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Abstract  
Autoimmune diseases of the central nervous system (CNS) like multiple sclerosis (MS) are characterized by 
inflammation and demyelinated lesions in white and grey matter regions. While inflammation is present at 
all stages of MS, it is more pronounced in the relapsing forms of the disease, whereas progressive MS (PMS) 
shows significant neuroaxonal damage and grey and white matter atrophy. Hence, disease-modifying 
treatments beneficial in patients with relapsing MS have limited success in PMS. BAF312 (siponimod) is a 
novel sphingosine-1-phosphate receptor modulator shown to delay progression in PMS. Besides reducing 
inflammation by sequestering lymphocytes in lymphoid tissues, BAF312 crosses the blood-brain barrier 
and binds its receptors on neurons, astrocytes and oligodendrocytes. To evaluate potential direct neuropro-
tective effects, BAF312 was systemically or locally administered in the CNS of experimental autoimmune 
encephalomyelitis mice with distinct grey- and white-matter lesions (focal experimental autoimmune en-
cephalomyelitis using an osmotic mini-pump). Ex-vivo flow cytometry revealed that systemic but not local 
BAF312 administration lowered immune cell infiltration in animals with both grey and white matter le-
sions. Ex-vivo voltage-sensitive dye imaging of acute brain slices revealed an altered spatio-temporal pattern 
of activation in the lesioned cortex compared to controls in response to electrical stimulation of incoming 
white-matter fiber tracts. Here, BAF312 administration showed partial restore of cortical neuronal circuit 
function. The data suggest that BAF312 exerts a neuroprotective effect after crossing the blood-brain bar-
rier independently of peripheral effects on immune cells. Experiments were carried out in accordance with 
German and EU animal protection law and approved by local authorities (Landesamt für Natur, Umwelt 
und Verbraucherschutz Nordrhein-Westfalen; 87-51.04.2010.A331) on December 28, 2010.

Key Words: multiple sclerosis; focal experimental autoimmune encephalomyelitis; cortical grey matter; white 
matter; BAF312; neuroaxonal damage; neuroprotection

Chinese Library Classification No. R453; R363; R741

Introduction 
Multiple sclerosis (MS) is an autoimmune central nervous 
system (CNS) disease characterized by demyelination and 
neurodegeneration. The most common disease course (re-
lapsing MS, RMS), affects approximately 85% of patients and 
manifests with recurring focal neurological deficits followed 
by total or partial recovery. Progressive forms of MS (PMS) 
are defined by the accumulation of neurological disability 
occurring independently of relapses (Lublin et al., 2014). 
Focal demyelinated lesions with variable degrees of inflam-
mation (Kuhlmann et al., 2017) are found in white matter 
regions, cerebral cortex (Kidd et al., 1999; Bø et al., 2003b) 
and in deep brain structures like the thalamus (Deppe et 
al., 2016). While cortical damage and grey matter lesions 
can already be found in early stages of the disease (Haider 
et al., 2014; Mandolesi, 2015), cortical demyelination is the 
most pronounced hallmark in PMS (Haider et al., 2014). In 
patients with RMS, MS lesions contain a high number of 

macrophages, microglia and perivascular T cells (Kuhlmann 
et al., 2017). In contrast, lesions of patients with PMS, are 
mainly characterized by neuroaxonal damage and a small 
number of inflammatory cells (Frischer et al., 2015). In line 
with these findings, disease-modifying treatments altering or 
suppressing the immune system were beneficial in RMS pa-
tients, but most of these drugs failed to ameliorate disability 
progression in PMS (Montalban et al., 2017). Hence, suitable 
drugs that promote the latter process are urgently needed. 

Siponimod (BAF312), a novel sphingosine-1 receptor 
(S1P-R) modulator selectively targeting S1P1-R and S1P5-R 
(Pan et al., 2013), showed to ameliorate disability progres-
sion in patients with PMS, including ones who reached a 
non-relapsing stage in one recent large clinical trial (EX-
PAND (Kappos et al., 2018)). Mechanistically, beside reduc-
ing inflammation by sequestering lymphocytes in lymphoid 
tissues, BAF312 crosses the blood-brain barrier and binds its 
receptors on neurons, astrocytes and oligodendrocytes influ-
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encing regulation of astrogliosis (Choi et al., 2011), modu-
lating oligodendrocyte processes and cell survival (Jaillard et 
al., 2005). Recently, evidence of a potential neuroprotective 
effect of BAF312 administration were shown in an animal 
model of experimental autoimmune encephalomyelitis 
(EAE) with beneficial effect on clinical scores, significant re-
duction of astro-microgliosis and improvement of GABAer-
gic transmission in the striatum (Gentile et al., 2016). 

However, while EAE is the most frequently used active im-
munization model in which animals are immunized with the 
myelin oligodendrocyte glycoprotein 35–55 (MOG35–55) pep-
tide (Mendel et al., 1995; Bittner et al., 2014), inflammatory 
lesions are typically confined to the spinal cord and occur in 
the brain in randomly distributed locations (Pomeroy et al., 
2005; Storch et al., 2006). However, studying neurodegener-
ative aspects in a reproducible localization of brain lesions is 
achieved by performing focal grey matter lesions induced in 
MOG35–55 immunized mice through injection of interferon-γ 
(IFN-γ) and tumor necrosis factor α (TNF-α), thus allowing 
the study of cortical lesion pathophysiology and treatment 
effects (Chaudhary et al., 2015; Lagumersindez-Denis et al., 
2017). 

This study aimed to dissect the peripheral immunomodu-
latory effects of BAF312 from potential direct neuroprotec-
tive effects in the CNS. For this purpose, we took advantage 
of a multidimensional approach by using a focal EAE model 
with distinct grey or white matter lesions and administrating 
BAF312 either systemically or intracerebrally using osmotic 
mini-pumps. The effects of BAF312 on the inflammatory 
response in focal cortical grey and white matter lesions were 
analyzed by using multicolor flow cytometry. In addition, 
the integrity of the thalamocortical neuronal network cir-
cuits was assessed using a voltage sensitive dye technique.
  
Material and Methods   
Focal eAe Model
Experiments were carried out in accordance with German 
and EU animal protection law and approved by local author-
ities (Landesamt für Natur, Umwelt und Verbraucherschutz 
Nordrhein-Westfalen; 87-51.04.2010.A331) on December 
28, 2010. EAE was induced as described previously (Bittner 
et al., 2014; Göbel et al., 2016b). Briefly, 10 days prior to focal 
EAE induction, C57BL/6J mice (female, ~10 weeks, Envigo, 
Rossford, Germany) were subcutaneously immunized with 
200 µg of murine MOG35–55 peptide (Charité, Berlin, Germa-
ny) emulsified in 200 µL complete Freund’s adjuvant (Merck 
KGaA, Darmstadt, Germany; former name Sigma-Aldrich 
Chemie GmbH, Steinheim, Germany) containing 200 µg 
Mycobacterium tuberculosis (strain H37 Ra; Becton, Dick-
inson and Company (BD), Sparks, MD, USA). Pertussis tox-
in (400 ng in 200 µL phosphate-buffered saline (PBS); Enzo 
Life Sciences, Farmingdale, NY, USA) was injected intraperi-
toneally (i.p.) on the day of immunization (day 0) and 2 days 
later. The clinical course of EAE was monitored daily by two 
blinded investigators using the following scoring system: 
grade 0, no abnormality; grade 1, limp tail tip; grade 2, limp 
tail; grade 3, moderate hindlimb weakness; grade 4, com-

plete hindlimb weakness; grade 5, mild paraparesis; grade 6, 
paraparesis; grade 7, heavy paraparesis or paraplegia; grade 
8, tetraparesis; grade 9, quadriplegia or premoribund state; 
or grade 10, death. Animals with a score of 8 were killed and 
the last score observed was included in the analysis until the 
end of the experiment. Ten days after MOG immunization 
(10 d.p.i.), mice were anesthetized and mounted on a stereo-
tactic device. A hole was drilled through the skull using the 
following coordinates: anteroposterior, −2.18 mm; lateral, 4.2 
mm from bregma; and dorsoventral, 1 mm from the brain 
surface for the auditory cortex (AC), and anteroposterior, 
−0.94 mm; lateral, 2.10 mm; dorsoventral, 2.5 mm for the 
internal capsule (IC) (Paxinos and Franklin, 2001). Two μL 
of pro-inflammatory cytokine solution containing TNF-α 
(150 U; Merck KGaA) and 800 U of IFN-γ (Merck KGaA) 
dissolved in PBS was slowly injected either into AC or the IC 
of the left hemisphere. The contralateral hemisphere (right 
side) was used as control. Mice were sacrificed 2 days post 
injection (day 12; Figure 1a and d). An additional group of 
mice used for histopathological evaluation only was sacri-
ficed 5 days post-injection (Figure 3).

Oral and intracerebral BAF312 treatment
For systemic application, BAF312 (3 mg/kg; Novartis Phar-
ma AG, Basel, Switzerland) was administered daily via oral 
gavage in 1% aqueous carboxy-methylcellulose. For intrace-
rebral application, BAF312 was dissolved in a solution con-
taining 10% Solutol/Kolliphor HS15 (BASF Pharma Solu-
tions, Ludwigshafen am Rhein, Germany) with a final pH 
range between 6 and 7 at a final concentration of 2 mg/mL. 
This preparation allowed stability of the drug for up to 6 
weeks at 37°C. At the day of focal EAE induction, mice were 
implanted with subcutaneous osmotic mini pumps (Alzet 
Osmotic Pumps, Cupertino, CA, USA) allowing continuous 
intracerebral (i.c.) infusion of either vehicle or BAF312 (0.3 
and 1 µg/d) to the focal lesion site.

Flow cytometry
Multicolor flow cytometric analyses of murine peripheral 
leukocytes were performed as previously described (Göbel et 
al., 2016a). Prior to staining, EDTA-blood was treated with 
red blood cell (RBC) lysis buffer according to the manufac-
turer’s protocol (BioLegend, London, UK). For purification 
of brain-infiltrating leukocytes, brains from animals were 
removed after transcardial perfusion with PBS in order to 
efficiently remove circulating blood. Brain slices of lesioned 
vs. non-lesioned hemispheres were prepared and mechan-
ically homogenized in PBS, layered on a 30–50% Percoll 
(Merck KGaA) gradient and continuously centrifuged for 30 
minutes at around 1300 × g. Mononuclear cells were isolated 
at the interphase. After isolation, leukocytes were stained for 
30 minutes at 4°C with the appropriate combination of in-
dicated fluorescence-labeled monoclonal antibodies in PBS 
containing 0.1% NaN3 (Merck KGaA) and 0.1% bovine se-
rum albumin (BSA) (Merck KGaA). Corresponding isotype 
controls were used for the staining. For blocking of Fc recep-
tors, cells were preincubated with purified anti-CD16/CD32 
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antibody (BioLegend, 1.0 µg per 106 cells in 100 µL volume) 
for 5 minutes on ice prior to immunostaining. The following 
mAbs were used for the detection of cell surface markers: 
CD3 (clone 17A2, BioLegend), CD4 (clone RM4-5, BioLeg-
end), CD8a (clone 53-6.7, BioLegend), CD11b (clone M1/70, 
eBioscience), CD45 (clone 30-F11, BioLegend) and CD45R 
(also known as B220; clone RA3-6B2, BD). Concentrations 
of mAbs were carefully titrated prior to experiments. Stained 
cells were assayed on a Gallios flow cytometer (Beckman 
Coulter, Krefeld, Germany) using Kaluza software (Beckman 
Coulter).

Immunofluorescence staining
In order to verify the injection site, evaluate myeloid cells 
infiltration from the periphery and neuronal survival brains 
were used for histopathological evaluation. Briefly, mice 
were deeply anesthetized using ketamine/xylazine and tran-
scardially perfused using phosphate-buffered saline (PBS), 

in order to efficiently remove circulating blood, as described 
before (Cerina et al., 2017). Afterwards, brains were quickly 
removed, embedded in cryoprotective compound (TissuTeK, 
Science Service GmbH, Munich, Germany) and frozen 
using liquid nitrogen. Coronal cryo-sections (10 µm thick-
ness) were cut using a cryotome (Leica, Wetzlar, Germany), 
positioned on glass slides (two per slide) and conserved at 
−20°C. Slices were fixed in a solution containing 4% parafor-
maldehyde (PFA) for 10 minutes and then washed with PBS. 
In order to avoid false-positive results, slices were incubated 
overnight at 4°C with a blocking solution containing PBS, 
0.03% Triton X-100, 10% goat serum and 10% BSA. After 
blocking, slices were incubated with the primary antibody 
CD11b to identify myeloid cells (1:200, rat anti mouse; Bio-
Rad Laboratories GmbH, Hercules, CA, USA; former name 
Serotec, Puchheim, Germany). The antibody was diluted 
in a cold solution containing 1% donkey serum, 10% BSA 
and PBS. Overnight incubation followed. Slides were then 

****

****

****

*

Figure 1 Oral, but not intracerebral 
treatment with BAF312 ameliorates the 
disease course in the focal eAe model 
with grey and white matter lesions.
(a, d) Experimental scheme. 10 days after 
immunization (day 0) with MOG35–55 pep-
tide in C57BL/6J mice, focal EAE lesions 
were induced by stereotactical injection 
of proinflammatory cytokines (interfer-
on-γ and tumor necrosis factor α) into the 
auditory cortex or the internal capsule to 
induce cortical grey or white matter lesions, 
respectively. There were two experimental 
groups: Group 1 received BAF312 (a sphin-
gosine-1-phosphate receptor modulator) via 
oral gavage (3 mg/kg) versus vehicle starting 
2 days before immunization, and group 2 re-
ceived continuous intracerebral injection of 
BAF312 (1 µg/d) versus vehicle using an os-
motic mini pump from the day of focal EAE 
induction. (b) Clinical courses of focal EAE 
mice with cortical grey matter lesions (b1) 
or white matter lesions (b2) that received 
oral BAF312 application (3 mg/kg). The 
vertical black arrows indicate the time point 
corresponding to induction of focal EAE (10 
days post induction). (c) Bar graph showing 
the percentage of peripheral blood lympho-
cyte counts two days after focal EAE induc-
tion (upper panel). The panel below shows 
a representative scatter plot for CD4+ and 
CD8+ T lymphocytes. (e) Clinical courses 
of focal EAE mice with cortical grey matter 
lesions (e1) or the white matter lesion group 
(e2) that received continuous intracerebral 
injection of BAF312 (1 µg/d). (f) Bar graph 
showing the percentage of peripheral blood 
lymphocytes two days after pump implanta-
tion. The panel below shows a representative 
scatter plot for CD4+ and B (CD45R(B220)+) 
lymphocytes. *P < 0.05 and ****P < 0.0001 
(two-way analysis of variance with Bonfer-
roni post-hoc test). The right panel shows 
a representative scatter plot for CD4+ and 
CD45R(B220) lympho cytes. EAE: Exper-
imental autoimmune encephalomyelitis; 
Siponimod (BAF312): novel sphingosine-1 
receptor modulator.
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incubated for 1 hour with fluorophore-conjugated second-
ary antibody: Cyanine Cy3 (1:300, donkey anti-rat; Jackson 
ImmunoResearch Inc., Cambridgeshire, UK). Finally, the 
mounting medium Fluoromount-G containing DAPI (Ther-
mo Fisher Scientific, Darmstadt, Germany; former name 
Invitrogen, San Diego, CA, USA) was applied as marker for 
cell nuclei. For evaluating apoptosis, we performed TUNEL/
NeuN staining using an in situ cell death detection kit with 
fluorescein according to manufacturer’s instructions (In Situ 
Cell Death Detention Kit with Fluorescein, Roche via Merck 
KGaA).

Immunohistochemistry analysis
Images were acquired using a Zeiss Examiner microscope 
(Zeiss, Göttingen, Germany). Images of slices containing the 
AC were collected from both hemispheres. All image analy-
ses were performed in a blinded manner using ImageJ (open 
source image processing software (https://imagej.nih.gov/ij/
index.html); Schneider et al., 2012). Images were acquired 
using 10- and 20-fold objectives and analyzed by counting 
the number of CD11b+ cells per mm2. For TUNEL/NeuN im-
ages were acquired using a 20-fold objective and analyzed by 
counting the number of fluorescence positive cells per mm2.

voltage-sensitive dye technique and analysis
EAE and focal EAE were induced as described above. Two 
days after cytokine injection for inducing focal EAE, the 
animals were deeply anesthetized and the brains quickly 
removed. Brains were glued onto an agar block with a 25° 
angle in order to cut (vibratome from Leica) sagittal slices 
(500 µm of thickness) containing the full-functioning au-
ditory thalamocortical (TC) system (Broicher et al., 2010; 
Ghaffarian et al., 2016). Cutting was performed in ice-cold 
artificial-cerebrospinal fluid (ACSF) solution containing the 
following in mM: sucrose, 200; glucose, 10; PIPES, 20; KCl, 
2.5; MgSO4, 10; CaCl2, 0.5; pH 7.35 with NaOH. Slices were 
then incubated with the voltage-sensitive dye RH-795 (12 
µg/mL, Thermo Fisher Scientific, Waltham, MA, USA) in 
oxygenated ACSF for 60 minutes at 30°C. Afterwards, slices 
were transferred to an incubation chamber and experiments 
started after 60 minutes, the time necessary to wash-out the 
additional dye. Optical signal recordings were performed at 
30°C in carbonated ACSF in a submerged chamber on an in-
verted microscope (Zeiss, Göttingen, Germany). Every slice 
was tested twice: in the absence (as control) and in the pres-
ence of BAF312 (10 µM). Optical recordings were performed 
in the primary AC as described previously (Broicher et al., 
2010) and governed by the software Neuroplex (Redshirt 
Imaging, Decatur, GA, USA). Fluorescence changes were 
detected using a hexagonal photodiode array consisting of 
464 elements through a 20× objective covering the whole AC 
in a given slice (Figure 4a). The sampling interval was 1.274 
ms and the maximal length of the recording was 1.305 ms. 
The excitation wavelength of RH-795 was bandpass filtered 
at 546 ± 20 nm, and after passing a dichroic mirror, emitted 
light was highpass filtered at 590 nm with transmission and 
emission maxima being 530 and 712 nm, respectively. Opti-

cal signals were detected as fractional changes of the fluores-
cence from the resting light intensity (Irest – Irecording/Irest; dI/
I in the text). Color-coded activity maps were constructed 
using the spatiotemporal cortical inputs recorded as fluo-
rescence signals. Scales were calculated for each recording 
based on the maximal calculated amplitude and therefore 
are different in every experimental condition. 

Statistical analysis
For each type of experiment, group sizes are given in the fig-
ure legends. Statistical analyses and graphs were prepared us-
ing Prism 5.04 (Graph Pad, San Diego, CA, USA). Data were 
presented as the mean ± SEM. The significance level was set 
to P < 0.05. Statistical analysis was performed using Student’s 
t-test for comparisons between groups and non-parametric 
Mann-Whitney U test, where needed. Multiple comparisons 
were analyzed by Kruskal-Wallis test followed by Dunn’s 
post-hoc test and by two-way analysis of variance (ANOVA) 
with Bonferroni post-hoc test for independent measures.

Results
Oral, but not intracerebral treatment with BAF312 
ameliorates the disease course in a focal eAe mouse 
model with grey and white matter lesions
To investigate effects of BAF312 treatment on cortical grey 
and subcortical white matter inflammatory lesions in a focal 
EAE model, C57BL/6J mice were immunized with MOG35–55 
peptide 10 days prior to stereotactical injection of proinflam-
matory cytokines (IFN-γ and TNF-α) in either the AC or the 
internal capsule (IC) to induce cortical grey or white matter 
lesions, respectively (day 0; Figure 1a and d). Furthermore, 
we differentiated between oral administration of BAF312 
from 2 days prior to immunization (group 1, AC: vehicle 
[n = 19], BAF312 [n = 20] and IC: vehicle [n = 17], BAF312 
[n = 22]; Figure 1a) and direct delivery of the drug into the 
brain using an osmotic mini pump with continuous intra-
cerebral infusion starting at the day of focal EAE induction 
(10 d.p.i.; group 2, AC: vehicle and BAF312 [n = 30] and IC: 
vehicle [n = 30] and BAF312 [n = 29]; Figure 1d). 

Independent of the induced lesion site, the effect of system-
ic BAF312 treatment (3 mg/kg) led to significantly reduced 
disease severity throughout the whole observation period 
of 15 days compared to the vehicle-treated group (Figure 
1b). In line with the previous report (Gergely et al., 2012), 
animals orally treated with BAF312 showed only minimal 
clinical symptoms during the whole observation period. As 
expected, flow cytometry analysis of peripheral blood indi-
cated a significant lymphopenia of orally treated mice (n = 
23) compared to those treated with vehicle (n = 23; open and 
black bars, respectively; CD4+ T lymphocytes: 2.83 ± 0.25% 
vs. 8.70 ± 0.72%, respectively; CD8+ T lymphocytes: 1.44 ± 
0.09% vs. 5.20 ± 0.62%, respectively; B cells: 3.61 ± 0.27% 
vs. 11.19 ± 1.07%, respectively; two-way ANOVA, F(2,132) = 
133.9; P < 0.0001, Bonferroni post-hoc test: all controls vs. 
BAF312-treated groups, P < 0.001; Figure 1c). To distin-
guish between systemic and direct effects on the brain, we 
performed local administration of BAF312 using an osmotic 
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minipump (Figure 1d). Given that in the literature the in-
tra-cerebroventricular application of 0.45 µg/d was reported 
to induce lymphopenia (Gentile et al., 2016), we performed 
a dose-response screening using a higher and lower concen-
tration of BAF312, namely 1 µg/d and 0.3 µg/d, respectively, 
via intracerebral application in order to target only confined 
brain regions and evaluate if local treatment will induce pe-
ripheral effects (Additional Figure 1). The effects induced by 
application of both concentrations did not differ concerning 
the total number of CD4+ T lymphocytes, CD8+ T lympho-
cytes and B cells obtained from peripheral blood (control n = 
4, 0.3 µg/d BAF312, n = 4; Additional Figure 1a) and lymph 
nodes (Additional Figure 1b). Therefore, we assume that 
any biological effect after intracerebral treatment is central 
and decided to use the BAF312 concentration of 1 µg/d for 
all the following experiments. On a clinical level, intracere-
bral application of 1 µg/d BAF312 did not affect the motor 
disability of EAE mice throughout the observation period 
of 15 days compared to non-treated controls (Figure 1e). 
This was irrespective of the lesion site (grey matter vs. white 
matter) and, therefore, region of drug infusion. Unlike in 
the orally treated animals, two days after starting continuous 
intracerebral administration of BAF312 (n = 14), we could 
not detect a decrease of the total number of CD4+ and CD8+ 
T lymphocytes in the peripheral blood in comparison to 
controls (n = 19; CD4+ lymphocytes: 8.70 ± 1.02% vs. 11.90 ± 
0.57%, respectively; CD8+ lymphocytes: 4.50 ± 0.91% vs. 6.44 
± 0.64%, respectively; Figure 1f). However, a small but signif-
icant difference between BAF312- and vehicle-treated mice 
was observed by evaluating the percentage of B cells (10.89 
± 1.56% vs. 15.47 ± 1.52%, respectively; two-way ANOVA, 
F(2,93) = 12.85, P = 0.0005; Bonferroni post-hoc test: control vs. 
BAF312-treated group, P < 0.05; Figure 1f).

Intracerebral BAF312 treatment does not reduce harmful 
immune cell infiltration into the brain parenchyma 
compared to non-treated controls
As active EAE lesions are characterized by hypercellular-
ity and prominent infiltration of T lymphocytes, we next 
examined the composition of immune cells as assessed by 
ex vivo brain slices that were retrieved two days after focal 
lesion induction. The slices were split into the lesioned and 
the non-lesioned hemisphere and subsequently analyzed by 
multicolor flow cytometry. In mice with focal EAE orally 
treated with BAF312, total leukocyte counts (CD45+ cells) 
were increased on the lesioned hemisphere compared to the 
contralateral hemisphere (two way ANOVA, effect of the le-
sion site: F(1,16) = 27.52, P < 0.0001) independent of a grey or 
white matter lesion (Figure 2a). Oral BAF312 (B) treatment 
(Figure 2b) resulted in a notably lower number of leukocytes 
within the lesioned hemisphere compared to vehicle-inject-
ed (V) controls (AC lesioned, V: 1 ± 0.22 vs. B: 0.40 ± 0.14 
and IC lesioned: V: 1.22 ± 0.21 vs. B: 0.22 ± 0.03; two-way 
ANOVA, effect of BAF312 treatment: F(3,16) = 10.44, P = 0.001; 
Bonferroni post-hoc test in lesioned hemisphere: grey-mat-
ter control vs. grey-matter BAF312, P < 0.05 and white-mat-
ter control vs. white-matter BAF312, P < 0.001; Figure 2a). 

Analyzing lymphocyte subpopulations, CD4+ T lymphocyte 
infiltration was found to be reduced in both the cortical grey 
matter (V: 1 ± 0.18 vs. B: 0.09 ± 0.07, Student’s t-test: t = 4.64, 
df = 4, P = 0.009; Figure 2b) and subcortical white matter 
lesioned hemisphere of orally treated animals in comparison 
to vehicle-treated animals (V: 1 ± 0.22 vs. B: 0.04 ± 0.007, 
Student’s t-test: t = 4.31, df = 4, P = 0.012; Figure 2b). Counts 
of CD8+ T lymphocytes were found to be nominally and 
significantly lower in cortical grey and white matter lesions, 
respectively (white matter lesion, Student’s t-test: t = 8.02, df 
= 4, P = 0.0013; Figure 2c). In comparison, continuous in-
tracerebral application of BAF312 through an osmotic mini 
pump neither resulted in any notable changes of total CD45+ 
leukocytes (two-way ANOVA, effect of BAF312 treatment, 
F(3,30) = 1.46, P = 0.24; Figure 2d) nor CD4+ (grey matter, P 
= 0.99, and white matter: P = 0.11; Figure 2e) or CD8+ lym-
phocyte counts in the lesioned hemispheres (grey matter, P 
= 0.06 and white matter: P = 0.18; Figure 2f). 

These results were corroborated by immunofluorescence 
staining performed to identify infiltrating peripheral my-
eloid cells, including macrophages in the AC. Counting the 
cells revealed a tendency to decreased number of CD11b+ 
cells 2 days after cytokine injection in orally treated mice in 
comparison to the ones that received vehicle (253.7 ± 63.3 
cells/mm2 and 743.3 ± 125.7 cells/mm2, respectively, Figure 
3a). In the immunofluorescence analysis, the values reached 
significance threshold 5 days after focal cytokine injection 
when the oral treatment with BAF312 decreased the number 
of CD11b+ cells/mm2 from 4197 ± 778 to 326 ± 61 (Krus-
kall-Wallis test: 10.60, P = 0.0141, Dunn’s post-hoc test: P = 
0.0204; Figure 3a). Local application of BAF312 showed a 
similar trend but values did not reach significance thresh-
old at any of the analyzed time points (Figure 3a). Further 
analysis to assess neuroprotective effects of intracerebral 
administration of BAF312 was performed by investigating 
the effects of the drug on neuronal apoptosis. Immuno-
fluorescence staining with the specific marker TUNEL/
NeuN showed a tendency to a reduced apoptosis in the 
BAF312-treated group 2 days after focal cytokine injection 
(Figure 3b). 

BAF312 positively affects increased neuronal network 
activity in the AC of a focal eAe mouse model
Next, we sought to assess the effect of BAF312 administra-
tion at the neuronal network level in the primary AC. We 
therefore prepared acute brain slices containing AC and 
IC obtained from MOG35–55 immunized mice two days af-
ter cytokine injections, and incubated them with a voltage 
sensitive-dye. Changes in cortical neuronal activity, evoked 
by electrical stimulation in the IC, could be detected as 
fractional changes of fluorescence signals. The usage of a 
photodiode array (red hexagonal structure in Figure 4a) 
ensured detection of the fluorescence changes in a very pre-
cise spatio-temporal manner. The latter consists of 464 small 
photo-diodes which anatomically overlap with AC, thereby 
allowing analysis of the activity of the different layers of the 
cortex over a time period of 1.3 seconds. Taken together, the 
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information provided by all diodes can be used to construct 
color-coded fluorescence maps of AC neuronal network 
activity. Our maps showed a physiological activation of AC 
following electrical stimulation (stim) in naïve animals. In 
more detail, incoming stimuli quickly propagate to the upper 
part of AC which in the hexagonal maps corresponds to its 
upper-red colored part (first map from the left, 5.0–10 ms, 
Figure 4b). Afterwards, the stimuli propagate to lower parts 
of the cortex (39.5–44.5 ms, Figure 4d), where populations 
of neurons generating connections to subcortical regions 
further processes and discriminate information (Barbour 
and Callaway, 2008; Broicher et al., 2010). Interestingly, our 
approach revealed how a focal inflammatory lesion in AC 
changed this pattern of activity by affecting the spatio-tem-
poral propagation of the stimulus (second map from the left, 
Figure 4b). The same electrical stimulation evoked an exten-
sive response in control animals with focal EAE: the entire 
AC was activated (as indicated by the deep-red colored map, 
white arrows in the second map from the left, Figure 4b). 
Moreover, while the response decreases between 7.5 and 10 
ms after stimulation in the naïve animals, cortical activation 
persists in animals with focal EAE indicating an altered 
propagation and spatial distribution of the stimuli. Adding 
BAF312 (10 µM, (O’Sullivan et al., 2016)) to the bath im-
proved this condition by reducing the persistent activation 
observed in control animals with focal EAE, as indicated by 
the white arrows in the third map from the left starting at 7.5 
ms after stimulation. Exemplary fluorescence signals (Figure 
4c) were recorded in the area contained in the black circle 
in the second and third map from the left, Figure 4b). They 
show a reduced amplitude of the response in BAF312 treat-
ed slices in comparison to the slices obtained from control 
animals with focal EAE indicating an improved propagation 
of the stimulus. Of note, besides decreasing the amplitude of 
the response, application of BAF312 induced a sharp repo-
larization after neuronal activation, indicated by the black 
arrow in the exemplary fluorescence signals of Figure 4c, 
which was not observed in slices obtained from animals with 
focal EAE.

Analyzing later time points after stimulation (39.5–44.5 
ms, Figure 4d) in order to investigate the propagation to 
lower layers of the cortex showed a lack of the latter in slices 
obtained from control animals with focal EAE. The lower 
part of the fluorescence map (second from the left, Figure 
4d) show a preponderance of green colors in comparison to 
the red-color coded region of naïve animals (first map from 
the left, Figure 4d). Adding BAF312 to the bath increased 
the stimulus propagation after 42 ms from the stimulation as 
indicated by the white arrows in the third map from the left. 
Moreover, exemplary signals recorded from the same area in-
vestigated at early time points after stimulation (indicated by 
the black circle in Figure 4d), also showed a slight increase in 
the amplitude, corroborating the findings (Figure 4e).

Discussion
MS is a prototypical autoimmune inflammatory disease of 
the CNS and challenges both researchers and physicians due 

to the coexistence of inflammatory and neurodegenerative 
disease mechanisms. While current treatment approaches 
almost exclusively focus on the immune pathology, neurode-
generative aspects are not sufficiently acknowledged (Klotz 
et al., 2019). This is partly owed to the fact that pathophys-
iological aspects of neurodegeneration are not sufficiently 
recapitulated and analyzed in the most commonly used 
model, EAE (Toader et al., 2018). Here, pre-immunization 
with MOG35–55 peptide leads to disseminated and variable 
inflammatory CNS lesions with a predilection of the spinal 
cord (Johns et al., 1995; Lassmann and Bradl, 2016). By 
virtue of these characteristics, a correlation of functional 
and structural deficits is very complex and often impossible. 
This holds true especially for studying cortical lesions that 
represent a hallmark of primary and secondary PMS and are 
considered to be strongly involved in the process of neuro-
degeneration (Haider et al., 2014). 

In the present study, we investigated the effects of BAF312 
in preventing autoimmune neurodegeneration and took ad-
vantage of a modified EAE model with targeted induction of 
cortical grey matter and subcortical white matter lesions. In 
the past years, several attempts have been made to develop 
a localized model for MS that resembles histopathological 
features of human MS. Proinflammatory cytokines have 
been widely used to study CNS inflammation (Simmons and 
Willenborg, 1990; Sun et al., 2004). Local administration of 
IFN-γ and TNF-α either by stereotactical injection into the 
spinal cord (Kerschensteiner et al., 2004) and brain of Lewis 
rats (Merkler et al., 2006) and C57BL/6 mice (Chaudhary et 
al., 2015; Lagumersindez-Denis et al., 2017), or by adenovi-
rus transfection (Silva et al., 2018) resulted in cortical grey 
matter, subcortical and spinal white matter demyelination 
sharing striking similarity with human MS. While cortical 
lesions showed only transient inflammatory infiltration 
(Merkler et al., 2006; Chaudhary et al., 2015), white matter 
lesions in the spinal cord and in the corpus callosum dis-
played persistent infiltration with macrophages and microg-
lia (Kerschensteiner et al., 2004; Merkler et al., 2006), sug-
gesting that this model allows to recapitulate different types 
of autoimmune pathology depending on the site of lesion 
induction. Here, we adopted this experimental approach to 
target white and grey matter regions within the same extend-
ed network, namely the internal capsule or the AC. Both are 
known to be well-organized structures within the TC sys-
tem, thereby making functional analysis possible (Broicher 
et al., 2010; Cerina et al., 2017). Moreover, we decided to use 
this relatively new model to test a potential neuroprotective 
effect of BAF312.

BAF312 is a S1P receptor modulator that crosses the 
blood-brain barrier and targets different receptor subtypes 
that have been shown to be involved in T cell migration 
into the CNS, astrogliosis, oligodendrocyte process mod-
ulation and cell survival (Bigaud et al., 2014; O’Sullivan et 
al., 2016). Therefore, BAF312 is an interesting candidate to 
investigate direct effects on neuronal function integrity and 
potential preventive effects on autoimmune neurodegenera-
tion. Similarly to a recent study, BAF312 was applied either 
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*

***

***

**

Figure 2 Intracerebral treatment does not affect harmful immune cell infiltration into the brain parenchyma compared to non-treated 
controls. 
(a) Bar graphs showing significant decrease of brain-infiltrating total CD45+ leucocytes in the lesioned hemisphere after oral treatment with 
BAF312 (B; a novel sphingosine-1 receptor modulator) compared to vehicle-treated controls (V) both in grey (grey bars) and white matter (open 
bars). (b and c) Bar graphs showing significant decrease of CD4+ (b) and CD8+ lymphocytes (c) in the lesioned hemisphere after oral treatment 
with BAF312 (B) compared to vehicle-treated controls (V) both in grey (grey bars) and white matter (open bars). (d) Intracerebral treatment with 
BAF312 (B) did not affect the number of brain-infiltrating total CD45+ leucocytes in both lesioned and non-lesioned hemispheres. No differences 
between grey (grey bars) and white matter (open bars) localization were observed. (e and f) Intracerebral treatment with BAF312 (B) did not affect 
the number of CD4+ (E) and CD8+ (F) lymphocytes in the lesioned hemisphere compared to vehicle-treated controls (V) both in grey (grey bars) 
and white matter (open bars). *P < 0.05, **P < 0.01, ***P < 0.001 (two-way analysis of variance with Bonferroni post-hoc test for a and d and Stu-
dent’s t-test for the other analyses).

*

Figure 3 Immunofluorescence staining 
show CD11b+ cells infiltration in the 
focal lesions in the auditory cortex. 
(a) Exemplary picture of a coronal brain 
slice containing the auditory cortex (de-
limited by the dashed area) showing the 
focal injection site. Infiltrating CD11b+ cells 
are attracted to the injection site marked 
in red and cell nuclei in blue (DAPI). Bar 
graphs on the right side show quantification 
of CD11b+ cells/mm2 in vehicle (V) and 
BAF312 (a sphingosine-1-phosphate recep-
tor modulator) treated mice for both oral 
and intracerebral treatment. Quantification 
was performed 2- and 5 days after focal cy-
tokine injection. *P < 0.05 (Kruskal-Wallis 
test followed by Dunn’s post-hoc test). Scale 
bar: 100 µm. (b) Representative images 
showing a high magnification of the focal 
injection site in the auditory cortex. Slices 
were stained for identification of cell nuclei 
(DAPI, blue), neuronal soma (NeuN, green) 
and the apoptotic marker TUNEL (red). On 
the right side of the panel, bar graphs show-
ing the quantification of TUNEL/NeuN 
positive cells (cells/mm2) in vehicle (V) and 
BAF312 (B) treated mice for both oral and 
intracerebral administration. Quantification 
was performed 2- and 5 days after focal cy-
tokine. Scale bars: 50 µm.
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Figure 4 Application of BAF312 to living brain slices restores changes in the spatio-temporal pattern of stimulus-induced propagation in the 
AC neuronal network.
(a) Exemplary photo of a sagittal acute brain slice containing the AC and the internal capsule where the position of the stimulation electrode (stim 
electrode) is indicated by a white arrow. The hexagonal photodiode array used for the detection of the fractional changes of fluorescence signals is vis-
ible on the AC (red hexagonal structure). (b) Exemplary color-coded fluorescence maps of spatio-temporal patterns of activity in AC during the first 
~13 seconds in response to electrical stimulation. The first map from the left represents neuronal activation of AC only in naïve animals that did not 
undergo general immunization or focal EAE induction. The upper layers of the AC corresponding to the upper parts of the maps respond firstly to an 
incoming stimulus and then information is further processed by propagating to the lower layers, as indicated by preponderance of warm colors in the 
lower part of the maps (scale: 0.34% dl/I). Maps obtained from animals with focal EAE (control in the text, second map from the left) show an abnor-
mally high response to electrical stimulation indicated by the strong preponderance of warm colors filling the entire hexagonal structure as indicated 
by the white arrows (scale: 0.19% dI/I). After washing the slice for 30 minutes with a solution containing 10 µM BAF312 (a sphingosine-1-phosphate 
receptor modulator), electrical stimulation evokes a slightly more articulated response in the cortex (third map from the left; scale: 0.15% dI/I). A spa-
tio-temporal pattern of activation similar to control is observed upon BAF312 treatment as indicated by the white arrows. (c) Averaged exemplary flu-
orescence signals, recorded in the area contained in the black circle, showed a reduced amplitude by comparing control-peak vs. BAF312-treated peak 
of the response (horizontal dashed line). Moreover, following BAF312 treatment the repolarization phase after response is very steep, as indicated by 
the black arrow. (d) Exemplary color-coded fluorescence maps of spatio-temporal patterns of activity in AC between ~40 and 45 seconds after electri-
cal stimulation showing propagation of the stimulus to lower layers of AC. The first map from the left represents AC neuronal activity in naïve animals 
that did not undergo general immunization or focal EAE induction. The second map from the left represents reduced stimulus propagation in animals 
with focal EAE (control). Application of BAF312 slightly increased the neuronal activity in the same part of the cortex, as indicated by the white ar-
rows in the third map from the left. (e) Averaged exemplary fluorescence signal, recorded in the area contained in the black circle, between ~40 and 45 
seconds after electrical stimulation shows a small increase in the amplitude of the propagated stimulus in BAF312-treated slices in comparison with 
control. Siponimod (BAF312): Novel sphingosine-1 receptor modulator; AC: auditory cortex; EAE: experimental autoimmune encephalomyelitis.
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systemically or locally to the brain by using osmotic mini 
pumps (Gentile et al., 2016). In line with previous findings, 
systemic administration of BAF312 induced lymphopenia 
in our model (Choi et al., 2011; Gentile et al., 2016), while 
local treatment with continuous intracerebral adminis-
tration had almost no effect on peripheral lymphocyte 
counts. Intuitively, this result is not surprising as only very 
confined brain regions were treated in mice which were al-
ready pre-immunized and that had a quite high number of 
activated immune cells. However, since one of our goal was 
to investigate potential contribution from different brain 
regions to the pathophysiology of the disease, as described 
already for MS both in patients and mice (De Stefano et al., 
2003; Roosendaal et al., 2011; Narayanan et al., 2018), we 
assessed the number of cells within grey and white matter 
lesions. We found lower inflammatory cell infiltration in 
cortical grey matter lesions than in white matter lesions, as 
previously described (Peterson et al., 2001; Bø et al., 2003a). 
This condition was statistically unaffected by intracerebral 
BAF312 treatment although we did observe a tendency 
to CD4+ and CD8+ T cells reduction in the white matter 
only. In accordance to such small size effect, intracerebral 
treatment did not affect the clinical course in either group. 
In this respect, the experimental outline was designed to 
investigate brain therapeutic effects of BAF312 resembling 
intervention as similarly done in the majority of MS patients 
when diagnosed with new lesions as they are known to po-
tentially trigger neuronal damage and loss. Because of our 
experimental settings, the treatment with BAF312 was rela-
tively short, lasting only 2 days after injection of cytokines. 
Moreover, unlike previous studies (Gentile et al., 2016), here 
we investigated the effects of intracerebral administration of 
BAF312 only in those regions where inflammatory lesions 
were experimentally induced. However, white and grey mat-
ter lesions do randomly appear in the brain of EAE animals 
and where not investigated in this study. 

Studying neuronal circuits in the context of autoimmune 
encephalitis has long been a challenge due to a lack of an 
appropriate lesion model and a convenient technique to as-
certain differences in neuronal networks functioning. To take 
this challenge, we investigated the TC auditory pathway of 
our focal EAE mice by using voltage-sensitive dye imaging. 
The dye offers the possibility to visualize the local activity of 
large neuronal populations with high spatio-temporal resolu-
tion (Chemla and Chavane, 2010). In this study, we chose the 
AC as a very highly topographically organized grey matter 
region receiving inputs from subcortical regions via the IC 
(Barbour and Callaway, 2008). Here, we detected changes 
in AC neuronal network functionality in acute brain slices 
with cortical inflammatory lesions. In response to electrical 
stimulation, we observed altered overall neuronal activity. 
In line with recent evidence, the occurrence of demyelinat-
ing (Ghaffarian et al., 2016; Araújo et al., 2017; Cerina et al., 
2017) or inflammatory lesions (Olechowski et al., 2013; Falco 
et al., 2014; Gentile et al., 2016; Potter et al., 2016) in grey 
matter profoundly affects neuronal excitability, our results 
would suggest a diminished ability of the cortical neuronal 

network to properly distribute incoming information to the 
cortex (Broicher et al., 2010; Araújo et al., 2017). Interestingly 
enough, spatio-temporal propagation of the stimulus in the 
inflamed auditory cortical network seemed to be partially 
restored by local bath application of BAF312 in acute brain 
slices obtained from animals with inflammatory lesions, un-
derlining its role in neuroprotection. Despite being applied 
only in an ex vivo preparation, its suggested role in regulat-
ing abnormal responses in the brain would be corroborated 
by previous evidence showing that intracerebroventricular 
administration of BAF312 affects the functionality of GAB-
Aergic neurons (Gentile et al., 2016), an effect described 
at single cell level that can now be observed in a broader 
neuronal network. However, it is important to mention that 
the optical signal recorded here is composed of multiple 
components, including glial cells and excitatory/inhibitory 
neurons (Chemla and Chavane, 2010). In this study, further 
mechanistic considerations could not be made, as without 
pharmacological modulation, distinguishing between neuro-
nal populations contributing to the signals is indeed difficult. 
However, glial contributions could be ruled out due to the ki-
netics of the response, known to be slower compared to that 
of neurons (Broicher and Speckmann, 2012). Given previous 
studies (Gentile et al., 2016; O’Sullivan et al., 2016), identify-
ing a misbalance between excitatory and inhibitory system 
functionality as the reason for altered neuronal activity seems 
to be likely. Moreover, the findings with BAF312 are also in 
line with previous studies showing the effects of the first gen-
eration sphingosine 1-phosphat receptor modulator, fingo-
limod (FTY720). As BAF312, fingolimod is known to func-
tionally sequestrate lymphocytes presumably by interrupting 
the recirculation of autoreactive T- and B-lymphocytes to the 
CNS (Mullershausen et al., 2009). In the relapsing-remitting 
disease course, treatment with fingolimod leads to a signifi-
cantly reduced values for annualized relapse rate, disability 
progression and MRI markers for disease progression such as 
new lesions and percentage loss of total brain volume (Kappos 
et al., 2010). Like BAF312, fingolimod binds its receptors on 
glial cells and neurons (Miron et al., 2008) exerting beneficial 
treatment effects due to direct neuronal interactions inde-
pendently from peripheral lymphocytes. However, oral fingo-
limod treatment failed to slow disease progression in primary 
PMS (Lublin et al., 2016) and effects of second generation 
drugs have to be assessed.

Conclusions
The present investigation indicates how an approach com-
bining active and focal EAE, recently described also by other 
groups, could be used to reproduce hallmarks of PMS in 
rodents. Moreover, this experimental approach represents a 
suitable model to demonstrate the neuroprotective activity of 
BAF312 in combination with voltage sensitive dye imaging 
of cortical neuronal networks. Indeed, while local adminis-
tration of BAF at the tested dose did not influence the func-
tional readouts assessed by the EAE score, cortical function 
was affected. Our results encourage further investigation of 
the potential neuroprotective effects of BAF312.
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Additional Figure 1 Central BAF application does not induce peripheral lymphopenia.

(a) Bar graph showing the percentage of peripheral blood lymphocytes in animals with focal EAE, two

days after pump implantation and intracerebral injections of a solution containing either vehicle, BAF312

0.3 μg/day or BAF312 1 μg/day. No differences can be observed when the two different doses are

compared. (b) Bar graph showing the percentage of isolated lymphocytes in animals with focal EAE, two

days after pump implantation and intracerebral injections of a solution containing either vehicle, BAF312

0.3 μg/day or BAF312 1 μg/day. No differences can be observed when the two different doses are

compared.


