
INTRODUCTION

Neurogenesis continues to occur in restricted areas of the brain 
throughout life, which includes the subventricular zone (SVZ), 
subcallosal zone (SCZ), and the dentate gyrus of the hippocam-
pus [1-5]. These adult neurogenic regions are believed to have 
unique neural stem cell (NSC) niches which are in close proximity 

to blood vessels [6-8]. NSCs and transit-amplifying cells reside 
adjacent to or near the blood vessels at sites lacking pericyte cover-
age and astrocyte endfeet [7-9]. In addition to providing nests for 
NSCs, blood vessels appear to act as a scaffold for the migration of 
adult SVZ cells to the olfactory bulb through the rostral migratory 
stream [10, 11] and toward injured areas after stroke [12-14]. In 
aging or diseased niches, vasculature deteriorates with a reduction 
in blood flow, followed by a decline in the neurogenic potential of 
NSCs and cognition [15, 16]. 

Several humoral factors such as Wnt, Shh, and TGF-β are re-
leased from endothelial cells [16, 17], and other vascular-derived 
factors such as stromal-derived factor 1 (SDF1) and Ang1 promote 
neuroblast proliferation and survival [18]. Aside from these vessel-
derived humoral factors, vessels also provide the extracellular ma-
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trix (ECM)-based beds for neural stem/progenitor cells (NS/PCs). 
The ECM is ubiquitously found in the neurogenic niche, and NS/
PCs interact with the ECM at critical phases of each cell’s life, such 
as migration [19]. Another unique ECM-rich structure found in 
the neurogenic niche is the fractones. Fractones are distributed on 
the apical surface of ependymal cells at the lateral ventricle, pro-
viding anchoring spots to the apical endfeet of NSCs as well as act-
ing as reservoirs for humoral factors [20-23]. Although the origin 
and biological function of fractones are yet controversial [21, 24-
26], it has been widely believed that fractones are emerged from 
capillaries as thin stem, a conclusion supported by high-resolution 
imaging and similarities between the molecular compositions of 
fractones and the basal lamina [20, 24-30]. ECM proteins in these 
structures regulate cell behavior via interactions with cell surface 
receptors, thereby mediating mechanical stress and serving as a 
reservoir for growth factors. For instance, SVZ progenitors express 
the laminin receptor α6β1 integrin, which mediates homing to the 
laminin-rich basal lamina of vessels in the SVZ [24]. Genetic abla-
tion of integrin β1 resulted in reduced neuronal progenitor prolif-
eration and impaired cell migration on different ECM substrates 
[26, 31, 32]. 

Collectively, these results suggest that the neurogenic niche is or-
ganized with specific ECM landscapes composed of basal lamina 
and fractones. While the basal lamina and fractones are complex 
mixtures of various ECM molecules, understanding the functional 
importance of each ECM protein within the complex mixtures is 
in its infancy. To address this issue, we explored the differential dis-
tribution of two major ECM proteins, laminin and collagen type 
IV, within neurogenic niches. Furthermore, using a micro-contact 
printing-based competition assay, we quantified NSC behaviors 
according to different ECM proteins as a simplified version of vas-
cular ECM composition in vitro to monitor the behavior of adult 
NS/PCs.

MATERIALS AND METHODS

Animals and neurosphere culture 

C57BL/6 mice at E18.5, P0, P7, and adulthood (8~9 weeks old) 
were used for this study (Orient Bio Inc., Seongnam, Korea). 
Neurosphere cultures were established from the anterior subven-
tricular zone (SVZ) of adult mice as described [5]. Brains were re-
moved and cut into thick coronal brain slices using a brain matrix. 
Freshly isolated SVZ tissues were first digested with 0.8% papain 
(Worthington) and 0.08% dispase II (Roche Applied Science) in 
Hank's Balanced Salt Solution (HBSS), followed by 45 min of in-
cubation in 37℃ water bath. Dissociated cells were plated onto an 
ultra-low attachment six-well plate for generating neurospheres in 

DMEM/F12 media supplemented with 1% N2, 2% B27 and 1% an-
tibiotic-antimycotic (Invitrogen). Neurospheres were maintained 
by the daily addition of 20 ng/ml epidermal growth factor (EGF) 
and basic fibroblast growth factor (bFGF). At days in vitro (DIV) 8, 
primary neurospheres were dissociated with Accutase (Innovative 
Cell Technologies), and multipotent progenitor cells were main-
tained as neurospheres by subsequent subculture. All experiments 
were carried out in accordance with the ethical guidelines of Ko-
rea University and with the approval of the Animal Care and Use 
Committee of Korea University. 

Tissue preparation and immunolabelings

Mice were anesthetized and perfused with saline, and the SVZ 
region was dissected under a light microscope [33]. These whole-
mounts were fixed overnight in 4% paraformaldehyde (PFA) 
with 0.1% Triton X-100 at 4℃, washed three times with PBS, 
and blocked with 10% normal donkey serum albumin and 2% 
Triton X-100 in PBS for 1 day. For 3D imaging, some tissues were 
cleared by the ACT-PRESTO method as previously reported [34]. 
Briefly, brain samples were fixed in 4% PFA overnight at 4℃. Fixed 
samples were incubated in hydrogel monomer solution A4P0 (4% 
acrylamide in 1X PBS) supplemented with 0.25% photoinitia-
tor 2,2’-Azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride 
(Wako Pure Chemical) overnight at 4℃. Hydrogel-infused sam-
ples were degassed for 2 min and polymerized for 2~3 h at 37℃. 
Brain samples were washed in 0.1X PBS before tissue clearing. The 
polymerized samples were transferred into a cassette for an elec-
trophoretic tissue clearing (ETC) chamber (X-CLARITY, Logos 
Biosystems), and the cassette was placed inside the chamber, which 
contained 4% SDS and 200 mM boric acid in H2O (pH 8.5). The 
ETC was executed for 2 h, and cleared samples were washed in 0.1X 
PBS for 1 day at room temperature with gentle shaking to remove 
the remaining SDS. 

The normal or ACT-cleared tissues were incubated in the fol-
lowing primary antibodies for 2 days at 4℃ or 1day at 37℃ with 
gentle shaking : rabbit anti-LAMA1(laminin subunit α1) (1:500; 
Sigma), chick anti-laminin (1:1,000; Abcam), mouse anti-S100β 
(1:500; Sigma), goat anti-γ-tubulin (1:500; Santa Cruz), mouse 
anti-β-catenin (1:500; BD Bioscience), mouse anti-acetylated tu-
bulin (1:500; Sigma), goat anti-collagen type IV (1:500; Millipore), 
rabbit anti-collagen type IV (1:1,000; Abcam), goat anti-collagen 
type IV (1:500; Millipore), or rabbit anti-epidermal growth factor 
receptor (EGFR) (1:500; Abcam) in 0.1X PBS containing 6% bo-
vine serum albumin (BSA), 0.1% Triton X-100, and 0.01% sodium 
azide) with gentle shaking. The stained samples were washed with 
0.1X PBS several times and then stained with fluorescently conju-
gated secondary antibody (1:500 dilution) for 1 day at 37℃. The 
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stained samples were then washed with 0.1X PBS. After incuba-
tion with appropriate secondary antibodies for 2 days, the whole-
mounts were trimmed and mounted onto glass slides for confocal 
imaging.

Imaging and quantification of vascular ECM ratio

Fluorescence images and initial sample visualization were per-
formed using a conventional confocal microscope LSM700 and 
LSM880 Airyscan (Zeiss, Germany) at the Ewha Fluorescence 
Core Imaging Center. Image 3D-reconstruction was performed 
using the IMARIS imaging software (Bitplane, USA). To character-
ize the ECM signature of blood vessels in the SVZ and cortex, we 
used ImageJ to measure fluorescent signal intensities which labels 
collagen type IV and laminin. Grid (1×1 μm) was overlaid on the 
image, and a grid containing a single microvessel was marked as a 
region of interest (ROI). More than 20 ROIs were marked in each 
image, and signal intensity of red or green fluorescence was quan-
tified after split into red and green images, respectively. In the scat-
ter plot, each dot represented each quantification from the same-
sized area contained red and green signals from images of each 
brain region (Fig. 1F). 

Cell competition assay using micro-contact printing

For the stripe assay, a laminin-stripe pattern (line width: 30 μm, 
spacing: 30 μm) was printed on a polydimethylsiloxane (PDMS) 
microstamp [35]. A PDMS stamp was fabricated using a soft 
lithographic technique and coated with a 10% SDS solution to 
enhance protein loading on the surface of the stamp. A mixture 
of Cy3-conjugated immunoglobulin (1:500) and micro-printing 
substrates such as Poly-L-ornithine (PLO; 0.01%, Sigma), collagen 
type IV (20 ng/ml; Sigma), and laminin isolated from Engelbreth-
Holm-Swarm murine sarcoma basement membrane (20 ng/ml; 
Invitrogen) were loaded onto the SDS-coated micro-stamp for 1 h, 
while the coverslip was coated with one of the other substrates at 
37℃. The excess protein solution was removed by compressed air, 
and the coated PDMS stamp was immediately placed on a coated 
coverslip. A constant pressure (50 g) was applied to the stamp to 
transfer the protein from the stamp to the coverslip. Next, SVZ-
derived progenitors were seeded at a density of 4×104 cells/mL and 
incubated overnight at 37℃. For antibody treatment, cultured cells 
were pre-incubated with anti-integrin α6/CD49f antibody (1:100, 
Novus Biologicals) for 1 h at 37℃ prior to a micropattern assay. 
Pretreated cells were seeded onto a micropattern with serum-free 
medium containing mouse recombinant SDF1 (150 ng/ml; Pepro-
tech).

Immunostaining and image analysis

Live cells were stained with Celltracker Green CMFDA (5 μM; 
Invitrogen) for 30 min and incubated in serum-free medium for 
30 min. Cells were fixed with 4% PFA and stained with DAPI. 
Samples were mounted onto a coverglass for confocal imaging 
(Zeiss LSM700). The results are representative of at least three 
independent experiments, and cells were counted from four 
images (640 μm×640 μm in total) for each experiment. For the 
positioning of nuclei, the numbers of cells with their nuclei on/
off the micropattern were counted in every image. For the process 
alignment, the number of cells with their processes on pattern was 
counted, which suggest that the neurites recognize the micropat-
tern as they grow in a parallel manner. 

The statistical significance was calculated by Student’s t test (two-
tailed) or analysis of variance (ANOVA) (least significant differ-
ence (LSD) for post hoc) for continuous variables. All statistical 
analyses were performed using SPSS software version 23.0 (IBM 
SPSS Inc.). All values are presented as mean and standard devia-
tion, and p≤0.05 was considered statistically significant. The linear 
regression of dot plot was performed using Prism 5 (GraphPad 
Software).

RESULTS

ECM landscape in the SVZ

The neurogenic region is known to have a specialized ECM ar-
chitecture for the proliferation and maintenance of stem cells [7]. 
As previously reported, the SVZ contains an extensive vascular 
plexus and laminin-rich fractone bulbs on the ventricular surface 
(Fig. 1A). The fractones in the lateral ventricle were spherical 
and evenly distributed, whereas the shape and organization of 
fractones were less uniform in the third ventricle and absent in 
the fourth ventricle. The structural organization of SVZ was also 
confirmed by volume imaging using a tissue-clearing method (Fig. 
1B, Supplementary video 1). Blood vessels exist in the SVZ at a 
depth of ~100 μm, whereas speckle-shaped fractones were highly 
enriched at the surface of the ependymal layer. The en face  view 
of the ventricular surface revealed that the spherical deposits were 
mainly located between ependymal cells at cell-cell contacts, and 
often at the center of pinwheel structures (Fig. 1C). Compared to 
adjacent blood vessels, these fractones were predominantly labeled 
with laminin, indicating that their ECM compositions were dis-
tinct from that of the nearby blood vessels (Fig. 1D).

The basal lamina of blood vessels is another major location 
for the presence of the ECM in the brain. The vascular plexus 
of the SVZ is made up of planar blood vessels, which extend 
long distances before branching into smaller vessels, while non-
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neurogenic regions such as the cortex consist of tortuous vessels 
with multiple branches (Fig. 1E). When vessels were labeled with 
two main components of basal lamina, laminin and collagen type 
IV, we observed strong laminin expression in the blood vessels of 
SVZ, compared to that of cortex. Interestingly, branches sprout-
ing from large vessels showed a relatively lower expression of 

laminin (Fig. 1E), indicating that the distribution of vascular ECM 
proteins, especially laminin content in the basal lamina, may act 
as a signaling cue for cell adherence and proliferation in the SVZ. 
Quantification of the intensity ratio of two ECM proteins on mi-
crovessels of the regions confirmed that laminin:collagen type IV 
ratio was significantly higher in the SVZ microvessels (Fig. 1F, 1G). 

Fig. 1. Distribution of laminin and collagen type IV in the SVZ of an adult mouse brain. (A) Numerous speckle-shaped fractones are located on the 
ependymal layer in the lateral ventricle and 3rd ventricle, with the exception of the 4th ventricle. Speckle-shaped fractones are stained with laminin (green), 
and ependymal cells are stained with S100ß (red). Scale bar, 100 μm. Scale bar in the inset 10 μm. A, anterior; P, posterior; D, dorsal; V, ventral. (B) A 3D 
view of the SVZ region in a whole-mount preparation of the adult mouse brain. Scale bar, 30 μm. High magnified image of speckle-shaped fractones in 
the lateral ventricle ependymal layer whole-mount view (C), coronal sectioned view (D). Scale bar, 10 μm. (E) Comparison of vascular architectures in 
the SVZ and cortex using the z-projection. Scale bar, 20 μm (F) A dot plot showing signal intensities of laminin and collagen type IV in the microves-
sels of SVZ and cortex. The best-fit linear regression line for SVZ is in red, and cortex in black. The intercepts and the slopes are presented for each 
brain region (F=12, p=0.0005). (G) A boxplot showing the ratios between laminin (LN) and collagen type IV (CIV) in blood vessels of SVZ and cortex. 
****p<0.0001. (H) Laminin and collagen type IV are distributed in different patterns along the branches of the vascular tree in the anterior and ventral 
parts of the SVZ. Transit-amplifying cells stained with EGFR (blue) are located in close proximity to laminin-rich blood vessels. Scale bar, 50 μm. SVZ, 
subventricular zone; EGFR, epidermal growth factor receptor.
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Several studies have reported that NSCs reside closer to the vascu-
lar plexus for spatial cues and regulatory signals [7, 24]. To observe 
the influence of laminin heterogeneity on cell proliferation, we 
analyzed the localization of transit-amplifying cells labeled with 
EGFR (Fig. 1H). The majority of cells were located on or near the 
laminin-rich, large blood vessels, whereas fewer cells were found in 
close proximity to laminin-poor vessels. Accordingly, our findings 
also showed that laminin in the basal lamina structure plays a role 
in the cell adhesion of adult NS/PCs. 

Development of fractone bulbs and their association to 

cilia 

 Although fractones were first described as a part of the endothe-
lial basal lamina in the SVZ [24], the origin of fractones remains 
controversial [21, 25, 26, 36]. Thus, we further investigated the or-
ganization and localization of fractones during brain development 
(Fig. 2). The laminin-rich small puncta were scattered on the sur-
face ependymal layer during the embryonic stage (E18.5). During 

the remodeling of the ependymal layer, nearby fractones appeared 
to be joined together to form larger clusters at birth. At postnatal 
day 7, the fractones became larger and were mainly located in the 
middle of the cell surface, but were not aligned with cell-cell con-
tact sites as in the adult brain. This clustering and repositioning of 
fractones at the cell-cell contact sites were closely associated with 
the emergence of multiple cilia on the ependymal cell surface, sug-
gesting the active role of cilia in fractone remodeling during these 
periods. 

ECM preference of adult NS/PCs

To determine the adhesive effect of the ECM, we used a micropa-
ttern-based competition assay, which can simplify the complex 
nature of the ECM within the in vivo NSC microenvironment (Fig. 
3A). Adhesive components of one of polyornitine (PLO), collagen 
type IV, and laminin were first coated on the surface of the glass 
coverslip, and a stripe-patterned (30 μm wide) microstamp loaded 
with other adhesive components was stamped onto the pre-coated 
surface. After seeding of SVZ-derived progenitors, we measured 
the cellular localization with nuclei positioning and process align-
ment on micropattern. Since substrate composition and topogra-
phy is known to affect neural progenitor alignment and cell mor-
phology [37, 38], we used these parameters to determine whether 
the neurites recognize the overlaid ECM as they grow in a parallel 
manner. In this assay, the majority of cells adhered to the patterned 
laminin substrates overlaid on top of the PLO or collagen type IV 
surfaces (Fig. 3B). On the contrary, PLO patterned on the laminin 
resulted in a near chance value (50%) distribution of cell bodies 
and the processes, and collagen type IV on laminin surfaces re-
pelled the cell bodies and processes to the collagen-negative area 
(Fig. 3D, 3E). Since collagen type IV was overlaid on the laminin-
coated surface, these results suggest that collagen type IV inhibited 
the adhesive role of laminin in NS/PCs in the SVZ.

Perturbation of ECM preference by blockage of α6 integrin 

signaling

To understand how one ECM molecule can perturb the adhesive 
signal of other ECM molecules, we used the chemokine SDF1 and 
a specific blocking antibody of integrin to modulate ECM-direct-
ed cell behavior. The release of SDF1 enables blood vessels to act as 
a scaffold for the migration of SVZ progenitors toward injured ar-
eas after stroke [12-14], by the upregulation of EGFR and α6 inte-
grin in the activated SVZ progenitors [39]. Thus, we hypothesized 
that SDF1 treatment might be important for migration along the 
vessels and release at the site of lesion. We first treated SDF1 in the 
culture medium and observed a dramatic change in nuclear local-
ization (Fig. 4A, 4B). SDF1 treatment significantly weakened the 

Fig. 2. Development of fractones in the ependymal layer. Confocal mi-
croscopy analysis of fractones at different stages of development; from left 
to right: E18.5, P0, and P7. Confocal images of lateral wall whole mounts 
from E18.5, P0 and P7 wild-type mice stained for laminin (green, top ), 
β-catenin (red) and acetylated tubulin (green, bottom). Scale bar, 10 μm. 
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inhibitory effect of collagen type IV on laminin preference; thus, 
most SVZ-derived progenitors were localized on the pattern. The 
vascular ECM components partly share integrin receptors: the 
laminin receptors are integrin α3β1, α3β6, and α6β4, while the col-
lagen receptors are α1β1, α2β1 [40]. We then pre-incubated adult 
NS/PCs with a GoH3 antibody, also known as α6 integrin anti-
body, to selectively block laminin signaling. Functional blocking 
of α6 integrin perturbs the effect of SDF1 on the ECM preference 
of SVZ-derived progenitors. Thus, α6 integrin blockage may have 
reduced the adhesive force of combined ECM molecules, which 
resulted in an adhesive capacity similar to that of collagen type IV. 
A previous study has also shown that blockage of α6 integrin per-
turbs homing to the laminin-rich basal lamina of vessels [24]. Col-
lectively, these data indicate that the ECM preference of adult NS/
PCs can be changed by chemokines and specific integrin receptor 
expression. 

DISCUSSION

Within the SVZ of adult mouse brain, NSCs and progenitor cells 
contact the basal lamina of blood vessels at one end and the ep-
endymal cell layer lining the ventricles at the other end [7, 22, 24]. 
Often specialized ECM structures termed fractones provide the 
anchoring spots for the apical end of NSCs [21, 25]. Thus, we ex-
plored the distribution of major ECM components in two major 
areas, the basal lamina and fractones.

The ECM composition of the basal lamina is distinctly spe-
cialized in the SVZ. In contrast to the fairly homogenous ECM 
composition of cerebral blood vessels, the vasculature in the SVZ 
exhibits a distinct distribution of vascular ECM proteins such 
as laminin and collagen type IV. In the neurogenic niche, vessels 
express large amounts of laminin compared with collagen type IV, 
whereas cortical blood vessels are surrounded by an equivalent 
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amount of laminin and collagen type IV. There have been no pre-
vious reports on the association between ECM and vessel size in 
the brain, but a few studies have found some correlations in patho-
logical conditions. During vascular remodeling in type 2 diabetic 
rats, collagen deposition resulted in a two-fold increase in the wall-
to-lumen ratio of the middle cerebral arteries, possibly increasing 
the risk of cerebrovascular disease and stroke [41]. In collagen VI-
null mice, the width of the basal lamina was reduced by half due 
to poor deposition of collagen type IV and laminin [42]. Changes 
in the assembly of the vascular basal lamina resulted in reduced 
tumor progression. Thus, we speculated that assembly of the basal 
lamina is critical for the maintenance of adult NSCs and that dif-
ferent ECM compositions play a role in blood vessel-associated 
attachment and migration of NS/PCs in the SVZ.

We have also captured the development of laminin-rich frac-
tones on the ependymal layer of the lateral ventricle during brain 
development. Fractones were visualized as small puncta during the 
embryonic stage. They form branching patterns during the postna-
tal period and gradually attain a relatively uniform, speckled shape. 
Although fractones were initially thought to be derived from the 

vascular basal lamina, more recent studies have suggested that they 
are produced by ependymal cells and/or GFAP-positive NSCs in 
the SVZ [24-26]. Our current observations also favor the ependy-
mal origin of fractones. In addition, we found that the formation 
and relocalization of speckle-shaped fractones at the border of 
ependymal cells were temporally associated with the emergence 
of motile cilia in ependymal cells. Thus, we speculate that cilia play 
significant roles in fraction development, and further exploration 
is required to clarify this issue. 

To monitor the influence of different compositions of ECM, we 
subtracted other factors, such as endothelial cells and pericytes 
that exist in the vascular niche. Since a large number of studies 
have validated the effectiveness of the micropattern method to 
mimic in vivo conditions, we used different substrates for coat-
ing and micropatterning to distinguish the adhesive effect of each 
ECM protein. Modification of substrate composition and topog-
raphy has been reported to produce dramatic effects on neural 
progenitor alignment and cell morphology [37, 38]. For example, 
micropatterned substrates restricted neurite extension by aligning 
neurites with the directionality of grooves and elevations, forming 
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parallel tracts of Tuj1+ neurons. Moreover, surface topography has 
been shown to affect fibroblast migration [43]. Using the micropa-
ttern method, we found that SVZ-derived progenitors exhibited 
increased adhesiveness to laminin compared to collagen type 
IV. Micropatterned collagen type IV inhibits cell adhesion to the 
laminin-coated surface. Thus, our findings might explain the rela-
tive spatial proximity between neuronal progenitors and laminin-
intensive blood vessels.

 We observed that the composition of the vascular basal lamina 
varies within the SVZ, thereby affecting the adhesion of adult NS/
PCs. Alterations in the expression of vascular basal lamina have 
been well established in ischemic stroke models [44]. Following 
middle cerebral artery occlusion, there is a significant but gradual 
local decrease in the microvascular expression or integrity of 
the major ECM components laminin-1 and -5, collagen type IV, 
and fibronectin [45, 46]. Alterations in the expression of vascular 
basal lamina can be explained by local proteolysis initiated by fo-
cal ischemia, which is associated with reduced mechanical stress. 
Furthermore, integrins play a key role in cell adhesion to different 
ECM compositions, and integrin subunits are distributed in the 
microvasculature in distinct expression patterns [47]. Integrin sub-
units α1 and α6 are distributed throughout the cerebral capillaries 
in a pattern identical to that of subunit β1 on the endothelium and 
its ligands laminin, collagen type IV, and fibronectin. In focal isch-
emia, reduced expression occurs within 1 to 2 hours in a specific 
region, which is accompanied by changes in ECM expression of 
the basal lamina. Although the regulation of integrin expression 
associated with changes in ECM composition is not well under-
stood, integrins may act as both attractants and repellents depend-
ing on the differential composition of ECM in the basal lamina. 
Our findings might therefore be key to generating NS/PC-specific 
branched vasculature, potentially providing a scaffold for trans-
planted cells or vascular grafts. 
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