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Abstract

Fractones are extracellular matrix structures in the neural stem cell niche of the
subventricular zone (SVZ). Their cellular origin and what determines their localization at this site is
poorly studied and it remains unclear whether they influence neural stem and progenitor cells
(NSPCs) formation, proliferation and/or maintenance. To address these questions, we analyzed
whole mount preparations of the lateral ventricle by confocal microscopy using different
extracellular matrix and cell markers, revealing laminin a5 as a major component of fractones, which
were profusely distributed throughout the SVZ and appeared at the center of pinwheels, a critical
site for adult neurogenesis. We demonstrate that fractones appear at the apical membrane of
ependymal cells at the end of the first week after birth, and the use of transgenic mice lacking
laminin a5 gene expression (Lama5) in endothelium and in FoxJ1-expressing ependymal cells,
revealed ependymal cells as the source of laminin a5-containing fractones. Loss of laminin a5 from
fractone bulbs correlated with an aberrant upregulation of laminin a2 and a two-fold increase in the
proliferation of NSPCs, as determined by PH3 staining. These results indicate that fractones are a key

component of the SVZ and that the laminin isoform composition at this site affects NSPC numbers.

Introduction

The subventricular zone (SVZ) is the largest and most studied neural stem cell niche in adult
mice. Within this niche, neural stem and progenitor cells (NSPCs) contact the ependymal cell layer
lining the ventricles (Doetsch et al., 1999) and the basement membranes (BMs) of blood vessels
(Shen et al., 2008; Tavazoie et al., 2008). BMs are specialized extracellular matrix sheets, which in
most tissues underlie endothelia and epithelial layers and ensheath nerves and muscle fibers, but in
the SVZ appear in an unique punctate pattern. In the CNS, blood vessels are surrounded by two
biochemically distinct BMs, one underlying the endothelium and one produced by astrocytes and

deposited in the parenchymal BM (Sixt et al., 2001; Wu et al., 2009). Fractones are described to
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emerge from capillaries as thin stems, which branch profusely and terminate as BMs bulbs at the
ependymal layer (Leonhardt and Desaga, 1975; Mercier et al., 2002, 2011), thereby accounting for
their punctate appearance. Laminins are the main functional constituents of BMs, acting as a
molecular scaffold for its assembly and providing biological signals that control cell migration,
differentiation and proliferation (Smyth et al.,, 1999). All members of the laminin family are
heterotrimers composed of one a, one § and one y chain that combine to form 16 distinct isoforms
with tissue specific distributions and functions (Durbeej, 2010). The C-terminus of the 5 laminin a
chains are key to laminin signaling, bearing in most isoforms the domains recognized by membrane
receptors that regulate cellular adhesion, migration and division (Colognato and Yurchenco, 2000).
Although it has been shown that fractone bulbs contain several laminin a chains, it is not yet clear if
they are present in similar amounts (Kazanis et al., 2010). Laminins containing the a5 chain have
been shown to be crucial for pluripotent stem cell survival and self-renewal in vitro (Hongisto et al.,
2012; Miyazaki et al., 2012; Laperle et al., 2015) and for inhibiting the proliferation of keratinocytes
in vivo (Wegner et al., 2016). The effects of fractones on NSPCs physiology has been attributed to the
perlecan; however, this is based solely on its ability to bind growth factors, e.g. bFGF, BMP-4 and
BMP-7, and to present them to contacting cells (Douet et al., 2012; Kerever et al., 2014; Mercier and
Douet, 2014).

Despite growing evidence of the relevance of fractones in the SVZ (Kazanis et al., 2010;
Mercier et al., 2012), a comprehensive understanding of their location is still lacking, in particular
how fractones relate to NSPCs and pinwheels, critical structures for adult neurogenesis formed by
NSPCs and ependymal cells at the ventricle wall (Mirzadeh et al., 2008). In addition, identifying the
cells responsible for producing fractones and determining whether the laminin composition plays a
role in SVZ physiology are crucial to understanding how stem cells are formed and maintained at this
site.

Previous studies have identified interactions between GFAP* neural stem cells and pan-
laminin+ fractones using electron microscopy and immunofluorescence stainings of coronal sections

of the SVZ (Leonhardt and Desaga, 1975; Mercier et al., 2002, 2011). Although suitable for unveiling
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the existence of such interactions, analyzes of thin tissue sections cannot fully address interactions
between fractones and neural stem cells at the SVZ, due the filamentous nature of GFAP+ cells. We
therefore here analyze the position of fractone bulbs using 3D reconstruction of
immunofluorescently stained whole mounts of the lateral wall, revealing that fractones are most
frequently located precisely at the center of pinwheels. To identify the cell responsible for producing
fractone bulbs and to investigate whether its laminin composition is important for regulating NSPC
proliferation in the SVZ, we analyzed mice lacking Lama5 expression in endothelial cells,
pericytes/smooth muscle or ciliated ependymal cells. Our data suggest that ependymal cells are the
source of laminin a5-containing fractones, and demonstrated that the loss of laminin a5 at this site
correlated with an aberrant upregulation of laminin a2 and a two-fold increase in the proliferation of
NSPCs, as determined by PH3 staining. Our findings indicate that fractone bulbs are ependymally-

derived basement membrane structures critical to SVZ physiology.

Materials & Methods

Experimental Animals. FoxJ1/Lama5” mice were obtained by crossing FoxJ1-Cre mice (Zhang et al.,
2007) with Lama5™*/°* mice (Song et al., 2013); Tie2/Lama5”- mice were obtained in analogous way
(Song et al., 2013). Lama4”" mice were previously described (Thyboll et al., 2002). All mice were on a
C57BL/6 background (Charles River Laboratories). Male and female mice were used. Animal breeding

and procedures were conducted according to the German Animal Welfare guidelines.

Histological Preparations. Brains were dissected and fixed overnight at 4°C in 2% paraformaldehyde
in PBS. Thick (50 um) coronal sections were made using a Zeiss Vibratome. Whole mounts were
prepared from dissecting lateral walls of the lateral ventricles as described previously (Mirzadeh et

al., 2008, 2010).

Antibodies & Imunohistochemistry. Sections and whole mounts were washed in PBS, blocked with 5%

goat serum/PBS or 1% BSA/PBS (Sigma) and incubated with primary antibodies overnight at 4°C.
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78 Primary antibodies used: Anti-laminin a2 (4H8-2) (Schuler and Sorokin, 1995) anti-laminin a5 (4G6)
79 (Sorokin et al., 1997b), anti-laminin y1 (3E10) (Sixt et al., 2001), anti-pan-laminin (455) (Sorokin,
80 1990), anti-B-catenin (Sigma cat.# C2206, 1:1000), anti-GFAP (Sigma cat.# C9205, 1:800; eBioscience
81 cat.# 53-9892, 1:500), anti-nestin (rat-401, DSHB/lowa 1:100), anti-PH3 (Millipore cat.# 06-570,
82 1:500). After the incubation, tissues were thoroughly washed with PBS and incubated with secondary
83  antibodies: Alexa 488 anti-rat (Life Technologies cat.# A11006, 1:1000), Alexa 555 anti-rat (Abcam
84 cat.# ab150154, 1:1000), Alexa 568 anti-rabbit (Life Technologies cat.# A11011 1:1000), Alexa 647
85  anti-rabbit (Jackson/Dianova cat.# 111-605-144 1:1000). After incubation with secondary antibodies,
86  thick sections and whole mounts were mounted with mounting media and a coverslip. Tissues were
87  analyzed using a Zeiss Axiolmager microscope equipped with epifluorescent optics and documented

88  with a Hamamatsu ORCA ER camera or with a Zeiss confocal laser scanning microscope LSM 700.

89  In situ hybridization. In situ hybridization for laminin a5 mRNA was performed as previously

90  described (Sorokin et al., 1997a).

91

92  Morphological and Statistical Analyses. For PH3+ nuclei quantification, whole mounts were
93 photographed with a 10x objective lens in the Zeiss Axiolmager. Pictures were merged using Adobe
94  Photoshop CS3 (Adobe Systems, Mountain View, CA). Merged pictures were processed using Image)
95 (U.S. National Institutes of Health, Bethesda,MD, USA) and nuclei were quantified. Mice were age-
96 matched (60 days old). For quantification of fractone bulbs volume, pan-laminin stainings in coronal
97  sections were rendered in tridimensional volumes and quantified using Imaris 7.0 software
98 (Bitplane). When comparing genotypes, mice were age-matched (~200 days old). For analyses of
99 interactions of GFAP+ processes and bulbs in old mice, GFAP and pan-laminin stainings of whole
100  mounts were reconstructed in 3D using Imaris. Statistical analyses were made using Graphpad Prism
101 6 (GraphPad Software Inc., La Jolla, CA). ANOVA with Bonferroni post test with a 95% confidence
102 interval was used to analyze differences in number of nuclei positive for the PH3 proliferation

103 marker.
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104  Results

105 An en face view of interactions between GFAP+ cells and fractones.

106 In order to have a more comprehensive view of the interactions between neural stem cells
107 (NSCs) and fractones, whole mounts of the SVZ were simultaneously immunofluorescently stained
108  for laminin y1 to mark BMs, GFAP to mark NSCs and B-catenin to reveal ependymal cells juctions.
109 First, we observed that fractone bulbs comprise a significant part of all BM in the neurogenic niche
110 (Fig. 1A), located between neighboring B-catenin+ ependymal cells (Fig. 1B). GFAP+ neural stem cells
111 interact with BMs of blood vessels (Fig. 1C, yellow arrowhead) but their cell bodies and processes

112 also contact several fractone bulbs at the same time (Fig. 1C, arrowheads).

113 NSCs exhibiting processes that contact the cerebrospinal fluid are the basic neurogenic unit
114 in the SVZ and, together with surrounding ependymal cells, they form a distinct pinwheel-like
115 arrangement (Mirzadeh et al., 2008). We observed that fractone bulbs are frequently at the center of
116 pinwheels, where they contact neural stem cell bodies or processes (Fig. 1 C-E, Supp. 1). Fractone
117 bulbs are located at the basolateral surface of ependymal cells, some are closer to the ventricular
118  surface and can be found at the center of pinwheels (Fig. 1F, surface, arrowheads). These fractones
119 seem to be preferentially contacted by GFAP+ processes (Fig. 1F, 6.2 um deep, arrowheads). The
120 labeled interactions (Fig. 1F, 1-3) between GFAP+ processes and fractone bulbs at pinwheels centers

121 were reconstructed in 3D, indicating a direct contact between them.

122 Fractone bulbs are enriched in laminin a5.

123 Fractones are regarded as BM structures that emerge from capillaries as thin threads,
124  known as stems, that branch out and reach the ependymal layer, where they become visible as
125 spherical deposits known as bulbs (Mercier et al.,, 2002, 2011). We used monoclonal antibodies
126  specific for each laminin a chain to investigate the isoforms present in fractone bulbs. We found that
127  fractone bulbs exhibited strong laminin a5 staining, and only a few showed a weak immunoreactivity

128  for the a2 chain (Fig.2, arrowheads). Laminin a4 was not found in any fractone bulb, in contrast to
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129 previous reports (Kazanis et al., 2010). Laminin al and a3 chains were also completely absent in

130 bulbs (not shown), which is consistent with the literature (Kazanis et al., 2010).

131

132 Fractone bulbs are produced by ependymal cells during the first week after birth.

133 To determine when fractone bulbs form and whether this correlates with appearance of
134  laminin a5 expression, we investigated the emergence of fractones at the ependymal walls during
135  development. To do so, we checked the laminin isoform expression at the SVZ every day during the
136  first week after birth. Fractone bulbs, as defined by a punctate laminin y1 staining, were not detected
137 at PO, however, in addition to blood vessel staining, a faint and disperse laminin y1 chain staining
138 lining the ventricle was detectable at the nestin+ layer of late radial glial cells/early NSCs (Fig. 3A).
139 Laminin a5 expression in blood vessels in the CNS starts approximately at the third week after birth
140 (Sorokin et al., 1997b). However, in situ hybridization showed that mRNA for the laminin a5 chain is
141 already expressed at the ventricle surface (Fig. 3B, arrow) and choroid plexus at PO (Fig. 38,
142  arrowhead) as reported previously (Sorokin et al., 1997b). At P3, more condensed spots positive for
143 laminin y1 and a5 were present in some regions of the ventricle (Fig. 3C). Laminin expression was
144  spatially heterogeneous, with dense laminin expression at regions of the dorsal wall while most
145 portions of the lateral wall lacked laminin immunoreactivity (Supp. 2). At P7, early laminin a5 and y1
146  chain positive fractones were visible along all the ependymal surface of the lateral ventricles (Fig.
147  3D). In a frontal view of a P7 ependyma using a whole mount preparation, we observed that these
148  first fractones are small patches of BM at the apical surface of the ependymal cells, (Fig. 3E, F).
149  Analysis of FoxJ1-RFP reporter animals that express RFP under the control of the ependymal-specific
150 promoter FoxJ1, revealed laminin y1 inside ependymal cells and some early fractones already at the

151  cell surface (Fig. 3G).

152 Fractones bulbs first appeared as small BM patches at the surface of ependymal cells,

153 indicating that these structures undergo major spatial and morphological changes until adulthood.
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154  We therefore investigated whether fractone size changed over time by measuring their volumes in
155 3D stacks from confocal microscopy at P34, P86, P162, P175, P269 and P303. We observed that the
156 mean volume increases gradually, showing a linear correlation with age (R?=0.91). This result extends
157  the recent observation that bulbs are larger in 100 week old mice than in 12 week-old mice (Kerever
158 et al.,, 2015). A frequency distribution analysis showed that this increase in size occurs in the entire
159  fractone population (Fig. 4A, B). Mice older than 200 days displayed large fractones (> 40 pm?3) and
160  were associated with more GFAP+ processes contacts than fractones in younger animals. In old mice
161 (>200 days), the vast majority of fractone bulbs at pinwheel centers have a tunnel-like structure,
162  allowing NSCs to extend their processes within these tunnels of basement membrane and reach the
163  CSF (Fig. 4C). In addition, old mice had unique enlarged fractone bulbs, with some reaching over 20
164  um in diameter (Fig. 4D, arrowheads). These giant fractones were associated with clusters of cells at
165  the anterior ventral part of the ventricular wall (Fig. 4D, arrows). Such cell clusters were associated
166  with both GFAP+ and GFAP- cells, and were surrounded by a strong B-catenin expression (Fig. 4E,
167 middle panels, red). We also observed fragmented laminin deposits in their interior (Fig. 4E,
168  arrowheads). Serial imaging through the giant pinwheels and 3D reconstruction revealed that the
169  giant bulbs associated with these clusters were filled with GFAP+ processes that transverse them and
170  reach more distant and smaller fractones (Fig. 4F, top and bottom panels). These data indicate that
171 fractones are not static structures, since their size, shape, position and cellular interactions change

172  gradually with age, becoming larger and more complex in old mice.

173

174  The early appearance of laminin a5 in fractones, before its expression is known to occur in
175  association with CNS blood vessels (Sorokin et al., 1997b) suggests an ependymal source of laminin
176 a5+ fractones. To more precisely investigate this possibility, we investigated laminin a5+ fractone
177 bulbs in transgenic mice lacking the expression of Lama5 in endothelium (Tie2/Lama57") and in
178 ciliated epithelial cells include ependymal cells (Foxjl/Lama57). Tie2/Lama5”" mice showed no

179  changes in laminin a5 staining of fractone bulbs (Fig. 54). We quantified the volumes of fractone
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180  bulbs in 3D reconstructions of confocal stacks and we did not find any significant differences among
181  these genotypes (31.11um? # 7.21 in WT vs. 29.22um? £ 16.1 in Tie2/Lama57) (Fig. 5B), suggesting
182  that endothelial cells are not the cellular source of fractone bulbs. However, Foxj1/Lama5”- showed
183 almost complete loss of laminin a5 staining at fractone bulbs by 1 month of age, and only very few
184  small laminin a5+ fractones (Fig. 5C, left panel, arrowheads). The activation of FoxJ1 promoter starts
185 at PO and is one of the last maturation steps for ependymal cells, being temporally and spatially
186 heterogeneous. The complete maturation for all ependymal cells do not occur before the third week
187  after birth (Jacquet et al., 2009). Therefore, we investigated whether the few laminin a5-containing
188 bulbs seen in Fig. 5C could have been produced before the deletion triggered by the FoxJ1 activation.
189  To answer this, we analyzed the emergence of fractones and the expression of RFP in FoxJ1-RFP
190 reporter mice. We found that in one-week old animals, some regions of the ventricle wall have a
191 large number of RFP— cells (Fig. 5D, arrowheads). We also observed ependymal cells at different
192 stages of late maturation: RFP+ cells with cilia, stained for acetylated tubulin (Fig. 5E, arrows), RFP+
193  cells without cilia (Fig. 5E, filled arrowheads) and RFP— cells (Fig. 5E, hollow arrowheads) at the
194  ependymal wall that could be ependymal cells in a more immature phenotype. Although the vast
195  majority of fractones were associated with RFP+ cells (Fig. 5, and arrows in F), a few RFP— cells
196  produced early fractones at their apical membrane (Fig. 5F, arrowheads), suggesting that while
197  fractones production occurs at the late differentiation program of ependymal cells, there is temporal
198  variation and a few ependymal cells can start producing fractones before FoxJ1 activation. To
199  confirm this possibility, we investigated if laminin a5 containing bulbs were still present in
200 Foxj1l/Lama57- mice at two months of age, revealing no laminin a5 in fractones and expression only

201 at in endothelial BMs (Fig. 5G, center).

202 Despite the lack of laminin a5 in Foxjl/Lama5” mice, fractone bulbs were still present as
203 indicated by positive staining for other laminin chains, such as laminin y1 (Fig 5C) and B1 chains and
204  the other BM components such as collagen type IV and perlecan (not shown). Since laminins are

205 heterotrimers, this finding suggests that other a chains could be expressed in fractones to
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206  compensate for the lack of laminin a5. Screening for the expression of the other laminin o chains,
207 revealed upregulation of laminin a2 at fractones bulbs of Foxj1/Lama5” mice, which is almost absent

208  at this site in wild-type animals (Fig 5F).
209
210  Foxjl/Lama57- mice exhibit increased cell proliferation in the SVZ.

211 As laminin a5 has been shown to maintain embryonic stem cells in a non-differentiated state
212  and to regulate cell proliferation (Domogatskaya et al., 2008; Wegner et al., 2016), we investigated
213 whether the observed changes in laminin isoforms expression in the Foxj1/Lama57 could affect cell
214  proliferation in the SVZ. We compared the number of dividing cells in the SVZ, as assessed by
215 phospho-histone H3 (PH3) staining in whole mounts lateral wall preparations in WT mice and the
216 Foxj1/Lama5” mice, revealing a significant increase in numbers of dividing cells when laminin a5 was
217 absent from the fractone bulbs (157.5 +- 25.1 vs. 303.8 +- 20.9, p=0.0027) (Fig. 6 A, B). However,
218 Lama4”, which have a compensatory upregulation of laminin a5 in the endothelial BM, “and
219 Tie2/Lama57", which lack this isoform in the endothelial BM, show proliferation levels in the SVZ

220  similar to the wild type (Supp. 3).

221

222  Discussion

223 We show here that a major component of the BM structure that comprises the fractone
224  bulbs at the SVZ is laminin a5 which is produced by the ependymal cells, and that the laminin isoform
225  content of fractones affects cell division in the SVZ. Deletion of the Lama5 gene in ependymal cells
226 eliminated laminin a5 from fractone bulbs, leading to a compensatory expression of laminin a2 and
227 an associated increase in proliferating cells in the SVZ, as assessed by PH3+ nuclei quantification,

228 suggesting a role for laminins in NSPCs proliferation at this site.
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229 Fractones have been described as structures that emerge from the BMs of blood vessels in
230  the vicinity of the SVZ. Given their expression of laminin a5, which is expressed in the CNS mainly by
231 endothelial cells and deposited into the endothelial BM (Sorokin et al., 1997, Sixt et al., 2001), it was
232 logical to postulate endothelial cells as the source of fractones (Shen et al.,, 2008). However, in
233 addition to endothelium, laminin a5 is one of the major BM components of epithelial cells (Sorokin et
234 al,, 1997a; b) and has been previously described to be expressed by choroid plexus epithelium
235 (Sorokin et al.,, 1997b). The use of transgenic mice lacking laminin a5 from endothelial and
236  ependymal cells revealed that the main source of laminin a5 and presumably also fractones are the
237  ependymal cells lining the ventricle. We show here that fractones are often in the center of
238 pinwheels, formed by adjacent ependymal cells, at the interface between neural stem cells and CSF,
239  and that with age they increase in size and in the number of associations with the GFAP+ neural stem
240  cells.

241 Our data also showed that changes in laminin isoforms in fractones affect cell proliferation in
242 the SVZ. Loss of laminin a5 correlated with a broader expression of laminin a2 in fractones which was
243  associated with increased numbers of proliferating cells in the SVZ. Since laminin a2 containing BMs
244  also have perlecan as do all BMS, there is no reason to consider that the perlecan content of
245  fractones in Foxjl/Lama57 would be affected. Hence, the capacity to accumulate and present
246  proliferation-inhibiting molecules is probably not impaired and a direct signaling via laminin a5 is
247  likely to lead an anti-proliferative signal. While the current data does not permit distinction between
248 and anti-proliferative effect of laminin a5 or pro-proliferative effect of laminin a2, the former is
249 consistent with data from other tissues suggesting that laminin a5 is a central factor in other stem
250 cell niches. Stem cell niches in epithelia, bone marrow and the vascular niche in the hippocampus,
251 are all rich in laminin a5 (Miner et al.,, 1997; Palmer et al., 2000; Kiel et al., 2005). Laminin o5
252  containing isoforms also inhibit differentiation of embryonic stem cells, maintaining them in an anti-
253 proliferative early progenitory state, through integrin signaling (Domogatskaya et al., 2008; Rodin et
254 al., 2010; Hongisto et al., 2012). Consistent with an anti-proliferative effect of laminin a5 on neural

255  stem cells, integrin a6B1l, which has a higher affinity for laminin a5 compared to laminin a2
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256  containing isoforms (Nishiuchi et al., 2006), and alpha-dystroglycan, are also associated with
257 fractones (Shen et al., 2008; Adorjan and Kalman, 2009) and are downregulated on neural stem cells
258 upon activation (Codega et al., 2014). Delivery of antibodies against this integrin into the CSF leads to
259 a loss of stem cell anchorage and increases proliferation in 50% of the neural stem cells (Shen et al.,
260 2008). However, it was assumed that the endothelial BM was the main source of ligands for the
261 integrin a6B1, even though it was not clear whether stem cell processes directly contact laminin a5
262 in the endothelial BM.

263 As part of the blood-brain barrier, astrocytes ensheath capillaries in the CNS and produce a
264  parenchymal BM rich in laminin a2, concealing the endothelial BM from other cells in the brain
265 parenchyma (Hallmann et al.,, 2005). It is not clear if neural stem cells, due their astrocytic
266  phenotype, contribute to this parenchymal BM in the SVZ. In either scenario, the endothelial BM
267  would not be fully available to integrin binding by neural stem cells. Consistent with this hypothesis,
268 we found that the laminin composition in endothelial BMs does not affect proliferation in the SVZ,
269  suggesting that fractones are the source of laminin a5 for NSPCs integrin signaling, not blood vessels.
270 In addition, we show here that stem cells can establish far more contacts with fractones than with
271 blood vessels. Hence, most of the exposed ligand for integrin a6B1 is the laminin a5 in fractone
272 bulbs. We therefore propose that the integrin a6f1 positive neural stem cells interact with laminin
273 o5 in the fractones, which maintains neural stem cell character and limits proliferation and
274  differentiation.

275 We also showed that pinwheels, formed by adjacent ependymal cells, can accommodate
276  fractones at their centers where neural stem cell processes contact the CSF. We presume that these
277  fractones provide an adherence spot for ependymal cell bodies and the apical processes of neural
278  stem cells. In addition, the pinwheel center is a privileged site for tuning stem cell behavior, since the
279 primary cilia at the tip of the apical process works as a signaling hub (lhrie and Alvarez-Buylla, 2011).
280  Having a BM at this critical site may help to stabilize the apical process in contact with the ventricle,
281  exposing it to growth factors accumulated in fractones and enabling molecules at very low

282  concentrations in the CSF to regulate neurogenesis. This interaction between apical processes and
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283  fractones increases in complexity during aging, as tunneled bulbs fully wrap the apical ending of stem
284  cells. We also observed an increase in size of fractone bulbs with increased age of mice, confirming
285  and extending recent findings which described a reduction in fractone bulb numbers with age
286 (Kerever et al., 2015). The observed correlation between enlarged bulbs and GFAP+ cells clusters,
287 which indicates that GFAP+ cells could participate in the merging of these structures, may result in
288  the reduced fractone number reported by Kerever and co-workers. Taken together with our findings,
289  which suggest an inhibitory effect of laminin a5 on proliferation, the fusion of fractone bulbs could

290  account for the age-related decline of neurogenesis.

291 In summary, our work shows that laminin a5-containing fractones are a critical element in the SVZ
292 niche, being part of pinwheels and modulating the proliferation of NSPCs. Our data suggest that
293 laminin a5 in fractones acts as a key stem cell niche factor. Further analyses of FoxJ1/Lama57 mice,
294  investigating the activation states of neural stem cells and changes in NSPC populations will aid in

295 understanding the exact role of laminin a5 in fractones.

296
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424  Figure Legends

425 Figure 1: Fractones are a major BM source in the SVZ and appear at the center of pinwheels. A,
426  Whole mount of the lateral ventricle wall of an adult mouse immunofluorescently stained for laminin
427  v1 (green). The frontal view reveals the profuse distribution of fractone bulbs at the neurogenic

428 niche. A higher magnification of the boxed area is depicted in the inset. B, Frontal view of the
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429  ependymal cell layer, seen at 1 um depth relative to the ventricular surface, stained for laminin y1
430 (green) to visualize fractones and B-catenin (red) to visualize ependymal cell junctions. All fractone
431 bulbs sit at the interface between ependymal cells. C, Maximum intensity projection of a Z-stack of a
432  whole mount showing a GFAP+ NSC (gray) in contact with one blood vessel (yellow arrow) and more
433  than 10 fractone bulbs (arrowheads) at the same time. D, The neural stem cell body also contacts a
434 large bulb located at the center of a pinwheel (arrowhead). E, Orthogonal views revealing that the
435 NSC-fractone interaction seen in C-D occurs at the surface of a pinwheel center. F, GFAP+ processes
436  contact more bulbs at pinwheel centers (arrowheads) than bulbs at the basolateral surface of
437  ependymal cells. Interactions between GFAP+ processes and fractone bulbs were labeled 1-3 and
438 rendered, revealing that GFAP+ processes establish direct and complex contacts with fractones. Scale

439 bars: A: 500 um, inset: 200 um. B-D: 25 um. E: 12 pum. F: 25 um.

440

441 Figure 2: Fractone bulbs are enriched in laminin a5. Immunolabeling for laminin a2 (red, top), laminin
442 o4 (red, middle), laminin a5 (red, bottom) and laminin y1 (green) showing that fractone bulbs and
443 blood vessels have distinct laminin compositions and that laminin a5 is the main a chain in these
444  structures, followed by a faint presence of laminin a2 (arrowheads). Asterisks indicate the ventricular

445  cavity. Scale bars: 100 um

446

447 Figure 3: Fractones emerge at the apical surface of ependymal cells in the first week after birth. A,
448  Coronal section of a newborn mouse showing scarce laminin expression (green) at the ependymal
449 layer. B, In situ hybridization of a sagittal section at the same age revealing extensive Lama5 gene
450 expression (gray in bottom panel, green in right panel) at the ependymal layer (arrow) and at the
451 choroid plexus (arrowhead), weeks before protein is detected in blood vessels. C, At day 3, laminin
452 o5 is expressed in a more punctate pattern in several regions of the ependymal surface. D, At day 7,

453 early fractone bulbs can be clearly seen in all the ventricular surface. A frontal view of the ependymal
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454  layer (E) shows fractones at the apical surface of ependymal cells, confirmed by orthogonal sections
455  of a confocal stack (F). G, At the same time, laminin y1 can be seen both as a punctate pattern at the
456  apical cell surface and a diffuse intracellular stain inside RFP+ ependymal cells in FoxJ1-RFP mice.
457  Asterisks indicate the ventricular cavity. Scale bars: A: 50 um, B: 200 pm, higher magnification: 130

458 pm, C: 50 um, D: 50 um, E: 25 um, F: 5 um, G: 10 pm.

459

460  Figure 4: Fractones undergo major transformations with aging. A, Fractones bulbs, identified by
461 immunofluorescent staining using a pan-laminin antibody (panLM) (top panel), at three different
462  ages. The volume of each individual bulb is color-coded, showing that these structures increase in
463  size with age. B, The mean volumes of fractones correlate with age (R%= 0.91, left panel). An analysis
464 of frequency showing that the median value for the volume of fractones also increases with age. C, A
465 pinwheel in a whole mount of an 8 months old mouse showing a tunneled fractone bulb at its center.
466  Orthogonal views show a GFAP+ process (gray) sheathed by the fractone BM (green). D, Unusually
467  large fractones (green, arrowheads) are associated with clusters of GFAP+ cells (gray, arrows). E, A
468  detailed view of a cell cluster shows strong expression of B-catenin (red) in its margins and fractones
469  fragments (arrowheads) in its interior. F, A tridimensional reconstruction of a giant fractone
470  associated with a cell cluster showing how GFAP+ processes transverse these structures. Scale bars:

471 A:30 um, C: 5 um, D: 50 um, E: 10 pm, F: 5 um

472

473 Figure 5: Deletion of the Lama5 gene in ependymal cells eliminates laminin a5 in fractones bulbs. A,
474 Expression of laminin a5 (green) is not altered in mice lacking the Lama5 gene in endothelial cells
475 (Tie2/Lama57), showing that these cells are not the source of the laminin a5 found in fractones. B,
476  Analysis of the volume of fractones showing no difference in bulb size among these genotypes (data
477 are mean + SEM, t-test n=3) C, The vast majority of fractones in one month old FoxJ1/Lama57 lack

478 laminin a5, the main a chain in wild type animals. D, One week old FoxJ1-RFP report mice, expressing
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479 RFP upon FoxJ1 promoter activation, show that in some ependymal cells the FoxJ1 promoter is not
480 active at one week after birth (arrowheads). E, Lateral ventricle of a FoxJ1-RFP mouse showing the
481 emergence of fractones at the apical surface of ependymal cells. At P7, the ventricle wall is lined by
482  ependymal cells in different stages of maturation: ciliated RFP+ ependymal cells (arrows), non-
483  ciliated RFP+ ependymal cells (arrowheads) and RFP- cells (hollow arrowheads) are present. F, While
484  most of the fractones are at the surface of RFP+ cells, some RFP— cells have fractones (arrowheads).
485  Thin optical sections (0.3 um) of RFP+ ependymal cells producing fractones at their apical membrane.
486 G, Two month old FoxJ1/Lama5” mice have no laminin a5 in fractone bulbs, instead, there is a
487  compensatory upregulation of laminin a2 in these structures, (H) with a immunoreactivity similar to
488  the blood capillaries in the vicinity (arrowheads). Scale bars: A: 25 um, C: 25 um, D: 100 um, E: 25

489  pm, F: 10 um, G: 20 um, H: 20um.

490

491 Figure 6 Laminin content of fractone bulbs affect cell proliferation in the SVZ. A, Whole mounts of
492 the lateral wall of the lateral ventricle of WT, FoxJ1/Lama5”, Tie2/Lama5” and Lama4” mice were
493 immunofluorescently stained for PH3, a mitosis marker. FoxJ1/Lama57 animals have a significant
494  increase in the number of dividing cells comparing to wild type animals, quantified in B. Dots

495  represent individual wholemounts. Scale bars: A: 500 um, high magnification: 50 um.

496

497 Figure 7 Laminin in fractone bulbs affects proliferation in the SVZ. Neural stem cells (B cells, in blue)
498  contact BMs from blood vessels (BV) and from fractones bulbs, which are produced by ependymal
499 cells (E cells, in yellow). Fractone bulbs likely help the anchorage of NSC processes in the ependymal
500 layer, including in the center of pinwheels. They are enriched in laminin a5 and changes in the
501 laminin composition affect proliferation in the SVZ, most likely due changes in cell adhesion leading

502  to activation of NSCs and generation of intermediary progenitors (C cells, in green) and neuroblasts
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503 (A cells, in red). Laminin a5 is also found in the endothelial BM of blood vessels, but they are not

504  accessible to neighboring cells since they are enclosed by the parenchymal BM.

505

506  Supplementary Figure 1 Interactions of GFAP+ processes with fractone bulbs at pinwheel centers. A,
507  Tridimensional reconstruction of the pinwheel seen in Fig.1C-E, showing the interactions of a NSC
508 body with a bulb at the pinwheel center and its processes reaching several other fractones. B,
509  Orthogonal views of the image seen in Fig. 1F, confirming that fractone bulbs sit between ependymal

510 cells at pinwheel centers and GFAP+ processes directly contact them. Scale bars: A: 50 um, B: 12 um.

511

512  Supplementary Figure 2 The emergence of fractones bulbs is spatially heterogeneous. At P3, the first
513  fractones appear at the ventricle wall (arrow), seen as a punctate expression of laminin y1, while
514  most of the walls are devoid of laminins (arrowhead). Boxes are higher magnifications of the

515 indicated areas. Scale bar: 50 um, higher magnification: 20 um

516

517  Supplementary Figure 3 Laminin content of endothelial BM do not affect cell proliferation in the SVZ.
518 Whole mounts of the lateral wall of Tie2Cre/Lama57", a lineage that does not express laminin a5 in
519  endothelial cells and Lama4”, a lineage with a compensatory overexpression of laminin a5 in the
520 endothelium, were prepared and immunofluorescently labeled for PH3. These lineages showed a
521 proliferative pattern at the SVZ similar to wild type animals. Scale bars: A: 500 um, high

522 magnification: 50 um.
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