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ABSTRACT 51 

Neural stem cells (NSCs) persist throughout life in the subventricular zone (SVZ) neurogenic niche 52 

of the lateral ventricles as type B1 cells in adult mice. Maintaining this population of NSCs depends 53 

on the balance between quiescence and self-renewing or self-depleting cell divisions. Interactions 54 

between B1 cells and the surrounding niche are important in regulating this balance, but the 55 

mechanisms governing these processes have not been fully elucidated. The cytoplasmic FMRP-56 

interacting protein (Cyfip1) regulates apical-basal polarity in the embryonic brain. Loss of Cyfip1 57 

during embryonic development in mice disrupts the embryonic niche and affects cortical 58 

neurogenesis. However, a direct role for Cyfip1 in the regulation of adult NSCs has not been 59 

established. Here, we demonstrate that Cyfip1 expression is preferentially localized to B1 cells in 60 

the adult mouse SVZ. Loss of Cyfip1 in the embryonic mouse brain results in altered adult SVZ 61 

architecture and expansion of the adult B1 cell population at the ventricular surface. Furthermore, 62 

acute deletion of Cyfip1 in adult NSCs results in a rapid change in adherens junction proteins as 63 

well as increased proliferation and number of B1 cells at the ventricular surface. Together, these 64 

data indicate that Cyfip1 plays a critical role in the formation and maintenance of the adult SVZ 65 

niche and, furthermore, deletion of Cyfip1 unleashes the capacity of adult B1 cells for symmetric 66 

renewal to increase the adult NSC pool.  67 

 68 

SIGNIFICANCE: Neural stem cells (NSCs) persist in the subventricular zone (SVZ) of the lateral 69 

ventricles in adult mammals and the size of this population is determined by the balance between 70 

quiescence and self-depleting or renewing cell division. The mechanisms regulating these 71 

processes are not fully understood. This study establishes that the cytoplasmic FMRP interacting 72 

protein 1 (Cyfip1) regulates NSC fate decisions in the adult SVZ and adult NSCs that are quiescent 73 

or typically undergo self-depleting divisions retain the ability to self-renew. These results contribute 74 

to our understanding of how adult NSCs are regulated throughout life and has potential implications 75 

for human brain disorders.  76 
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INTRODUCTION 77 

Neural stem cells (NSCs) persist in the subventricular zone (SVZ) of the lateral ventricles into 78 

adulthood in mammals (Doetsch et al., 1999; Bond et al., 2015; Altman, 1969). The adult SVZ 79 

recapitulates the developmental NSC niche with an apical-basal polarity of NSCs, referred to as 80 

type B1 cells (Lois and Alvarez-Buylla, 1993; Doetsch et al., 1999). The cell bodies of B1 cells lie 81 

beneath the ependymal cell layer and undergo symmetric self-renewing divisions to maintain their 82 

population or self-depleting divisions to generate olfactory bulb interneurons or oligodendrocyte 83 

precursors (Parras et al., 2004; Menn et al., 2006; Rousselot et al., 1995; Lois and Alvarez-Buylla, 84 

1994; Lois and Alvarez-Buylla, 1993; Obernier et al., 2018). Disruption of the SVZ niche leads to 85 

alterations in B1 cell proliferation as well as neuronal and oligodendrocyte genesis (Kokovay et al., 86 

2012; Jimenez et al., 2009; Relucio et al., 2012). The niche structure changes with age as B1 cells 87 

are depleted (Shook et al., 2012; Obernier et al., 2018), but the cellular mechanisms regulating 88 

niche maintenance and B1 cell fate in the adult brain have still not been fully elucidated.   89 

Type B1 cells project apical processes to the ventricular surface and basal processes to the 90 

vasculature underlying the adult SVZ. At the ventricle, the apical processes are surrounded by 91 

ependymal cells forming an epithelial surface and oriented in a pinwheel-type formation around the 92 

apical processes (Mirzadeh et al., 2008; Alvarez-Buylla and Lim, 2004; Mercier et al., 2002; 93 

Doetsch et al., 1999). Central to the niche structure in both the embryo and adult is the 94 

maintenance of apical-basal polarity (Lian and Sheen, 2015; Bizzotto and Francis, 2015; O'Leary et 95 

al., 2017; Yoon et al., 2014). During embryonic development, radial glial cells (RGCs) make apical 96 

connections to the ventricular surface and basal projections to the pia and the orientation of the 97 

division plane along the apical-basal axis regulates the fate of daughter cells (Gotz and Huttner, 98 

2005; Kosodo et al., 2004). This polarity is determined by the presence of adherens junctions and 99 

the loss of junction integrity during fetal development leads to alterations in cellular polarity and 100 

abnormal neural development (O'Leary et al., 2017; Bizzotto and Francis, 2015; Ferland et al., 101 

2009; Guerra et al., 2015; Yoon et al., 2014; Lian and Sheen, 2015).   102 
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The stability of adherens junctions depends on cadherins interacting with the cytoplasmic 103 

actin ring (O'Leary et al., 2017; Priya and Yap, 2015; Verma et al., 2012). This process is mediated 104 

by Arp2/3-dependent actin nucleation and the WAVE regulatory complex (WRC) (Verma et al., 105 

2012; Wang et al., 2016). Cytoplasmic FMRP interacting protein1 (Cyfip1) interacts with Rac-GTP 106 

to cleave the WRC, resulting in actin polymerization. Cyfip1 regulates apical-basal polarity and its 107 

loss during the embryonic development results in adherens junction deficits (Yoon et al., 2014). 108 

Adult Cyfip1 haploinsufficient mice exhibit impaired myelination and a decreased number of 109 

oligodendrocytes in the corpus callosum as well as behavioral abnormalities (Silva, A. I., Haddon et 110 

al., 2019; Dominguez-Iturza et al., 2019).   111 

In this study we show persistent expression of Cyfip1 in type B1 cells of the adult SVZ in 112 

mice with prominent localization to the apical processes projecting to the ventricular surface. 113 

Deletion of Cyfip1 during embryonic development results in an expansion of the B1 cell population, 114 

as well as altered localization and increased proliferation rates in the adult SVZ. Acute loss of 115 

Cyfip1 in the adult SVZ NSCs is sufficient to alter the localization and increase proliferation rates of 116 

B1 cells, suggesting that Cyfip1 suppresses symmetric B1 cell expansion in adult mice. Changes in 117 

adherens junction protein localization parallels decreases in Cyfip1 expression and supports an 118 

underlying loss of adherens junction stabilization. 119 

 120 

MATERIALS AND METHODS 121 

Animals 122 

All transgenic animals were crossed on a C57/Bl6 background. The Nestin-CreER animals were 123 

kindly provided by Gordon Fishell (Balordi and Fishell, 2007). Nestin-Cre (JAX stock #003771: 124 

B6.Cg-Tg(Nes-cre)1Kln/J) (Giusti et al., 2014; Tronche et al., 1999) and mTmG reporter mice 125 

(Stock # 007676: B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J) (Muzumdar et 126 

al., 2007) were obtained from the Jackson Laboratory (Bar Harbor, ME).    127 
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In order to generate a Cyfip1 floxed allele (Cyfip1f), a targeting vector was designed to insert 128 

a loxP sequence in front of exon 2 as well as a positive selection marker (PGK promoter driven 129 

neomycin resistant gene) together with another loxP sequence next to exon 5. This was 130 

constructed by recombineering as described (Liu et al., 2003). Specifically, an 11.9 kb genome 131 

fragment containing exon 2 to exon 5 from 129Sv BAC clone (bMQ182K14, Source Bioscience) 132 

was retrieved into a PL253 plasmid containing a negative selection marker (MC1 promoter driven 133 

thymidine kinase gene) using homologous recombination. A loxP sequence and an Flpe-PGK-EM7-134 

Neo-Flpe-loxP cassette were sequentially inserted into the engineered PL253, resulting in 6.0 kb 135 

and 1.0 kb homology arms. The targeting vector was linearized and electroporated into 129S4/Sv 136 

Jae embryonic stem cells (The Transgenic Core Laboratory in Johns Hopkins School of Medicine), 137 

and homologous recombination was confirmed by PCR screening. Targeted clones were injected 138 

into C57BL/6J blastocysts, which were subsequently transferred into pseudo-pregnant foster 139 

mothers. Confirmation of germ-line transmission of the floxed allele and routine genotyping were 140 

performed by PCR screening on tail genomic DNA (wt, 470bp; floxed, 520bp) using DNA primers 141 

as follows: 5’-GCACCTCTCTGCATTTCTGT-3’ and 5’-GCACCAATCAAGTGTTTTCC-3’. 142 

For conditional knockout experiments, homozygous Cyfip1f/f animals were crossed with 143 

animals heterozygous for Nestin-Cre to generate Nestin-Cre:Cyfip1f/f males that were heterozygous 144 

for Nestin-Cre with homozygous floxed Cyfip1 alleles. These were subsequently bred with Cyfip1f/f 145 

females resulting in 50% control (Cyfp1f/f) and 50% conditional knockout (cKO) animals (Nestin-146 

Cre:Cyfip1f/f). Inducible breeding pairs were made up of Nestin-CreER:Cyfip1+/f:mTmG males 147 

crossed with Cyfip1+/f:mTmG females. The mTmG allele was either heterozygous or homozygous in 148 

experimental animals.    149 

All experiments involving animals were approved by the animal care and use committee at 150 

Johns Hopkins University. Both male and female animals were used for experiments. Animals were 151 

housed under 14 hour light/10 hour dark housing conditions with standard diets and water ad 152 

libitum. 153 
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 154 

Immunohistochemistry  155 

Anaesthetized animals were perfused with phosphate buffered saline (PBS) followed by 4% 156 

paraformaldehyde (PFA). Brains were removed from skulls and placed in 4% PFA overnight and no 157 

longer than 24 hours at 4°C. They were then washed one time with PBS and placed in a 30% 158 

sucrose in PBS at 4°C for a minimum of 48 hours prior to sectioning. Serial coronal brain sections 159 

were prepared using a sliding microtome (Leica, SM2010R) or a cryostat (ThermoFisherHM 505 160 

and an HM 550) after brains were frozen in either 30% sucrose solution or OCT freeze solution 161 

(Sigma). Sections were stored frozen in multi-well plates containing antifreeze solution (300 g 162 

sucrose, 300 ml ethylene glycol, 500 ml 0.1 M PBS). Prior to antibody immunostaining, anti-freeze 163 

solution was removed and sections were washed 2 times with PBS. Antibody solutions were made 164 

up of 5% donkey or goat serum, 3% bovine serum albumin and 0.05% Triton X 100 in PBS or tris 165 

buffered saline. Primary antibodies were incubated at 4°C for 24 to 72 hours. Sections were 166 

washed 3 times in 0.05% Triton-X 100 in PBS solution prior to secondary antibody application. 167 

Secondary antibodies were diluted in the above-described antibody solution using goat Alexa Fluor 168 

488, 555, 568, and 647 secondary antibodies (ThermoFisher Scientific) at 1:400 dilutions in 169 

antibody solution with 5% goat serum or donkey Cy2, CY3 and Cy5 antibodies (Jackson 170 

ImmunoResearch) at 1:250 dilution in antibody solution containing 5% donkey serum. Secondary 171 

antibody solutions were incubated either at room temperature for 2 to 4 hours or overnight at 4°C. 172 

Hoechst 33342 (Sigma) or DAPI (Roche) nuclear stains were added to the secondary antibody 173 

solutions. For antibodies that required antigen retrieval, brain sections were incubated in Dako 1X 174 

target retrieval solution (Agilent Dako) or sodium acetate buffer, pH 6 (Sigma) at 95°C for 20 175 

minutes then room temperature for 20 minutes prior to staining. If green fluorescent protein (GFP) 176 

staining was required, anti-GFP primary and secondary antibody staining was conducted prior to 177 

the antigen retrieval step. Tissue was mounted on SuperfrostTM or Superfrost PlusTM slides (Fisher) 178 

and coverslipped with 2.5% PVA/DABCO mounting media (Sigma) or ProLong Antifade mounting 179 
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media (ThermoFisher). Specific antibodies are noted in the results section and include: mouse anti-180 

β-Catenin (BD Biosciences, Cat # 610153), mouse anti-ɣ-Tubulin (Abcam, Cat # ab11316), rabbit 181 

anti-GFAP (Dako, Cat # Z0334), rabbit anti-Cyfip1 (Millipore-Sigma, Cat # Ab6046), rabbit anti-β-182 

Catenin (ThermoFisher, Cat # PA5-16762), chicken anti-GFP (Aves, Cat # NC9510598), mouse 183 

anti-N-Cadherin (Invitrogen, Cat # 981235A), rabbit anti-S100β (Sigma, Cat # HPA015768), mouse 184 

anti-S100β (Sigma, Cat # AMAB91038), goat anti-Sox2 (Santa Cruz Biotechnology, Cat # 185 

SC17320), rabbit anti-hASH1 (MASH1) (Cosmo Bio Co., Ltd., Cat # SK-T01-003), and rabbit anti-186 

Doublecortin (Dcx) (Cell Signaling Technologies, Cat # 4604S). 187 

 188 

Whole-mount Preparation 189 

Whole-mount preparations of the ventricular wall were prepared using a protocol modified from that 190 

published by Mirzedah et al (Mirzadeh et al., 2010). The one modification made was that animals 191 

were perfused with 4% PFA prior to starting the dissection rather than afterwards. Immunostaining 192 

of the whole-mount sections was performed as described above. 193 

 194 

Cell Proliferation Quantification 195 

Cells undergoing DNA replication in S phase were identified by incorporation of 5-ethynyl-2'-196 

deoxyuridine (EDU) (Sigma, St. Louis, MO. Cat # 900584). A stock concentration of 32.5 mM EDU 197 

was made by adding EDU to sterile saline solution with the addition of 1:1000 5 M NaOH and 198 

heating to 42°C for 30 to 60 minutes to dissolve. Stock solutions were stored at -80°C. Two to 199 

twenty four hours prior to perfusion, the solution was warmed to 37°C and intraperitoneal injections 200 

were conducted on 56-84 day old animals for a final dose of 200 mg/kg body weight. After perfusion 201 

and antibody staining, the standard commercial protocol for the Click-iTTM Plus EDU cell 202 

proliferation kit for Imaging (ThermoFisher Scientific, Waltham, MA. Cat. # C10639) was used to 203 

fluorescently label the EDU incorporated into the newly synthesized DNA. Three-dimensional (3D) 204 

tiled images were obtained of the sections and images were reconstructed either in Imaris 3D 205 
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software (Bitplane), Image J Software (NIH) or ZEN software (Carl Zeiss Microscopy, Jena, 206 

Germany). EDU+ cell numbers were manually quantified based on the presence of EDU 207 

fluorescence in the cell nuclei.   208 

 209 

Tamoxifen Injection 210 

A stock solution of 66.7 mg/mL of tamoxifen in a 5:1 solution of corn oil and ethanol was prepared 211 

as previously described (Berg et al., 2019). In order to dissolve the tamoxifen in the corn oil and 212 

ethanol solution, it was heated to 37°C with intermittent vortexing. Stock concentrations were stored 213 

at -80°C. Prior to use, tamoxifen was warmed to 37°C and then injected into the intraperitoneal 214 

space of P56 to P84 Nes-CreER:mTmG animals with or without Cyfip1 floxed at a final 215 

concentration of 248 mg/kg body weight. Animals underwent intracardiac perfusion with 4% PFA 2 216 

to 8 days post injection. 217 

 218 

Image Acquisition, Processing, and Quantification 219 

Brain sections were imaged on either a Zeiss LSM 800, a Zeiss LSM 710, or a Zeiss 800 Airyscan 220 

confocal microscope (ZEISS International) using Zen Software (ZEISS International). Low 221 

magnification images were acquired with 10X or 20X air objectives. High magnification images 222 

were acquired with 40X or 63X oil immersion objectives. Z-stacks were obtained using the optimal 223 

inter-slice distance for the objective. For quantitative and qualitative experiments in which a control 224 

and an experimental condition were being compared, equal settings of laser intensity, pinhole 225 

aperture, and inter slice distance for Z-stacks were maintained as constant between conditions 226 

within the same experiment whenever possible. For larger fields of view, multiple tiled sections 227 

were obtained and stitched together prior to exporting for analysis. 3D reconstructions were 228 

generating using Imaris Software 7.6 (Bitplane). Quantification of fluorescence intensity was 229 

measured in Adobe Photoshop (Adobe) or Image J software (NIH). Quantification of the number of 230 

cells expressing different cell markers was determined using Imaris 7.6, Zen, or Image J software. 231 
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Image preparation was conducted in Adobe Photoshop (Adobe). Any modifications to brightness or 232 

contrast of images was applied equally to control and experimental images.   233 

 234 

Quantification and Statistical Analyses 235 

All data are presented as the mean ± standard error of the means (s.e.m.) for single comparisons 236 

using t-tests. For experiments with multiple comparisons and for paired analysis, the mean 237 

difference ± standard error of the differences was reported. Unless otherwise noted in the results, in 238 

cases where coronal sections were analyzed quantitatively, the average of three sections spaced 239 

240 μm apart was determined for each animal in the experimental population and “n” refers to 240 

number of animals. Quantification was performed by a person who was blinded to the animal 241 

genotype at the time of imaging and quantification for all figures. Statistical analysis was performed 242 

using GraphPad Prism 7 (GraphPad Software Inc.). For experiments with only 2 conditions, a two-243 

tailed Student’s t- test was used for statistical analysis. Unless otherwise noted in the results and 244 

figure legends, data were unpaired. For comparisons between multiple groups, a one-way ANOVA 245 

followed by the appropriate multiple comparisons tests were used (Sidak’s for comparison between 246 

groups, Tukey’s for comparison with a control or single value). P values reported were * for p < 247 

0.05, ** for p < 0.01, *** for p < 0.001, **** for p < 0.0001, and NS for p > 0.05. Sample sizes were 248 

not predetermined using statistical methods. The percent margin of error based on published 249 

standard deviations from similar studies for a 95% confidence interval is 5.5% for n = 3 and 3.3% 250 

for n = 8 animals per condition.   251 

 252 

RESULTS 253 

Cyfip1 expression persists in the neurogenic niche of the adult subventricular zone (SVZ) 254 

To determine whether Cyfip1 is persistently expressed in the neurogenic niche of the adult SVZ, we 255 

examined whole-mount preparations as well as coronal sections from C57/Bl6 mice between 256 

postnatal day 56 and 70 (Figure 1A). The SVZ niche at this age is characterized by a unique 257 
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organization. Type B1 cells express the intermediate filament protein glial fibrillary acidic protein 258 

(GFAP) (Garcia et al., 2004). B1 cells send GFAP+ apical projections to the ventricular surface 259 

forming the hub of the neurogenic niche architecture (Figure 1B) (Mirzadeh et al., 2008). When 260 

viewed en face from the ventricular surface in whole-mount preparations (Figure 1C-D, surface; and 261 

1E, 5 μm below the surface), the apical processes of the GFAP+ B1 cells (Figure 1B, “b” and Figure 262 

1C, arrowhead) are surrounded by epithelial-like ependymal cells containing -Tubulin+ cilia (Figure 263 

1B, “e1” and “e2”; Figure 1C, arrow) forming a “pinwheel” structure. Cell-cell junctions are 264 

demarcated by β-Catenin or N-Cadherin localized to adherens junctions (Figure 1C and 1E). Cell 265 

bodies of B1 cells lie beneath the ventricular surface in the SVZ (Figure 1B and 1E).   266 

 Immunostaining for Cyfip1 demonstrates that it is expressed in the SVZ of the adult mouse 267 

(Figure 1D-F). The expression is at the highest levels in B1 cells and is localized to the apical 268 

processes of B1 cells at the ventricular surface (Figure 1D, arrowheads) as well as cell bodies of B1 269 

cells below the surface (Figure 1E). It is localized to GFAP expressing cells in discrete clusters at 270 

the surface (Figure 1D, arrowheads). Below the ventricular surface, Cyfip1 staining is present in the 271 

cell bodies of GFAP+ cells and overlaps with N-Cadherin immunostaining at cell membranes (Figure 272 

1E) and at lower levels in the S100β+GFAP+ cells (Figure 1F), which represent mature astrocytes 273 

(A). In contrast, there is no detectable Cyfip1 expression in the majority of S100β+GFAP- 274 

ependymal cells (E) at the ventricular surface (Figure 1F, arrowheads). This specific expression in 275 

GFAP+ cells and exclusion from ependymal cells was confirmed with quantification (B1 vs. E mean 276 

difference = 0.725, 95% confidence interval of difference (CI) [0.557, 0.893], p < 0.0001; A vs. E 277 

mean difference = 0.633, 95% CI [0.465, 0.801], p < 0.0001; B1 vs. A mean difference = 0.0925, 278 

95% CI [-0.075, 0.2604], p = 0.339; one-way ANOVA followed by Tukey’s multiple comparisons 279 

test; 616 cells from n = 5 mice; Figure 1G). This result indicates that Cyfip1 is persistently 280 

expressed and is specifically restricted to the GFAP+ B1 cells and astrocytes of the adult SVZ.   281 

 282 
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Loss of Cyfip1 expression alters the cellular composition of the ventricular surface in adult 283 

mice 284 

Persistent expression of the Cyfip1 protein in the adult SVZ and the preferential localization of 285 

Cyfip1 to B1 cells at the center of the pinwheel niche suggests its potential role in regulating B1 286 

cells in the adult niche. Germ line deletion of Cyfip1 is embryonic lethal (Pathania et al., 2014). 287 

Therefore, we generated a conditional knockout animal using Cyfip1f/f animals and a Cre-lox system 288 

in which Cre expression is driven by the Nestin promoter that becomes active in NSCs and neural 289 

progenitor cells during embryonic brain development (Giusti et al., 2014).  290 

Examination of the lateral ventricular surface of the Nestin-Cre:Cyfip1f/f conditional knockout 291 

adult animals (cKO) compared to littermate controls (Con) carrying the Cyfip1f/f alleles, but not 292 

expressing Cre, reveals significant changes in the cellular organization at the ventricular surface 293 

(Figure 2A). In whole-mount sections, there appears to be an increase in the number of GFAP+ cell 294 

bodies at the ventricular surface of the cKO animals compared to the controls. Additionally, 295 

compared to the control SVZ, where there is prominent GFAP immunoreactivity in the apical 296 

processes of B1 cells, the ventricular-projecting processes are not as clearly demarcated in the 297 

cKO SVZ. There is also a change in -Catenin expression at the ventricular surface with less 298 

uniform immunostaining at cell-cell junctions (Figure 2A). 299 

We next examined coronal sections of control and cKO adult animals in order to more 300 

clearly define changes in the cellular composition and organization observed in the whole-mount 301 

preparations. Immunostaining with antibodies directed towards GFAP, S100 , and -Catenin 302 

demonstrates an increase in the number of GFAP+ cell bodies of type B1 NSCs in the SVZ and at 303 

the ventricular surface (Figure 2B). In the control animals, the majority of cells along the ventricular 304 

surface are S100 +GFAP- ependymal cells, while GFAP+ B1 cells and astrocytes typically lie below 305 

the surface in the SVZ (Figure 2B). In the cKO animals, there is a marked increase in GFAP+ cells 306 

at the surface (Figure 2B, bottom, left of red line). Additionally, when the numbers of each cell type 307 

are quantified in proportion to the total number of cells in the SVZ and at the VZ, the relative 308 
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proportion of GFAP+S100  type B1 cells is increased in the cKO animals compared to the controls. 309 

There is no difference in the number of GFAP+S100  astrocytes and GFAP-S100  ependymal 310 

cells (B1 Control vs. cKO mean difference = -0.17, 95% CI [-0.265, -0.7526], p < 0.005; E Control 311 

vs. cKO  mean difference = 0.075, 95% CI [-0.020, 0.017], p = 0.159; A Control vs. cKO mean 312 

difference = 0.042, 95% CI [-0.034, 0.052], p = 0.609; n = 5 animals per condition; one-way ANOVA 313 

followed by Sidak’s multiple comparisons test; Figure 2C). These data demonstrate a change in the 314 

cellular composition of the SVZ and ventricular surface. The increase in the number of B1 cells at 315 

the surface suggests either a translocation of cells to the ventricular surface from beneath, an 316 

expansion of the population of cells at the surface, or both.   317 

 318 

Loss of Cyfip1 increases proliferating cells at the ventricular surface of adult animals 319 

We hypothesized that the increase in GFAP+ B1 cells at the ventricular surface is the result of the 320 

GFAP+ NSCs translocating to the ventricular surface and dividing there. To test this hypothesis, we 321 

performed 5-ethynyl-2’-deoxyuridine (EDU) incorporation experiments to label actively cycling cells 322 

in the S phase. We injected 56 to 70 day old control animals as well as littermate cKO animals with 323 

a single intraperitoneal dose of 200 mg/kg bodyweight of EDU. After 24 hours, whole-mount and 324 

coronal sections were used for immunostaining, EDU labeling and quantification. In the whole-325 

mount preparations, there is a significant increase in the number of EDU+ nuclei at the ventricular 326 

surface in the cKO animals compared to controls (Con = 316 ± 67 cells/mm2, n = 3 animals vs. cKO 327 

= 782 ± 49 cells/mm2, n = 3 animals; p < 0.05; unpaired t-test; Figure 3A and 3B), indicating an 328 

increase in proliferation of cells at or near the ventricular surface.   329 

As the whole-mount preparations only allow visualization of the lateral wall of the lateral 330 

ventricle, we also examined coronal preparations of 56 to 70 day-old animals at 24 hours after EDU 331 

injection. The number of EDU+ cells at the ventricular surface and in the SVZ was quantified by 332 

counting the total number of EDU+ cells lining the lateral wall, the medial wall, and the dorsal wall of 333 

the ventricle in every 6th 40 μm coronal section from the first section containing the anterior SVZ to 334 
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the posterior SVZ at the level of the dentate gyrus for each animal (Figure 3C-D). As in the whole-335 

mount preparations, there is an increase in EDU+ cells in the cKO animals compared to the controls 336 

(Total cKO vs. Con mean of differences = 360 ± 62.1 cells per hemisphere; n = 5 animals, p < 337 

0.005; paired two-tailed t-test; Figure 3D). This increase is reflective of significant increases in 338 

proliferating cells independently in the lateral wall (Lateral cKO vs. Con mean of difference = 252 ± 339 

69.9 cells per hemisphere; n = 5 animals, p < 0.05; two-tailed paired t-test), the dorsal wall (Dorsal 340 

cKO vs. Con mean of difference = 39.8 ± 12.72 cells per hemisphere; n = 5 animals, p < 0.05; 341 

paired two-tailed t-test), and the medial wall (Medial cKO vs. Con mean of difference = 81.8 ± 26.42 342 

cells per hemisphere; n = 5 animals, p < 0.05; paired two-tailed t-test) (Figure 3D). The number of 343 

EDU+ cells in the rostral migratory stream (RMS) just anterior to the ventricles was also 344 

independently quantified and shows an increase in the cKO animals (RMS cKO vs. Con mean of 345 

difference = 121.3 ± 23.35 cells per hemisphere; n = 5 animals, p < 0.05; paired two-tailed t-test; 346 

Figure 3D). This increase in the number of EDU+ cells entering the proximal RMS supports an 347 

increase in the generation of new cells rather than a failure to migrate from the ventricular surface.   348 

 349 

Acute loss of Cyfip1 in the adult SVZ disrupts niche architecture and alters NSC proliferation 350 

Studies up to this point have examined the effect of loss of Cyfip1 during embryonic development 351 

and therefore cannot distinguish between the downstream effects of altering the embryonic 352 

neurogenic niche or a persistent need for Cyfip1 in the adult niche. To determine whether Cyfip1 353 

plays a persistent functional role in the adult neurogenic niche, we developed an inducible 354 

conditional knockout animal (icKO) to delete the Cyfip1 gene specifically in the NSCs in the SVZ of 355 

adult animals after the niche is already established. We used a tamoxifen inducible Cre-lox system 356 

in which expression of a Cre recombinase protein with an estrogen receptor motif (Cre-ER) is 357 

driven by the Nestin promotor (Balordi and Fishell, 2007). To verify Cre expression and to label 358 

cells in which recombination occurred, Nestin-CreER animals were crossed with the mTmG 359 

reporter mouse (Muzumdar et al., 2007). 360 
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Adult control animals containing the Nestin-CreER:Cyfip1+/+:mTmG transgenes that were 361 

wild type for Cyfip1 (Control), as well as animals with a Nestin-CreER:Cyfip1f/f:mTmG  genotype 362 

(icKO) were injected with tamoxifen between P56 and P84. Animals were then sacrificed at 2, 4 and 363 

8 days post injection (DPI) for analysis. Animals sacrificed at 8 DPI demonstrated decreased levels 364 

of Cyfip1 protein in the GFAP+ cells beneath the cell surface (Figure 4A). Quantification of the 365 

relative immunofluorescence levels for Cyfip1 showed approximately 45% of controls in icKO 366 

animals (mean Cyfip1 immunofluorescence intensity 49.5 ± 5.5 intensity units, n = 5 Control cells 367 

vs. 22.2 ± 4.1 intensity units, n = 13 icKO cells; p = 0.002; unpaired t-test). Whole-mount 368 

immunostaining with antibodies targeted against GFP, marking recombined mTmG+ cells, indicates 369 

that as early as 2 DPI Cre-mediated recombination occurs at similar frequencies in both the control 370 

and icKO animals. There is an increase in the intensity of GFP immunofluorescence by 4 and 8 DPI 371 

in both conditions (Figure 4B).    372 

To determine whether Cyfip1 is required for regulation of the SVZ niche, we examined 373 

GFAP expression as well as N-Cadherin expression at the ventricular surface after tamoxifen 374 

induction. At 8 DPI, there is a marked increase in the number of GFAP+ cells at the ventricular 375 

surface (Figure 5A and 5B). This increase in GFAP immunoreactivity occurs in the form of an 376 

increased number of apical process clusters as well as an increased number of cell bodies at the 377 

cell surface and is reflective of a significant increase in the number of normal and abnormal 378 

pinwheel formations (icKO vs. Con mean of differences = 7.95 ± 1.37 GFAP+ cells/100 mm2, p < 379 

0.05, paired two-tailed t-test; Figure 5B). When the expression of N-Cadherin and GFAP in the 380 

pinwheel formations is examined at a high magnification in the control SVZ, there is a distinct 381 

demarcation between the GFAP+ apical projections and the ependymal cells at the surface with 382 

very little overlap between GFAP and N-Cadherin immunostaining, and intense N-Cadherin 383 

immunostaining surrounding the central apical projections (Figure 5C, Control, arrowheads). In 384 

contrast, there is a marked overlap in N-cadherin and GFAP expression in the iCKO animals at 8 385 

DPI. In the absence of Cyfip1, N-Cadherin is no longer excluded from the center of the apical 386 
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projection and there is no longer a clear demarcation between B1 cells and non-GFAP expressing 387 

cells at the surface (Figure 5C, 8 DPI, arrowheads). Additionally, cell-cell junctions along the 388 

surface are thicker and less clearly defined compared to the controls. At 2 and 4 DPI, some of the 389 

GFAP+ projections of the icKO animals are similar to the control animals. In others, the phenotype 390 

is similar to the GFAP+ processes of the 8 DPI icKO animals (Figure 5C). These results indicate 391 

that the structural changes begin prior to the 8 DPI time point. 392 

We further examined the effect of acute Cyfip1 deletion on the cellular distribution of the 393 

SVZ niche in coronal sections from tamoxifen injected mice at 8 DPI. Cells were immunostained for 394 

GFP, GFAP and S100β in order to determine the relative number of GFAP+S100β- B1 cells, GFAP-395 

S100β+ ependymal cells and GFAP+S100β+ astrocytes compared to the total GFP+ recombined 396 

cells at the ventricular surface and in the SVZ (Figure 6A). Similar to the cKO animals in which 397 

Cyfip1 is deleted from the embryonic NSCs, there is a significant increase in the number of 398 

GFAP+S100β- B1 cells relative to total cells in the icKO animals compared to controls (B1 Con vs. 399 

icKO mean difference = -0.121, 95% CI [-0.235, -0.008], n = 7 animals per condition, p < 0.05; one-400 

way ANOVA followed by Sidak’s multiple comparisons test; Figure 6B). There was not a significant 401 

change in either the number of ependymal cells or astrocytes (E Con vs. icKO mean difference = 402 

0.03552, 95% CI [-0.078, 0.148], p = 0.821; A Con vs. icKO mean difference = -0.017, 95% CI [-403 

0.130, 0.096], p = 0.976; n = 7 animals per condition; one-way ANOVA followed by Sidak’s multiple 404 

comparisons test; Figure 6B). These results suggest that Cyfip1 specifically regulates the number 405 

of GFAP+S100β- B1 cells at the ventricular surface and in the SVZ.    406 

To determine whether there is an increase in the proliferation of B1 cells within the niche, 407 

we injected P56-P84 control and icKO animals with tamoxifen, followed by injection with EDU at 2 408 

hours prior to perfusion at 8 DPI. Coronal sections were subsequently immunostained with 409 

antibodies against Sox2, a transcription factor expressed in B1 cells, and GFP (Figure 7A). 410 

Consistent with the results of GFAP+ B1 cell quantification, there was a proportional increase in the 411 

number of Sox2+GFP+ cells relative to all GFP+ cells in the icKO animals compared to the controls 412 
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(Con vs. icKO mean difference = -0.192, 95% CI [-0.289, -0.094], n = 4 animals per condition, p < 413 

0.001; one-way ANOVA followed by Sidak’s multiple comparisons test; Figure 7B). Additionally, 414 

there was an increase in the number of Sox2+GFP+EDU+ cells in the icKO compared to control 415 

animals (Con vs. icKO mean difference = -0.147, 95% CI [-0.227, -0.003], n = 3 animals per 416 

condition, p < 0.05; one-way ANOVA followed by Sidak’s multiple comparisons test; Figure 7B). 417 

These results indicate that there are more Sox2+ B1 cells and they exhibit a higher rate of 418 

proliferation upon Cyfip1 deletion.  419 

Previous studies have shown that B1 cell division in the SVZ leads to either a symmetric 420 

expansion of B1 cells or to neurogenic cell divisions (Obernier et al., 2018). In order to assess 421 

whether the increased divisions that occur in the absence of Cyfip1 are self-renewing or neurogenic 422 

or a combination of both, 8 DPI coronal sections from control and icKO animals were 423 

immunostained for Mash1, a transcription factor expressed in transient amplifying cells (TACs) 424 

(Figure 7C), and Doublecortin (Dcx), a microtubule-associated protein expressed in neuroblasts 425 

(Figure 7D). In contrast to the Sox2+ cells, there was no significant change in the proportion of 426 

Mash1+ TACs among GFP+ cells in the icKO compared to the controls (Con = 0.103 ± 0.025, n = 6 427 

animals; icKO = 0.117 ± 0.009, n = 8 animals; p = 0.5, two-tailed t-test; Figure 7E, left). Similarly, 428 

there was no difference between the proportion of Dcx+GFP+ neuroblasts among GFP+ cells in 429 

control and icKO animals (Con = 0.297 ± 0.011, n = 7 animals; icKO = 0.312 ± 0.019, n = 8 430 

animals; p = 0.5, two-tailed t-test; Figure 7E, right). Together, these data indicate that acute loss of 431 

Cyfip1 does not lead to an increase in cells with a neurogenic fate and support the hypothesis that 432 

the increased B1 cell divisions upon Cyfip1 deletion are symmetric self-renewing.   433 

 434 

DISCUSSION 435 

In this study, we demonstrate that Cyfip1 is important for proper establishment and maintenance of 436 

the adult SVZ niche architecture and regulation of type B1 cell proliferation and localization. While 437 

the importance of Cyfip1 in embryonic development and mature neuronal plasticity is beginning to 438 
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be appreciated (Abekhoukh and Bardoni, 2014; Abekhoukh et al., 2017; Yoon et al., 2014; De 439 

Rubeis et al., 2013), this study is the first to suggest that Cyfip1 is a critical component in 440 

establishing and maintaining the adult SVZ NSC niche and regulating adult NSC fate. Our study 441 

further suggests that type B1 adult NSCs maintain the capacity for symmetric self-renewal to 442 

amplify their pool in the adult brain.  443 

In contrast to the embryonic period, where there is prominent Cyfip1 expression in the apical 444 

membranes of RGCs covering the entire ventricular surface (Yoon et al., 2014), our study 445 

demonstrates that the overall expression of Cyfip1 at the ventricular surface decreases in the adult 446 

SVZ as RGCs differentiate into ependymal cells. Remarkably, this indicates an expression 447 

specificity for NSCs as Cyfip1 continues to be expressed in the GFAP+ type B1 NSCs and is not 448 

prominent in the S100β+GFAP- mature ependymal cells. Similar to what is seen in the RGCs of 449 

embryonic development, there is specific localization of this protein to the apical processes at the 450 

ventricular surface in the adult SVZ and overlap with N-Cadherin expression at cell-cell junctions. 451 

As is the case in embryonic development, Cyfip1 is involved in the regulation of adherens junctions 452 

in the adult SVZ and is required for NSC niche maintenance.   453 

Mirzedah et al (2008) have previously shown by electron microscopy that adherens 454 

junctions in the pinwheel formations of the adult SVZ are asymmetric between ependymal cells and 455 

type B1 cells. Junctions between B1 cells are similar to those seen between RGCs in development. 456 

Ependymal-ependymal cell junctions are different from both (Mirzadeh et al., 2008). Asymmetric 457 

persistence of Cyfip1 expression and the resultant differential regulation of adherens junctions in B1 458 

cells, but not in ependymal cells, is one potential mechanism leading to B1 cell specific adherens 459 

junctions. In support of this notion, in the control SVZ, there is a discrete localization of N-Cadherin 460 

to the cell-cell junctions in B1 cells. Acute deletion of Cyfip1 results in a dispersion of N-Cadherin 461 

from a discrete apical membrane ring surrounding GFAP+ processes, suggesting that Cyfip1 462 

stabilizes N-Cadherin at the apical cell-cell junction. 463 
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 In the embryonic NSC niche, disrupted adherens junction stability leads to shorter cell 464 

cycles and a reduction of cells that exit the cell cycle (Gil-Sanz et al., 2014). Here, we observed an 465 

increase in cell division as well as an increase in the number of B1 cells in the adult SVZ as a 466 

consequence of loss of Cyfip1 during the embryonic stages. Previous work has demonstrated that 467 

B1 cell divisions in the adult SVZ are either symmetrically self-depleting or symmetrically self-468 

renewing and the balance between the two favors depletion over time, leading to a progressive 469 

decrease in B1 cells with aging (Obernier et al., 2018). An increase in cell divisions can either lead 470 

to depletion or expansion of the overall NSC pool depending on which type of division is enhanced. 471 

In another model examining niche regulation of B1 cell division in the adult SVZ, loss of apical end 472 

feet anchoring in the niche by blocking vascular molecular adhesion molecule-1 (VCAM-1) leads to 473 

disrupted pinwheel architecture and increased self-depleting neurogenic divisions with a resultant 474 

depletion of B1 cells (Kokovay et al., 2012). In contrast, in this study, we found increased self-475 

renewing proliferation and a specific expansion of B1 cells upon Cyfip1 deletion.  476 

In the conditional knockout model (cKO), it is possible that loss of Cyfip1 during embryonic 477 

development alters the structure of the niche and it is the dysregulated niche, but not a persistent 478 

need for Cyfip1 in the adult niche, that contributes to the observed effects. However, the marked 479 

loss of localization of N-Cadherin to cell-cell junctions, accompanied by the expansion of type B1 480 

cells, and an increase in their proliferation when Cyfip1 is acutely depleted in our inducible 481 

conditional (icKO) model indicates that persistent Cyfip1 expression in B1 cells is indeed required to 482 

maintain the niche. Furthermore, the upregulation of self-renewing proliferation after acute deletion 483 

of Cyfip1 without an increase in transient amplifying cells or neuroblasts indicates that there is not 484 

an immediate increase in neurogenesis as a result of the acute loss of Cyfip1. This result suggests 485 

that it is possible to attenuate or reverse the progressive depletion of B1 cells in the adult SVZ of 486 

control animals and that normal levels of Cyfip1 protein expression are required to regulate fate 487 

choices and maintain the balance between renewing and depleting neurogenic divisions of B1 cells.  488 
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The exact mechanisms by which Cyfip1 regulates these processes are unclear. It is 489 

possible that the symmetric vs. asymmetric adherens junctions provide information to B1 cells 490 

about the surrounding cells and the loss of adhesion acts as a signal to B1 cells to generate new 491 

cells through division. Alternatively, Cyfip1 may regulate cell fate choice through a signaling 492 

mechanism independent of its role in adherens junction maintenance and further studies are 493 

needed to elucidate which of these hypotheses is correct. In contrast to the acute ickO model in 494 

which there is no increase in neuroblasts, when Cyfip1 is lost during the embryonic stage in the 495 

cKO model, there is an increase in cycling cells in the RMS. We hypothesize that Cyfip1 knockout 496 

in neural progenitor cells during embryonic development would lead to subsequent early expansion 497 

of the B1 cell population. Because Cyfip1 knockout does not completely stop neurogenic divisions, 498 

there are more B1 cells later in the adult SVZ that are available to generate new neurons which 499 

would potentially lead to an increase in the number of cells in the RMS. Understanding the 500 

regulation of this later fate determination will be important to understanding both normal and 501 

pathologic development. 502 

The potential of B1 cells in the adult to reactivate their capacity for symmetric self-renewing 503 

divisions after embryonic development could have implications for regeneration as well as 504 

oncologic transformation. With regards to the latter possibility, it should be noted that CYFIP1 has 505 

been proposed as a tumor invasion suppressor in humans (Silva, J. M. et al., 2009). Additionally, 506 

the phenotype observed in our cKO model demonstrating increased symmetric renewing divisions 507 

in the adult after embryonic deletion is pertinent to recent findings demonstrating that humans who 508 

are haploinsufficient for CYFIP1 due to deletion of the 15q11.2 locus, where the gene is located, 509 

have microstructural alterations in the white matter as detected by MRI (Silva, A. I. et al., 2019). 510 

Additionally, mice that are haploinsufficient for Cyfip1 have decreased myelination in the corpus 511 

callosum and decreased numbers of oligodendrocytes and abnormal behavior (Silva, A. I. et al., 512 

2019; Dominguez-Iturza et al., 2019). Although there are many hypotheses as to why loss of Cyfip1 513 

in mice could alter myelination based on its known role in actin nucleation, which is necessary for 514 
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migration and adhesion, the data presented here suggest the possibility that the increased 515 

symmetric B1 cell renewing divisions could occur at the expense of the generation of 516 

oligodendrocytes, resulting in impaired myelination either in the pre- or postnatal period or both.   517 

CYFIP1 is located within the 15q11.2 locus in humans and deletions or duplications in this 518 

region are found in patients with epilepsy, intellectual disability, autism and schizophrenia (van der 519 

Zwaag et al., 2010; von der Lippe et al., 2011; Doornbos et al., 2009; Borlot et al., 2017; Mullen et 520 

al., 2013; Mefford et al., 2010; de Kovel et al., 2010; Rudd et al., 2014). Copy number variation in 521 

the 15q11.2 locus also results in changes in white matter microstructure (Silva, A. I. et al., 2019). 522 

The role of Cyfip1 as a member of the WAVE regulatory complex (WRC) in regulating actin 523 

nucleation makes it an ideal candidate to regulate synaptic plasticity as well as early neural 524 

development (Abekhoukh et al., 2017; Yoon et al., 2014; De Rubeis et al., 2013). Results presented 525 

here suggest that it continues to be important in postnatal NSC regulation with potentially important 526 

downstream effects on postnatal neuron and oligodendrocyte genesis. Building on the previous 527 

finding of the necessity of Cyfip1 for the establishment of apical basal polarity in embryonic 528 

neurogenesis (Yoon et al., 2014), this study reveals a persistent requirement for its expression in 529 

the adult neurogenic niche. Together, these results indicate that Cyfip1 is crucial to NSC behavior 530 

and the neurogenic niche throughout life. Importantly, we show that Cyfip1 suppresses self-531 

renewing B1 cell divisions and that NSCs can be reactivated to favor self-renewal even in the adult 532 

SVZ.  533 

  534 
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FIGURE LEGENDS 691 

Figure 1. Cyfip1 is expressed in B1 cells of the adult subventricular zone. (A) Diagrammatic 692 

illustration of the whole-mount and coronal preparations used for analysis in this study. Gray 693 

squares correspond to the region for the 3-dimensional (3D) image in (B). (B) 3D diagram of the 694 

cellular composition of the adult subventricular zone (SVZ). e1: E1 ependymal cells. e2: E2 695 

ependymal cells. b: type B1 cells. c: type C transient amplifying cells. a: migratory neuroblasts. 696 

Model based on that of Mirzadeh et al. 2008. (C) Sample confocal images of the whole-mount 697 

preparation of the dorsolateral surface of the lateral ventricle of a control adult animal with 698 

immunofluorescent staining for β-Catenin and ɣ-Tubulin (green), GFAP (red), and DAPI (blue) in 699 

the merged image. Arrowhead indicates GFAP+ projection at the center of a pinwheel formation. 700 

Arrow indicates an ependymal cell forming a blade of the same pinwheel formation. (D) Sample 701 

confocal images of immunofluorescent staining of GFAP (blue) and Cyfip1 (red) on the dorsolateral 702 

ventricular surface with pictorial representation of the architecture in the last panel. Arrowheads 703 

indicate apical GFAP+ projections at the center of the pinwheels. Merged panel is an orthographic 704 

projection. (E) Sample confocal images of immunostaining of GFAP (blue), Cyfip1 (red) and N-705 

Cadherin (green) 5 μm below the ventricular surface. Merged panel is an orthographic projection. 706 

(F) Sample confocal images of coronal sections immunostained for GFAP (red), Cyfip1 (green), 707 

S100β (blue), and DAPI (grey in the merged image). Images are examples from the medial (top) 708 

and the lateral (bottom) ventricular walls. Arrowheads indicate S100β+GFAP-Cyfip1- ependymal 709 

cells surrounded by Cyfip1+GFAP+S100β+ astrocytes and Cyfip1+GFAP+S100β- B1 cells. Scale 710 

bars, 20 μm (C-E) and 10 μm (F). All images are representative of similar immunostaining observed 711 

in a minimum of 4 animals. (G) Quantification of the number of cells that are Cyfip1+ in each of 712 

three cell types in the adult SVZ niche. B1: GFAP+S100β- type B1 cells, A: GFAP+S100β+ 713 

astrocytes, E: GFAP-S100β+ ependymal cells. Ratios represent the total number of each cell type 714 

divided by the number of Cyfip1+cells of that type. Quantification is based on 616 cells from coronal 715 

sections as in (F) in n = 5 animals. Each dot represents value of the mean from one animal. Bar 716 
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values represent the mean of 5 animals ± s.e.m. (****p < 0.0001; one-way ANOVA followed by 717 

Tukey’s multiple comparisons test). 718 

 719 

Figure 2. Loss of Cyfip1 alters the structure of the ventricular surface in adult Cyfip1 720 

conditional knockout mice. (A) Sample confocal images of the ventricular surface in control and 721 

conditional Cyfip1 knockout (cKO) adult mice. Whole-mount preparations were immunostained for 722 

β-Catenin (green), GFAP (red), and DAPI (blue in merged image). Scale bar, 20 μm. (B) Sample 723 

confocal images of coronal sections of the lateral ventricle of the adult SVZ in control versus cKO 724 

animals. Sections immunostained with antibodies targeting S100β (red), β-Catenin (green), and 725 

GFAP (blue). Red line demarcates the border between the first cell layer at the ventricular surface 726 

and the SVZ. Scale bar, 10 μm. (C) Quantification of the cellular composition of the SVZ and 727 

ventricular surface. The number of GFAP+ and S100β+ cells were quantified in relation to the total 728 

number of cells based on nuclear DAPI staining. B1: GFAP+S100β- type B1 cells, A: GFAP+S100β+ 729 

astrocytes, E: GFAP-S100β+ ependymal cells. Each dot represents the mean counts of 3 sections 730 

per animal. Bar values represent the mean of the means + s.e.m. (n = 6 control and 7 cKO animals. 731 

***p < 0.001, NS: p > 0.05; one-way ANOVA followed by Sidak’s multiple comparisons test). 732 

 733 

Figure 3. Loss of Cyfip1 during embryonic development results in altered cell proliferation in 734 

the adult subventricular zone. (A) Sample images of whole-mount preparations of EDU-injected 735 

control and conditional knockout (cKO) adult mice 24 hours post injection. Tiled 3D images were 736 

obtained to capture the entire ventricular surface and reconstructed in Imaris software. EDU+ nuclei 737 

were marked for quantification (red dots). Scale bar, 500 μm. (B) EDU+ cells as in (A) were 738 

quantified and normalized to the total area of the ventricular surface for each animal as shown as 739 

individual dots. Bar values present mean + s.e.m. (n = 3 animals for each condition; **p < 0.001; 740 

paired two-tailed t-test). (C) Sample confocal images of the lateral wall of the lateral ventricles in 741 

coronal section from control and cKO animals stained with EDU (red), GFAP (green), and DAPI 742 



[JN-RM-2249-19] 
 

27 
 

(blue). Images are orthogonal reconstructions of a subarea of the ventricular wall similar to the grey 743 

box in the inset in (D). Scale bar, 20 μm. (D) Quantification of EDU+ cells in 40 μm coronal sections. 744 

Every 6th section beginning from the posterior frontal lobe just anterior to the ventricle (rostral 745 

migratory stream, RMS) and extending to the dentate gyrus of the hippocampus was examined. 746 

Each dot represents the value of the total cells quantified for each animal with a minimum of 7 747 

sections along the anterior to posterior axis of the lateral ventricles examined with variation 748 

dependent on the size of the ventricle and no difference in number of sections between genotypes. 749 

Bars represent the mean of animals + s.e.m. (n = 5 animals for control and 5 animals for cKO; **p < 750 

0.005; *p < 0.05; paired two-tailed t-test).   751 

 752 

Figure 4. Acute deletion of Cyfip1 in the adult SVZ. (A) Sample confocal images of the 753 

ventricular wall of control and induced conditional knockout (icKO) adult animals demonstrating 754 

decreased Cyfip1 levels by immunofluorescence. Scale bar, 20 μm. (B) Sample confocal images of 755 

N-Cadherin (blue) and GFP (green) immunofluorescence at 2, 4 and 8 days post injection (DPI) in 756 

whole-mount preparations in control and icKO mice. Scale bar, 20 μm. 757 

 758 

Figure 5. Acute loss of Cyfip1 disrupts the adult ventricular surface. (A) Sample confocal 759 

images of whole-mount preparations from control and induced conditional knockout (icKO) adult 760 

animals at 8 days post injection (DPI) that are immunostained for GFP (green), GFAP (red) and N-761 

Cadherin (blue). Arrowheads indicate GFAP+ apical processes at the surface. Scale bar, 20 μm. (B) 762 

Quantification of the number of GFAP+ cell contacts at the cell surface of whole-mount 763 

preparations. Each dot represents the value from each animal. Bar values present mean + s.e.m. (n 764 

= 4 animals per condition. *p < 0.05; two-tailed paired t-test). (C) Sample confocal high 765 

magnification images of whole-mount preparations immunostained for GFAP (red) and N-Cadherin 766 

(blue). Arrowheads indicate type B1 cells and ependymal junctions in control versus cKO animals at 767 

2, 4, and 8 DPI. Scale bar, 20 μm.  768 
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 769 

Figure 6. Acute loss of Cyfip1 increases the proportion of GFAP+ B1 cells in the adult SVZ.  770 

(A) Sample confocal images of coronal sections immunostained for GFAP (red), GFP (green), and 771 

S100β (blue) from control and induced conditional knockout (icKO) adult animals. Scale bar, 10 μm. 772 

(B) Quantification of GFAP+s100 - B1 cell (B1), GFAP+s100 + astrocytes (A), and GFAP-s100 + 773 

ependymal cells (E) expressing GFP compared to the total GFP+ cells at the ventricular surface and 774 

in the SVZ of the lateral wall of the lateral ventricles. Each dot represents the mean of 3 sections 775 

per animal. Bars represent the mean + s.e.m (n = 7 animals per condition, *p < 0.05; NS: p > 0.05; 776 

one-way ANOVA followed by Sidak’s multiple comparisons test).   777 

 778 

Figure 7. Acute loss of Cyfip1 increases proliferating Sox2+ B1 cells, but does not affect the 779 

proportion of Mash1+ transient amplifying cells (TACs) or doublecortin+ (Dcx) neuroblasts. 780 

(A) Sample confocal images of coronal sections stained against EDU (red), Sox2 (blue) and GFP 781 

(green) from control and inducible conditional knockout (icKO) adult mice. Scale bar, 20 μm. 782 

Images are maximum intensity projections of 20 μm 3D stacks. (B) Quantification of Sox2+GFP+ 783 

and Sox2+EDU+GFP+ cells compared to the total number of GFP+ cells in control and icKO animals. 784 

Each dot represents the mean counts from 3 coronal sections per animal. Bar values represent the 785 

mean + s.e.m. (n = 4 animals per condition for Sox2 quantification and n = 3 animals per condition 786 

for Sox2/EDU quantification. *p < 0.05; ***p < 0.001; NS: p > 0.05; one-way ANOVA followed by 787 

Sidak’s multiple comparisons test). (C) Sample confocal single plane images of Mash1 788 

immunostaining in control and icKO animals. Mash1 immunostaining (red) localizes to the nuclei 789 

labeled with DAPI staining (blue). GFP (green) labels the cell membrane. Scale bar, 10 μm. (D) 790 

Sample confocal images of Dcx (red) localized to the GFP+ (green) cell bodies in control and icKO 791 

animals. Scale bar, 10 m. (E) Left, quantification of the proportion of Mash1+GFP+ cells compared 792 

to the total GFP+ cells in control and icKO animals (n = 6 control and 8 icKO animals. p = 0.57, 793 

unpaired t-test). Right, quantification of the proportion of DCX+GFP+ cells compared to the total 794 
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GFP+ cells in control and icKO animals (n = 7 control and n = 8 icKO animals. p = 0.53, unpaired t-795 

test). 796 
















