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26 Abstract

27 In stem cell research, DNA-binding dyes offer the ability to purify live stem cells using flow 

28 cytometry as they form a low-fluorescence side population due to the activity of ABC 

29 transporters. Adult neural stem cells exist within the lateral ventricle and dentate gyrus of the 

30 adult brain yet the ability of DNA-binding dyes to identify these adult stem cells as side 

31 populations remain untested. The following experiments utilize the efflux of a DNA-binding 

32 dye, Vyrbant DyeCycle Violet (DCV), to isolate bona fide side populations in the adult 

33 mouse dentate gyrus and SVZ and test their sensitivity to ABC transporter inhibitors. A 

34 distinct side population was found in both the adult lateral ventricle and dentate gyrus using 

35 DCV fluorescence and forward scatter instead of the conventional dual fluorescence 

36 approach. These side populations responded strongly to inhibition with the ABC transporter 

37 antagonists, verapamil and fumitremorgin C. The cells in the side population were identified 

38 as cerebrovascular endothelial cells characterized by their expression of CD31. These 

39 findings, therefore, suggest that the side population analysis provides an efficient method to 

40 purify endothelial cells, but not adult neural stem cells.

41

42 Keywords: adult neurogenesis; DNA dyes; side population; dentate gyrus; subventricular 

43 zone; ABC transporter inhibitors; adult neural stem cells; endothelial cells
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44 Introduction

45 DNA-binding dyes have been perpetually used in flow cytometry and fluorescence-activated 

46 cell-sorting (FACS) paradigms to identify cancer stem cells (1,2). This has included the use 

47 of dyes such as Hoechst 33342 (3,4) and, more recently, Vybrant DyeCycleViolet (DCV), 

48 which is less toxic to stem cells (8–10). In these assays, live stem cells are identified as a side 

49 population that has low dual fluorescence intensity in both blue- and red-shifted parameters 

50 due to the activity of ABC transporters, which can efflux the DNA-binding dyes. In contrast, 

51 cells that do not have ABC transporters will accumulate the dye and show higher 

52 fluorescence. Since ABC transporters have been identified in stem cells from a large variety 

53 of tissues (8), this method has extended to be used routinely to isolate various types of stem 

54 cells. 

55 The isolation of neural stem cells (NSCs) in the subventricular zone (SVZ) of the lateral 

56 ventricle and the subgranular zone of the dentate gyrus has been a challenge in the field due 

57 to many reasons. These include the relatively small number of NSCs, the multiple subtypes of 

58 NSCs, and lack of a highly specific surface marker for identification and isolation by FACS 

59 (9,10). Classically, flow cytometry paradigms utilized low expression of PNA (peanut 

60 agglutinin) and HAS (heat stable antigen), or high expression of Notch, LewisX (cluster of 

61 differentiation-15, CD15) and EGFR (early growth response factor) surface markers to 

62 identify neural stem cells (11–14). More recent methods have made additional significant 

63 advances in identification and enrichment of subpopulations of NSCs using multi-parameter 

64 FACS, inducible transgenic mice models (12), or single-cell transcriptional analyses (15–18). 

65 However, these methodologies are time- and cost-intensive, which has led our lab and others 

66 to investigate the use of DNA-binding dyes as a simpler and more efficient method for 

67 identification and purification of NSCs
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68 Many have identified an ABC transporter-dependent side population with an NSC identity in 

69 cells isolated from neurospheres derived from primary embryonic neural or postnatal/adult 

70 SVZ tissue (3,11,19). In contrast, NSCs isolated ex vivo in cells freshly harvested from 

71 embryonic or early postnatal SVZ (postnatal day 2) brain tissue are not found in the side 

72 population (3,11,19). Instead of NSCs, endothelial and microglial cells were comprising the 

73 side population identified in ex vivo preparations of developing SVZ (3). This raises the 

74 question of whether NSC-containing side populations can be identified from ex vivo primary 

75 adult mouse dentate gyrus and SVZ tissue. To answer this question, we optimized the 

76 detection and phenotyping of the side population using flow cytometry and the DNA-binding 

77 dye, DCV, in live single-cell suspensions from the adult mouse dentate gyrus and SVZ.  The 

78 data shows that a ABCG2/B1-dependent side population can be identified in the adult 

79 neurogenic niches, that is enriched for endothelial cells but not NSCs.

80

81

82
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83 Materials and Methods

84 1. Animals

85 This study was carried out in strict accordance with the recommendations in the Guidelines of 

86 the Canadian Council on Animal Care and all efforts were made to minimize suffering.  The 

87 animal care protocol was approval by the University of Ottawa Animal Care Committee 

88 (Protocol CMM-1150). Fifty two- to three-month-old male and female mice (C57bl/6J 

89 background) were used for all experiments. Animals were group housed in standard 

90 laboratory cages and kept on a 12-hour night/day cycle with ad libitum access to food and 

91 water. 

92 2. Tissue collection and digestion

93 Mice were deeply anesthetized with euthanyl (90 mg/kg) and the brains were quickly placed 

94 in ice-cold artificial cerebrospinal fluid (aCSF, pH = 7.4) prepared in miliQ water with 

95 124mM NaCl, 5mM KCl, 1.3 mM MgCl2·6H2O, 2mM CaCl2·2H2O, 26mM NaHCO3, and 

96 1X penicillin-streptomycin (10,000 U/mL; ThermoFisher) and sterilized using stericup and 

97 steritop filtration set (Millipore). Dentate gyrus and SVZ were microdissected using SteREO 

98 Discovery V8 microscope (Zeiss) following previously published protocols (20,21). 

99 Tissue was digested according to protocols described previously (22,23). First, the tissue was 

100 gently broken up using small surgical scissors then incubated on twister (30 minutes, 37oC) 

101 in 500uL of digestion media, containing 20 U/mL papain (Worthington Biochemicals), 12 

102 mM EDTA (Invitrogen) in DMEM:F12 (Invitrogen). Following incubation, Resuspension 

103 media (0.05 mg/mL DNase1 (Roche) with 10% fetal bovine serum (Wisent Bioproducts) in 

104 DMEM:F12) was added to each tube, triturated 10X with a P1000 micropipette, and 

105 incubated for five minutes at RT. Suspension was then transferred in Percoll media, 

106 consisting of 19.8% Percoll (GE Healthcare Life Sciences), 2.2% 10X PBS (Wisent 

107 Bioproducts) in Resuspension media. Cells were then spun down (500 x g, 13 minutes, 4oC), 
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108 the supernatant was removed, and cells were resuspended in 200μL of phenol-free 

109 DMEM:F12. Live cells were counted on Countess automated cell counter (ThermoFisher 

110 Scientific) using 0.4% Trypan blue (Invitrogen) at a concentration of 1:2 and suspended in 

111 phenol-free DMEM:F12 medium at a concentration of 106/mL.

112 3. Staining and drug treatments

113 Vybrant DyeCycle Violet Ready Flow™ Reagent (Invitrogen) was added to cells in phenol-

114 free DMEM:F12 medium and incubated at 37oC in a 5% CO2 cell culture chamber (Forma 

115 Series II Water Jacket; ThermoFisher Scientific) for 30 minutes. The concentration of DCV 

116 was tested at both 1X and 2X, and based on these experiments (Fig S1), all future 

117 experiments used the concentration of 2X, or 160uL in 106 cells/ml. 

118 For experiments involving ABC transporter inhibition, fumitremorgin C (FTC; Sigma) and 

119 (±) verapamil hydrochloride (VP; Sigma) were added to unwashed cells at final 

120 concentrations of 10uM and 50uM, respectively, after DCV incubation and kept in the same 

121 conditions for additional 30 minutes. Cell were then kept on ice in dark until sort, and 7-

122 Amino-Actinomycin D (7AAD, 40 ug/ml, Sigma) was added to cell suspensions 10 minutes 

123 before analysis for dead cell discrimination. For experiments determining the identity of the 

124 side population, CD31 antibody conjugated to allophycocyanin (APC), BD Biosciences, 

125 BioLegend), was added to cells in DMEM:F12 at final concentration of 1:50 (24) and 

126 incubated on ice in the dark for 30 minutes before DCV incubation, which followed the same 

127 workflow as discussed above. Antibodies, dyes, and drugs used for all experiments are listed 

128 in Table 1.

Reagents Company Catalogue # Final Concentration
Vybrant DyeCycle Violet 

Ready Flow™ Reagent Invitrogen R37172 160 uL/ml

APC anti-mouse CD31 BioLegend 102409 1:50
7AAD Sigma A9400-1MG 1 ug/ml

Fumitremorgin C Sigma F9054-250UG 10uM
(+/-) Verapamil Hydrochloride Sigma V4629-1G 50uM

Papain suspension Cedarlane LS003126 20 U/ml
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Percoll Sigma 17-0891-02 22% v/v
Trypan Blue Invitrogen T10282 1:1 (0.2%)

129 Table 1. Reagents used for tissue processing and DCV assay.

130 4. Cell lines

131 Two cancer cell lines, U-2OS (ATCC, osteosarcoma) and A2780 S (17, ovarian cancer), were 

132 generously provided by Dr. Laura Trickle-Mulcahy and Dr. Barbara Vanderhyden, 

133 respectively. Cells were grown in DMEM/10%FBS until minimum 75% confluency was 

134 reached. Cells were detached from flasks in 5mM EDTA for 20 minutes at 37oC in a cell 

135 culture incubator, then triturated and washed several times with 1X PBS before cell count and 

136 DCV staining, which followed the same procedure as staining in primary brain cells. 

137 5. Flow cytometry

138 All flow cytometry experiments were performed using BD LSRFortessaTM flow cytometer 

139 (BD Biosciences) in the Flow Cytometry and Virometry Core at the University of Ottawa, 

140 Faculty of Medicine. Unstained and single-stained controls were used to set up laser 

141 parameters and gating for all-stained samples. First, cell debris and doublets were excluded 

142 based on FSC and SSC parameters, and then 7AAD+ dead cells were removed from analyses. 

143 Following this, all samples were collected under 405nm laser with 450/50 and 660/20 

144 bandpass filters. DCV+ populations could only be resolved with optimal excitation of the 

145 samples (Fig S1). 7AAD signal was collected under the 561nm laser with a 670/30 filter. 

146 APC-CD31 fluorescence was collected using the 640nm laser with a 660/20 bandpass filter 

147 without need for compensation. Single-stained controls were used to identify and gate CD31+ 

148 and CD31- cells. The side population fidelity of DCV+ cells was determined by comparison 

149 to FTC- and VP-treated samples. 

150 6. Data analysis

151 FlowJo software (BD Biosciences) was used to analyze and visualize all flow cytometry data. 

152
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153 Results

154 Primary cells isolated from the dentate gyrus and SVZ contain multiple populations with side 

155 population properties

156 We used the Vybrant DyeCycle Violet Ready Flow Reagent™ (Invitrogen) to test the 

157 presence of a side population that was able to efflux the DNA-dye. Primary live cells 

158 harvested from the dissected neurogenic regions of the dentate gyrus and SVZ showed 

159 heterogeneous populations of DCV-stained cells as demonstrated by variable DNA content 

160 (Fig 1A and 1B). In both the dentate gyrus and SVZ populations there was a large population 

161 of cells with low DCV fluorescence that appeared in the lower left corner of dual 

162 fluorescence DCV-Blue/DCV-Red plots (Fig 1A and 1B). These cells in the lower corner 

163 resembled effluxing cells, which were absent in the negative control U2OS cell line (Fig 1C) 

164 that has been previously reported to not contain a side population (26,27).  

165 Fig 1. DCV identifies heterogeneous cell populations in primary neurogenic brain cells. 

166 Cell heterogeneity is illustrated in dual fluorescence DCV-Red vs DCV-Blue plots with adult 

167 cells isolated from the dentate gyrus (A), SVZ (B), as well as control cultured U2OS cells (C) 

168 that do not have a side population. Forward scatter (size) and DCV-Blue combined plots for 

169 dentate gyrus (D) and SVZ (E) show multiple low-fluorescence populations that could be 

170 bona fide side populations (labeled as Tentative SP), whereas, U2OS cells (F) show a few 

171 scattered cells that are debris and nuclear fragments.

172 In the cell suspensions from the dentate gyrus and SVZ it was difficult to distinguish the side 

173 population from the continuous main population using the red and blue dual fluorescence of 

174 DCV.  Therefore, a forward scatter parameter (cell size) was added for the remainder of our 

175 analyses to observe the cell heterogeneity together with DCV fluorescence (Fig 1D-F). The 

176 size/DCV-Blue plots of dentate and SVZ cells reveal multiple low-fluorescence cell 

177 populations that appeared to be effluxing DCV, which we labeled as the tentative side 
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178 population (Fig 1D and 1E). As expected the DCV-stained live U2OS control cells showed 

179 no low-fluorescence cell populations (Fig 1F), highlighting the lack of side population in this 

180 culture system. 

181

182 Side populations in primary dentate gyrus and SVZ are responsive to ABC transporter 

183 inhibition

184 To further identify the side population of the adult neural cells, fumitremorgin C (FTC) and 

185 verapamil (VP) were used to inhibit the activity of ABCG2 and ABCB1 transporters, which 

186 are known to prevent the efflux of DCV (6,28). Primary dentate gyrus cells located in the 

187 labeled tentative SP area in the size-DCV-blue plot, showed a population of cells that was 

188 reduced from 4.03% to 0.34% after addition of ABC-transporter antagonists (Fig 2A, 2D). 

189 Similarly, primary SVZ cells located in the tentative SP area responded to the inhibitor 

190 treatment with a reduction of the population from 0.71% to 0.22% after treatment (Fig 2B, 

191 2E). To confirm specificity of ABC transporter inhibitors, the A2780 S cell line was used as a 

192 positive control for VP- and FTC-sensitive side population cells (2,7,29). As predicted, 

193 A2780 S cells had a very distinct side population in standard dual-fluorescence plots that was 

194 reduced from 7.97% to 1.51% after treatment (Fig 2C, 2F). Overall, these data suggest that 

195 primary dentate gyrus and SVZ cells contain a population of cells that possesses side 

196 population properties and effluxes DNA-binding dyes via ABC transporters, and that can be 

197 clearly visualized through measuring cell size together with the fluorescence of the DNA-

198 binding dye. 

199 Fig 2. ABC transporter antagonists (VP and FTC) inhibit the side population phenotype 

200 of primary adult dentate gyrus and SVZ cells. 

201 Fluorescence/size plots for dentate gyrus (A) and SVZ (C) show the side population (SP, 

202 pink) and percentage of cells in the SP in the absence (A, B) and presence of VP and FTC (D, 
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203 E) which significantly reduced the side population. A2780 S cell line, a positive control, 

204 shows a large side population in dual fluorescence plots (C) and nearly complete removal (F) 

205 of the effluxing side population by addition of inhibitors.

206

207 The dentate gyrus and SVZ side populations comprise endothelial cells

208 We hypothesized that the side population may have endothelial cell identity, as have been 

209 previously identified in ex vivo early postnatal SVZ cells (3). This hypothesis was tested 

210 using the surface marker for endothelial cells, cluster of differentiation 31 (CD31) to identify 

211 them among the dentate gyrus cell types. The CD31 expressing (CD31+) endothelial cells 

212 represented 5.96% of all cells in the dissected adult dentate gyrus (Fig 3C) and 3.07% of all 

213 cells in the dissected adult SVZ (Fig 3F). All other cells, including the adult neural stem cells, 

214 were labeled as CD31-negative (CD31-) main population. CD31- cells from the dentate gyrus 

215 did not contain the majority of side population, as shown by the size-DCV-Blue plot (Fig 

216 3A). On the contrary, CD31+ endothelial cells were heterogeneous in size and DNA content 

217 but mostly exhibited a homogenous low DCV fluorescence (Fig 3D). In fact, 75.48% of SP 

218 cells were CD31+ endothelial cells (Fig 3C). Similarly, for the SVZ, CD31- non-endothelial 

219 cells from the adult SVZ did not contain the majority of side population cells (Fig 3B), while 

220 CD31+ endothelial cells occupied this area (Fig 3E) and represented 52.65% of the side 

221 population (Fig 3F). This data, therefore, strongly suggests that the CD31+ endothelial cells 

222 mainly comprise the low-fluorescence DCV-effluxing cells that induce the side population 

223 phenotype of adult primary dentate gyrus and SVZ cells. 

224 Fig 3. The side population phenotype of adult primary dentate gyrus and SVZ cells is 

225 mainly composed of endothelial cells. 

226 The CD31-negative cells are a heterogeneous population in the dentate gyrus (A) and SVZ 

227 (B) and do not contain the DNA-dye-effluxing side population. Alternatively, CD31-positive 
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228 cells localize to the side population area make up a large portion of the SP in primary dentate 

229 gurus (D, C) and SVZ cells (E, F). 
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230 Discussion

231 This series of experiments was used to examine whether a side population can be identified in 

232 primary cells of the dentate gyrus and SVZ using DCV, a live-cell-permeable DNA-binding 

233 dye, in flow cytometry. We identified a side population that effluxes DCV that was best 

234 visualized through measuring cell size together with the fluorescence of the DNA-binding 

235 dye. These cells represent the bona fide side population that responds to the inhibition with 

236 ABC transporter antagonists, verapamil and fumitremorgin C. In both the dentate gyrus and 

237 SVZ cells, the side population was largely composed of CD31-expressing cells, thus 

238 supporting the notion that side populations from adult neurogenic regions are of endothelial 

239 origin. 

240

241 Primary endothelial cells form the side population in ex vivo adult neurogenic extracts

242 Our data support that within the adult dentate gyrus and SVZ, endothelial cells are the major 

243 cell cluster in the side population that responded to ABC transporter inhibition. 

244 Approximately 75% of dentate gyrus SP cells and 53% of SVZ SP cells were endothelial. 

245 This finding supports the work of Mouthon et al. (3) who showed that the side population of 

246 early postnatal SVZ cells contained cells positive for endothelial markers and did not possess 

247 NSC activity. The finding that hippocampal and subventricular endothelial cells formed the 

248 side population with effluxing capability is not surprising as, together with pericytes and 

249 astrocytes, they form and maintain the blood brain barrier (30–32). Accordingly, one of the 

250 main roles of endothelial cells is in brain homeostasis, which relies on the function of the 

251 ABC transporters (32). Primary adult cerebral endothelial cells show high ABC transporter 

252 protein levels (33), and single-cell RNA sequencing datasets from the human and mouse 

253 brain demonstrate that endothelial cells strongly express ABC transporter gene mRNA 

254 (34,35). Given that endothelial cells are often isolated using co-labeling of live cells with 
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255 antibodies (24), our findings provide that using DCV is a less time-consuming, inexpensive, 

256 and an efficient alternative to isolate and study primary adult endothelial cells with active 

257 efflux. 

258

259 Requirements for optimization of side population assay 

260 This study also showed that optimization of some parameters is required for accurate side 

261 population analysis. The optimization of the DCV dilution (Fig. S1) was done in order to 

262 avoid use of low or excess concentrations of DNA-binding dyes that can lead to the false 

263 identification of low-fluorescence cells as belonging to the side population (28), as non-

264 effluxing cells in side and main populations are often continuous. Ensuring proper excitation 

265 with optimal voltage parameters for primary brain cells (S Fig. 1C, F) is also important to 

266 capture full heterogeneity of their DNA content. In addition, the usefulness of the relative cell 

267 size parameter (FSC) cannot be understated when locating very small side populations, such 

268 as those in the dentate and SVZ. The incorporation of the ABC transporter inhibitors further 

269 allows for more precise, higher resolution identification of the bona fide side population. This 

270 is demonstrated by the strong evidence of efflux within the side populations of dentate gyrus 

271 and SVZ cells, with only 0.34% and 0.22% cells not being inhibited by verapamil and 

272 fumitremorgin C, respectively, which may be due to the fact that our inhibitions do not 

273 include the ABCC family of transporters. Overall, our findings show that the dentate gyrus 

274 and SVZ side populations were modest in size and responded to verapamil and 

275 fumitremorgin C treatment but could only be identified while gating on DNA content 

276 together with relative cell size.

277

278 Using SP assay to detect NSCs 
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279 Although the CD31+ endothelial cells represented most of the cells within the side population 

280 area of the dentate gyrus and SVZ, around 25% and 48% of cells in the respective side 

281 population did not express CD31. We hypothesize that these cells are not NSCs but may be 

282 small hematopoietic or microglial cells, as previously reported in the side populations of SVZ 

283 from early postnatal mice (3). Moreover, even if these cells are NSCs, given the majority of 

284 cells are endothelial cells, our data shows that the side population assay would not be 

285 efficient for the isolation of NSCs. This is in direct contrast to the efficiency of the side 

286 population assay to detect NSCs from cultured embryonic and adult cells from the SVZ niche 

287 (3,11). Such discrepancies point to biological differences in cultured and uncultured 

288 neurogenic cell niches, which has been suggested to be due to hypoxic conditions of 

289 neurosphere cultures (3,11). Independent of the cause of these differences, our findings and 

290 the work of others support that the identification of NSCs is limited to NSCs cultured in vitro.  

291 Additionally, we conclude that the use of DCV and analysis of the side population from ex 

292 vivo cell preparations from the neurogenic regions of the adult brain provides an inexpensive 

293 method to study endothelial cells.

294
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397 Supplementary Captions

398 S Fig 1. The titration of the DCV reagent in adult dentate gyrus cells. 

399 DCV staining testing 1X (A,D) or 2X DCV (B, E, C, F), as well as varying degrees of 

400 voltage for the 2X DCV concentration (B, E vs. C, F) as shown in dual fluorescence plots (A-

401 C) and DCV-Blue/size plots (D-F). These results suggested 2X DCV with optimal excitation 

402 (C, F) was sufficient to distinguish the heterogeneous populations. 
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