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            Abstract
Progressive phases of multiple sclerosis are associated with inhibited differentiation of the progenitor cell population that generates the mature oligodendrocytes required for remyelination and disease remission. To identify selective inducers of oligodendrocyte differentiation, we performed an image-based screen for myelin basic protein (MBP) expression using primary rat optic-nerve-derived progenitor cells. Here we show that among the most effective compounds identifed was benztropine, which significantly decreases clinical severity in the experimental autoimmune encephalomyelitis (EAE) model of relapsing-remitting multiple sclerosis when administered alone or in combination with approved immunosuppressive treatments for multiple sclerosis. Evidence from a cuprizone-induced model of demyelination, in vitro and in vivo T-cell assays and EAE adoptive transfer experiments indicated that the observed efficacy of this drug results directly from an enhancement of remyelination rather than immune suppression. Pharmacological studies indicate that benztropine functions by a mechanism that involves direct antagonism of M1 and/or M3 muscarinic receptors. These studies should facilitate the development of effective new therapies for the treatment of multiple sclerosis that complement established immunosuppressive approaches.
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                    Figure 1: Benztropine induces oligodendrocyte precursor cell differentiation and in vitro myelination of co-cultured axons.[image: ]


Figure 2: Benztropine decreases disease severity in the PLP-induced EAE model.[image: ]


Figure 3: Benztropine-induced remyelination in the PLP-induced EAE model.[image: ]


Figure 4: Benztropine treatment enhances remyelination in the cuprizone model.[image: ]
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Extended data figures and tables

Extended Data Figure 1 High-throughput screen to identify inducers of OPC differentiation.
a, Rat primary OPCs in basal differentiation media treated with DMSO (<0.1%) or thyroid hormone (T3; 1â€‰Î¼M) for 6â€‰days in culture, fixed and stained using antibodies for myelin basic protein (MBP), 2â€²,3â€²-cyclic-nucleotide 3â€²-phosphodiesterase (CNP) and oligodendrocyte marker O4. A2B5+ OPCs differentiated into immature oligodendrocytes that express CNP and O4, but not MBP, upon reduction of PDGF-AA. T3 added as a positive control induced differentiation to mature cells that express MBP. Scale bars, 100 Î¼m. b, Schematic representation of the high-throughput screening platform used to identify inducers of OPC differentiation. c, Inducers of OPC differentiation identified as hits from a screen of known biologically active compounds. Scale bars, 100â€‰Î¼m; inset, 40â€‰Î¼m.


Extended Data Figure 2 Benztropine induces dose-dependent OPC differentiation in vitro to mature oligodendrocytes. 
a, Dose response assay used to confirm primary screening activity of benztropine and determine potency (EC50). OPCs were treated with benztropine and immunostained using antibodies for MBP (n = 3, mean and s.d.). b, Images showing dose-dependent induction of OPC differentiation after treatment with benztropine. (Scale bars, 100â€‰Î¼m; inset, 40â€‰Î¼m). OPCs in basal differentiation media treated with DMSO (<0.1%), T3 (1â€‰Î¼M) or benztropine (1.5â€‰Î¼M) for 6â€‰days and analysed for MBP and MOG expression by western blot (c) and by qRTâ€“PCR (d) (n = 3, mean and s.d.). e, OPCs were plated in differentiation medium and treated with DMSO (<0.1%), benztropine (1.5â€‰Î¼M) or T3 (1â€‰Î¼M) for 6â€‰days. Cells were fixed and immunostained for myelin basic protein (MBP), myelin oligodendroglial glycoprotein (MOG), CNP, oligodendrocyte marker O1, oligodendrocyte marker O4, glial marker SOX10, proteolipid peptide (PLP), OLIG1 and OLIG2. Representative images showing expression of mature oligodendrocyte markers in benztropine- and T3-treated cells, but not DMSO-treated cells. Scale bars, 100â€‰Î¼m; inset, 40â€‰Î¼m. f, Expression of cell cycle genes by qRTâ€“PCR. (n = 3, mean and s.d., *Pâ€‰<â€‰0.05, t-test). g, OPCs plated in basal differentiation medium and treated with benztropine (1.5â€‰Î¼M) on various days (0, 1, 2, 3, 4 and 5), fixed on dayâ€‰6 and immunostained for MBP (n = 3, mean and s.d.). h, OPCs plated in basal differentiation medium, treated with benztropine (1.5â€‰Î¼M) on the same day, fixed on various days (3, 4, 5 and 6) following compound treatment and immunostained for MBP (n = 3, mean and s.d.).


Extended Data Figure 3 Benztropine induces OPC differentiation and in vitro myelination through M1/M3 muscarinic receptor antagonism and has no effect on histamine or nicotinic signalling.
a, Mouse OPCs co-cultured with mouse cortex-derived cells in the presence of DMSO or benztropine and immunostained for MBP (red) and nuclei with Hoechst 33342 (blue). Scale bars, 100â€‰Î¼m. b, Quantification of MBP staining of mouse OPCs treated with DMSO or benztropine. c, Analysis of myelination in OPCs with neurons co-culture. Arrowheads point to regions of myelination. Scale bars, 20â€‰Î¼m. d, Quantification of fraction of myelinating oligodendrocytes in OPCs with neurons co-cultures (n = 10, mean and s.e.m., **Pâ€‰<â€‰0.01, ANOVA with Bonferroni correction). OPCs co-treated with benztropine (1.5â€‰Î¼M) and carbachol (2.3â€‰Î¼M) for 6â€‰days and stained for MBP (green) (Scale bars, 100â€‰Î¼m; inset, 40â€‰Î¼m). e, Antagonism of benztropine-induced OPC differentiation by muscarinic agonist carbachol. f, Quantification of MBP staining of OPCs co-treated with benztropine (1.5â€‰Î¼M) and muscarinic receptor agonist carbachol for 6â€‰days under basal differentiation conditions (n = 3, mean and s.d.). gâ€“k, OPCs plated co-treated with benztropine (0.8â€‰Î¼M) and either nicotine (g), histamine (h), histamine receptor agonist histamine trifluoromethyl toluidide (HTMT) (i), dopamine receptor agonist quinpirole (j) or dopamine receptor antagonist haloperidol (k) (n = 3, mean and s.d., ns = not significant). l, Various nicotinic receptor antagonists have no effect on OPC differentiation. m, Benztropine blocks carbachol- and muscarine-induced activation of Notch signalling measured by western blot for intracellular domain of Notch1. (a.u., arbitrary unit, n = 3, mean and s.d., *Pâ€‰<â€‰0.05, t-test). n, Naive whole rat brain and rat primary OPCs treated with DMSO (<0.1%) or T3 (1â€‰Î¼M) for 6â€‰days tested for expression of muscarinic receptors and choline acetyl transferase (ChAT) by PCR using gene-specific primers. o, Quantification of M1, M2, M3, M4 and ChAT expression by qRT-PCR. (n = 3, mean and s.d., expression fold change normalized to OPCs). p, OPCs treated with benztropine (25â€‰Î¼M) and pelleted for western blot analysis of total protein. q, Carbachol induced a dose-dependent increase in intracellular Ca2+ levels, whereas benztropine and atropine (a muscarinic antagonist) dose-dependently blocked carbachol (50â€‰Î¼M) induced calcium influx through antagonism of M1/M3 muscarinic receptors. r, Benztropine (13â€‰Î¼M) had no effect on the levels of cAMP. Forskolin is a positive control for increasing intracellular cAMP (n = 3, mean and s.d., *Pâ€‰<â€‰0.05, t-test).


Extended Data Figure 4 Benztropine dose-dependently reduces clinical severity and induces remyelination in the PLP-induced EAE model.
a, Clinical severity scores of EAE mice treated with various doses of benztropine in the prophylactic mode (n = 8, mean and s.e.m.). b, EAE mice treated with benztropine (10â€‰mg per kg) or vehicle in the therapeutic mode and spinal cord sections from mice representative of the average group scores during the relapse phase of EAE stained with Luxol fast blue and H&E, or Luxol fast blue only. Arrows point to regions of lymphocyte infiltration (LFBâ€‰+â€‰H&E) or demyelination (LFB). Scale bars represent 100â€‰Î¼m. EAE mice treated with benztropine (10â€‰mg per kg) or vehicle in prophylactic mode. c, Spinal cord sections from mice representative of the average group scores on day 8, 11 and 14 immunostained with antibodies specific to CD45 and GSTÏ€. d, Mean clinical scores of mice at the time of spinal cord isolation and quantification of the infiltrated areas (CD45+) and number of GSTÏ€+ cells (n = 8, mean and s.e.m., **Pâ€‰<â€‰0.01, t-test). Scale bars, 100â€‰Î¼m. e, EAE mice treated with benztropine (10â€‰mg per kg) or vehicle in prophylactic mode and spinal cord sections from mice representative of the average group scores on dayâ€‰11 and 14, immunostained with antibody specific to MBP. Arrows point to regions of lymphocyte infiltration. Scale bars, 100â€‰Î¼m. f, Electron microscopy images showing myelin around axons in normal mice, vehicle-treated mice and mice in remission. Scale bars as indicated. g, Analysis of electron microscopy images indicating distribution of axonal diameters measured for 4 groups. h, Analysis of electron microscopy images indicating distribution of g-ratios of axons for 4 groups. i, Scatterplot of g-ratios in relation to spinal cord axonal diameters (n = 1,000, ***Pâ€‰<â€‰0.001, one-way ANOVA, exponential trend line). j, Quantification of the number of axons associated with oligodendrocytes (n = 25, mean and s.e.m., **Pâ€‰<â€‰0.01, t-test). Oligodendrocytes were identified visually by their cytoplasmic processes wrapping around axons.


Extended Data Figure 5 Benztropine has no effect on in vitro and in vivo immunological responses in EAE mice.
a, Benztropine and various muscarinic antagonists have no effect on in vitro T-cell proliferation measured using carboxyfluorescein succinimidyl ester (CFSE) labelling, whereas mycophenolate and FTY720 suppress T-cell proliferation as determined by the percentage of CD4+ T-cell-gated populations positive for the given marker. b, c, Various muscarinic antagonists have no effect on T-cell activation as measured by CD4+CD25+, CD4+CD69+, CD8+CD25+ and CD8+CD69+ cell populations. FTY720 and mycophenolate serve as positive controls for suppression of T-cell activation. d, Representative flow cytometry scatter plots show similar numbers of CD4+, CD8+, and CD44Hi cells in spleens isolated from vehicle- and benztropine-treated mice. e, f, Total splenocytes isolated from benztropine (10â€‰mg per kg) or vehicle treated (14â€‰days in the prophylactic mode) naive SJL/J (e) or EAE (f) mice analysed for various populations of immune cells and cytokine secretion. Benztropine treatment had no effect on the numbers of total splenocytes, CD4+ T cells, CD8+ T cells, CD4+CD44Hi T cells and CD8+CD44Hi T cells. Benztropine treatment showed a minor, but significant decrease in the number of B cells (n = 5, mean and s.e.m., *Pâ€‰<â€‰0.05, t-test). Benztropine had no effect on cytokine production from CD4+ T cells expressing IL-2, IL-10, TNF-Î± or IFN-Î³. (n = 5, mean and s.e.m.). g, Benztropine showed no effect on keyhole limpet hemocyanin protein conjugated to 2,4,6-trinitrophenyl hapten (TNP-KLH)-induced T-cell-dependent B-cell response. Mice were injected with TNP-KLH in adjuvant and treated with vehicle or benztropine (10â€‰mg per kg) daily. Serum was isolated at various time points and anti-TNP-IgG levels were measured by ELISA. (3 replicate ELISAs, n = 5 mice per group, mean and s.e.m.).


Extended Data Figure 6 Benztropine does not affect derivation and in vitro polarization of macrophages from bone marrow derived monocytes.
a, Flow cytometry analysis of bone marrow derived monocytes treated in vitro with either DMSO (<0.1% v/v) or benztropine (5â€‰ÂµM) for 24â€‰h followed by 24â€‰h treatment with LPS (100â€‰ngâ€‰mlâˆ’1) plus IFNÎ³ (20â€‰ngâ€‰mlâˆ’1) for the expression of M1 markers: CD86, MHC-II and CD80, or 24â€‰h treatment with IL-4 plus IL-13 (20â€‰ngâ€‰mlâˆ’1 each) for the expression of M2 marker CD206. b, M1/M2 polarized macrophages re-stimulated using either LPS (100â€‰ngâ€‰mlâˆ’1) plus IFNÎ³ (20â€‰ngâ€‰mlâˆ’1) (M1) or IL-4 plus IL-13 (20â€‰ngâ€‰mlâˆ’1 each) (M2) for 16â€‰h in the presence of either benztropine (5â€‰Î¼M) or DMSO and analysed for the expression of M1 (CD80) or M2 (CD206) markers by flow cytometry. c, d, Treatment with LPS (100â€‰ngâ€‰mlâˆ’1) plus IFNÎ³ (20â€‰ngâ€‰mlâˆ’1) induced the expression of the prototypical M1 cytokine TNF-Î± as detected by intracellular flow cytometry (c) and ELISA (d) with no significant differences between DMSO or benztropine (5â€‰ÂµM) treated cells (data representative of 2 replicate experiments).


Extended Data Figure 7  Benztropine does not affect in vivo polarization of macrophages in the spleen or spinal cord.
EAE mice were treated with benztropine (10â€‰mg per kg) or vehicle for 14â€‰days in the prophylactic mode. a, Mean clinical EAE scores for mice treated with vehicle or benztropine (n = 6, mean and s.e.m. for spleens and spinal cords, n = 12 for isolated spinal leukocytes analysis). bâ€“e, Spleens and spinal leukocytes were isolated from the mice as described in Methods. Total RNA was isolated, reverse transcribed and gene expression was measured by qRTâ€“PCR. Expression for each marker was normalized to the average gene expression of the vehicle group. No significant differences were observed in the expression of markers of macrophage polarization in the spleen (b), whole spinal cords (c) and leukocytes (d, e) isolated from spinal cords (n = 6 mice per group for spleens and spinal cords, n = 12 mice per group (n = 6 for qRTâ€“PCR) for spinal leukocytes analysis. Error bars represent s.e.m.).


Extended Data Figure 8 Benztropine does not affect clinical severity in an adoptive transfer model of EAE.
a, b, Incidence of adoptive transfer of EAE (a) and mean clinical EAE scores (b) in mice injected with splenocytes isolated from benztropine- or vehicle-treated donor groups. T cells obtained from either benztropine- (BT, 10â€‰mg per kg) or vehicle-treated donor EAE mice and further expanded in the presence or absence of benztropine (5â€‰Î¼M) were able to adoptively transfer EAE to naive recipient mice. Benztropine-treated recipient mice showed little to no clinical symptoms of EAE compared to vehicle-treated recipient mice, whether injected with benztropine- or vehicle-treated donor splenocytes (n = 6 mice, mean and s.e.m., *P < 0.05, t-test). c, Schematic for the adoptive transfer EAE model. d, Table showing various groups and treatments. e, ELISA for anti-PLP IgG shows equivalent PLP response in donor mice treated with either vehicle or benztropine (n = 30, mean and s.e.m).


Extended Data Figure 9 Quantification of myelin staining in the cuprizone model.
a, Luxol fast blue (LFB) and H&E staining was performed on sections from the corpus callosum region of brains isolated from mice treated either with benztropine (10â€‰mg per kg) or vehicle after 7â€‰weeks of exposure to cuprizone. b, Images were converted to a 256 shade grey scale. c, The 256 shades of grey were divided into 5 bins of 50 shades each (1â€“50, 51â€“100, 105â€“150, 151â€“200 and 201â€“256). Number of objects in the corpus callosum region in each bin were counted using Image-Pro plus. d, Representative images of Image-Pro rendering of the quantification of objects in each bin. e, Quantification of Luxol fast blue staining on weekâ€‰2 shows an increase in the darker pixels (1â€“50 and 51â€“100) with benztropine treatment along with corresponding reduction in the number of lighter pixels (151â€“200). Six images per mouse were analysed and four mice per group were used at each time point (mean and s.d., *P < 0.05, t-test). Scale bars, 200â€‰Î¼m.


Extended Data Figure 10 Effect of the addition of benztropine to interferon-Î² and FTY720 treatments.
a, b, EAE severity scores for mice treated with various doses of FTY720 (a) or interferon-Î² (b). c, Mice treated therapeutically with FTY720 (1â€‰mg per kg) in combination with a sub-optimal dose of benztropine (BT, 2.5â€‰mg per kg) show significantly decreased clinical severity compared to FTY720 (1â€‰mg per kg) or benztropine (2.5â€‰mg per kg) alone. d, EAE mice treated with interferon-Î² (IFN 10,000â€‰U per mouse) in combination with benztropine (2.5â€‰mg per kg) show significantly decreased clinical severity compared to interferon-Î² (IFN; 10,000â€‰U per mouse) or benztropine (2.5â€‰mg per kg) alone. e, EAE mice treated with a tenfold lower dose of FTY720 (0.1â€‰mg per kg) in combination with benztropine (2.5â€‰mg per kg). f, EAE mice treated with a tenfold lower dose of FTY720 (0.1â€‰mg per kg) in combination with benztropine (2.5â€‰mg per kg) show clinical severity comparable to optimal dose of FTY720 (1â€‰mg per kg) (n = 8 mice per group, mean and s.e.m., *Pâ€‰<â€‰0.05; t-test). g, i, Spinal cord sections from EAE mice treated with the indicated drug(s) for 14â€‰days in the prophylactic mode and immunostained for CD45 (immune cells) and GSTÏ€ (oligodendrocytes) showing infiltration (g) and oligodendrocytes (i). h, j, Quantification of the number of CD45+ (h) and GSTÏ€+ (j) cells showing a decrease in infiltrating cells with FTY720 treatment and an increase in oligodendrocytes numbers with benztropine treatment and synergy between benztropine (2.5â€‰mg per kg) and FTY720 (0.1â€‰mg per kg) (n = 5, mean and s.e.m., ns, not significant). Scale bars, 100â€‰Î¼m. k, Mean clinical EAE scores for mice at the time of spinal cord isolation (n = 8, mean and s.e.m).
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        Editorial Summary
Regenerative therapy for multiple sclerosis
Peter Schultz and colleagues have performed a high-throughput, image-based screen with rat oligodendrocyte precursor cells (OPCs) of small molecules that enhance OPC in vitro differentiation. Using this approach they have identified and characterized small molecule drugs able to foster oligodendrocyte-based remyelination in disorders such as multiple sclerosis. The principal compound identified is benztropine, a drug licensed for the treatment of Parkinson's disease. Benztropine has efficacy in vivo in two models of demyelination disorders, with no measurable effects on the immune system.
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