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24 Abstract 

25 Oligodendrocytes produce the myelin that is critical for rapid neuronal transmission in the 

26 central nervous system (CNS). Disruption of myelin has devastating effects on CNS function, 

27 as in the demyelinating disease multiple sclerosis (MS). Microglia are the endogenous immune 

28 cells of the CNS are play a central role in demyelination and repair. There is a need for new 

29 potential therapies that regulate myelination and microglia to promote repair. Agathisflavone 

30 (FAB) is a non-toxic flavonoid that is known for its anti-inflammatory and neuroprotective 

31 properties. Here, we examined the effects of FAB (5-50µM) on myelination and microglia in 

32 organotypic cerebellar slices prepared from P10-P12 Sox10-EGFP and Plp1-DsRed transgenic 

33 mice. Immunofluorescence labeling for myelin basic protein (MBP) and neurofilament (NF) 

34 demonstrates that FAB significantly increased the proportion of MBP+/NF+ axons but did not 
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35 affect the overall number of oligodendroglia or axons, or the expression of oligodendroglial 

36 proteins CNPase and MBP. FAB is known to be a phytoestrogen, but blockade of - or - 

37 estrogen receptors (ER) indicated the myelination promoting effects of FAB were not mediated 

38 by ER. Examination of microglial responses by Iba1 immunohistochemistry demonstrated that 

39 FAB markedly altered microglial morphology, characterized by smaller somata and reduced 

40 branching of their processes, consistent with a decreased state of activation, and increased Iba1 

41 protein expression. The results provide evidence that FAB increases the extent of axonal 

42 coverage by MBP immunopositive oligodendroglial processes and has a modulatory effect 

43 upon microglial cells, which are important therapeutic strategies in multiple neuropathologies. 

44 

45 Keywords: Natural products; Flavonoids; Myelination; Microglia. 
46 

47 
 

48 Introduction 
 

49 Oligodendrocytes myelinate axons in the central nervous system (CNS), which is 

50 essential for rapid axonal conduction and axonal integrity[1]. The loss of myelin has 

51 devastating effects on CNS function, as seen in the demyelinating disease multiple sclerosis 

52 (MS)[2]. Significantly, in the adult CNS there is a major population of oligodendrocyte 

53 precursors cell (OPC) that generate oligodendrocytes throughout life, which is essential for 

54 remyelination in MS[3]. Promoting myelination in the CNS is essential for repair and 

55 functional recovery in multiple neuropathologies[4]. 

56 Microglia are the resident immune cells in the CNS and respond to neuropathology by 

57 a process termed activation[5]. Microglia display profound morphogenesis, ranging from 

58 ‘resting’ highly ramified cells under non-pathological conditions, to amoeboid cells as an 

59 extreme state of activation, with a number of intermediate activation states[6]. Two distinct 

60 polarized microglial phenotypes have been described, namely pro-inflammatory M1 microglia 

61 and anti-inflammatory M2 microglia, but this is over simplistic and microglia exhibit a wide 

62 range of activations states[5]. Nonetheless, it is evident that microglia with a phagocytic and 

63 neuroinflammatory profile are central to CNS damage and predominate during demyelination, 

64 whereas microglia with an anti-inflammatory phenotype promote myelination[7]. Moreover, 

65 oligodendrocyte-microglial cross-talk is known to contribute to oligodendrocyte maintenance 

66 and myelination[8–10]. Hence, modulating microglial phenotype has the potential to enhance 

67 myelination and reduce neurodegeneration[11]. 
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68 Flavonoids are natural compounds derived from plants that have pronounced effects 

69 against oxidative stress, inflammation and neurodegeneration[12]. Agathisflavone (FAB) is a 

70 biflavonoid extracted from Poincianella pyramidalis (Tul.) that shows low toxicity and several 

71 biological activities, including being anti-inflammatttory, neuroprotective and neurogenic[13– 

72 15]. Notably, there is evidence that FAB regulates microglial responses in pathology[14, 16]. 

73 Here, we provide evidence that in the organotypic cerebellar slice model of myelination[17], 

74 agathisflavone (FAB) increases axonal myelination and alters microglial activation state. 
 

75 Methods 
 

76 Animals 
 

77 Mice aged postnatal day (P)10–12 were killed humanely by cervical dislocation, in accordance 

78 with the UK Animals (Scientific Procedures) Act, 1986 and approved by the University of 

79 Portsmouth Ethics Committee; and by the Research Ethics Office at the University of Alberta 

80 in accordance with the Canadian Council of Animal Care Policies. Transgenic mouse strains 

81 in which fluorescent reporters are driven by the oligodendroglial genes SOX10-EGFP, to 

82 identify oligodendrocytes and their precursors (gift from William Richardson, UCL, UK), or 

83 PLP-DsRed, to identify pre-mature/mature oligodendrocytes (gift from Frank Kirchhoff, 

84 University of Saarland, Germany), were used. CD1 (P)10 mice were used for western blot from 

85 timed pregnant mice purchased from Charles River Laboratory. 
 

86 
 

87 Organotypic cerebellar cultures 
 

88 The effects of FAB were examined ex vivo in the organotypic cerebellar slice model of 

89 myelination[17], using P10-12 mice, according to the methods previously described[18, 19]. 

90 In brief, 300 μm parasagittal slices of the cerebellum were cut using a 5100 mz vibrating 

91 microtome (Campden Instruments LTD). Four to six cerebellar slices were transferred to each 

92 half-millicell membrane insert (Millipore, 30 mm diameter, pore size 0.4 μm) and cultured 

93 using the interface method[18], with 1 mL of serum-based medium, composed of 50% 

94 Minimum Essential Medium with Glutamax-1, 18% Earle’s Balanced Salt Solution (EBSS), 

95 5% EBSS+D-glucose, 1% penicillin-streptomycin, and 10% horse serum (Gibco Invitrogen; 

96 [19]). Slices were maintained in media for 3 days in vitro (3DIV) at 37ºC, under standard 

97 conditions (95% O2, 5% CO2). 
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98 
 

99 Agents and Treatments 
 

100 Agathisflavone (FAB) was extracted from Poincianella pyramidalis (Tul.), as 

101 previously described[20], stored at 100 mM in dimethyl sulfoxide (DMSO; Sigma Chemical 

102 Co) and kept out of light at -20oC until use. After 3 DIV, FAB was diluted directly in the culture 

103 to provide concentrations of 0.1, 1.0, 5.0, 10 or 50 μM, and treatment was continued for a 

104 further 7DIV; drug solvent was used in controls (0.5% DMSO). To examine estrogen receptors 

105 (ER), we used the selective ER-α antagonist MPP (1,3-Bis(4-hydroxyphenyl)-4-methyl-5-[4- 

106 (2-piperidinylethoxy)phenol]-1H-pyrazole dihydrochloride; Sigma) at 10 nM, or the selective 

107 ER- antagonist PHTPP (4-[2-Phenyl-5,7-bis(trifluoromethyl) pyrazolo[1,5-a]pyrimidin-3- 

108 yl]phenol; Tocris) at 1 μM; these concentrations were selected because we have previously 

109 demonstrated they are supramaximal for effective blockade of ER in neuron-glial cultures 

110 [13]. Cerebellar slices were treated with MPP or PHTPP at 3DIV for 2h prior to and thereafter 

111 continuously with 10µM FAB for 7 DIV. Medium was replaced every 48h and after 7 DIV of 

112 treatment, slices were treated for either immunohistochemistry or western blot analysis. 
 

113  
 

114 Immunohistochemistry 
 

115 For immunohistochemistry, slices were washed quickly with 1 mL of PBS and fixed with 4% 

116 PFA for one hour. At the end of the fixation, slices were washed 3x for 10 min with PBS and 

117 then kept at 4 °C, in 0.05% Sodium Azide solution until immunolabelling, when slices were 

118 washed 3x with PBS for 10 min, prior to incubation overnight with 1% Triton X-100 in PBS 

119 at 4 °C. A blocking step was performed using 20% bovine serum albumin (BSA) diluted in 

120 0.1% triton (PBS/triton 0.1%) for 3 h, prior to incubation overnight with primary antibodies 

121 (Table 1) diluted in 1% Triton plus 1% NGS (normal goat serum). Next, slices were washed 3 

122 times in PBS and incubated for 3h at room temperature with the appropriate secondary 

123 antibodies conjugated to Alexa Fluor (Table 1), together with the DNA dye Hoechst Blue 

124 (1:500, Fisher, 11544876). Following washes in PBS, slices were mounted in Fluoromont G 

125 (Invitrogen) for confocal microscopy. As a standard, the cerebellar cortex lobule VIII was 

126 imaged and analysed for each parameter above mentioned. 
 

127  
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128 Table 1. Primary and secondary antibodies used. 
 

Antibody Method Company Catalogue 
number 

Dilution 

Rat anti-myelin basic protein 
(anti-MBP) 

IHC, WB Millipore MAB386 1:300 (IHC), 
1:1000(WB) 

Mouse anti-neurofilament 
(anti-NF, 70kDa) 

IHC Millipore MAB1615 1:300 

Rabbit anti-Iba1 IHC, WB Wako 019-19741 1:1000 (IHC 
and WB) 

Rabbit anti-ng2 IHC Santa Cruz SC20162 1:500 

Anti-rat conjugated to Alexa 
Fluor 568 

IHC Invitrogen - 1:500 

Anti-mouse conjugated to 
Alexa Fluor 405 

IHC Invitrogen - 1:500 

Anti-rabbit conjugated to 
Alexa Fluor 649 

IHC Invitrogen - 1:500 

Anti-rabbit conjugated to 
Alexa Fluor 488 

IHC Invitrogen - 1:500 

Mouse anti-CNPase WB Sigma AMB91072 1:1000 
Mouse anti-GAPDH  WB Sigma G8795 1:5000 
Rabbit anti-β-III tubulin WB Biolegend 802001 1:5000 
HRP-conjugated secondary 
anti-rabbit 

WB Jackson 
ImmunoResearch 

- 1:5000 

HRP-conjugated secondary 
anti-mouse 

WB Jackson 
ImmunoResearch 

- 1:5000 

HRP-conjugated secondary 
anti-rat 

WB Jackson 
ImmunoResearch 

- 1:5000 

129 *IHC: Immunohistochemistry; WB: Western blot; CNPase: 2',3'-cyclic-nucleotide 3'- 
130 phosphodiesterase; HRP: Horseradish Peroxidase. 

 
131  

 
132 Cell quantification and myelin/axons index 

 

133 Images comprising z-stacks of 10 optical sections each of 1.5 µm were acquired at 20X 

134 objective using a laser scanning confocal microscope (Zeiss LSM710). Cell counts were 

135 performed in a constant field of view (FOV): Sox10-EGFP+, Plp-DsRed+, NG2+ and Iba-1+ 

136 cell counts were performed with FOV dimensions of 710 x 710 µm. For MBP and NF, a grid 

137 of 300x300 µm with 10 transects was used (Fig. 1A) and the number of MBP+ and NF+ fibres 

138 that intersected a transect was counted, to provide measurements of the overall density of 

139 myelin and axons; data was expressed as a ‘myelin index’ for MBP immunolabelling, an ‘axon 

140 index’ for NF immunolabelling, and density of axon myelination was determined as the number 

141 of MBP+/NF+ axons expressed as a percentage of the total number of NF+ axons within the 

142 grid. Data were expressed as mean + SEM. 
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143  
 

144 Western blotting 
 

145 For western blot, cerebellar slices were placed in lysis buffer (containing 0.1% sodium dodecyl 

146 sulfate (SDS), 0.2% Na-deoxycholate, 1% IGEPAL® CA-630, 0.5% protease inhibitor cocktail 

147 (Sigma-Aldrich) and 1 mM phenylmethanesulfonylfluoride (PMSF) (Sigma-Aldrich)), and 

148 homogenized with a motorized pestle, rotated for 2 hours at 4oC, and centrifuged for 5 min at 

149 maximum speed. Supernatant was collected and protein concentration was determined by the 

150 Bradford Assay (Bio-Rad Protein Assay Dye Reagent Concentrate). 10 g of total protein was 

151 separated using mini-PROTEAN TGX Precast gels (Bio-Rad), according to the manufacturer’s 

152 datasheet. Proteins were transferred to nitrocellulose membrane, blocked in TBST+5% milk, 

153 and incubated with specific primary antibodies (Table 1). Signal was detected using 

154 Horseradish Peroxidase (HRP)-conjugated secondary antibodies (Table 1), followed by 

155 chemoilluminescence detection using SuperSignalTM West Femto (Thermo Scientific, 34094). 

156 Chemoilluminescent signal was detected using Kodak Imagestation4000. Data are presented 

157 from 4 animals from two independent litters. 
 

158 Microglial morphology and microglia-oligodendrocyte contact analyses 
 

159 Microglia (Iba-1+ cells) were analysed in 4x2 µm z-stacks acquired using 63X objective. 

160 Morphological analyses were performed as previously published [21], whereby cross-sectional 

161 area of microglial soma was measured and binary/skeleton reconstructions were obtained using 

162 ImageJ-Win64 and AnalyzeSkeleton (2D/3D) plugin[22]; brightness, unsharp mask, and 

163 despeckle adjustments were applied to ensure process visualization prior the conversion to 

164 binary and skeletonized images. Measurement of Iba-1+/Sox10-EGFP+ microglia- 

165 oligodendrocyte contacts was adapted from the method of Barcia et al (2012) [23], whereby 

166 the number of microglia with cell bodies opposed to an oligodendrocyte cell body (B-B) and 

167 microglia that contacted oligodendrocyte cell bodies via their processes (Pr-B) were counted 

168 in a constant FOV. 

169  
 

170 Statistical analyses 
 

171 Statistical analyses were performed using GraphPad Prism 5. We first analysed whether the 

172 values came from a Gaussian distribution. Kruskal-Wallis  followed by Dunn’s  multiple 
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173 comparison test was performed for non-normal samples; for normal samples, we performed 

174 One- or Two-way analysis of variance (ANOVA) followed by Tukey´s post-tests. Confidence 

175 intervals were defined at a 95% confidence level (p< 0.05 was considered to be statistically 

176 significant). 
 

177  
 

178 Results 
 

179 Agathisflavone increases MBP-immunopositive fibres in organotypic cerebellar slices 
 

180 The concentration-dependent effects of FAB were assayed in the organotypic cerebellar 

181 slice model of myelination[17]. Cerebellar slices from P10 Sox10‐EGFP mice maintained for 

182 7DIV, a period of active myelination, which was analysed using immunofluorescence labelling 

183 for MBP and NF, whilst Sox10-EGFP was used to count total oligodendroglial cell 

184 numbers[24] (Figs. 1 and 2). The results show that FAB was not cytotoxic at any of the 

185 concentrations tested and cerebellar structure was maintained throughout (Fig. 1B). The 

186 number of Sox10+ oligodendrocytes was largely unaffected by FAB treatment, except at 0.1 

187 µM FAB (Fig. 1C; p<0.05, one-way ANOVA followed by Tukey’s post-hoc test). In contrast, 

188 the myelin index, determined as the number of MBP+ fibres that intersected the grid (Fig. 1A), 

189 was significantly increased at 5, 10 and 50 µM FAB, but not at lower concentrations (Fig. 1D; 

190 one-way ANOVA followed by Tukey’s post-hoc test, p values indicated on graph). The effects 

191 of FAB on axonal myelination were examined further using double immunofluorescence 

192 labelling for MBP and NF (Fig. 2A), and the number of NF+ axons (Fig. 2B) and MBP+/NF+ 

193 axons (Fig. 2C) were quantified within a grid, as described above. Compared to controls, FAB 

194 had no effect on the axonal index (Fig. 2B), whereas the proportion of MBP+/NF+ axons was 

195 significantly increased at all concentrations examined (Fig. 2C; one-way ANOVA followed by 

196 Tukey’s post-hoc test, p values indicated on graph). To evaluate whether FAB may modulate 

197 the expression of neuron or myelin proteins, western blot for β-III tubulin and MBP was 

198 performed (Figure 2D-G). Although results showed no statistical significance in comparison 

199 with controls, there is a concentration-dependent trend for increased expression of β-III tubulin 

200 and MBP. The results provide evidence that the overall extent of axonal myelination in the 

201 cerebellar slice is increased by FAB. 



8 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

202  
203  

204 Fig.1. Agathisflavone increases MBP immunolabelling in cerebellar slice cultures. 
205 Cerebellar slices from P10 SOX10-EGFP animals were incubated with 0.5% of vehicle 
206 (DMSO) or treated with 0.1, 1, 5, 10 and 50 µM of Agathisflavone (FAB) for 7 DIV. (A) The 
207 number of MBP-immunopositive fibres was counted within a grid to provide the myelin index, 
208 as a measure of the extent of myelination. (B) Confocal photomicrographs of cerebellar slices 
209 treated with FAB at 5, 10 or 50 µM showing SOX10-EGFP oligodendrocytes (green, upper 
210 panels), and MBP immunostaining (red, lower panels), together with the nuclear dye Hoechst 
211 blue; scale bar = 100 m and 50 µm in upper and lower panels, respectively. (C, D) Bar graphs 
212 showing the number of SOX10-EGFP positive cells per field of view (FOV) (C) and myelin 
213 index (D). Values are expressed as Mean ± SD (n>6); *p< 0.05, **p<0.01, ***p<0.001, One- 
214 way ANOVA followed by Tukey’s post-hoc test. 
215  
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217 Fig.2. Agathisflavone increased the proportion of MBP+/NF+ axons in cerebellar slice 
218 cultures. (A) Representative confocal photomicrographs from organotypic cerebellar slices 
219 treated with FAB at 5, 10 and 50 µM showing the cerebellar white matter analysed by double 
220 immunofluorescence labeling for MBP (red) and neurofilament (blue); scale bar = 20 µm. (B, 
221 C) Scatter dot plot bar graph showing axon index (B) and bar graph showing the number of 
222 MBP+/NF+ axons expressed as a % of the total number of axons (C); values expressed as Mean 
223 ± SD (n>3). (D, F) Immunoblots for β-III tubulin (D) and myelin basic protein (MBP, F). 
224 Membranes were probed for β-III tubulin and MBP, and reprobed for GAPDH (loading 
225 control). Lanes were spliced out from the same autoradiogram as designated by vertical and 
226 horizontal lines. Band densities were measured using Kodak Imagestation4000 software. (E, 
227 G) Violin graphs show quantification of β-III tubulin (E) and MBP protein levels (G) 
228 normalized to GAPDH. Data are expressed as mean±SD (n>4 per experimental replicate). 
229 Statistical significance indicated by *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, following 
230 one-way ANOVA and Tukey’s post-hoc test. 
231  

 
232 Agathisflavone did not alter the formation of OPC or oligodendrocytes 

 

233 The results presented above show that at a concentration of 5 or 10 M FAB treatment 

234 significantly increased the myelin index and proportion of MBP+/NF+ axons, without altering 

235 the overall density of Sox10+ oligodendrocytes. Sox10 is expressed by both OPC and mature 

236 oligodendrocytes[24], and so we examined these two populations separately using cerebellar 

237 slices from PLP-DsRed mice to identify PLP+ oligodendrocytes[25] and NG2 

238 immunolabelling to identify OPC[4] (Fig. 3A, C). Quantification demonstrated that FAB did 

239 not alter the number of NG2+ OPC (Fig. 3B) or PLP-DsRed+ oligodendrocytes (Fig. 3D). In 

240 addition, we used western blot to examine whether FAB induced changes in the expression of 

241 the oligodendroglial protein CNPase, and results support our findings that FAB does not alter 

242 the overall numerical density of oligodendrocytes (Fig. 3E, F). The results indicate that the 

243 effect of FAB on increasing MBP immunostaining is not associated with an increase in the 

244 number of oligodendrocyte lineage cells. 
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245  
246 Fig. 3. Agathisflavone did not increase the formation of oligodendrocyte lineage cells. 
247 Organotypic cerebellar slices from P10 PLP-DsRed animals were incubated with 0.1% of 
248 vehicle (DMSO) or treated with 5 and 10 µM FAB for 7 DIV. (A, B) Identification of OPCs 
249 by NG2 immunolabelling OPC (A, green) and a violin graph showing the number of NG2+ 
250 OPC per FOV (B); data expressed as the Median ± IQR (n>4) and tested for statistical 
251 significance using Kruskal-Wallis test followed by Dunns. (C, D) Identification of 
252 oligodendrocytes by expression of the PLP-DsRed reporter (C) and scatter dot plot bar graph 
253 showing the number of PLP-DsRed+ oligodendrocytes per FOV (D); Scale bar = 20 µm. (E) 
254 Immunoblot for CNPase. Membranes were probed for CNPase, and reprobed for GAPDH  
255 (loading control). Lanes were spliced out from the same autoradiogram as designated by 
256 vertical lines. Band densities were measured using Kodak Imagestation4000 software. (F) 
257 Violin graph of CNPase levels normalized to GAPDH from cerebellar slices cultures lysates. 
258 Data is expressed as mean±SD (n>4 per experimental replicate); One-way ANOVA followed 
259 by Tukey’s post-hoc test. 

 
260  

 
261 Blockade of estrogen receptors does not alter the effect of Agathisflavone on myelination 

 

262 Previous studies by our group provide evidence that agathisflavone acts on estrogen 

263 receptors (ER)[13, 16], which are known to regulate oligodendrocytes[26]. To examine this, 

264 cerebellar slices from SOX10-EGFP mice were maintained ex vivo for 3DIV and then treated 

265 with the ER-α antagonist MPP or the ER-β antagonist PHTPP for 2h, prior to treatment with 
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266 10 µM FAB for a further 7DIV (Fig. 4A); we have previously shown these concentrations are 

267 supramaximal for effective block of ER in neuron-glial cultures[13]. Blockade of ER had no 

268 effect on the proportion of MBP+/NF+ axons compared to 10 M FAB alone (Fig. 4B, C). 

269 Interestingly, there was a reduction in the number of Sox10-EGFP+ oligodendroglia following 

270 ER blockade and this was statistically significant treatment for the ER antagonist PHTPP 

271 (Fig. 4D); this suggests ER activity is important for maintaining OPCs in the cerebellar slice 

272 culture, since myelination was unaffected by ER blockade. The results indicate the 

273 promyelinating effects of FAB are not mediated by ER, but ER are important for maintaining 

274 oligodendroglial numbers. 
 

275  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

276  
 

277 Fig. 4. Estrogen receptor blockade does not alter the proportion of MBP+/NF+ axons. 
278 Organotypic cerebellar slices from P10 SOX10-EGFP animals were maintained for 3DIV and 
279 treated with Agathisflavone (FAB) together with the ER-α antagonist MPP dihydrochloride 
280 (10 nM) or the ER- antagonist PHTPP (1 μM) for a further 7 DIV. (A) Photomicrographs of 
281 cerebellar slices double immunofluorescence labelled for MBP (red) and NF200 (blue), with 
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282 oligodendroglia identified by SOX10-EGFP (green); scale bar = 20 µm. (B-D) Bar graphs 
283 showing the axon index (B), percentage of MBP+/NF+ axons (C) and number of SOX10- 
284 EGFP+ cells (D); data are expressed as the Mean ± SD (n>5) and tested for statistical 
285 significance using One-way ANOVA and Tukey’s post-hoc test, with *p < 0.05. 

286  
 

287 Agathisflavone alters microglial morphology 
 

288 Microglia-oligodendrocyte interactions play an important role in myelination[8] and to 

289 examine whether these are altered by FAB, we used immunofluorescence labelling for Iba-1 

290 to examine microglial morphology and the extent of their cellular contacts with 

291 oligodendrocytes, which are indications of their state of activation[6] (Fig. 5A). FAB had no 

292 effect on microglial cell number (Fig. 5B), whereas FAB 5M significantly increased Iba1 

293 protein expression (5F, G) and altered microglial morphology, as clearly illustrated by Iba1 

294 immunolabelling and binary-skeleton drawings (Fig. 5A), and determined by significant 

295 decreases in microglial soma size, process length and number of endpoints (Fig. 5C-E; One- 

296 way ANOVA, p values indicated on graphs). In addition, microglia-oligodendrocyte 

297 interactions were quantified as contacts between Iba1+ microglial cells and SOX10-EGFP+ 

298 oligodendroglia, via cell bodies (B-B), or processes (P-B) (Fig. 5H, I). The results indicated a 

299 significant effect solely of 10 µM FAB on the number of microglial processes contacting 

300 oligodendrocytes (Fig. 5J), whereas microglia-oligodendrocyte cell body contacts were 

301 unaffected at any concentration of FAB tested (Fig. 5J). The results indicate FAB alters 

302 microglial morphology, which is potentially beneficial for myelination, but overall contacts 

303 between microglia and oligodendrocytes were not altered by FAB. 
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304  
305 Fig. 5. Effects of Agathisflavone on microglia. Organotypic cerebellar slices from P10 
306 Sox10-EGFP mice were treated with FAB (5 and 10 µM) and at 7DIV were immunostained 
307 for Iba1 to identify microglia. (A) Photomicrographs of Iba1+ microglia illustrate microglial 
308 morphology is altered by FAB treatment (scale bar = 20 µm); higher magnifications of 
309 individual microglia are illustrated, which were converted to binary and then skeletonized with 
310 the aid of ImageJ software for subsequent morphological analysis. (B) Violin graph showing 
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311 the total number of Iba1+ microglia per constant FOV; data are expressed as the Median ± IQR 
312 (n>4), Kruskal-Wallis test followed by Dunns. (C-E) Scatter dot plots of the effects of FAB on 
313 microglial soma size (C), processes length (D) and endpoints per microglia (E); data are 
314 expressed as the mean ± SD (n>4). One-way ANOVA followed by Tukey’s post-hoc test (*p 
315 <0.05, **p<0.01, ***p<0.001, ****p<0.0001). (F) Immunoblot for Iba1. Membrane 
316 previously probed for β-III tubulin and GAPDH was stripped and reprobed for Iba1. Lanes 
317 were spliced out from the same autoradiogram as designated by vertical and horizontal lines. 
318 Band densities were measured using Kodak Imagestation4000 software. (F) Bar graph shows 
319 levels of Iba1 protein expression normalized to GAPDH. Data is expressed as mean ± SD (n>4 
320 per experimental replicate); One-way ANOVA followed by Tukey’s post-hoc test (*p <0.05). 
321 (H, I) Photomicrographs (H) and diagrammatic representation (I) of Iba1+ microglia (red) and 
322 SOX10-EGFP+ oligodendrocytes (green), illustrating contacts between oligodendrocyte cell 
323 bodies and microglial cell bodies (B-B, arrows in H) and processes (Pr-B, arrowheads in H); 
324 scale bar = 10 µm. (J) Grouped bar graph showing the number of microglial contacts (Pr-B 
325 and B-B) per oligodendrocyte; data are expressed as the mean ± SD (n>3), Two-way ANOVA 
326 followed by Tukey’s post-hoc test (*p< 0.05, **p<0.01). 

327  

328  

329  
 

330  
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331 Discussion 

332 Flavonoids are secondary metabolites derived from plants with prominent antioxidant 

333 and immunomodulatory activities[12]. Our previous studies have shown the flavonoid 

334 agathisflavone (FAB) is neuroprotective and neurogenic[13–15], and controls astrogliosis and 

335 microgliosis after demyelination induced by lysolecithin[16]. Here, we have used the 

336 organotypic cerebellar slice model of myelination [17] and demonstrate that FAB increases 

337 the proportion of MBP+ axons, without altering oligodendrocyte lineage cell numbers. In 

338 addition, FAB has a modulatory effect on microglia, consistent with in vitro evidence FAB is 

339 anti-inflammatory and may shift microglia to a less activated phenotype[14]. The results 

340 suggest FAB may have therapeutic potential for regulating microglial activation and promoting 

341 myelination in neuropathology. 
 

342 Axons are surrounded by myelin sheath, a compacted and multilamellar lipid 

343 membrane with insulating properties that allows rapid conduction of action potentials along the 

344 axon[27]. The most abundant CNS myelin proteins are[28]: Proteolipid protein (PLP), a 

345 cholesterol-associated protein with important roles in intracellular traffic of myelin membrane; 

346 myelin basic protein (MBP), a key protein involved in myelin compaction; and cyclic 

347 nucleotide phosphodiesterase (CNP), an important protein involved in the maintenance 

348 of normal inner tongue during myelination of small diameter axons. Lack of any of those 

349 proteins produce severe myelin sheaths changes and/or demyelination[29, 31, 32]. Here, we 

350 show that in postnatal cerebellar slice cultures FAB increases the extent of MBP 

351 immunolabelling of NF+ axons at concentrations above 5 M. In contrast, the numbers of 

352 OPCs or oligodendrocytes were unaffected at these concentrations, indicating FAB promoted 

353 the degree of myelination per oligodendrocyte and not by increasing their overall number. 

354 Interestingly, at 0.1 µM FAB did not affect MBP immunolabelling, but did increase the number 

355 of Sox10-EGFP+ cells, suggesting that at lower concentrations, FAB may stimulate 

356 oligodendrogenesis without affecting myelination, which merits further investigation. Overall, 

357 the immunohistochemical data indicate FAB stimulates development of axonal coverage by 

358 MBP immunopositive processes, although the western blot indicates this did not correspond to 

359 a significant increase in the overall expression of MBP, and electron microscopic studies are 

360 required to determine unequivocally whether FAB promotes axonal myelination. 

361 Agathisflavone is a biflavonoid product of the oxidative coupling of an apigenin dimer 

362 and it is well known to have a pro-estrogenic effect[15]. Estrogen has proven roles in CNS 

363 development, maturation, function, and plasticity[33]. Our results show that the promyelinating 
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364 effects of FAB were unaffected by antagonists of ER-α and ER-β. Interestingly, blockade of 

365 ER-β significantly reduced SOX10-EGFP positive cells, without altering the extent of 

366 myelination, suggesting ER- may be important in maintaining the numbers of OPCs, which 

367 express Sox10 but do not form myelin, consistent with a previous study indicating ERβ mediate 

368 increased OPC numbers in the EAE model of demyelination[26]. In addition, ER activates 

369 the phosphatidylinositol 3-kinase (PI3K), serine–threonine-specific protein kinase (Akt) and 

370 mammalian target of rapamycin (mTOR) signaling pathways, which increase OPC 

371 numbers[34]. Furthermore, ER attenuate neuroinflammation[35], raising the possibility they 

372 may play a role in the anti-inflammatory effects of FAB[14, 16]. 

373 Finally, we examined the effects of FAB on microglia, the key immunological cells of 

374 the CNS. Microglia respond to CNS insults by a process of activation, which can be neurotoxic 

375 or neuroprotective, and can be observed as alterations in cell number and morphology[36], 

376 including increased soma size and shortening of processes[37]. These changes can contribute 

377 to oligodendrocytes damage and axonal degeneration[38], hence modulation of microglial 

378 activation is an important therapeutic target in multiple neuropathologies[11]. Here, we provide 

379 evidence that FAB altered microglial morphology, reducing their soma size and ramification, 

380 besides increasing the expression of the calcium binding protein Iba1. In contrast, FAB had 

381 little discernible effect on microglial contacts with oligodendrocytes, which may be important 

382 for the release trophic factors onto oligodendrocytes[10, 39]. Although further analyses are 

383 required to determine the inflammatory state of microglia, our results suggest FAB dampens 

384 microglial activation, consistent with reported anti-inflammatory effects of FAB[14, 16], 

385 which would be expected to support myelination[8–10]. 

386 In conclusion, this study provides evidence that the flavonoid agathisflavone enhances 

387 axonal coverage by MBP immunopositive oligodendroglial processes in cerebellar slices and 

388 has a modulatory effect on microglia, which are positive therapeutic outcomes in MS and other 

389 neurodegenerative diseases. 

390  
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