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antagonists do not influence the survival of these cells and were not toxic at the

concentrations analyzed.

The observation that RXR signaling is required for the differentiation of oligodendrocyte

lineage cells in purified OPC cultures raises the question of whether it also promotes myelin

formation. We addressed this question by manipulating RXR signaling in co-cultures of

OPCs and DRG neurons. We quantified myelination by MBP+ oligodendrocyte-axon

contact (contacting), oligodendrocyte membrane extension on axons (extending) or myelin

compaction based on elongated oligodendrocyte membranes over Caspr+ paranodal clusters

(wrapping; Fig. 5f). Compared to control (Fig. 5g), administration of HX531 (Fig. 5h) or

PA452 (Fig. 5i) to the co-cultures resulted in a concentration-dependent increase in the

number of contacting oligodendrocytes and a marked reduction in the percentage of

myelinating oligodendrocytes (Fig. 5k). To determine whether decreased myelination was

caused by failed oligodendrocyte differentiation or a potential decrease in the number of

axons, we calculated the percentage of neurofilament-labeled (NFH+) axons that were

myelinated. The percentage of myelinated axons with respect to total NFH+ axons in the

culture decreased substantially when either antagonist was added to the culture medium

(Fig. 5l), suggesting that oligodendrocytes were stalled at the premyelinating stage. These

results indicate that RXR signaling in oligodendrocytes is necessary for efficient

myelination.

9-cis-retinoic acid improves CNS remyelination

9-cis-retinoic acid (9cRA), an isomer of the vitamin A-derived all-trans retinoic acid, is a

known ligand for RXR activation23. It has been shown to activate transcription of the gene

that encodes MBP24, which suggests that RXR signaling may promote OPC differentiation.

To assess the role of 9cRA in OPC differentiation, we treated OPC cultures with 50 nM

9cRA for 48 h (Fig. 5). As thyroid hormone can influence RXR signaling, we omitted

triidothyronine and thyroxine from the culture medium. Compared to control or untreated

cultures (Fig. 5m), cultures treated with 9cRA had a higher percentage of MBP+ membrane

sheets (Fig. 5n,q), which suggests that 9cRA promotes OPC differentiation. However, 9cRA

can activate both RXRs and retinoic acid receptors (RARs)23. To confirm that 9cRA

promoted OPC differentiation through RXRs, we administered 9cRA with the RXR

antagonists HX531 (Fig. 5o) or PA452 (Fig. 5p) to OPC cultures. A low concentration of

antagonist (0.1 µm HX531 or 0.1 µm PA452) was sufficient to abrogate 9cRA-induced OPC

differentiation, and increasing concentrations of either antagonist in the presence of 9cRA

further decreased the percentage of mature oligodendrocyte membranes (Fig. 5q), consistent

with the idea that 9cRA stimulates OPC differentiation through RXR signaling. To confirm

that RXR activation stimulates OPC differentiation, we treated OPC cultures with the

selective RXR agonists HX630 or PA024 (refs. 25,26). Both agonists increased the

elaboration of membrane sheets by cultured oligodendrocytes, consistent with the response

of these cells to 9cRA treatment (Fig. 5r). We also examined the effect of 9cRA on

myelinating co-cultures but did not observe a significant increase in myelination (P> 0.2;

Fig. 5j,l), which indicates that either endogenous activation of RXR signaling was sufficient

to achieve maximal oligodendrocyte differentiation by 10 d in co-culture, or 50 nM 9cRA

was insufficient to increase differentiation from OPCs.
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To find out whether activation of RXR signaling would promote CNS remyelination, we

tested the effects of 9cRA on ex vivo demyelinated cerebellar slice cultures (Fig. 6). Mouse

cerebellar slice cultures were treated overnight with lysolecithin after 14 d in vitro as

described in rats to induce demyelination27. Cultures were then maintained in medium alone

(Fig. 6a), 9cRA (Fig. 6b), the antagonists HX531 (Fig. 6c) or PA452 (Fig. 6d). We found

that 9cRA treatment for 48 h or 14 d did not result in an increase in the number of NG2+

OPCs or MBP+ oligodendrocytes, whereas HX531 or PA452 resulted in a significant

reduction (P < 0.05) in MBP+oligodendrocytes at both time points. However, an analysis of

the percentage of myelin ensheathment revealed that 9cRA significantly increased (P <

0.05) the percentage of MBP+ membranes on NFH+ axons relative to control slices (Fig. 6a–

d,g). Moreover, cell proliferation analysis using BrdU labeling revealed no difference in the

density of BrdU+ cells between 9cRA–treated and control cultures (Supplementary Fig. 7);

therefore, 9cRA does not seem to affect cell proliferation.

We next asked whether exogenous 9cRA could similarly enhance remyelination in vivo. As

retinoids can influence the adaptive immune response28, it would be difficult to distinguish

direct effects of 9cRA on remyelination from those that were primarily immunomodulatory.

We therefore used the focal toxin-induced model of demyelination for our experiment rather

than a variant of experimental autoimmune encephalomyelitis (EAE), which is a widely

used model for studying the immunological aspects of multiple sclerosis. The toxin model

also provides a clear distinction between acute demyelination, whose induction is

independent of the adaptive immune system, and subsequent remyelination, allowing the

effects of 9cRA on remyelination to be specifically addressed. Furthermore, we performed

our studies in aged adult rats, in which remyelination occurs less efficiently than in young

adult rats and which therefore provide a more clinically relevant context29. Following focal

demyelination, we injected 10 mg per kg per day of 9cRA or saline intraperitoneally for 14 d

from 7 to 21 dpl, and then analyzed the extent of remyelination at 27 dpl. The densities of

Olig2+ oligodendrocyte lineage cells and Nkx2.2+ OPCs at lesions in the 9cRA-treated

group were similar to those in the saline-treated group (Fig. 6h). However, we detected an

increase in CC1+differentiated oligodendrocytes in the 9cRA-treated group compared with

the control group. Moreover, real-time qPCR on laser capture–microdissected lesions at 27

dpl showed a roughly 30% increase in Mbp expression, which indicates myelin regeneration,

in 9cRA-treated mice compared with control mice (Fig. 6i). We did not observe a significant

difference between 9cRA-treated and control groups in the expression of Pdgfra (P =

0.1513) or Scarb1 (P = 0.0864), which correlates with OPC or macrophage activities,

respectively. We used semi-thin resin and ultrastructural analyses of CCP lesions at 27 dpl,

and found that the 9cRA-treated group (Fig. 6j,k) had more remyelinated axons than the

control group (Fig. 6l,m). The improvement in CNS remyelination after 9cRA treatment was

confirmed by ranking analysis of the semi-thin resin sections (Fig. 6n). We also assessed the

efficiency of remyelination by performing a G-ratio analysis, which describes the ratio of

axon diameter to myelinated axon. We found that the 9cRA-treated group had a lower G-

ratio than the saline-treated group owing to the presence of thicker remyelinated sheaths

around axons (Fig. 6o,p), consistent with an acceleration of CNS remyelination.
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Methods

Focal demyelination

Female Sprague-Dawley rats aged 3 months (180–210 g) were used for LCM, in situ

hybridization and immunostaining. Rats aged from 9 months to one year (250–300 g) were

used for the 9-cis-retinoic acid experiment. All experiments were performed in compliance

with UK Home Office regulations (Project License: 80/8718) Focal demyelination was

induced bilaterally by stereotactically injecting 4.0 µl of 0.01% (ethidium bromide (vol/vol)

in saline into caudal cerebellar peduncles (CCP). For analysis of Rxrg+/− and Rxrg−/−

mutants, adult mice (~6 months old) received 1 µl of 1.0% lysolecithin (vol/vol) injection in

the ventral funiculus, and mice were killed at 15 dpl and 30 dpl for analysis.

Laser capture microdissections and microarrays

Mice (n = 4 per group) were killed at 5, 14 and 28 dpl, and brains isolated and snap frozen.

Cryosections (15 µm) were collected on PEN-membrane slides (P.A.L.M. Cat. No.

1400-1000), fixed in 70% ethanol (vol/vol), stained with 1% toluidine blue (wt/vol) and then

dehydrated with ethanol and xylene. LCM was performed on PALM MicroBeam. Total

RNA was isolated using RNAqueous-Micro (Ambion. Cat. No. AM1931) and used for

microarray analysis and qPCR. For microarrays, total RNA from brains (n = 3) isolated from

each post-lesion time point were amplified once and quantity checked. RNAs were

hybridized onto Illumina Rat RefSeq slide, giving three biological replicates per time point,

and differentially expressed genes were detected simultaneously with the Illumina

BeadStation. Microarray analysis was performed at Cambridge Genomic Services

(University of Cambridge).

Microarray and bioinformatics

The Ratref-12 expression Beadchip was used for the microarray study. The quality of the

assay was assessed using the BeadStudio control panel. Raw data were loaded into R using

lumi37, and were filtered using the Illumina detection value. This value is a P value that

results from a statistical test between the beads representing the probes and the negative

controls on the array; the lumi default filter counts any probes with a P value below 0.01 as

present. The filtering was performed using the following criteria: any given probe needs to

be present on at least one of the replicates at any of the time points. After the data were

filtered, they were transformed using variance stabilization and then normalized using

quantile normalization in lumi. The data were then analyzed using the R package fspma.

This algorithm is designed to perform mixed-model ANOVA analysis. The model chosen

had two main effects, the time points and samples. The latter was set as a random effect and

ranking was performed on the time points. Additional comparisons were done using the R

package limma. This package uses linear models to compare groups, and was used to

perform pair-wise comparisons to compare the different time points between them. For both

sets of results, the ANOVA and the pairwise comparisons, the P values were corrected using

false discovery rate. The cut off used for the analysis was P < 0.05. Genes that were

differentially expressed over three post-lesion time points from the ANOVA analysis (P <

0.05) were submitted to Cluster 3.0 for hierarchical clustering analysis (euclidian distance,
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software of at least three serial multiple sclerosis sections (100 µm apart) in active borders,

chronic silent core and PPWM from three distinct cases and in the normal-appearing white

matter from non-neurological controls. Data are expressed as mean ± s.e.m. Non-parametric

statistical tests were performed (one-way ANOVA) and the results were considered

significant at P < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Differential expression of Rxrg in CNS remyelination transcriptome
(a) Hierarchical clustering and graphical analysis of differentially expressed genes at 5, 14 and 28 dpl (P < 0.05). (b) Ten most

upregulated genes at each time point relative to the other time points. (c) Graphical analysis showing the differential expressions

of known genes associated with myelination (P < 0.05). (d) Top five overall physiological functions in lesions at 5, 14 and 28

dpl using Ingenuity pathway analysis of upregulated genes from each time point. (e) Volcano plot (x axis = log2 FC at 14 dpl

compared to 5 dpl; y axis = log2 P) showing highly differentially expressed genes associated with myelination genes. Rxrg

(green triangle; x, y = 3.3752, 2.7084) is shown as a highly expressed transcript at 14 dpl compared to 5 dpl. (f) Real-time qPCR

detection of Rxra, Rxrb and Rxrg expression from laser-captured lesions during remyelination (n = 3). Rxrg is barely detectable
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in non-lesioned CCPs and at 5 dpl, and highly expressed at 14 and 28 dpl. (g) In situ hybridization shows significant increase of

Rxrg+ cells in the CCP at 14 dpl and 28 dpl compared to non-lesioned and 5 dpl CCP. Scale bar, 50 µm. (h) Quantification of

Rxrg+ cells in lesioned CCPs at 5, 14 and 28 dpl (n = 3 per time point). Mean ± s.e.m. are shown. *P < 0.05, ***P < 0.001, one-

way ANOVA.
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