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AbstrAct
The process of demyelination occurring in diseases as multiple sclerosis is 

usually investigated in animal models. A major drawback of animal models is that 
only one condition, eg. therapeutic intervention, can be tested per animal, requiring 
many animals to test a range of compounds. Furthermore, systemic effects are a 
factor to be considered. 

The aim of the study was to develop a reproducible in vitro model for de- and 
remyelination using whole brain spheroid cultures and lysophosphatidyl choline 
(LPC). In spheroid cultures, single cell suspensions of embryonic day 15 rat or 
mouse brain cells reaggregate under constant rotation. Three-dimensional contacts 
form between the central nervous system cell types present. Multilayered myelin is 
maximal in four-week old cultures. 

Repeated exposure to LPC for a week led to 30% loss of myelin basic protein 
(MBP) concentration and 2’,3’-cyclic nucleotide 3’-phosphodiesterase (CNPase) 
activity measurements in both rat and mouse spheroids and 56% loss in the 
number of myelin sheaths, with partial remyelination after a week of recovery. The 
number of dividing cells was increased after LPC exposure and oligodendrocytes 
were shown to be among the dividing cells. Microglia and astrocytes were not 
affected and neurons were relatively spared. This suggests that LPC toxicity is 
specific for myelin and oligodendrocytes. LPC toxicity could be decreased using 
cholesterol and simvastatin, suggesting that LPC works through altering membrane 
composition.

Thus, in different rodent species and using different read-outs we could 
reproducibly show de- and remyelination in spheroid cultures after LPC 
exposure.  This model for demyelination with potential for remyelination offers 
possibilities for testing novel therapies and studying mechanisms of remyelination.
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IntroductIon
Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous 

system (CNS). The major neuropathological hallmark of MS is inflammatory 
demyelinating lesions. MS lesions are associated with oligodendrocyte death, 
axonal damage and glial scar formation due to astrogliosis 1. After demyelination 
only limited remyelination occurs 2. Remyelinated areas are characterized by 
thinner myelin sheaths and shorter internodes 3. The cause of remyelination failure 
in MS is unknown, although several mechanisms have been proposed 2;4-6. Studies 
on cellular mechanisms behind de- and remyelination are crucial for identification 
of new therapeutic approaches in MS. 

There are several in vivo models that are used to study demyelination in MS. 
The most widely used model is chronic experimental autoimmune encephalitis 
(EAE) 7. EAE is an inflammatory autoimmune disease, which is induced by passive 
or active immunisation against myelin compounds. EAE is accompanied by severe 
disability and discomfort of experimental animals. An animal model to investigate 
non-inflammatory demyelination is the cuprizone model. In this model systemic 
toxicity of cuprizone has to be considered 8. Another model of non-inflammatory 
demyelination in vivo is the lysophosphatidyl choline (LPC) model. LPC induces 
demyelination after a single stereotactic focal injection in specific myelinated fiber 
tracts 9-13. Oligodendrocytes are especially sensitive to LPC induced toxicity due to 
the high affinity of LPC to myelin basic protein (MBP) 14. Demyelination is associated 
with relative sparing of neurons and little astrogliosis in this model. At 14 days after 
LPC injection, remyelination of the affected area is clearly visible 10-12 and usually 
remyelination is complete within 5-6 weeks.

Animal models have several drawbacks: (1) only one condition can be tested 
per animal, (2) investigation of demyelination at a cellular level is hampered by 
complex interactions of the immune system with the CNS as for example in the 
EAE model, (3) it is difficult to control experimental conditions in vivo. Therefore, a 
reproducible in vitro model for de- and remyelination would be helpful 15. LPC has 
been shown to induce oligodendrocyte toxicity in vitro, since repeated exposure 
led to a decrease of mature oligodendrocytes and progenitors 16. For myelination to 
take place axons and an organotypic environment are necessary. Birgbauer et al. 
17 successfully induced demyelination by LPC in brain slices. A major drawback of 
brain slices is that in brain slices it is not possible to vary the cellular composition.  A 
specific brain area is selected which might have specific characteristics in terms of 
myelination and remyelination. Also, the agent used to induce demyelination might 
not be able to diffuse evenly into whole brain slices and only a limited number of 
conditions can be tested simultaneously.

Whole brain spheroid aggregates form another alternative. In these cultures, 
all CNS cell types are present forming three-dimensional contacts inducing spatial 
complexity and development similar to the in vivo situation 18. A major advantage 
is the presence of multilayered myelin 19. In addition, cells present in spheroids are 
accessible for controlled experimental conditions, due to the spherical shape and 
low diameter. Effects of exogenously added substances can be investigated without 
confounding factors, such as bioavailability and systemic toxicity 20;21. Finally, non 
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CNS cells can be introduced to the spheroids 22-24 and the cellular composition can 
be varied 18;25. 

In the present report we aimed to develop and characterize a reproducible 
in vitro model for de- and remyelination using whole brain spheroid cultures and 
LPC. We were able to induce demyelination with relative sparing of axons and little 
astrogliosis by chronic exposure of whole brain spheroid cultures to LPC. In order 
to determine the suitability of this model for intervention studies, we tested three 
compounds on their ability to reduce LPC toxicity. 

MAterIAls And Methods

Animals
Timed pregnant Wistar rats were obtained from Harlan (Horst, The Netherlands). 

Timed pregnant C57Bl/6 mice were obtained from Charles River (Maastricht, The 
Netherlands). 

All experiments were performed according to the guidelines of the local 
University Committee on Animal Welfare, which follow the European Communities 
Council Directive (86/609/EEC).

Spheroid cultures
Whole brain spheroid cultures were prepared as described previously 20. In 

brief: at embryonic day 15, the brains of the foetuses of two pregnant animals were 
transferred into a nylon mesh bag (200 nm; Stokvis, Almere, the Netherlands) in ice-
cold Hanks’ D2 solution (5.5 mM D-glucose, 41.3 mM sucrose, 13.8 mM NaCl, 0.54 
mM KCl, 17 µM Na2HPO4, 22 mM KH2PO4, 1.4 µM phenol red, 0.18 mM CaCl2, 80 
µM MgCl2). The brains were gently extruded into ice-cold Hanks’ D1 solution (which 
only differs from D2 in the concentration sucrose, 46.5 mM, and the addition of 10 
mM Kynurenic acid (Sigma-Aldrich, Zwijndrecht, the Netherlands)) after washing 
three times in D1. After filtering through a finer nylon mesh (105 nm; Stokvis), the 
suspension was washed three times by centrifugation (170 g, 5 min), resuspended 
and finally plated in a concentration of 1 x 107 cells/ml in 3.5 ml medium, which 
consisted of Dulbecco modified Eagle’s minimal essential medium with high 
glucose (Invitrogen, Breda, the Netherlands), supplemented with 1% glutamax 
(Invitrogen), 10% foetal calf serum (Invitrogen) and 0.01% gentamycin (Invitrogen). 
The cells were placed in 25 ml DeLong flasks (Bellco Glass Inc., Vineland, NJ, 
USA) on a gyratory shaker (85 rotations/min; Innova2000, New Brunswick, UK) 
in a humidified incubator (37°C; 9% CO2). After 2 days in vitro, the cultures were 
transferred into 50 ml DeLong flasks and another 5 ml medium was added to the 
cultures. Medium was changed three times a week. After 1 week of culture the 
medium was supplemented with N-acetylcysteine (0.5 mM; Sigma-Aldrich).

Exposure
The experiments started at day 0, after 4 weeks of culture. The spheroids were 
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plated in six-well plates, approximately 1 plate per flask. The following day, day 1, 
the medium was removed from the spheroids and replaced by 2 ml new medium 
with or without addition of LPC (Sigma-Aldrich). The spheroids were exposed to a 
concentration range of LPC, from either 0.1 mM LPC up to 0.19 mM LPC for rat 
spheroids and 0.12 mM up to 0.19 mM LPC for mouse spheroids. 0.12 mM LPC 
was the optimal concentration for rat spheroids, while 0.15 mM was used for mice. 
After LPC exposure was started, 0.5 ml medium was added 3 times a week. During 
the first 7 days LPC was supplemented simultaneously with the new medium, at 
days 1, 3 and 6, in total three times 0.12 mM LPC for rat and 0.15 mM LPC for 
mouse was added to the medium. At day 7 the LPC exposure was finished and 
medium was completely replaced by 2 ml of fresh medium. 

 Vitamin E (Sigma-Aldrich) was dissolved in ethanol (EtOH, 0.15%) and 
added three times simultaneous with LPC in a concentration of 0.03 mM. Cholesterol 
(Sigma-Aldrich) and simvastatin (Merck, Darmstadt, Germany) were dissolved in 
EtOH as well and added at concentrations of respectively 65 µM and 0.5 µM at day 
1 of LPC exposure.  The substances were tested during 2 separate experiments 
(n=2-6).

 To ascertain whether dividing cells were present in our whole brain spheroids, 
5-Bromo-2-deoxyuridine (BrdU; Sigma-Aldrich) was added to the medium after LPC 
exposure. 1 µM of BrdU was added during 24 h before harvesting of the spheroids 
at either day 7 or 13.

Harvesting
The spheroids were harvested at different time points: 7, 10 and 14 days after the 

start of the experiment. After washing with ice-cold phosphate buffered saline (PBS), 
some spheroids were taken up in homogenization buffer (10 mM NaH2PO4.2H2O, 
0.5 mM EDTA, 145 mM NaCl) and stored at -20°C for biochemical assays. A 
polytron homogenizer (PT1200, Kinematica AG, Littau, Switzerland) was used to 
homogenize the samples. Alternatively, spheroids were prepared for histological 
and histochemical analysis. These were incubated in 4% paraformaldehyde 
during 1.5 h. After this, half were incubated in 70% alcohol and eosin for paraffin 
imbedding and sectioning (6 µm sections), and half were maintained in 16% sucrose 
overnight at 4°C and quickly frozen in Tissue-TekÒ (Sakura Finetek, Zoeterwoude, 
the Netherlands), for cryostat sectioning (6 µm sections).

Immunohistochemistry
The primary and secondary antibodies are listed in Table 1. Paraffin sections 

were deparaffinated, antigen was retrieved by cooking in citric acid buffer, and 
sections were incubated with H2O2, to block endogenous peroxidase activity. 
After one h of incubation with 10% serum, the sections were incubated overnight 
with the primary antibodies. After washing, the sections were incubated with the 
secondary antibody for one h. Sections were washed and subsequently incubated 
with 3,3’-diaminobenzidine (DAB; Sigma-Aldrich). Sections were counterstained 
with haematoxylin (Merck), dehydrated and embedded in Entellan (Merck).
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The cryostat sections were air-dried for 20 min and incubated with serum for 
one h, after which the sections were incubated overnight at 4°C with the primary

antibody. After washing, the secondary antibodies were incubated during one h. The 
sections were counterstained with Hoechst (Invitrogen), washed and embedded in 
mounting medium.

BrdU staining was performed by incubating cryostat sections for 2 min in 0.07 
N NaOH in 70% ethanol. Antigen retrieval was performed as indicated above and 
directly labelled FITC-anti-BrdU antibody was incubated overnight at 4°C.

Omission of the primary antibody was included as negative control. Embryonic rat 
brain was used as a positive control for cleaved caspase 3 immunohistochemistry.

 Images were taken on a Leica DM6000 (Leica LAS AF software, Leica 
Microsystems, Bensheim, Germany). Representative images were processed 
using Adobe Photoshop 6.0 (San Jose, USA). 

Quantification of immunofluorescence
For quantification at least 8 spheroids were analysed per condition from 2 

to 3 experiments. Immunofluorescence was analyzed using the image analysis 
program AnalySIS software (Soft Imaging System GmbH, Münster, Germany). 
Fluorescence intensity of the pixels in a spheroid was measured and expressed as 
mean staining intensity level for the spheroid in an automated process. The mean 
fluorescence for the LPC exposed spheroids was expressed as a percentage of 
mean fluorescence for control spheroids. For KI-67, BrdU and Isolectin B4 (IsoB4) 
staining the number of positive cells per spheroid was taken as a measure. All 
spheroids on a microscopic slide were included and the total amount of spheroids 
is indicated in the table. 

Electron Microscopy (EM)
Spheroids were fixed in 2.5% glutaraldehyde, postfixed with 1% osmium 

tetroxide, dehydrated in ethanol infiltrated with propylene oxide and embedded in 
Agar 100 Resin (Agar Scientific, Stansted, UK). Ultrathin sections were stained 

Primary antibody Subtype Dilution Secondary antibody Dilution
APP (Chemicon) IgG1 1:200 Anti-mouse Alexa 488 1:400
BrdU-FITC (BD Bioscience) IgG1 1:2.5 -
β tubulin III, clone Tuj1 (Covance) IgG2A 1:400 Anti-mouse Alexa 488 1:400
Cleaved caspase 3 (Cell Signaling technology) polyclonal 1:200 Anti-rabbit Alexa-488 1:400
GFAP (Sigma) IgG1 1:2000 Rabbit-anti-mouse IgG-PO 1:200
IsolectinB4 (Sigma) 1:800 Streptavidin-Alexa 488 1:400
KI-67 (Sigma) Polyclonal 1:100 Anti-rabbit Alexa 488 1:400
MAP-2 (Sigma) IgG1 1:1000 Anti-mouse Alexa 488 1:400
MBP22 (Serotec) IgG2b 1:400 Rabbit-anti-mouse IgG-PO 1:200
NeuN (Chemicon) IgG1 1:200 Anti-mouse-Alexa-488 1:400
NF SMi312 (Covance) IgG1 1:1000 Anti-mouse IgG-PO 1:200
NG2 (Chemicon) polyclonal 1:200 Anti-rabbit Alexa-488 1:400
PDGF-Rα (gift from W. Baron) Polyclonal 1:50 Anti-rabbit Alexa-488 1:400

table 1: Primary antibodies and dilutions used in immunohistochemical stainings.
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with uranyl acetate and lead citrate and examined with a transmission electron 
microscope (Philips CM 100 Bio Twin, Philips Eindhoven, the Netherlands). 
Representative images are presented in the paper. 

For quantification 12 EM pictures were taken at random from 3 randomly 
selected spheroids harvested at either day 7 or 14 that were exposed to LPC or 
control spheroids. The EM pictures were subsequently blinded and the number of 
myelin sheaths present in these pictures was counted. Representative images are 
shown in supplementary figure 1. 

Biochemical assays
The protein concentration present in the spheroid homogenates was measured 

with the bicinchoninic acid (BCA) protein assay (Pierce, Ettenleur, the Netherlands) 
as indicated in the user manual, using bovine serum albumin (BSA; Sigma-
Aldrich) as a standard curve. Extinction was measured at 405 nm on a Benchmark 
microplate reader (Bio-Rad laboratories, Veenendaal, the Netherlands). 

2’,3’-cyclic nucleotide 3’-phosphodiesterase (CNPase) activity, as a marker for 
oligodendrocyte functioning, was measured in spheroid homogenates as described 
previously 26. In short, spheroid homogenate was added to a reaction mixture (100 
mM 4-morpholine-ethanesulfonic acid pH 6, 30 mM D-glucose-6-phosphate, 2.5 
mM cNADP and 5 µg glucose-6-phosphated-dehydrogenase) in a 96-wells UV 
plate (Corning, Schiphol-Rijk, the Netherlands). CNPase activity was measured 
directly by measuring the formation of NADPH at 340 nm at 25°C for 5 min.

Enzyme-linked immunosorbent assay (ELISA)
The concentration of MBP and glial fibrillary acidic protein (GFAP) in spheroid 

homogenates was determined using ELISA. The GFAP ELISA was a modified 
version of the method of O’Callaghan 27. In brief, a 96-wells plate was incubated 
overnight with a mouse monoclonal antibody directed to GFAP (Sigma, 1:1000), 
in PBS. After washing and blocking with 5% non-fat dried milk, either spheroid 
homogenate (diluted to a protein concentration of 0.04 mg/ml) or standards of 
purified bovine GFAP protein (Progen Biotechnik GmbH Heidelberg, Germany) 
were incubated for 2 h. After washing, the homogenates and standards were 
incubated with a polyclonal rabbit antibody to GFAP (DAKO, 1:2000) for 1 h. 
Subsequently, the wells were washed and incubated for 30 min with a peroxidase 
coupled anti-rabbit IgG antibody (Sigma, 1:2,000).  Finally o-phenylenediamine 
with 0.1% H2O2 was added and incubated for 15 min, after which 10% H2SO4 was 
added and absorbance was measured at 490 nm.

For the MBP ELISA the plates were incubated overnight with 1% BSA in coating 
buffer (0.05 M HCO3, pH 9.0). The plates were washed with PBS and incubated 
with sample or standard (recombinant MBP, Sigma-Aldrich) for 1 h. After washing 
with PBS-Tween, the samples and standards were incubated for 1 h with a mouse 
monoclonal antibody directed to MBP (SMI 99, Covance innovative antibodies, 
1:16000), followed by an incubation of 1 h with peroxidase linked rabbit-anti mouse 
IgG. Finally, o-phenylenediamine with 0.1% H2O2 was added and incubated for 15 
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min before addition of 10% H2SO4 and absorbance measurement at 490 nm.

Statistical analysis
Statistics were performed in SPSS (15.0.0, Chicago, USA). Data of the 

biochemical assays and ELISA were corrected for the amount of protein and 
expressed as percentage of the values in day 7 control cultures (± standard error 
of mean (SEM)). Statistical analysis of the quantification of the stainings was 
performed using the Mann-Whitney test or Student’s t-test, when normality was 
not refuted. 

 
 
 

results

Multilayered myelin is present in rat whole brain spheroid cultures
The myelin present in four-week old rat brain spheroids was multilayered, as 

Figure 1A illustrates. MBP immunoreactivity (IR) showed that myelin was present 
throughout the whole spheroid (Figure 2A). Usually, a ring around the region of 
clustered cell bodies was positive for MBP. MBP IR appeared in round structures 
(arrow in Figure 2), fibers (white arrowhead in Figure 2A) and in the cytoplasm of 

Figure 1: eM picture of rat 
whole brain spheroid cul-
tures. A) After 4 weeks of 
culturing the experiment was 
started at day 0. After 7 days 
multilayered compact myelin 
was present. See insert for 
more detail. B) After a week 
of exposure to LPC (3 times 
addition of 0.12 mM LPC), 
at day 7, the myelin layers 
were loosely packed. See in-
sert for more detail. C) Con-
trol cultures at day 14, show 
compact myelin. D) At day 
14, after 1 week of exposure 
to LPC and 1 week of reco-
very, LPC exposed cultures 
show compact myelin. Bar 
is 500 nm. E) Quantification 
of the number of myelin she-
aths present in EM pictures 

from 2 separate experiments (4 pictures from 3 spheroids, 
see supplementary figure 1 for an example). After LPC tre-
atment at 7 days 12.5 myelin sheaths per picture were coun-
ted. Compared to control spheroids, 29 myelin sheaths per 
picture, a significant decrease of 56% was therefore visible. 
At 14 days the number of myelin sheaths was not signifi-
cantly different between control, 28 myelin sheaths per pic-
ture, and LPC treated, 20 myelin sheaths per picture, cul-
tures. Results are presented as mean ± SEM. Open bars: 
control; Closed bars: LPC treated; asterisks indicate p<0.05.
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the cell body (black arrowhead in Figure 2A). 

Demyelination occurs after one week of exposure of rat brain spheroids to 
LPC

After 7 days of exposure to 0.12 mM LPC a significant decrease of 56% (±8.6) 
in the number of myelin sheaths was observed ultrastructurally compared to control 
spheroids (Figure 1E). The myelin still present in LPC exposed cultures was loosely 
wrapped around the axon and less smooth compared to control cultures (Figure 1A 
and B). This suggests that myelin integrity was diminished.

A decrease in myelin IR was also observed in rat whole brain spheroid cultures. 
At day 7 the overall MBP IR appeared lighter in the treated spheroids compared to 
untreated spheroids (Figure 2A and B). In LPC exposed spheroids MBP positive 
fibers and round structures were scarcely present (arrows in Figure 2B). Different 
exposure regimes were also tested. 0.1 mM LPC did not lead to consistant 
demyelination, while a higher concentration of 0.19 mM LPC led to death of the 
spheroids even after 2 days (data not shown). Further, exposure to cuprizone, 25 
µM for 2 to 5 days, or hydrogen peroxide, 0.3 to 3 mM for 24 h, did not lead to 
reproducible changes in MBP IR (data not shown). Exposure to 30 µg/ml  anti-
MOG antibody MOGZ12 and 25 µl of guinea pig serum for 48 h 23, 25 in our hands 
did not lead to significant and specific decrease in CNPase activity or MBP protein 
expression compared to control.

After exposure to LPC the MBP protein concentration was significantly reduced. 
Figure 3A shows a 30% reduction in MBP concentration after one week of exposure 

Figure 2: de- and remye-
lination after lPc expo-
sure. A-D show paraffin 
sections of rat whole brain 
spheroids stained for MBP 
by immunoperoxidase and 
counterstained using hae-
matoxylin. A) At day 7 con-
trol spheroids, MBP staining 
was visible as fibres (white 
arrowhead) and round struc-
tures (black arrows). Some 
staining was visible in the 
cytoplasm of the cell bodies 
around an axon (black arro-
whead). B) After 7 days expo-
sure to LPC the overall MBP 
staining intensity was decre-
ased dramatically. However 
in some spheroids clusters of 
intensely stained MBP were 
visible which did not appear 

to be membrane associated. Less fibers (white arrowhead), round structures (black ar-
rows) and cytoplasmic staining (black arrowhead) were present. C) In day 14 con-
trol spheroids, MBP staining intensity did not differ from day 7 control spheroids, with 
many round structures and fibers visible. D) Day 14 LPC spheroids, after 7 days of 
LPC exposure and 7 days of recovery, resembled day 14 control cultures. Bar is 50 μm.
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to LPC in treated cultures compared to controls. Similarly, after one week of 
exposure to LPC, CNPase activity was significantly decreased to approximately 
70% (± 3) of control values (Figure 3B). 

The decrease in MBP IR, MBP concentration and CNPase activity is indicative 
of a decreased functioning of oligodendrocytes and myelin integrity after exposure 
of rat whole brain spheroids cultures to LPC. 

One week of recovery leads to restoration of myelin
One week after starting the exposure to LPC in rat whole brain spheroid cultures, 

the medium was completely replaced by fresh medium and the spheroids were left 
to recover for either 3 or 7 days before harvesting. After 3 days of recovery, at day 
10, no recovery in MBP concentration and CNPase activity was observed (Figure 
3A and B). Ultrastructurally, after a week of recovery (day 14), the number of myelin 
sheaths present was comparable to control cultures (Figure 1E). Furthermore, 
the myelin in LPC exposed cultures appeared more compacted and smoother 
compared to 7 days LPC exposed cultures (Figure 1C and 1D). Also, the overall 
MBP IR in LPC exposed spheroids was similar to control cultures at day 14 (Figure 
2C and D). Figure 3A shows that the MBP concentration did not show a significant 
difference between control and LPC-exposed cultures. Similarly, there was no 
difference in CNPase activity between control and LPC treated cultures at day 14 
(Figure 3B). These results are indicative of remyelination. 

Figure 3: Quantification of LPC induced ef-
fects on rat whole brain spheroid cultures. A) 
At day 7 the MBP concentration, determined using 
ELISA, in LPC exposed cultures was reduced to 
about 70% of control values. At day 10, after 3 
days recovery in LPC exposed cultures, the MBP 
concentration was significantly reduced compa-
red to control cultures. At day 14, after 1 week of 
exposure to LPC and 1 week of recovery, no dif-
ference in MBP concentration could be observed 
between LPC exposed and control cultures. B) A 
decrease of 30% in CNPase activity was seen in 
day 7 LPC exposed spheroids using a biochemi-
cal assay. At day 10, the decrease in activity was 
42% (± 9). In day 14 LPC spheroids, the CNPase 
activity was 78% and no difference could be ob-
served with the control cultures.  C) Quantification 
of the amount of GFAP in spheroid homogenate 
using ELISA. No significant difference could be 
observed between control and LPC treated sp-
heroids. Open bars: control; Closed bars: LPC 
treated; asterisks indicates p<0.05. Data are ex-
pressed as means (± SEM) from 2-3 experiments.
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Oligodendrocyte precursors were present in rat whole brain spheroids
To investigate whether oligodendrocyte precursor cells (OPC) were present in 

the rat spheroids and whether they were affected by LPC exposure, stainings were 
performed for both NG2 and PDGF-Rα. NG2 positive cells were homogeneously 
distributed throughout control spheroids (Figure 4A). After exposure of rat brain 
spheroids to LPC, at day 7, the NG2 positive cells appeared to be more clustered 
at the center of the spheroid (Figure 4B). The overall staining was decreased, 
but numerous NG2 positive cells were still present (Figure 5). PDGF-Rα staining 
was observed throughout control spheroids, with a slightly more intensely stained 
border (Figure 4C). After exposure to LPC the PDGF-Rα staining appeared similar 
to that in control spheroids (Figure 4D and Figure 5). Only a small decrease in the 
staining of the border was seen.

In order for remyelination to take place, OPCs should be dividing 2828. BrdU 
incorporation was examined to definitively show that in the spheroid cultures 
exposed to LPC OPC cell division takes place. BrdU positive cells are present in 
our whole brain spheroid cultures indicating that BrdU incorporation takes place 

Figure 4: nG2 and PdGF-
Rα positive oligodendro-
cyte precursors and clea-
ved caspase 3. Cryostat 
sections of rat whole brain 
spheroid cultures were 
stained for either NG2 (oligo-
dendrocyte precursor mar-
ker), PDGF-Rα (oligoden-
drocyte precursor marker) or 
cleaved caspase 3 (marker 
for apoptotic cells) by im-
munofluorescence. Blue: 
nuclear staining (Hoechst); 
Green NG2 (A + B), PDGF-
Rα (C +D) and cleaved       
caspase 3 (E + F). A) In day 
7 control spheroids NG2 
staining could be observed 
throughout the spheroid. B) 
After 1 week of exposure 
to LPC, day 7, NG2 posi-
tive cells were still present 
in the spheroids, although 
the number of NG2 positive 
oligodendrocyte precursors 
appeared to be slightly de-
creased. C) PDGF-Rα po-
sitive cells were present 

throughout the spheroid in day 7 control spheroids, with the border a little more intensely 
stained. D) After exposure to LPC PDGF-Rα staining did not alter significantly. The intensity of 
the border seemed to be slightly reduced. E) Some cleaved caspase 3 positive cells could be 
detected at the rim of day 7 control spheroids. White arrowhead locate cleaved caspase 3 po-
sitive cells. F) The number and localization of cleaved caspase 3 positive cells did not alter af-
ter exposure to LPC. White arrowheads locate cleaved caspase 3 positive cells. Bar is 50 μm.
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(Figure 6A and B). More BrdU positive cells were present after exposure to LPC 
(Figure 6E). Double positive BrdU and PDGF-Rα cells were present (Figure 6C 
and D).

To corroborate these results, 4-week old whole brain spheroid cultures were 
stained for KI-67, a marker for proliferation.  On average 85 KI-67 positive cells 
were seen in control cultures. At day 7, directly after LPC exposure was stopped, 
more KI-67 positive cells were seen, on average 107 cells per spheroid (Figure 
6F).  At day 14, the number of dividing cells was similar for LPC exposed and 
control spheroids, approximately 98 and 93 KI-67 positive cells per spheroid. A 
double staining with PDGF-Rα indicated that there were dividing OPCs in the LPC 
exposed spheroids, since double positive cells were seen (data not shown).  

 To determine whether apoptosis occurred in the spheroids they were stained 
for cleaved caspase 3. At day 7 control spheroids showed very little apoptosis, 
with only few positive cells in the rim of the spheroid. This staining pattern did not 
change after exposure to LPC (Figure 4E and F).
 
LPC has little effect on other cell types in the spheroid

In order to study the specificity of the damage induced by LPC to myelin and 
oligodendrocytes in rat spheroids, the integrity of astrocytes, neurons and microglia 
was investigated. GFAP in control spheroids was present throughout the spheroid, 
while the border showed a more intense staining pattern. No major change was 
observed in GFAP IR after LPC treatment (Figure 7A). However, in approximately 
12% of spheroids exposed to LPC, one or more intensely stained astrocytes could 
be detected, which were larger and appeared hypertrophic (insert in Figure 7B), 
indicative of astrogliosis (total of 136 spheroids evaluated, data of two experiments). 
Similarly, no significant effect of LPC treatment was observed on the total amount 
of GFAP protein concentration as determined by ELISA (Figure 3C). 

Next, the effect of LPC treatment on neuronal integrity was investigated 
using both axonal (β-tubulin III and amyloid precursor protein (APP)) and 
dendritic markers (microtubule associated protein (MAP)-2). β-tubulin IR was 
homogeneously distributed in the center of the spheroid (Figure 7C). This central 
cluster occasionally extended up to the outer rim of the spheroids (data not shown). 
Similar distribution was observed after exposure to LPC (Figure 7D). A subtle effect 
of the exposure to LPC on this staining could be observed after quantification, since 

Figure 5: Quantification of NG2 and PDGF-
Rα staining. After LPC treatment the mean 
fluorescence intensity of the NG2 staining ex-
pressed as percentage of control was signi-
ficantly decreased compared to control. LPC 
62% ± 3.1 and control 100 % ±  2.6. For PDGF-
Rα the mean fluorescence intensity was com-
parable between LPC treated and control sphe-
roids. LPC 96 % ± 5.8 and control 100% ± 6.3. 
11-22 spheroids from 2 separate experiments 
were analysed. Open bars: control; Closed 
bars: LPC treated; asterisks indicate p<0.05.
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a significant decrease of 10% of the staining intensity was observed after exposure 
to LPC (Figure 7G). To determine the extent of axonal damage, APP was stained. 
A weak intensity staining for APP was present in both control and LPC exposed 
spheroids. After exposure to LPC the overall intensity of the APP staining showed 
a small, but significant, increase (Figure 8A). The number of bulbs was counted 
for both control and LPC exposed spheroids, but no significant difference could be 
observed (Figure 8B). 

For MAP-2 staining, no difference between control and LPC exposed spheroids 
was observed after quantification (Figure 7G). MAP-2 staining showed a ring 
of MAP-2 positive fibers around a central cluster of nuclei and no effect of LPC 
exposure was observed (data not shown).

Figure 6: cell division of 
oPcs in our whole brain 
spheroid cultures. Cryo-
stat sections of rat whole 
brain spheroid cultures 
were stained for BrdU and 
PDGF-Rα by immunoflu-
orescence. Blue: nuclear 
staining (Hoechst); Green: 
BrdU; Red: PDGF-Rα. 
A) In day 7 control sphe-
roids BrdU positive cells 
were present. B) After ex-
posure to LPC the num-
ber BrdU positive cells 
increased. C) In day 7 
control spheroids cells 
double positive cells for 
both BrdU and PDGF-Rα 
were visible and indicated 
with arrowheads. D) After 
exposure to LPC dou-
ble positive cells for both 
BrdU and PDGF-Rα were 
visible and indicated with 
arrowheads. E) Quantifi-
cation of the BrdU staining 
showed that the number 
of BrdU positive nuclei 
was significantly incre-
ased in LPC treated (14 ± 
1.2) spheroids compared 
to control spheroids (10 ± 
0.6). This difference was 

not present after a week of remyelination (control 9 ± 1.22 and LPC 7 ± 1.1). 12-15 sp-
heroids from 2 separate experiments were analysed. Open bars: control; Closed bars: 
LPC treated; asterisks indicate p<0.05. F) Quantification of KI-67 gave similar results as 
BrdU. More positively stained nuclei were visible after LPC treatment (107 ± 11.4) compa-
red to control spheroids (85 ± 4.2) after 7 days. After remyelination no difference could be 
seen (control 93 ± 10.1 and LPC 98 ± 9.4). 10-15 spheroids from 2 separate experiments 
were analysed. Open bars: control; Closed bars: LPC treated; asterisks indicate p<0.05.
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In control spheroids IsolectinB4 positivity was primarily located in the outer rim of 
the spheroid (Figure 7E). After exposure to LPC the number of IsolectinB4 positive 
microglia did not change (Figure 7F and H). Also, neither changes in location nor 
morphology were observed after exposure to LPC. 

Overall, LPC had a subtle effect on other cells of the spheroid. After exposure to 
LPC some astrogliosis was seen, no effect on microglia and neurons were relatively 
spared with only a small decrease in β-tubulin and increase in APP staining intensity.

crease in staining intensity was observed. E and F represent cryostat sections of spheroids 
stained for IsolectinB4 using immunofluorescence in green. E) Microglia were present in day 
7 control spheroids. F) After exposure to LPC the number of microglia was similar. Bar is 
50 μm. G) Quantification of neuronal markers β-tubulin and MAP-2. The quantification of 
the staining was presented as mean fluorescence intensity expressed as percentage of con-
trol ± SEM. For β-tubulin the mean fluorescence was significantly decreased in LPC trea-
ted cultures (89 ± 2) compared to control spheroids (100 ± 2.2). For MAP-2 no significant 
difference could be seen (control 100 ± 3.2 and LPC 103 ± 4.8). The mean fluorescence 
was determined from 3 experiments. Open bars: control; Closed bars: LPC treated; aste-
risks indicate p<0.05. H) No difference could be seen in the number of microglia present 
between control (86 ± 5.3) and LPC (84 ± 5.4) treated spheroids.  Mean fluorescence from 
3 experiments was determined. The number of microglia per spheroid was determined from 
3 experiments. Open bars: control; Closed bars: LPC treated; asterisks indicate p<0.05.

Figure 7: lPc has little ef-
fect on astrocytes, neurons 
and microglia in the sphe-
roids. A and B show paraf-
fin sections of rat whole brain 
spheroids stained for GFAP by 
immunoperoxidase and DAB. 
Brown: GFAP; Purple: nuclear 
staining (haematoxylin). A) 
GFAP staining showed that as-
trocytes were present at day 7 
in control spheroids. B) In day 
7 LPC spheroids the GFAP 
staining appeared similar to 
control. In 12 % of the LPC ex-
posed spheroids (total of 136 
spheroids were evaluated of 2 
experiments), GFAP staining 
was more intense and the as-
trocytes seemed hypertrophic 
(see insert). C and D show 
cryostat sections of rat whole 
brain spheroids stained for 
β-tubulin using immunofluores-
cence. Green: β-tubulin; Blue: 
nuclear staining (Hoechst). 
C) In day 7 control spheroids 
β-tubulin staining was ob-
served in the center of the 
spheroid. D) A similar staining 
pattern as day 7 control sp-
heroids was seen in LPC ex-
posed spheroids. A subtle de-
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LPC model can be induced in different rodent species
We tested whether the demyelination protocol set-up in rat could also be applied 

in a mouse spheroid model 2929.  To induce similar demyelination in mice addition 
of three times 0.15 mM LPC was needed compared to three times 0.12 mM used 
in rats. 

Figure 9A shows that multilayered myelin was present in control mice spheroids. 
After exposure to LPC a reduction in the compaction of the multilayered myelin 
could be seen (Figure 9B). The myelin was no longer in close proximity to the 
axolemma. Furthermore, in the demyelinated axons an increase in the number of 
mitochondria could be observed (white arrow in Figure 9B).

Exposure of mouse whole brain spheroids to LPC led to decreased CNPase 
activity and a reduction in the concentration of MBP (Figure 10). In addition, other 
cell types were hardly affected by the LPC treatment except for some astrogliosis. 

Thus, the results obtained in mouse whole brain spheroids after exposure to 
LPC were largely comparable to those shown in rat whole brain spheroids.

Prevention of LPC toxicity in rat whole brain spheroids cultures
To determine whether this model was sensitive to intervention strategies, 

Figure 9: eM picture of mouse brain spheroids. A) In control day 7 spheroids multilayered mye-
lin was present. B) After 1 week of LPC exposure (day 7), the different layers of the myelin were se-
parated (arrow) and holes between the myelin and the axon occurred (arrowhead). Bar is 500 nm.  

Figure 8: Quantification 
of axonal damage. A) 
The quantification of the 
APP staining as a mea-
sure for axonal damage 
was presented as mean 
fluorescence intensity ex-
pressed as percentage 
of control ± SEM. After 
LPC treatment the mean 
fluorescence intensity 

was significantly increased, 122 ± 4.7, compared to control, 100 ± 2.9. Open bars: control; 
Closed bars: LPC treated; asterisks indicate p<0.05. B) The number of APP positive bulbs 
was not significantly increased after LPC treatment, 3.44 ± 0.3, compared to control sphe-
roids, 3.03 ± 0.3. Open bars: control; Closed bars: LPC treated; asterisks indicate p<0.05.
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compounds that prevented LPC toxicity in other cell types 30-32 were added 
simultaneously with LPC. The effect of the compounds on LPC toxicity was 
determined by MBP ELISA and CNPase activity assay (Figure 11A and B). In line 
with the earlier observations, LPC exposure led to a decrease in MBP concentration 
to 68% of control values. Exposure to ethanol (EtOH), the solvent of the compounds, 
did not lead to a significant decrease in MBP concentration. Exposure to both EtOH 
and LPC significantly reduced the amount of MBP to 57%. No significant difference 
was observed between vitamin E (Vit E) treated control and LPC and Vit E exposed 
spheroid cultures (p>0.05). Similar results were found with the CNPase activity 
assay (Figure 11B). Exposure of spheroids to either LPC alone or LPC with EtOH 
led to a significant reduction in CNPase activity. Exposure to both LPC and Vit E 
simultaneously still led to a reduction in CNPase activity, but this reduction was not 
significant.

 No difference was seen in the MBP concentration between simvastatin 
(Sim) exposed control cultures and LPC and Sim exposed cultures (Figure 11A). 
Similarly, no significant difference in CNPase activity was observed after addition of 
Sim simultaneously with LPC (Figure 11B). The MBP concentration was significantly 
increased after simultaneous exposure to LPC and cholesterol (Chol) compared to 
cholesterol alone (p<0.05). No significant difference in the CNPase activity was 
observed between control and LPC exposed cultures after treatment with Chol 
(Figure 11B).

 Overall, LPC toxicity was prevented by simultaneous exposure to Sim or 
Chol. Vit E was also protective against LPC exposure, however this effect was less 
robust due to large variation.

Figure 10: Quantifica-
tion of lPc-induced 
effects on mice sp-
heroids. A) At day 7 a 
significant decrease in 
the MBP concentration, 
to 34% ± 11, was ob-
served after exposure 
to three times 0.15 mM 
LPC. At day 14, after 
1 week of exposure to 

LPC and 1 week of recovery, no difference between LPC 
exposed and control spheroids was detected. B) In mou-
se spheroids exposure to LPC led to a significant decre-
ase in CNPase activity (73% ± 3.5) after 7 days. After a 
week of exposure to LPC and a week of recovery, LPC 
treated spheroids showed no significant decrease com-
pared to control spheroids (83 % ± 7.5). C) In  mouse 
spheroids exposure to LPC did not lead to a significant 
difference in GFAP expression at both time points te-
sted. Open bars: control; Closed bars: LPC treated; as-

terisks indicates p<0.05. Data are expressed as means (± SEM) from 2-3 experiments.
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dIscussIon
The results of our study show that it is possible to induce specific demyelination 

in whole brain spheroid cultures of two different rodent species by exposure to 
LPC. In spheroids treated with LPC MBP IR was decreased, the number of myelin 
sheaths present was decreased by 56%, MBP concentration by 30% and CNPase 
activity by 30%, which indicates that demyelination took place. The demyelination 
in our whole brain spheroid cultures was both reproducible and quantifiable. After 
a week of recovery partial remyelination could be observed. Ultrastructurally the 
number of myelin sheaths was lower compared to control, but this difference was 
not significant. The same holds true for the MBP concentration and the CNPase 
activity assay in that lower concentration was seen, but this was not significantly 
different from control.

The mouse and rat whole brain spheroids in our experiments contained a central 
region with many neuronal cell bodies (NeuN staining, data not shown), surrounded 
by axons and glial cells. GFAP positive astrocytes were primarily present at the rim 
of the spheroids. These features of the model were in agreement with previous 
studies 19;29;33.

LPC has long been known to induce demyelination in vivo 9-13. We could reproduce 
almost all of the features of the in vivo LPC model in the spheroid cultures (see 
Table 2). For example, LPC led to damaged myelin as seen by the splitting of the 
interperiod lines and separation of the axolemma from the myelin 34. LPC primarily 
affected myelin and cells of the oligodendrocyte lineage, while other CNS cells 
were relatively spared 35. In the cultures LPC had a subtle effect on neurons, while 

Figure 11: effect of Vitamin e, simvastatin and cholesterol on lPc induced toxicity 
in rat whole brain spheroids. A) At day 7, after a week of exposure to LPC, the MBP con-
centration was significantly decreased compared to untreated control spheroids at day 7. 
Exposing the spheroids to EtOH did not lead to a significant decrease in the MBP concen-
tration compared to untreated control spheroids at day 7. After simultaneous exposure to 
EtOH and LPC, the MBP concentration was significantly decreased. Using Vitamin E (Vit 
E) no difference could be observed between control and LPC exposed spheroid cultures. 
After simultaneous exposure to simvastatin (Sim) and LPC no difference between con-
trol and LPC exposed cultures was detectable. The cultures exposed to both choleste-
rol (Chol) and LPC had a significantly higher concentration of MBP compared to the Chol 
treated control. B) CNPase activity assay showed that exposure to LPC alone and LPC 
with EtOH led to a significant decrease in CNPase activity, which was no longer present 
after treatment with Vit E, Sim and Chol. Open bars: control; Closed bars: LPC treated; 
asterisks indicate p<0.05. Data are expressed as means (± SEM) from 2-3 experiments.
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no effect on microglia could be observed. No major changes in astrocytes were 
apparent, although in about 12% of the spheroids signs of astrogliosis could be 
observed 11, perhaps a consequence of the damage induced in the oligodendrocytes. 
In the spheroids almost complete remyelination takes place as in vivo. The time 
course of remyelination appears to be faster in our whole brain spheroid cultures 
compared to in vivo 10;12. Lastly, we could induce demyelination in spheroids from 
different rodent species, mice and rats 9;34. A difference in the response to LPC was 
observed ultrastructurally between rat and mouse spheroids in our experiments. 
In mouse spheroids separation between the axolemma and myelin could be seen, 
while in rat spheroids exposure to LPC led to loosely wrapped myelin.

In vivo In vitro 
Myelin preferentially affected Myelin preferentially affected 30% 

decrease
Astrogliosis sparse Astrogliosis sparse: 12% of spheroids
Axons are relatively spared Axons are relatively spared, 10% loss in 

β-tubulin staining
Remyelination two weeks after 
demyelination 

Remyelination after one week of arresting 
exposure 

Reproducible in various animal species: 
mice, rat, rabbit and cat 

Reproducible in various animal species: 
mice and rat

Narrow dose-range Narrow dose-range

LPC induced a subtle decrease of 10% on β-tubulin staining. No such effect 
could be observed on MAP-2 staining. Also APP was tested as a marker for acute 
axonal damage. APP staining increased slightly, but significantly, after exposure 
to LPC, which could indicate acute axonal damage. The number of bulbs was not 
significantly increased. The fact that APP was increased was in accordance with 
the subtle loss of β-tubulin staining. It can not be concluded whether the axonal 
distress was a direct effect of LPC on the neurons or an effect of demyelination 
by LPC, due to loss of trophic support by myelin. However, one indication that 
demyelination might play a role is the fact that dendrites did not appear to be 
affected by the LPC exposure.

The NG2 and PDGF-Rα stainings indicated that oligodendrocyte precursors were 
present throughout the spheroid cultures, even after exposure to LPC. NG2 staining 
was decreased after exposure to LPC, while PDGF-Rα staining remained similar. 
This could be due to the fact that astrocyte precursors are also NG2 positive. KI-67 
staining and BrdU incorporation in our whole brain spheroids cultures indicated that 
cell division took place in our cultures. After exposure to LPC, more BrdU and KI-67 
positive cells were present, indicating a higher rate of cell division after exposure 
to LPC. The fact that double positive BrdU incorporated and PDGF-Rα cells were 
present, points to the fact that dividing oligodendrocyte precursor cells (OPCs) are 
present. These results suggest that the partial remyelination seen in our spheroid 
cultures could be caused by differentiation of oligodendrocytes from OPCs 28. This 

table 2: comparison of the in vivo with the in vitro situation for lPc induced demyelination
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was further corroborated by the finding of KI-67 staining in OPCs.
There are some limitations to the model. LPC exposure is probably not 

comparable to the initial events occurring in MS. However, the fact that LPC induces 
primary oligodendrocyte damage could be relevant for MS. Some studies have 
shown that oligodendrocyte damage can occur in early relapsing remitting MS 36-38. 
Barnett and Prineas even observed apoptotic oligodendrocytes in newly forming 
lesions before a substantial inflammatory reaction had occurred 36. However, we 
did not observe an increase in number of apoptotic cells in LPC exposed cultures. 
Furthermore, in MS axonal loss takes place and this is likely cause of the long-
term disability in MS. In our model subtle axonal damage takes place, as seen 
by increased overall APP staining and decreased β-tubulin staining. Whether this 
mimics the slow progressing neurodegenerative processes taking place during MS 
remain to be established. 

We have shown that LPC toxicity could be modulated by simvastatin and 
cholesterol, indicating that this model is suitable for testing intervention strategies. 
The demyelination induced by LPC could be significantly reduced by treatment 
with cholesterol and simvastatin. Vitamin E was also seen to be protective against 
LPC toxicity. However due to large variation, this effect was less pronounced. The 
mechanism by which LPC induces demyelination is so far unclear. However, the 
results suggest that a likely explanation for the protective effect of cholesterol is 
prevention of the LPC induced increase in membrane permeability 30, by forming 
a cylindrically shaped complex with LPC 39. Simvastatin was expected to have 
an opposite effect to cholesterol on LPC induced toxicity, since simvastatin is a 
3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitor and therefore leads to a 
decrease in cholesterol production. The protective effect of simvastatin is likely due 
to its effect on isoprenoid synthesis. Statins reduce the production of isoprenoids, 
which regulate the function of many different proteins 40. A study by Miron et al. 
has shown that inhibition of isoprenoid synthesis in OPCs by simvastatin led to 
process extension and differentiation 41. These early effects could be reversed by 
co-treatment with isoprenoid analogs and not with cholesterol. In our spheroids, 
the process extension and differentiation of OPCs could have reduced the effects 
of LPC on demyelination. 

The strength of this model lies in the possibility to study the effects of demyelination, 
e.g. on axons, and the process of remyelination. The fact that this model is not only 
applicable in rat but also in mice makes it very interesting, since many transgenic 
mice are now readily available. Transgenic mice have been shown to be useful in 
the study of myelination and remyelination 42-44. Furthermore, transgenic animals 
with fluorescent myelin proteins such as myelin proteolipid protein enable the 
detailed investigation of the process of remyelination 45. The partial remyelination 
after cessation of LPC exposure makes this model suitable to investigate the 
effects of novel therapeutics on magnitude and speed of remyelination.  Thus, we 
developed a model in which effects of multiple compounds can be tested relatively 
easily and quantitatively, leading to a reduction in animal suffering.
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