelination in these animals.

In order to study the potential impact of Schwann cell 
infiltration on spinal cord remyelination, the occurrence 
of periaxin positive myelin sheaths was evaluated. In all 
treatment groups, animals showed Schwann cell- derived 
remyelination in the spinal cord lesions at 85 dpi. Early 
tamoxifen treatment (0 dpi) significantly decreased the 
numbers of periaxin positive ensheathed axons in the 

spinal cord at 85 dpi (n = 5 per group, *p: 0.047, Figure 7). 
Mice receiving tamoxifen at later time points did not 
show changes in the Schwann cell- mediated remyelin-
ation compared with untreated mice. At earlier time 
points (7 and 14 dpi), there was no Schwann cell- derived 
remyelination present (data not shown).

3.5 | GFAP expression, axonal damage, and 
apoptosis in chronic spinal cord lesions of SJL 
mice are not influenced by tamoxifen

Changes in the degree of demyelination might also influ-
ence astrogliosis. Therefore, the percentages of GFAP- 
positive areas within six evaluated regions of interest 
(ROI) within the white matter of three spinal cord seg-
ments of TMEV- infected SJL mice with and without 
tamoxifen treatment were evaluated. No significant differ-
ences between the groups were detected (data not shown). 
Since Schwann cell remyelination depends to a large ex-
tend on astrocyte dysfunction, beneficial and detrimental 

F I G U R E  3  Ventral thoracic spinal cord of a mouse with tamoxifen gavage starting 18 dpi, showing moderate infiltration of CD4+ cells (A) 
and low numbers of CD8+ cells (B) at 85 dpi. Total number of infiltrating CD4+ or CD8+ cells in three spinal cord sections (C) at 85 dpi. While 
the number of infiltrating CD4+ cells do not differ in chronic spinal cord lesions, mice with tamoxifen treatment starting 18 dpi show increased 
numbers of infiltrating CD8+ cells into the spinal cord compared with untreated animals (*p = 0.016) and mice with early tamoxifen treatment 
starting 0 dpi (*p = 0.032). Data are presented as box and whiskers plots (min- max) with mean and data points. * Mann- Whitney- U- test 
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astrocyte phenotypes were investigated in further detail. 
To characterize the activation and phenotype of reactive 
A1 (cytotoxic) and A2 (neurotropic) astrocytes (42), im-
munoreactivity for amigo 2 (A1) and S100A10 (A2) (43) 
was included, with special emphasis on their role in lesion 
development within the spinal cord white matter. To ad-
dress in this context as well the integrity/polarization of 
the astrocytes, aquaporin 4 water channel expression on 
the astrocytic glia limitans, was evaluated as well (43).

In spinal cords with no white matter lesions (early 
phase at 7 and 14 dpi), the majority of astrocytes exhib-
ited the A2 phenotype, and only single A1 astrocytes 
were detected (Figures 8 and 9). In the late phase (85 dpi), 
the cytotoxic A1 phenotype is significantly upregulated, 
while there are less A2 astrocytes compared with the 
early phase (Figures 8 and 9). TOG had no effect on the 
proportions of A1 and A2 astrocytes, at any time point.

The distribution of aquaporin 4 was influenced by the 
presence of demyelinated lesions in the spinal cord white 
matter. In the absence of lesions, aquaporin 4 was evenly 
distributed in the white matter. In the late phase at 85 dpi, 

aquaporin 4 was less prominently expressed intralesional, 
and accumulated in the vicinity of the lesions (Figure 
S4A,B). TOG had no influence on the aquaporin 4 pos-
itive area in the spinal cord white matter (Figure S4C).

Immunohistochemical staining for cleaved caspase 
3 in the spinal cord segments, as a marker for apop-
totic cells, revealed no difference between the treatment 
groups (data not shown). Apoptotic cells were mainly 
detected within chronic spinal cord lesions of SJL mice. 
Within chronic lesions, the number of beta- amyloid pre-
cursor protein (beta- APP) positive axons is significantly 
elevated in all groups at 85 dpi compared with the early 
time points (7 and 14 dpi; Figure 10).

3.6 | Virus load –  Tamoxifen has no effect 
on the decrease of TMEV positive cells in 
SJL mice

Since a higher virus load could contribute to increased 
demyelination, this point was addressed in detail. The 

F I G U R E  4  Representative thoracic spinal cord sections of TMEV- infected SJL mice at 85 dpi (A- D) with demyelinated lesions within the 
white matter –  immunohistochemistry, myelin basic protein (MBP). (A) Mouse with no tamoxifen treatment and minor demyelination, (B) 
mouse with TOG 0 dpi and moderate demyelination (*), (C) mouse with TOG at 18 dpi and minor ventral demyelination (*) and (D) mouse with 
TOG at 38 dpi with moderate- to- severe multifocal demyelination (*). (E) Percentage of MBP- positive area in the thoracic spinal cord of TMEV- 
infected SJL mice at 7, 14, and 85 dpi. Animals with a later tamoxifen treatment (vertical stripes, dark blue box) show more demyelination 
in the thoracic spinal cord at 85 dpi compared with animals with no tamoxifen treatment (yellow box) or an early treatment starting at 0 dpi 
(dotted, light blue box) or 18 dpi (horizontal stripes, middle blue box). Groups: (7 dpi –  no tamoxifen; n = 6), (7 dpi –  tamoxifen 0 dpi; n = 6), (14 
dpi –  no tamoxifen; n = 6), (14 dpi –  tamoxifen 0 dpi; n = 6), (85 dpi –  no tamoxifen; n = 5), (0 dpi/85 dpi –  tamoxifen 0 dpi; n = 5), (18 dpi/ 85 dpi 
–  tamoxifen 18 dpi; n = 5), and (38 dpi/ 85 dpi –  tamoxifen 38 dpi; n = 6). Data are presented as box and whiskers plots (min- max) with mean and 
data points, Ryan- Einot- Gabriel- Welsch Multiple Range Test (3 factorial variance analysis with repeated measurements and post hoc Tukey 
test),*F = 18.19, p < 0.0001 
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number of  TMEV positive cells was assessed in all brain 
regions using one sagittal section of  the brain and three 
spinal cord sections per animal applying immunohis-
tochemistry for TMEV- antigen detection. In the early 
phase of  infection (7dpi and 14 dpi), TMEV- positive 
cells were primarily detected within the hippocampus 
with a significant reduction of  the TMEV- positive 
 signal from 7 to 14 dpi (Figure 11), regardless of 
 tamoxifen treatment. In the late phase (85 dpi) of  in-
fection, TMEV- positive cells still could be detected but 
were now mostly located in the caudal regions of  the 
brain, especially pons and medulla oblongata as ex-
pected in TMEV- IDD (Table S4). Likewise, at 85 dpi 
there were no significant differences in the amount of 
detectable TMEV antigen within the spinal cords of 
tamoxifen- treated and non- treated mice (Table S5). 
Therefore, we could not observe a correlation between 
the amount of  detectable virus antigen and the degree 
of  demyelination in the spinal cord due to TOG in SJL 
mice.

4 |  DISCUSSION

The aim of the present investigation was to study the 
potential beneficial impact of tamoxifen- in- oil- gavage 
(TOG) on the development and progression of TMEV- 
IDD when applied at different key points of the disease.

The results indicate that TOG had a double- edged 
effect on different hallmarks of TMEV- IDD. It induced 
a positive effect on proliferation of oligodendrocytes 
and OPCs irrespective of the time point of application. 
However, it was also associated with increased demye-
lination when it was applied in the early phase of my-
elin damage (38 dpi). These changes were not associated 
with clinical deterioration or improvement of motor 
functions. The effect on the immune cells with CD4 and 
CD8 receptor expression was different over the course of 
disease. In the brain, the numbers of infiltrating CD4+ 
and CD8+ cells at 7 dpi were lower in tamoxifen- treated 
animals, followed by an increased infiltration at 14 
dpi. After 85 dpi there was still an increased number of 

F I G U R E  5  Spinal cord of an untreated mouse (A) and a mouse with tamoxifen treatment 0 dpi (B) 85 dpi –  IHC: Neurite outgrowth 
inhibitor- A (NoGo- A) –  400x. (C) NoGo- A- positive cells per 1 mm² in the thoracic spinal cord. (A) There are few intralesional NoGo- A positive 
cells within the thoracic spinal cord of an untreated mouse compared with more NoGo- A positive cells in the tamoxifen- treated mouse (B) 
85 dpi. (C) Early time points (7 and 14 dpi) combined, TMEV- infected SJL mice without tamoxifen treatment (yellow box) have less NoGo- A 
positive cells per area than TMEV- infected SJL mice with tamoxifen treatment starting 0 dpi (dotted, light blue box). At 85 dpi the untreated 
mice (yellow box) also showed less NoGo- A positive cells compared with TMEV- infected SJL mice with early tamoxifen treatment (dotted, 
light blue box). Early time points: (7 and 14 dpi –  no tamoxifen; n = 12), (0 dpi/ 7 dpi and 14 dpi –  tamoxifen 0 dpi; n = 12),*p = 0.02. Late time 
point: (85 dpi –  no tamoxifen; n = 5), (0 dpi/85 dpi –  tamoxifen 0 dpi; n = 5), (18 dpi/ 85 dpi –  tamoxifen 18 dpi; n = 5) and (38 dpi/ 85 dpi –  
tamoxifen 38 dpi; n = 6), *p = 0.03. Data are presented as box and whiskers plots (min- max) with mean and data points. * Mann- Whitney- U- test 
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infiltrating CD8+ cells in the spinal cord of animals with 
tamoxifen treatment at 18 dpi.

The effect of restraint stress (RS) on the TMEV model 
is well described (44, 45). Physical restriction of BeAn in-
fected, female SJL mice has an effect on the body weight 
as well as the CD4+ and CD8+ T cell response, similar to 
glucocorticoid application (45). Furthermore, RS can re-
sult in higher virus titers in the CNS at 7 dpi and facili-
tate virus spread into extraneural organs (44). The results 
of these studies are partially similar to the findings in this 
experiment. However, the protocol used to induce RS in-
cluded placement of mice in a restraining tube for several 
hours multiple nights per week (46), while the restrain-
ing during the tamoxifen application included only three 
short time periods (usually <1 min). In non- infected, fe-
male C57BL/6 mice, serial oral gavage of saline for 18 days 
was associated with <1– 1.9% of adverse effects (gasping 
and esophageal lesion) and had no effect on the endpoints 
of stress assessment (adrenal gland weight, neutrophil: 
lymphocyte- ratio and plasma corticosterone) (47). The 
mice in the present study were trained 2  weeks prior to 
TMEV infection and first TOG application, for handling 
and RotaRod® testing, but not for oral gavage. It cannot 
be excluded that the stress response to the TOG might have 
had a transient effect on the readout of the early phase 
(7 dpi). However, TOG had no acute effect on the body 

weight in the groups when it was applied at 18 or 38 dpi (see 
Figure 1C), respectively. In these groups, the drop of body 
weight at the end of the experiment was associated with an 
increasing clinical score. Weight loss, together with clinical 
scoring, is defined as a humane endpoint criterion, repre-
senting the general condition of an animal (48). TMEV- 
IDD induces deficiencies in motor function, as assessed 
by RotaRod® (Figure 1B) and has a negative effect on 
mobility and activity, as determined by the clinical score 
(Figure 1A) (49). Due to the high metabolic rate of mice, 
even few hours of fasting can result in a significant drop of 
body weight (50). Although the mice of the present study 
were given easy access to food and moist at the ground 
level, the drop of body weight might be due to a decreased 
food intake, and in addition mirrors the increased demye-
lination seen in the spinal cord of these animals.

TOG application at the beginning of the chronic phase 
of TMEV- IDD (38 dpi), when presumably immune- 
mediated damage starts to contribute to the disease, 
caused significantly more demyelination in the spinal 
cord of susceptible SJL mice. Therefore, this time frame 
at the beginning of myelin- specific responses in TMEV- 
IDD seems to be crucial for influencing the progression 
of the lesions. In SJL mice, both CD8+ and CD4+ T cells 
contribute to the immunopathology of TMEV- IDD (51). 
While the CD4+ T cells, as seen in other models (52), are 

F I G U R E  6  Thoracic spinal cords of a TMEV infected mouse without tamoxifen treatment with few NG- 2+ cells (A) and a mouse with TOG 
0 dpi with increased numbers of NG- 2+ cells (B) 7 dpi –  IHC: neuron- glial antigen- 2 (NG- 2) –  400x. (C) Total number of NG- 2- positive cells 
within the thoracic spinal cord segments 7, 14, and 85 dpi. Early time points (7 and 14 dpi) combined. Significantly higher numbers of NG- 2 
positive cells were found in tamoxifen- treated mice (dotted, light blue box) 7 and 14 dpi, but not 85 dpi. Groups: (7 and 14 dpi –  no tamoxifen; 
n = 12), (7 dpi and 14 dpi –  tamoxifen 0 dpi; n = 12), **p = 0.006. Data are presented as box and whiskers plots (min- max) with mean and data 
points. ** Mann- Whitney- U- test 
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possibly involved in formation of myelin specific anti-
bodies promoting demyelination (35, 53), CD8+ T cells 
might more directly contribute to the axonal damage 
(54– 57). The mechanism whereby tamoxifen increases 
demyelination in TMEV- IDD remains puzzling. A pos-
sible factor could be the effect of tamoxifen on the phe-
notype and secretory activity of T helper cells (6) as well 
as infiltrating and CNS resident cells (58), modulating 
the composition of the cytokine environment within the 
lesions. A tamoxifen- induced skewing from cellular T- 
helper type- 1 cells (Th- 1) to humoral Th- 2 (6) could re-
sult in increased CD4+−mediated pathologies.(52) In the 
present study, TOG had an effect on the overall number 
of infiltrating immune cells, indicating a decelerated ac-
tivation of these cells, as seen in estrogen- receptor de-
letion (59). This effect appeared to be transient in the 
present experiment, as shown by a subsequent increase 
of CD4+ and CD8+ cell infiltration. The effect of tamoxi-
fen on CD8+ cell numbers was more pronounced than on 
CD4+ cells and lasted up to 85 dpi in the spinal cord of 
mice with late TOG application (Figures 2 and 3).

TOG had no effect on the number of TMEV positive 
cells as determined in immunohistochemistry in TMEV- 
infected SJL mice. In the brain parenchyma, there was 
a decreased CD8+ cell infiltration at 7 dpi which was 
followed by an increased infiltration of CD4+ and CD8+ 
cells 14 dpi, indicating a possible rebound effect. It has to 
be taken into account that virus clearance of SJL mice 
is insufficient (13) and, as seen in studies with CD8 de-
ficient SJL mice (13, 51), less dependent on a functional 
CD8+ T cell response. Thus, the delayed CD4+ and CD8+ 
infiltration in the early phase of TMEV- infection does 
not seem to be detrimental for the course of TMEV- 
IDD in SJL mice. Despite increased numbers of CD8+ 
cells in the chronic spinal cord lesions, there was no 
effect on the amount of detectable virus antigen by 
immunohistochemistry.

CD8+ T cells have contrary effects in TMEV- IDD, as 
they contribute to viral clearance (13) as well as lesion 
development (54– 57). The increased demyelination after 
tamoxifen gavage 38 dpi cannot be explained by effects 
on infiltrating CD8+ cells alone. Possible short-  and 

F I G U R E  7  Thoracic spinal cord of an untreated mouse with prominent Schwann cell- derived remyelination (A) and a mouse with TOG 
0 dpi with minor Schwann cell infiltration (B) at 85 dpi –  IHC: Periaxin –  200x. (C) Number of periaxin positive cells in the spinal cord of 
Theiler's murine encephalomyelitis virus- infected SJL mice with and without tamoxifen treatment. Significantly decreased numbers of periaxin 
positive cells were found in early tamoxifen- treated (0 dpi) SJL mice (dotted, light blue box). Data are presented as box and whiskers plots (min- 
max) with mean and data points. Groups: (85 dpi –  no tamoxifen; n = 5), (0 dpi/85 dpi –  tamoxifen 0 dpi; n = 5), (18 dpi/ 85 dpi –  tamoxifen 18 
dpi; n = 5), and (38 dpi/ 85 dpi –  tamoxifen 38 dpi; n = 6); *p: 0.047; *Mann- Whitney U test 
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long- term effects of tamoxifen on T- cell activation in vivo 
should be addressed in further studies.

An important factor contributing to the lesion size 
and development in TMEV- IDD is related to increased 
myelin loss and diminished remyelination (7, 24). In rats 
with ethidium bromide (EB)- induced spinal cord lesions, 
tamoxifen had a positive effect on remyelination (60). 
The present results corroborate that tamoxifen elevates 
the number of oligodendrocytes and oligodendrocyte 
progenitors (60– 62), but the progression of demyelin-
ation in the present study was not diminished, as it was 
shown in a non- infectious model for CNS de-  and remy-
elination (60). The role of OPCs in remyelination is due 
to their multipotency, which was not easy to assess. As 
their name indicates, they are able to differentiate into 
mature, myelinating oligodendrocytes. However, they 
might also develop an astrocytic phenotype, and recent 
studies have indicated that they also might differenti-
ate into remyelinating Schwann cells within CNS white 
matter lesions (63). It is postulated that TMEV- infection 

interferes with the differentiation of NG- 2 positive OPCs 
into myelinating oligodendrocytes, resulting in limited 
remyelination due to preferential astroglial differentia-
tion (24, 64). Recent studies in resistant C57BL/6 mice 
have indicated a stimulation of NG- 2 positive cells after 
TMEV infection, causing a reactive phenotype with in-
creased proliferation (65). It cannot be excluded that the 
increased inflammatory response, as shown by increased 
T cell infiltration in the brain of tamoxifen treated mice 
at 14 dpi, might had an influence on the NG- 2 positive 
cell proliferation in the spinal cord. However, the benefi-
cial effect on NG- 2 positive cell proliferation appears to 
be spatially restricted to the hippocampus with associ-
ated high virus load and inflammation in C57BL/6 mice, 
and not in the neighboring cortex (65). Higher num-
bers of mature oligodendrocytes in tamoxifen- treated 
mice imply that differentiation of progenitor cells and 
progression until the expression of NoGo- A was posi-
tively affected in this experiment. Nonetheless, remye-
lination during ongoing demyelination, as reported for 

F I G U R E  8  Amigo 2 positive A1 astrocytes within the thoracic spinal cord white matter of SJL mice during the early (14 dpi) and late 
phase (85 dpi) of Theiler's murine encephalomyelitis virus (TMEV) infection –  (IHC): Amigo 2 –  (A, B): 200x, insert (B): 400x. (A) There 
are only single amigo 2 positive A1 astrocytes (arrow) within the myelinated white matter at 14 dpi. (B) Conversely, there is an increase in 
amigo 2 positive A1 astrocytes (arrows) associated with the characteristic demyelinating lesions (*) at 85 dpi. The insert in (B) shows a higher 
magnification of an amigo 2 positive astrocyte. (C) Number of amigo 2 positive cells in the ventral thoracic spinal cord white matter of TMEV- 
infected SJL mice with and without tamoxifen treatment. Significantly increased numbers of amigo 2 positive cells were found in all groups 
after development of demyelinating lesions at 85 dpi. Data are presented as box and whiskers plots (min- max) with mean and data points. 
Groups: (7 dpi –  no tamoxifen; n = 6), (7 dpi –  tamoxifen 0 dpi; n = 6), (14 dpi –  no tamoxifen; n = 6), (14 dpi –  tamoxifen 0 dpi; n = 6), (85 dpi 
–  no tamoxifen; n = 5), (0 dpi/85 dpi –  tamoxifen 0 dpi; n = 5), (18 dpi/ 85 dpi –  tamoxifen 18 dpi; n = 5) and (38 dpi/ 85 dpi –  tamoxifen 38 dpi; 
n = 6). ***p: 3.318e- 09; *Mann- Whitney U test 
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susceptible mouse strains in chronic TMEV infection 
(13), appears to be still insufficient.

17β- estradiol (E2) is known to facilitate remyelination 
by promotion of Schwann cell differentiation and sur-
vival as well as induction of myelin protein expression 
and lysosome formation (66, 67). Tamoxifen, as a tissue- 
dependent estrogen receptor antagonist (68), might inter-
fere with the positive effect of estrogen receptor signaling 
in Schwann cells. However, it has to be considered that the 
positive effect on oligodendrocytes was most prominent 
in mice with tamoxifen treatment at 0 dpi. The increased 
oligodendrocyte- derived remyelination in these mice 
could result in a reduced infiltration of Schwann cells 
into the lesions, since remyelinated axons are either en-
sheathed by oligodendrocytes or Schwann cells (69), and 
oligodendrocytes are also able to displace Schwann cells 
during remyelination (22). Thus, the negative effect of 
tamoxifen on Schwann cell- derived remyelination might 
be secondary to the positive effect on oligodendrocytes 

and OPCs. Further, Schwann cell- derived remyelination 
is highly influenced by prevention of migration as well 
as inhibition of differentiation in favor of oligodendro-
cytes by reactive astrocytes (70). The present results 
show that in TMEV- IDD, the phenotype of astrocytes 
is influenced in the progression of lesions, but not by 
TOG application. Reactive astrocytes are divided into 
cytotoxic A1 (amigo 2 positive) and neurotropic A2 
(S100A10 positive) phenotypes (42). After white matter 
damage, the A1 astrocytes are upregulated in the CNS 
(43) and can impact oligodendrocyte maturation under 
non- infectious conditions (42). The present study shows 
a concomitant upregulation of A1 astrocytes with the 
occurrence of white matter lesions in the spinal cord, ir-
respective of TOG application. Moreover, the presence 
of A1 astrocytes had no impact on oligodendrocyte and 
Schwann cell differentiation of OPCs in this experiment. 
The number of neurotropic A2 astrocytes was decreased 
within the spinal cord white matter lesions in the present 

F I G U R E  9  S100A10 positive A2 astrocytes within the ventral thoracic spinal cord white matter of SJL mice during the early (14 dpi) and 
late phase (85 dpi) of Theiler's murine encephalomyelitis virus (TMEV) infection –  (IHC): S100A10 –  (A, B): 200x, insert (A): 400x. (A) There 
are multiple S100A10 positive A2 astrocytes within the myelinated white matter (arrows). The insert in (A) shows a higher magnification 
of a S100A10 positive astrocyte. (B) In the late phase at 85 dpi, there is a decrease in S100A10 positive A2 astrocytes, associated with the 
characteristic demyelinating lesions (*). (C) Number of S100A10 positive cells in the ventral thoracic spinal cord white matter of TMEV 
infected SJL mice with and without tamoxifen treatment. The number of S100A10 positive cells declined in all groups after development of 
demyelinating lesions at 85 dpi, irrespective of tamoxifen application. Data are presented as box and whiskers plots (min- max) with mean and 
data points. Groups: (7 dpi –  no tamoxifen; n = 6), (7 dpi –  tamoxifen 0 dpi; n = 6), (14 dpi –  no tamoxifen; n = 6), (14 dpi –  tamoxifen 0 dpi; 
n = 6), (85 dpi –  no tamoxifen; n = 5), (0 dpi/85 dpi –  tamoxifen 0 dpi; n = 5), (18 dpi/ 85 dpi –  tamoxifen 18 dpi; n = 5), and (38 dpi/ 85 dpi –  
tamoxifen 38 dpi; n = 6). ***p: 8.46e- 06; *Mann- Whitney U test 
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study, as seen also under non- infectious conditions (42). 
Aquaporin 4, a transmembrane water channel protein of 
astrocytes at the glia limitans, is upregulated in white 
matter lesion associated reactive astrocytes (71). In the 
present study, the distribution of aquaporin 4 expression 
was dependent on white matter demyelination with cen-
trally reduced expression and accumulation in the vicin-
ity of demyelination. However, these findings were not 
influenced by TOG.

In vivo studies investigating traumatic or toxic damages 
of the CNS revealed a beneficial neuroprotective effect 
of tamoxifen, partially based on its anti- inflammatory 
properties (60, 72, 73). In rats with experimentally in-
duced spinal cord injuries (SCI), tamoxifen facilitated 
the functional locomotor recovery and ameliorated fine 
movements (72, 73). Effects of tamoxifen on the cytokine 
level (74) and prevention of oxidative damage (75, 76) 
had been shown to be beneficial in ischemic and trau-
matic CNS lesions. In chronic TMEV- infection, CD8+ T 
cells contribute largely to the immune- mediated axonal 
damage in the demyelinated spinal cord lesions (54– 57). 

Tamoxifen- treated animals of the present study showed 
higher numbers of CD8+ cells and no increased preser-
vation of axons in the chronic spinal cord lesions. Thus, 
with respect to the demyelination and axonal damage, 
the long- term effects of TOG seem not to be beneficial 
for the progression of TMEV- IDD.

TOG has different effects on the cell types in-
volved in TMEV- IDD pathogenesis. It has a positive 
effect on oligodendrocytes and their progenitors, de-
spite increased demyelination when applied at 38 dpi. 
Interestingly, axonal damage was similarly detected in 
TOG- treated and untreated animals. The pathomech-
anisms of increased myelin damage due to tamoxifen- 
induced effects during TMEV- IDD require further 
investigations. Increased numbers of oligodendrocytes 
and their progenitors might explain the positive effect 
of tamoxifen on remyelination, as observed in other 
studies (60), but it seems that it is not sufficient to com-
pensate increased lesion size of demyelination when 
tamoxifen is applied after the initiation of TMEV- 
induced myelin loss (38 dpi).

F I G U R E  10  Thoracic spinal cord segment of SJL mice 7 dpi (A) and 85 dpi (B) –  IHC: beta amyloid precursor protein (beta- APP) –  
400x. Number of beta- APP- positive axons in the thoracic spinal cord segments of TMEV- infected SJL mice with (blue) and without (yellow) 
tamoxifen treatment. No significant differences between the groups were found, neither at 7, 14, nor 85 dpi; groups: (7 dpi –  no tamoxifen; 
n = 6), (0 dpi/ 7 dpi –  tamoxifen 0 dpi; n = 6), (14 dpi –  no tamoxifen; n = 6), (0 dpi/ 14 dpi –  tamoxifen 0 dpi; n = 6), (85 dpi –  no tamoxifen; 
n = 5), (0 dpi/85 dpi –  tamoxifen 0 dpi; n = 5), (18 dpi/ 85 dpi –  tamoxifen 18 dpi; n = 5), and (38 dpi/ 85 dpi –  tamoxifen 38 dpi; n = 6) 
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The finding that tamoxifen has several immuno-
modulatory effects can be of practical importance. As 
tamoxifen is often used in experimental settings of con-
ditional induction of gene deletions in mouse models. 
The results underline the importance of appropriate 
controls and a carefully interpretation of the experi-
mental findings and conclusions with regard to the ef-
fects of tamoxifen.

In summary, TOG has differential effects on the out-
come of an infectious CNS disease. In susceptible SJL 
mice, tamoxifen administration in the late phase of the 
disease course was associated with increased demyelin-
ation despite positive effects on mature oligodendrocytes.
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SU PPORT I NG I N FOR M AT ION
Additional Supporting Information may be found online 
in the Supporting Information section.

Supplementary Material
TABLE S1 Scoring scheme for clinical examination. The 
first category includes features of posture and outward 
appearance with the scores: 0 = normal posture, smooth 
and shiny coat; 1 = normal posture, shaggy, dull coat; 2 
= mild kyphosis, shaggy, dull coat; 3 = marked kyphosis, 
shaggy, dull, dirty coat, urinary incontinence. The sec-
ond category deals with the behavior and activity level 
and includes the scores: 0 = attentive and courious; 1 = 
evidently calm: mildly reduced spontaneous movement, 
unimpaired induced movement; 2 = apathic: moderately 
reduced spontaneous movement, mildly reduced induced 
movement; 3 = stuporous: no spontaneous movement, 
hardly induced movement. The third category in the 
clinical scoring is focused on the gait of the animals with 
the scores: 0 = normal gait; 1 = low- grade spinal ataxia: 
inconstantly observed mild to moderate gait uncertain-
ties with staggering, tripping and slightly shortened 
steps; 2 = moderate spinal ataxia: regularly observed 
mild to moderate gait uncertainties with staggering, 
tripping, shortened steps and tail rowing; 3 = high- grade 
spinal ataxia: moderate to severe gait uncertainties, de-
layed rightening after bringing in supine position during 
the clinical examination; 4 = severe spinal ataxia: spastic 
paresis of one or more limbs, falling over or inability to 
get up from recumbency
FIGURE S1 Scheme of subdivision of brain regions for 
scoring of sagittal brain cuts. BO, olfactory bulb; C, cer-
ebellum; CC, cerebral cortex; H, hippocampus; HT, hy-
pothalamus; MB, midbrain; ME, medulla; PO, pons; ST, 
striatum; TH, thalamus
TABLE S2 Mean sum scores for the evaluated brain re-
gions separately (BO, olfactory bulb; C, cerebellum; CC, 
cerebral cortex; H, hippocampus; HT, hypothalamus; 
MB, midbrain; ME, medulla; PO, pons; ST, striatum; 
TH, thalamus). A score from 0– 3 was evaluated for each 
brain region and each feature (hypercellularity, perivas-
cular infiltrates, vacuolation, cell death and meningi-
tis). Depicted is the mean score of all features per brain 
region. Coloration of the fields go from green = lowest 
value to red = highest value. It should be mentioned that 
the lesions move over time from the site of primary infec-
tion (hippocampus) over the pons to the medulla of the 
brain stem in all treatment groups (n = 5 and 6)
FIGURE S2 Overview of thoracic spinal cord 85 dpi of 
a mouse with tamoxifen administration on the day of 
infection (0 dpi) with moderate to marked demyelinat-
ing lesions in the lateral and ventral aspects of the white 
matter; HE- staining, LFB- staining and scheme of sub-
division of white matter for the evaluation of demye-
lination score (1– 3: dorsal, lateral and ventral segment; 
A/B: left and right hemisphere)

TABLE S3 Mean demyelination scores of mice 85 dpi. 
Demyelinated areas are more prominent in the cervical 
and thoracic spinal cord. Mice with tamoxifen gavage 
38 dpi show the highest mean demyelination score in all 
spinal cord sections. CS, cervical spinal cord segment; 
LS, lumbar spinal cord segment; TS, thoracic spinal cord 
segment
TABLE S4 Mean number of TMEV positive cells in the 
evaluated brain regions. The virus spreads from the in-
fection site in the hippocampus to the caudal regions 
of the brain stem (pons and medulla) in all treatment 
groups, similarly to the main lesion sites (Table S2). BO, 
olfactory bulb; C, cerebellum; CC, cerebral cortex; H, 
hippocampus; HT, hypothalamus; MB, midbrain; ME, 
medulla; PO, pons; ST, striatum; TH, thalamus. Despite 
variations between the groups, there are no statistically 
significant differences between the groups (except for 
significantly less TMEV positive at 85 dpi in the pons 
of mice with tamoxifen gavage 18 dpi compared to mice 
with tamoxifen gavage 0 dpi; MWU: W = 0, *p = 0.011)
TABLE S5 Mean number of TMEV- antigen positive cells 
in single sections of cervical, thoracic and lumbar spinal 
cord. The highest numbers of positive cells are seen in 
the cervical and thoracic spinal cord at 42 dpi. There are 
no significant differences between the treatment groups. 
CS, cervical spinal cord segment; LS, lumbar spinal cord 
segment; TS, thoracic spinal cord segment
FIGURE S3 Weekly survival of 48 TMEV infected SJL 
mice 0– 85 dpi. At 7 dpi, 6 animals of the group with no 
tamoxifen treatment (NoTam, orange) and 6 animals of 
the group with TOG starting at 0 dpi (Tam0dpi, light blue) 
were necropsied. At 14 dpi 6 animals of the group with no 
tamoxifen treatment (NoTam, orange) and 6 animals of 
the group with TOG starting at 0 dpi (Tam0dpi, light blue) 
were necropsied. At 22 dpi, one mouse from the Tam18dpi 
group (middle blue) was euthanized for humane reasons. 
At 54 dpi, one mouse of the NoTam group (orange) died. 
At 64 dpi, one mouse from the Tam0dpi group (light blue) 
was euthanized for humane reasons. At 85 dpi the experi-
ment was terminated and 5 mice of the NoTam (orange), 5 
mice of the Tam0dpi, 5 mice of the Tam18dpi and 6 mice 
of the 38 dpi (dark blue) were necropsied
FIGURE S4 Distribution of aquaporin 4 within the tho-
racic spinal cord white matter of SJL mice during the 
early (14 dpi) and late phase (85 dpi) of Theiler’s mu-
rine encephalomyelitis virus (TMEV) infection –  IHC: 
Aquaporin 4 –  40 x. The distribution of the aquaporin 
4 channel is influenced by the presence of demyelinated 
lesions in the spinal cord white matter. (A) In the absence 
of lesions at 14 dpi, aquaporin 4 is evenly distributed. (B) 
In the late phase at 85 dpi, aquaporin 4 is less densely 
expressed intralesionally (*), and accumulates (arrow) in 
the vicinity of the demyelinated lesions. (C) Percent of 
aquaporin 4 positive area in the ventral thoracic spinal 
cord white matter of TMEV infected SJL mice with and 
without tamoxifen treatment. TOG had no influence on 
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the aquaporin 4 positive area in the spinal cord white 
matter. Data are presented as box and whiskers plots 
(min- max) with mean and data points. Groups: (7 dpi –  
no tamoxifen; n = 6), (7 dpi –  tamoxifen 0 dpi; n = 6), 
(14 dpi –  no tamoxifen; n = 6), (14 dpi –  tamoxifen 0 dpi; 
n  =  6), (85 dpi –  no tamoxifen; n  =  5), (0 dpi/85 dpi –  
tamoxifen 0 dpi; n = 5), (18 dpi/ 85 dpi –  tamoxifen 18 
dpi; n = 5), and (38 dpi/ 85 dpi –  tamoxifen 38 dpi; n = 6)
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