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SUMMARY

Specialized niches support the lifelong maintenance
and function of tissue-specific stem cells. Adult neu-
ral stem cells in the ventricular-subventricular zone
(V-SVZ) contact the cerebrospinal fluid (CSF), which
flows through the lateral ventricles. A largely ignored
component of the V-SVZ stem cell niche is the lateral
ventricle choroid plexus (LVCP), a primary producer
of CSF. Here we show that the LVCP, in addition to
performing important homeostatic support func-
tions, secretes factors that promote colony forma-
tion and proliferation of purified quiescent and
activated V-SVZ stem cells and transit-amplifying
cells. The functional effect of the LVCP secretome
changes throughout the lifespan, with activated
neural stem cells being especially sensitive to age-
related changes. Transcriptome analysis identified
multiple factors that recruit colony formation and
highlights novel facets of LVCP function. Thus, the
LVCP is a key niche compartment that translates
physiological changes into molecular signals directly
affecting neural stem cell behavior.

INTRODUCTION

Stem cells reside in specialized niches that support their lifelong
maintenance. Stem cell niches undergo dynamic changes in
response to different physiological states, including aging; how-
ever, little is known about how these extrinsic changes affect
stem cell behavior. In the adult mouse brain, the ventricular-sub-
ventricular zone (V-SVZ), adjacent to the lateral ventricles, har-
bors neural stem cells (NSCs) that give rise to olfactory bulb neu-
rons as well as astrocytes and oligodendrocytes throughout life
(Figure 1A). V-SVZ stem cells are specialized glial fibrillary acidic
protein (GFAP)-positive radial astrocytes that extend a short api-
cal process to contact the cerebrospinal fluid (CSF), which circu-
lates through the brain ventricular system (Figure 1A), and a long
basal process that terminates on blood vessels (reviewed in
Fuentealba et al., 2012) (Figure 2A). The vascular niche is an
important mediator of proliferation in the adult V-SVZ (reviewed
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in Silva-Vargas et al., 2013); however, the role of the CSF
compartment in regulating adult NSCs is just beginning to be
explored.

The CSF provides important homeostatic support for the brain
(Redzic et al., 2005). The CSF milieu is complex, contains active
signaling cues from local and long-range sources (Johansson,
2014), and changes over the lifespan (Baird et al., 2012; Chen
etal., 2012). The CSF is emerging as an important player in brain
morphogenesis and proliferation during brain development (Jo-
hansson, 2014; Lehtinen et al., 2011). In the adult, the CSF
compartment provides migratory cues for newly generated neu-
rons (Sawamoto et al., 2006) and contains factors that actively
maintain stem cell quiescence (Codega et al., 2014; Kokovay
et al., 2012; Delgado et al., 2014).

The CSF is primarily produced by the choroid plexus (CP), a
vascularized epithelial structure floating within the brain ventri-
cles that constitutes the blood-CSF barrier (Figures 1A, 2A,
and S1A). In addition to its important role in brain homeostasis,
including the production of bulk CSF fluid (Redzic et al., 2005),
the CP actively synthesizes and secretes diverse signaling fac-
tors (Lun et al., 2015). A less-appreciated facet of the CP is
that it acts as a sensor, integrating and dynamically responding
to physiological signals from the circulation, nervous system,
and immune system (Baruch et al., 2014; Marques and Sousa,
2015; Strazielle et al., 2016).

As such, it is important to specifically illuminate how the lateral
ventricle CP (LVCP), with its close proximity to the V-SVZ, affects
cell dynamics within the niche under different states, including
aging. Here we show that the LVCP is a key novel component
of the adult V-SVZ NSC niche, differentially affecting the
behavior of multiple cell types.

RESULTS

LVCP-Secreted Factors Support the Proliferation of
V-SVZ Cells

To directly investigate how the LVCP secretome regulates adult
V-SVZ NSCs and their progeny, we set up a simple system to
harvest conditioned medium from LVCP explants (LVCPsec)
(Figure S1B). Bulk V-SVZ cells cultured with LVCPsec, without
any additional growth factors, promoted the formation and
proliferation of multipotent neurospheres (Figures 1B and 1C).
This effect was due to LVCPsec and not factors present
in blood, which also can affect SVZ proliferation (Katsimpardi
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Figure 1. CP-Secreted Factors Induce Proliferation of V-SVZ Cells
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(A) Schema showing ventricular system of adult mouse brain and V-SVZ stem cell niche (light blue) along length of lateral ventricle (LV). Newly generated neurons
(purple) migrate to the olfactory bulb (OB). The CSF flows unidirectionally from the LV into the third (3V) and then into the fourth ventricle (4V) where it is reabsorbed

into circulation. CP (dark gray structures) are present in each brain ventricle.

(B) Quantification of neurospheres (NS) formed by bulk SVZ cells. Data represent mean number of NS formed in each condition + SEM (n = 3; one-way ANOVA

with Bonferroni correction, p < 0.0001).

(C) Differential interference contrast (DIC) image shows NS formed with LVCPsec.

(D) NS formation with LVCPsec or EGF in the presence of AG99 is shown.

(E) NS formation with LVCPsec or EGF/bFGF in the presence of PD48 is shown.

(F and G) Confocal images of SVZ whole mounts of control (F) or LVCPsec- (G) infused GFAP::GFP brains immunostained for Ki67 and GFP. Arrows in (G) show

double-labeled cells.

(H and 1) Percentages of dividing V-SVZ astrocytes (Ki67+GFP+) (H) and of other dividing V-SVZ cells (GFP-Ki67+) (l). Data represent mean percentage of

proliferating cells + SEM (n = 3; *p < 0.05 and ***p < 0.001, Student’s t test).
Scale bars, 85 um (C) and 15 um (G). See also Figure S1.

et al., 2014), as no difference was observed when mice were
perfused with saline to remove blood prior to LVCP explantation
(Figure S1C).

Notably, both LVCPsec and freshly isolated CSF from the
cisterna magna promoted the formation of significantly more,
but smaller, neurospheres than the epidermal growth factor
(EGF)-only condition (Figure 1B), suggesting that factors present
in this compartment other than EGF also are involved. Indeed,
pharmacological inhibition of canonical V-SVZ-signaling path-
ways showed that 60% of neurospheres still formed with AG99
(EGF receptor [EGFR] inhibitor) and 75% with PD48 (CAS
1135256-66-4, EGF/fibroblast growth factor [FGF]/platelet-der-
ived growth factor [PDGF] receptor tyrosine kinase inhibitor)
(Figures 1D and 1E) at inhibitor concentrations where no neuro-
spheres formed in the controls. To assess if factors secreted by
the LVCP also affect V-SVZ cells in vivo, concentrated LVCPsec
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was infused into the lateral ventricles of adult GFAP::GFP mice
for 6 days, and whole mounts were immunostained for Ki67, a
marker of cell division. Infusion resulted in a 2-fold increase in
GFAP::GFP+Ki67+ V-SVZ astrocytes and a 1.5-fold increase in
dividing GFAP::GFP-Ki67+ progenitors (Figures 1F-1l), suggest-
ing that LVCPsec regulates multiple populations of V-SVZ cells.

LVCP-Secreted Factors Support Clonal Proliferation of
qNSCs, aNSCs, and TACs

To precisely define which V-SVZ populations respond to LVCP
signals, we used fluorescence-activated cell sorting (FACS) to
isolate cells from each stage of the lineage. FACS-purified
quiescent NSCs (gQNSCs, GFAP::GFP*CD133* EGFR™CD24"),
activated NSCs (aNSCs, GFAP::GFP*CD133*EGFR*CD247),
transit-amplifying cells (TACs, GFAP:GFP~CD133 EGFR*
CD247), and neuroblasts (GFAP::GFP~CD133 EGFR CD24")
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Figure 2. LVCP-Secreted Factors Support Clonal Proliferation of qNSCs, aNSCs, and TACs

(A) Schema of coronal brain section showing V-SVZ adjacent to the CSF-filled lateral ventricles. The LVCP floats in the LV in close proximity to the V-SVZ. Box is
expanded to right showing V-SVZ cell types. Quiescent neural stem cells (QNSC) are radial cells contacting both the CSF and blood vessels (BV). The
qNSCs become activated (aNSC) and in turn give rise to transit-amplifying cells (TAC) that generate neuroblasts (NB). Multi-ciliated ependymal cells (E) line the
ventricles.

(B) Quantification of single-cell-adherent colony formation by FACS purified V-SVZ populations. Data represent mean percentage of single-cell clones formed +
SEM (n = 3; one-way ANOVA with Bonferroni correction, p < 0.0001).

(C) Quantification of primary NS formed by FACS-purified V-SVZ populations. Data represent mean NS number formed + SEM (n = 3; **p < 0.01, Student’s t test).
See also Figures STE-S1G and S1I-S1N.

(D) Quantification of total cell number (DAPI+) after 14 days of adherent culture of FACS-purified cells with LVCPsec. Data represent the mean of each population
for the entire well + SEM (n = 6). No population proliferated in control unconditioned medium. See also Figure S1H.

(E and F) Representative images show aNSCs cultured with EGF only (E) or LVCPsec (F) for 14 days and immunostained for Tud1, O4, and GFAP. Scale bar,
100 um.

(G) Quantification of different cell types after culture with LVCPsec for 14 days. Data represent the mean of each population + SEM (n = 3).

(Codega et al., 2014; Pastrana et al., 2009) (Figures 2A and S1D)
were cultured with LVCPsec, without exogenous growth fac-
tors, under either adherent colony formation or neurosphere
conditions.

LVCPsec alone promoted both the recruitment (Figures 2B and
2C) and division (Figures 2D and S1H) of single gNSCs, aNSCs,
and TACs to form adherent colonies, as well as self-renewing
neurospheres that were multipotent and gave rise to neurons,
astrocytes, and oligodendrocytes upon differentiation (Figures

S1E-S1G and S1I-S1M), with significantly greater neuronal and
oligodendrocyte differentiation than EGF only (Figure S1N).
Notably, LVCPsec recruited a significantly greater number of
gNSCs and aNSCs to divide in both assays than the EGF-
only condition (Figures 2B and 2C), but the individual colonies
were smaller (Figures S1E-S1G; data not shown). LVCPsec-
adherent cultures of gqNSCs, aNSCs, and TACs were also far
more heterogeneous than EGF-only conditions, which contained
relatively homogeneous GFAP+Nestin+ spindle-shaped cells,
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after 14 days (Figures 2E and 2F). All LVCPsec cultures contained
predominantly GFAP+Nestin+ progenitors with different mor-
phologies. Strikingly, both aNSCs and TACs also gave rise to a
unique expansion of the oligodendrocyte lineage (15%-20% of
culture) (Figure 2G). TACs also generated a large number of
MCM2+GFAP— progenitors. In addition, some mature neurons
were present in aNSC and TAC cultures. The LVCP therefore pro-
vides a diverse repertoire of factors that affect multiple popula-
tions in the adult V-SVZ with cell-type-specific effects.

V-SVZ Cells Differentially Sense Aging-Related Changes
in the LVCP Secretome

The LVCP dynamically alters its secretome in response to
changes in physiological states (Baruch et al., 2014; Redzic
et al., 2005). We therefore investigated whether aging, a physio-
logical state that greatly impacts stem cell behavior, alters the
functional effect of LVCPsec. In vivo, levels of adult V-SVZ pro-
liferation and neurogenesis decrease dramatically with aging (re-
viewed in Conover and Shook, 2011 and Signer and Morrison,
2013). This decline is due to both intrinsic changes in the stem
cells/progenitors and to extrinsic modifications in the niche,
including systemic changes in circulating factors (Bouab et al.,
2011; Katsimpardi et al., 2014; Piccin et al., 2014).

We first compared the intrinsic capacity of FACS-purified
V-SVZ populations from young (2-month-old) and aged (>18-
month-old) mice to respond to EGF. The total number of gNSCs,
aNSCs, and TACs obtained per mouse was significantly reduced
in aged mice (Figure S2A). Despite their lower number, aNSCs
and TACs from aged mice did not exhibit significant differences
in the frequency of colony formation in response to EGF in either
single-cell-adherent conditions or in the neurosphere assay
compared to young mice (Figures S2B and S2C). In contrast,
aged gNSCs exhibited a significant decrease in the percentage
of colonies formed as compared to young gNSCs (Figures S2B
and S2C); however, those neurospheres that formed from old
gNSCs could be serially passaged (Figure S2C). Thus, the
extrinsic niche plays an important role in aging-related de-
creases in proliferation in vivo.

To directly assess how aging alters the functional effect of the
LVCP secretome on the adult V-SVZ, we cultured FACS-purified
cells from young and aged mice with either age-matched or het-
erochronic LVCPsec (Figure 3A). Strikingly, aNSCs were espe-
cially sensitive to aging-related changes in the LVCP secretome,
with young aNSCs showing a decrease by almost one-half in
clone recruitment when cultured with aged LVCPsec (Figure 3B).
Conversely, higher numbers of aged aNSCs were recruited to
form clones in the presence of young LVCPsec. In contrast,
neither gNSCs nor TACs exhibited significant changes in clone
recruitment in response to heterochronic LVCPsec. As factors
in the circulation can impact the V-SVZ during aging (Katsim-
pardi et al., 2014), we confirmed that the hetereochronic effects
we observed were due to LVCPsec and not factors present in
blood. No difference was observed when mice were perfused
with saline to remove blood prior to LVCP explantation
(Figure S2D).

To evaluate the age-dependent effect of the CP secretome
in vivo, we cross-infused LVCPsec from aged mice into young
GFAP::GFP transgenic mice, and vice versa (Figure 3C), and
quantified proliferation by immunostaining for MCM2 and

646 Cell Stem Cell 79, 643-652, November 3, 2016

GFP in whole-mount preparations. Infusion of aged LVCPsec
resulted in a significant decrease in MCM2+ GFAP::GFP+
V-SVZ astrocytes, but not of MCM2+ GFAP::GFP-negative
progenitors in the V-SVZ (Figure 3D). Conversely, hetero-
chronic infusion of young LVCPsec into aged mice led to a sig-
nificant increase only in the number of MCM2+ GFAP::GFP+
V-SVZ astrocytes. Together these results show that NSCs
are especially sensitive to age-dependent changes in the
LVCP secretome.

Multiple Aspects of aNSC Behavior Are Sensitive to
Age-Dependent Changes in LVCPsec

To directly probe how age-dependent changes in LVCPsec
affect aNSC behavior, we cultured FACS-purified aNSCs with
age-matched or heterochronic LVCPsec for 14 days (Figure 3F),
and we analyzed proliferation, progenitor, and differentiation
status. In heterochronic LVCPsec cultures, young cells exhibited
an ~50% decrease in MCM2+ cells upon exposure to old
LVCPsec. Conversely, while old cells cultured with old LVCPsec
had almost no MCM2+ cells, exposure to young LVCPsec
increased MCM2+ cells to 22% (Figures 3H and S3A). The
age-related LVCPsec-induced changes in MCM2 did not result
in significant changes in the total cell number generated by
young or old aNSCs, although overall young aNSCs generated
more cells than old aNSCs (Figure S3B).

Heterochronic cultures also affected progenitor and differenti-
ation status (Figures 3G, 3H, and S3C-S3H). Old aNSCs
cultured with old LVCPsec had a reduction in GFAP+Nestin+
and NestintMCM2+ cells, with a concomitant increase in
Nestin+MCM2— large flat cells and Nestin+MCM2— small cells
as compared to young aNSCs cultured with young LVCPsec
(Figures 3H, S3H, S3I, and S3L). Moreover, dividing aNSCs (Fig-
ures 3H, S3H, and S3J), radial GFAP+Nestin— quiescent cells,
and GFAP+Nestin— stellate cells were almost completely absent
in old-old cultures (Figures 3H, S3H, S3K, and S3M). Strikingly,
heterochronic culture of old aNSCs with young LVCPsec
reversed the decrease in dividing aNSCs and Nestin+MCM2+
cells, as well as the increase in both Nestin+MCM2— large flat
cells and Nestin+MCM2— small cells (Figures 3H, S3H, Sa3l,
and S3J). It also resulted in a 2.5-fold increase of both small
round Tud1+ neuroblasts and neurons (Figures 3G, 3H, and
S3H). Young aNSCs also were affected by culture with old
LVCPsec, with fewer dividing aNSCs and Nestin+MCM2+ cells
(Figures 3H, S3H, and S3J). In contrast, the proportion of oligo-
dendroblasts did not change significantly with aging or with het-
erochronic culture (Figures 3G, 3H, and S3H). Thus, age-related
changes in LVCPsec affect proliferation, progenitor, and differ-
entiation status of aNSCs.

Transcriptome Analysis Reveals Novel LVCP Factors

Together, our functional experiments show that the LVCP is a dy-
namic niche compartment with multiple effects on V-SVZ stem
cells and their progeny. To gain insight into the repertoire of
secreted signals in LVCPsec, we performed transcriptome anal-
ysis of young (2-month-old) and aged (18-month-old) LVCP (Fig-
ure 4A). Global analysis of all LVCP-expressed probesets with
MetaCore confirmed the role of LVCP in homeostatic and barrier
functions, but also revealed less-explored processes related to
nervous system development, cell cycle, oligodendrocyte
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Figure 3. Age-Dependent Effect of LVCPsec on V-SVZ Cells

(A) Schema shows experimental design to determine functional effect of aging on LVCPsec in vitro.

(B) Quantification of clone formation by purified gNSCs, aNSCs, and TACs from young and old mice with young and old LVCPsec. Data represent mean per-
centage of clone formation by each population + SEM (n = 9; one-way ANOVA with Bonferroni correction, p < 0.0001). See also Figure S2.

(C) Schema shows experimental design to determine functional effect of aging on LVCPsec in vivo.

(D and E) Quantification of MCM2+GFAP::GFP+ V-SVZ astrocytes (D) and MCM2+GFAP::GFP-negative SVZ cells (E) (one-way ANOVA analysis with Bonferroni
correction with either age, p < 0.01 in mice infused with young or old LVCPsec or control unconditioned media). Data represent the mean number of cells per
field + SEM (n = 6).

(F) Schema of experimental design to determine functional effect of aging on LVCPsec on aNSCs in vitro. 100 FACS-purified aNSCs from young and old mice
were cultured with young (2-month-old) or old (>18-month-old) LVCPsec for 14 days.

(G) Representative image shows 18-month-old aNSCs cultured with 2-month-old LVCPsec and immunostained for TuJ1, O4, and GFAP. Scale bar, 100 um.
(H) Quantification of different cell types present in cultures after 14 days. See also Figure S3. Data represent the mean of each population + SEM (n = 3). For each
cell type two-way ANOVA analysis with Bonferroni correction was performed (aNSC 2 months with aNSC 18 months: GFAP+Nestin+ p < 0.037; aNSC 18 months
LVCPsec 18 months comparison with aNSC 18 months LVCPsec 2 months: NBs p < 0.046, neurons p < 0.018, and Nestin + MCM2— p < 0.0009; and aNSC
18 months LVCPsec 18 months comparison with aNSC 2 months LVCPsec 2 months: Nestin + MCM2+ p < 0.032). For statistics of GFAP+Nestin+MCM2+ cells,
see Figure S3.

differentiation, axonal transport, and multiple signaling pathways
(Figures S4A and S4B; Table S1). Strikingly, analysis of LVCP-
enriched genes compared to gNSC and aNSC populations
(see the Experimental Procedures) with the disease biomarker
enrichment tool revealed that the top ten disease categories
were all CNS or metabolic related (Figure 4B; Table S1), under-
scoring the emerging importance of the LVCP for disease
(Marques and Sousa, 2015). Moreover, glucuronidation-related
processes implicated in drug metabolism and xenobiotic protec-

tion (Ouzzine et al., 2014) were most enriched in young mice (Fig-
ure S4H). In contrast, in aged mice categories related to immune
response, inflammation, and interferon gamma were enriched
(Figure S4H), as previously described (Baruch et al., 2014).
This analysis highlights the complexity and multiple functions
of the LVCP in health and disease.

Our findings show that LVCPsec contains novel factors that
promote greater clone recruitment than EGF/basic FGF (bFGF)
alone (Figure 1). To screen for novel candidates, we combined
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Figure 4. Transcriptome Analysis Identifies Novel Factors and Facets of LVCP Function
(A) Outline of strategy for transcriptome analysis of whole LVCP. Whole-LVCP transcriptome was analyzed to illuminate CP function, extracellular region, and
extracellular space genes to define secretome-related processes (red box) and ligands and ECM genes for the candidate screen (blue box).
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transcriptome analysis of whole LVCP and proteomic analysis of
LVCPsec. To identify secreted candidate genes, we applied
gene ontology (GO) cellular component filters for extracellular
space and extracellular region, which include enzymes, trans-
membrane receptors, transporters, adhesion molecules, car-
riers, ligands, and extracellular matrix (ECM) (Figure 4A). We
then manually curated a list of ligands and ECM molecules (Fig-
ures 4A and 4C; Table S1). Many were present (447 probesets)
and only a few showed age-dependent changes (Figures 4C,
4D, and S4G; Table S1). Hierarchical clustering of differentially
expressed ligands and ECM genes from the comparison of
LVCP with gNSC and aNSC populations revealed unique LVCP
clusters and others shared with gNSCs and aNSCs (Figure 4D).

Proteomic analysis by antibody arrays confirmed that
LVCPsec contains multiple novel ligands and ECM-related fac-
tors, including chemokines and lymphokines (CSF-1, CCL2/JE,
CXCL16, CX3CL1, and CXCL12), growth factors (TGFbeta2,
FGF2, PLGF, LIF, and VEGF-A), carriers (Fetuin-A and RBP4),
enzymes (PD-ECGF), hormones (Adiponectin), and ECM and
ECM remodelers (Endocan, SPP1, SERPINE1, MMP-3, MMP-
8, and TIMP-1), as well as previously reported LVCP-derived
factors (IGFBP-2, IGFBP-3, IGF2, Lipocalin-2, and IL1B) (Fig-
ure S4E). Some of these proteins (FGF2, PLGF, CXCL12, LIF,
and VEGF-A) already have been implicated in the regulation of
V-SVZ cells, revealing that the LVCP is an additional source of
these factors. Notably, many of the genes for these proteins
are enriched in LVCP as compared to qNSCs and aNSCs
(Figure S4F).

Using our transcriptome and proteomic data, we selected a
pool of novel candidates to functionally test for their ability
to induce clone recruitment. As aged LVCPsec dramatically
decreased clone recruitment from young cells, we tested factors
that changed with aging and some that did not (Figures 4E and
S4G). We confirmed that IL1B and NT-3 both decreased the
number of clones recruited, whereas IGF2 promoted clone for-
mation (Delgado et al., 2014; Kokovay et al., 2012; Lehtinen
et al,, 2011). Strikingly, we identified two novel candidates,
BMP5 and IGF1, both enriched in young LVCP, which had potent
effects on clone recruitment over their controls. BMP5 stimu-
lated clone recruitment to 60%, similar to LVCPsec. In addition,
TGFbeta2, Endostatin, CXCL16, CX3CL1, and SPP1 also pro-
moted recruitment of colony formation over EGF/bFGF baseline

levels. Thus, the LVCP secretome contains a reservoir of diverse
factors that can promote quiescence as well as activation and
proliferation of V-SVZ cells.

To get more insight into the role of the LVCP in the niche, we
analyzed all genes in extracellular region and space filters (Fig-
ure 4A). Unexpectedly, the top enriched pathway maps included
neuropeptide and hormone synthesis, processing and post-
translational modifications (POMC, insulin, and neuroendocrine
peptides), oligodendrocyte differentiation from stem cells, and
multiple sclerosis (Figure 4F), highlighting an important role for
neuropeptide and hormonal modulation, and supporting our
functional data showing that LVCPsec promotes the oligoden-
drocyte lineage in V-SVZ. Categorization of all the biologically
relevant processes and networks that were significantly enriched
(Figures 4F, S4C, and S4D; Table S1) revealed unexpected and
diverse aspects of LVCP niche functions, including ECM remod-
elling, immune modulation and inflammation, activation and inhi-
bition of numerous signaling pathways, metabolism, multiple
catalytic activities, protein processing and modification, cell
trafficking, differentiation (neurogenesis and gliogenesis), and
proliferation. Strikingly, ~20% of the GO categories were related
to cell sensing and response to diverse stimuli (Figure S4C; Table
S1). Together our analysis highlights novel dimensions of LVCP
function, including that of a stem cell niche compartment, which
dynamically senses the environment and is a source of diverse
secreted factors that modulate V-SVZ cells (Figure 4G).

DISCUSSION

Here we uncover a novel role for the LVCP as a key component of
the adult V-SVZ niche. In addition to maintaining quiescence,
secreted factors from the LVCP directly regulate multiple as-
pects of the behavior of adult V-SVZ stem cells and their prog-
eny. Moreover, the functional effect of the LVCP secretome
changes with aging, with NSCs being especially sensitive to ag-
ing-related changes. Our transcriptome and proteomic analyses
identified novel candidates and revealed unexpected facets of
LVCP function. Together our findings uncover the LVCP as an
important niche compartment that dynamically contributes to
age-related changes in the V-SVZ.

The CP is a complex structure with specialized epithelial cells
and a vascularized and innervated stroma containing diverse cell

(B) Disease biomarker enrichment analysis for significantly enriched LVCP genes compared to V-SVZ NSCs. The input gene list (3,543 probesets) represents the
overlap of LVCP-enriched genes as compared to gNSC and aNSC populations (p < 0.05). See also Table S1.

(C) Scatterplot of 2-month versus 18-month LVCP-expressed ligands and ECM genes (447 probesets). The values represent log2-transformed expression levels.
The genes screened for clone formation efficiency are highlighted in color. See also Table S1.

(D) Hierarchical clustering of significantly different LVCP ligands and ECM genes from comparison of gNSC, aNSC, 2-month, and 18-month LVCP samples (p <
0.05, one-way ANOVA). Color map values are assigned based on the SD from the row mean. The 2-month-enriched LVCP factors include Slit2, Nont, Bmp5, Igf1,
Matn2, and Postn, and the 18-month-enriched factors include Wfikkn2 and Gh.

(E) Ligand screen of LVCP candidates. Quantification of NS clone recruitment with previously tested factors IL1B, NT3, and IGF2 (blue) and novel factors BMP5,
TGFbeta2, Endostatin, POSTN, CXCL16, CX3CL1, SPP1, GH, IGF1, and FGF2 (red). Dark gray background indicates control medium containing Insulin, medium
gray indicates no Insulin, and light gray indicates no growth factors. Data represent the mean of each condition and the error bars indicate SEM (one-way ANOVA
with Bonferroni correction was performed, p value summary p < 0.0001; enriched in 2-month LVCP: Bmp5, Igf1, and Postn; enriched in 18-month LVCP: /l1b, Gh,
and Col18a1 [endostatin]). Factors that did not exhibit age-dependent changes but were present in our proteomics analysis were IGF2, CX3CL1, CXCL16, FGF2,
NT3, and TGFbeta2 (Figures 4C and 4D; see also Figures S4E-S4G).

(F) Pathway enrichment analysis for all extracellular region and space LVCP genes (991 probesets). The probeset list was imported into MetaCore to investigate
overrepresented pathways within the dataset (p < 0.01, false discovery rate [FDR] < 0.01). The p values are calculated based on hypergeometric distribution, and
FDR adjustment was applied to avoid false positives. Resulting pathways were ranked by —log(p value). The top 11 pathways are shown. The top 50 are given in
Table S1.

(G) Schema highlights multiple functions of the LVCP.
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types, including immune cells, microglia, fibroblasts, and macro-
phages (Figure 4G), which all contribute to the LVCP secretome.
Previous CP studies have defined the physical, enzymatic, and
neuroimmunological properties of this barrier, revealing its
essential secretory and regulatory functions for physiological
brain homeostasis, role inimmunosurveillance and inflammatory
and repair processes, and emerging contribution to neuropsy-
chiatric and neurodegenerative disease. Our findings now link
LVCP secretome with the modulation of stem cell dynamics in
the adult V-SVZ, highlighting that the LVCP also acts as a stem
cell niche compartment.

LVCPsec differentially regulates multiple aspects of qNSC,
aNSC, and TAC behavior, affecting both cells that directly con-
tact the CSF and those that do not. Culture with LVCPsec reca-
pitulates more of the in vivo complexity and supports the expan-
sion of diverse lineages from purified V-SVZ cell populations.
Cells are found at multiple stages in these complex cultures.
While most are maintained as progenitors, including a substan-
tial fraction of oligodendroblasts, also differentiated neurons,
oligodendrocytes, and astrocytes are present.

LVCPsec promotes the recruitment of more qNSC and aNSC
clones than EGF only, suggesting that additional pools of
V-SVZ stem cells are differentially recruited and supported by
LVCPsec. From our screen, we identify several novel ligands
that promote the recruitment of colony formation over EGF/
bFGF baseline levels. Notably, BMP5 resulted in a dramatic in-
crease in the number of clones recruited, similar to its effect on
epidermal stem cell recruitment (Kangsamaksin and Morris,
2011). IGF1 also promoted clone recruitment over baseline
levels. Whether the expansion of the oligodendrocyte lineage
with LVCPsec as compared to EGF-only cultures is due to
the de novo recruitment of oligodendrocyte-committed pro-
genitors and/or a richer repertoire of signals that supports the
generation of oligodendroblasts from stem cells needs to be
further explored. Notably, oligodendrocyte differentiation from
adult stem cells and multiple sclerosis are two of the most en-
riched categories in our transcriptome analysis. As such, the
CP may be a key source of secreted signals that mediate oligo-
dendrocyte production. Indeed, Wnts are present in the CSF
(Lehtinen et al., 2011) and support oligodendrogenesis (Azim
et al.,, 2014; Ortega et al., 2013). The greater recruitment of
NSCs to form colonies by LVCPsec suggests that NSC hetero-
geneity in part reflects distinct pools of NSCs, perhaps with
different functions, that respond to unique combinations of
signals. In the future, it will be important to dissect how diverse
LVCP niche cues differentially affect V-SVZ cell types, whether
LVCP factors contribute to regional stem cell identity, and
how they impact cell dynamics and lineage in this stem cell
compartment.

The aging CP undergoes important changes modifying both
its transcriptome and secretory capacity (our data; Baruch
et al., 2014; Redzic et al., 2005). Intriguingly, not all V-SVZ cell
types were sensitive to changes in the aged LVCP secretome,
with aNSCs, but not TACs, being affected. Aged aNSCs
divide extensively with EGF only. In contrast they exhibit very
different behavior with aged LVCPsec, including a shift in pro-
genitor status, loss of cycling aNSCs, and the appearance of
Nestin+MCM2— large flat cells, which may be the first signs of
senescence. Some of these changes are reversed by exposure
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to young LVCPsec. Interestingly, two of the candidates we iden-
tified, BMP5 and IGF1, are enriched in young LVCP. BMP5 levels
are lower in aged human CSF than in young (Baird et al., 2012),
and systemic levels of IGF1 also decrease with aging in rodents
and humans (Bartke et al., 2013), suggesting that BMP5 and
IGF1 may be important factors in the age-dependent recruitment
effect of the LVCP secretome on V-SVZ stem cells. Levels of
Slit2, which is important for neuroblast migration (Sawamoto
et al., 2006), also decrease in aging LVCP, and they also may
contribute to the decline in neurogenesis in vivo with aging.
Together, our findings highlight that the LVCP is an important
contributor to extrinsic changes during aging, adding to the
growing number of niche compartments affected by aging (Kat-
simpardi et al., 2014; Piccin et al., 2014). In the future it will be
important to see how other physiological states dynamically
affect the LVCP niche compartment.

Importantly, with its unique location at the interface be-
tween the blood and the CSF, the CP itself can sense and
respond to local changes in the niche as well as to different
physiological signals by changing its secretome (reviewed in
Marques and Sousa, 2015; Figure 4G). Indeed, CP epithelial
cells express an array of growth factor and hormone recep-
tors, allowing them to sense changes in different states (our
data; Marques et al., 2011). Interestingly, our transcriptome
analysis revealed that hormones and neuropeptides, not pre-
viously associated with LVCP, might be actively processed by
the CP, including hormones from the somatotropic axis, such
as GH and IGF1, that exhibit age-dependent patterns. The
LVCP is therefore positioned to be a key component of meta-
bolic and neuroendocrine regulation (Figure 4G), potentially
having a long-range effect on global physiology and patholog-
ical states.

With its unique position receiving inputs from the circulatory,
autonomic, and immune systems, the LVCP is poised to act as
a key regulatory hub, integrating local and long-range signals
from different parts of the body and dynamically modulating
its contribution to the V-SVZ stem cell niche (Figure 4G). Eluci-
dating the functional regulation and output of the LVCP
will provide insight into adult NSC behavior, how it can be modu-
lated in health and disease, and eventually harnessed for brain
repair.

EXPERIMENTAL PROCEDURES

All experiments were performed in accordance with institutional and national
guidelines for animal use.

Preparation of LVCPsec and CSF Collection
Details of the preparation of LVCPsec and CSF isolation from the cisterna ma-
gna are provided in the Supplemental Experimental Procedures.

FACS Purification
V-SVZ cells were FACS purified from GFAP::GFP mice (Jackson Laboratory)
as previously described (Codega et al., 2014; Pastrana et al., 2009).

Analysis and Quantification

Statistical analysis was performed using Prism 6. Two-way comparisons were
performed using a Student’s t test. When comparing more than two datasets,
ANOVA analysis was used to determine significance followed by the Bonfer-
roni multiple comparison test on pairwise comparisons.



In Vitro Culture

All LVCPsec experiments were done without any additional growth factors in
the medium. See the Supplemental Experimental Procedures for details of
assays.

In Vivo Infusion

LVCPsec was infused into the lateral ventricles of GFAP::GFP mice for 6 days
with a mini-osmotic pump (Alzet 1007D). See the Supplemental Experimental
Procedures for details.

Immunostaining
Cells were fixed and immunostained as described in the Supplemental Exper-
imental Procedures.

LVCP RNA Isolation and Microarray Hybridization

The mRNA was purified from 2- or 18-month-old LVCP of CD1 mice. The cDNA
was synthesized and hybridized to Affymetrix Mouse Genome 430 2.0 Arrays.
See the Supplemental Experimental Procedures for details of bioinformatic
analysis.
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