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The adult human subventricular zone: partial
ependymal coverage and proliferative capacity
of cerebrospinal fluid
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Neurogenesis continues throughout adulthood in specialized regions of the brain. One of these regions is the subventricular zone.
During brain development, neurogenesis is regulated by a complex interplay of intrinsic and extrinsic cues that control stem-cell
survival, renewal and cell lineage specification. Cerebrospinal fluid (CSF) is an integral part of the neurogenic niche in development
as it is in direct contact with radial glial cells, and it is important in regulating proliferation and migration. Yet, the effect of CSF
on neural stem cells in the subventricular zone of the adult human brain is unknown. We hypothesized a persistent stimulating ef-
fect of ventricular CSF on neural stem cells in adulthood, based on the literature, describing bulging accumulations of subventricu-
lar cells where CSF is in direct contact with the subventricular zone. Here, we show by immunohistochemistry on post-mortem
adult human subventricular zone sections that neural stem cells are in close contact with CSF via protrusions through both intact
and incomplete ependymal layers. We are the first to systematically quantify subventricular glial nodules denuded of ependyma
and consisting of proliferating neural stem and progenitor cells, and showed that they are present from foetal age until adulthood.
Neurosphere, cell motility and differentiation assays as well as analyses of RNA expression were used to assess the effects of CSF
of adult humans on primary neural stem cells and a human immortalized neural stem cell line. We show that human ventricular
CSF increases proliferation and decreases motility of neural stem cells. Our results also indicate that adult CSF pushes neural stem
cells from a relative quiescent to a more active state and promotes neuronal over astrocytic lineage differentiation. Thus, CSF con-
tinues to stimulate neural stem cells throughout aging.
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ASCL1 = achaete-scute family bHLH transcription factor 1; BSA = bovine serum albumin; DAB = 3,3’-diamino-
bezidine tetrahydrochloride; DCX = doublecortiny DMEM = Dulbecco’s modified Eagle’s medium; EF1o = elongation factor 1-
alpha; EGF(R) = epidermal growth factor (receptor); FGF(R) = fibroblast growth factor receptor; FOX]J1 = forkhead box protein
J1; FCS = foetal calf serum; GAPDH = glyceraldehyde-3-phosphate dehydrogenase; GFAP = glial fibrillary acidic protein; GLUL =
glutamate-ammonia ligase; HES = hes family bHLH transcription factor; HLA-DR = human leucocyte antigen — DR isotype; JAG1
= jagged canonical Notch ligand 1; NBB = Netherlands Brain Bank; NCAM1 = neural cell adhesion molecule 1; NDC = non-de-
mented control; NES = nestiny NOTCH1 = notch receptor 1; NPC = neural progenitor cell; NSC = neural stem cell; PCNA = pro-
liferating cell nuclear antigen; PMD = post-mortem delay; P/S = penicillin/streptomycin; PSEN1 = presenilin 1; S1008 = S100
calcium-binding protein B; SGN = subventricular glial nodule; SLC1A2 = Solute carrier family 1 member 2; SOX2 = Sex determin-
ing region box 2; SVZ = subventricular zone; TBS = Tris-buffered saline; TUBB = tubulin; VIM = vimentin
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Cerebrospinal fluid and neural stem cells

Introduction

The subventricular zone (SVZ) is a neurogenic brain area
that lines the walls of the ventricles. Subventricular zone
neural stem cells (NSCs) are able to proliferate and differ-
entiate into neurons and glial cells (Doetsch et al., 1999;
Kukekov et al., 1999; Sanai et al., 2004). During brain
development, radial glia are in direct contact with cerebro-
spinal fluid (CSF), which provides important growth fac-
tors and cues for directional migration (Sawamoto, 2006;
Johansson et al., 2010; Zappaterra and Lehtinen, 2012;
Ortega et al., 2018). In rodents, NSCs are in direct con-
tact with CSF through apical processes (Mirzadeh et al.,
2008). In humans, adult NSCs are arranged in a ribbon,
which is separated from the CSF by a single layer of epen-
dymocytes and a hypocellular gap (Sanai et al., 2004; van
den Berge et al., 2010; Jiménez et al., 2014). Human NSC
protrusions extend through the ependymal cell layer to-
wards the ventricle as shown by Sanai et al. (2004). The
ependyma forms a semi-permeable CSF-brain barrier sup-
ported by incomplete apical tight junctions, lateral adhe-
rens and gap junctions, a luminal sialic acid coating and
aquaporin-4 channels on the basolateral membrane
(Nielsen et al., 1997; Schauer, 2009; Zhang et al., 2010;
Lehtinen and Walsh, 2011; Jiménez et al, 2014). At
young age, this barrier is largely intact; however, increased
penetrance of CSF into the parenchyma has been described
in aged rodents (Whish et al., 2015), and some ependymal
loss has been shown in human adults (Del Bigio, 2010).
The effect of increased direct contact of NSCs with CSF
in the adult human SVZ is largely unknown.

Cerebrospinal fluid is primarily produced by the chor-
oid plexus (Orekovi¢ and Klarica, 2010), and contains a
broad spectrum of proteins including growth factors that
are key for neurogenic signalling (for a review, see
Zappaterra and Lehtinen, 2012). The few studies apply-
ing rodent and, in some cases, human-derived CSF to
neural stem and progenitor cells mainly suggest that CSF
enhances survival and stimulates proliferation of NSCs,
but the effect is controversial. In addition, from these
studies the effect of CSF on stem cell differentiation and
migration remains unclear (Gato et al., 2005; Buddensiek
et al., 2009, 2010; Lehtinen et al., 2011; Ma et al.,
2013; Zhu et al., 2015; Alonso et al., 2017). Human
CSF composition changes with age (Zhang et al., 2005;
Baird et al., 2012), with a concomitant decrease in NSC
number in the SVZ and a significant reduction of the
rostral migratory stream (Sanai et al., 2005, 2011;
Conover and Shook, 2011; van Strien et al., 2011). A
study on the effect of young versus aged rodent choroid
plexus secretome shows that NSC proliferation and dif-
ferentiation is sensitive to age-related changes in CSF
composition (Silva-Vargas et al., 2016).

Direct contact with CSF also seems to affect subependy-
mal cells in wvivo. Upon induced ependymal damage,
rodents develop subventricular glial nodules (SGNs)—
defined as collections of cells, bulging into the ventricle
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lumen and denuded of ependyma (Goémez-Roldan et al.,
2008). The identity of these cells is still unclear. Some stud-
ies suggest that they are transient amplifying progenitor
cells, whereas others propose neuroblasts or reactive astro-
cytes (Kuo et al., 2006; Gomez-Roldan et al., 2008; Luo
et al., 2008; Jiménez et al., 2009; Roales-Bujan et al.,
2012). These SGNs—also referred to as subependymal nod-
ules or granular ependymitis—have been described in
humans with multiple sclerosis or schizophrenia, and are
associated with ependymal damage after viral infections
and ventriculomegaly (Johnson and Johnson, 1972; Adams
et al., 1987; Gray et al., 1992; Sarnat, 1995; Honer et al.,
1996; Dominguez-Pinos et al., 2005). Assumingly, SGN
form when ependymal cells provide an insufficient barrier
between growth factors and inflammatory mediators in the
CSF and NSCs in the SVZ.

Here, we aimed to study the effect of ventricular CSF
of adult humans on NSCs, by studying post-mortem
human SVZ tissue, primary NSCs and a human immor-
talized NSC line. We hypothesized a stimulating effect of
ventricular CSF on NSCs based on the literature, describ-
ing SGNs where CSF is in direct contact with the SVZ.
Our data confirm that adult human NSCs remain in dir-
ect contact with CSF via protrusions penetrating the
ependyma, but also due to significant lack of ependymal
coverage. We are the first to systematically quantify
SGNs in the human SVZ, to show that they are present
from foetal until old age and that they express prolifer-
ation, NSC and progenitor markers, presumably due to
direct CSF-NSC contact. This is supported by in vitro
experiments, showing that human ventricular CSF induces
NSC proliferation, inhibits motility and potentiates neur-
onal differentiation. Altogether, our results show that
adult human ventricular CSF still promotes neurogenesis.
This knowledge is important for initiatives exploring
stimulation of endogenous NSCs as a therapeutic option
for promoting brain repair in neurodegenerative diseases,
but also raises the question whether CSF could play a
role in the formation of brain tumours originating from
mutated NSCs within the SVZ.

Materials and methods

Human brain material was obtained from the
Netherlands Brain Bank (NBB). The NBB was given
informed consent by brain donors for tissue use and
accessing neuropathological and clinical information for
scientific research, in compliance with ethical and legal
guidelines (Netherlands Brain Bank, 2020).

For analysis of ependymal coverage, formalin-fixed,
paraffin-embedded human post-mortem tissue was col-
lected from 14 controls, classified as donors without a
neurological or neuropsychiatric disorder (clinically and
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Figure | Contact of neural stem cells with cerebrospinal fluid through protrusions and due to the absence of ependyma
covering the subventricular zone (SVZ) of adult donors. (A, F) White dashed lines in two | cm thick formalin-fixed human brain
slices indicate the three dissected SVZ areas. SVZ| was dissected in the brain slice containing the most frontal part of the caudate nucleus
(cn) and SVZ2 was dissected from the same brain slice, or | slice more caudal, under the cingulate gyrus (cg), including part of the corpus
callosum (cc). SVZ3 was dissected from the most posterior part of the lateral ventricle (LV). (B, G) Immunofluorescent double labelling of a
fresh frozen SVZ tissue section of a control donor (NBB 2005-073, male, 87 years) for GFAPS (green) and nestin (magenta). White rectangles
and asterisks indicate protrusion(s) of NSCs towards the ventricle, of which magnifications are shown in the different channels (C-E and H-
J). Nuclei are counterstained with Hoechst. (K) Example of thionin staining showing ependymal cell coverage and absence (transition
indicated by the arrow). (L) Ependymal layer coverage in the SVZ of healthy controls is quantified in SVZ1-3 (n = 13 donors of SVZI and
SVZ3, n= 14 donors of SVZ2), with significantly less ependymal cell coverage in SVZ2 (one-way ANOVA, F(2,37) = 7.417, P=0.0020; Sidak
post-hoc analysis, **P < 0.01). Data are expressed as mean * standard deviation. (M) Sex does not correlate with the average ependymal layer
coverage over SVZI|-3 (Mann—Whitney U test, U= |3, P=0.1649). Data are expressed as median * interquartile range. (N) Age does not

correlate with the average ependymal layer coverage in this age range (Pearson’s R* = 0.1601, P=0.1564). Scale bars = 10 um.

pathologically confirmed) (Supplementary Table 1). Seven
males and seven females were included, not significantly
different in age (mean,.s = 80.6 = 2.0 years, meangmales
= 85.9 * 29years; Mann-Whitney U test, U=15.50,
P=0.2733). SVZ material was sampled from three lateral
ventricular areas (SVZ1-3; Fig. 1A, F) and cut into 8 um
sections. One section per area per donor was deparaffi-
nized and rehydrated. To visualize the ependymal layer,
sections were incubated with 0.5% thionin (Merck) in
0.96% acetic acid for 10 min and embedded in Entellan

(Merck). Thionin staining was shown to correlate

significantly with staining of ependymal marker forkhead
box protein J1 (FOXJ1) in quantification of the epen-
dymal coverage (Supplementary Fig. 1).

For the analysis of SGNs, formalin-fixed paraffin-
embedded human hypothalamus tissue containing part of
the SVZ of the lateral and third ventricles was obtained.
We analysed two to four donors per age decennium:
from 2 to 94 years of age, with equal sex distribution (12
males, 14 females; two-tailed t-test, 4 = 1.221,
P=0.2339) (Supplementary Table 1). Serial sections of
6um were made and every 100™ section were thionin-
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stained. Additional single thionin-stained sections of 13
foetuses ranging in age from gestational week 9 to 40
were obtained from Bloemenhove clinic and Service
Histologie-Embryologie-Cytogénétique Hospital Necker-
Enfants Malades, Paris, France. This material was from
spontaneous or medically induced abortions, with mater-
nal informed consent for use of material and access to
medical records for research purposes. Tissue was col-
lected in accordance with the Declaration of Helsinki and
the Academic Medical Centre Research Code.

Immunofluorescent staining was performed as described
previously (van den Berge et al., 2010). Briefly, epitope
retrieval was performed with citrate buffer (10mM citric
acid, 0.05% Tween-20, pH = 6.0); to block non-specific
staining, sections were incubated with blocking solution
(Ix Tris-buffered saline [TBS, pH = 7.6], 2% horse
serum, 0.1% bovine serum albumin [BSA], 0.1%
TritonX-100, 0.05% Tween-20). Subsequently, sections
were incubated with primary antibody (Supplementary
Table 2), diluted in 1% TBS-BSA overnight at 4°C.
Incubation with fluorescently labelled species-specific sec-
ondary antibodies (1:400; Jackson Immuno-Research
Laboratories) was combined with Hoechst33258 (1:1000;
BioRad) in TBS during 1h. To quench autofluorescence,
sections were incubated in 0.3% Sudan Black in 70%
ethanol for 7min. Sections were embedded in Mowiol
(0.1M Tris-HCI [pH = 8.5], 25% glycerol, 10% wi/v
Mowiol4-88 (Sigma-Aldrich)).

For 3,3’-diaminobezidine tetrahydrochloride (DAB) stain-
ing, sections were incubated with biotinylated secondary
antibody (1:400; Vector Laboratories) diluted in TBS-BSA,
followed by incubation with avidin—biotin complex-system
(Vector Laboratories; 1:800). Subsequently, sections were
incubated with DAB-solution (Sigma-Aldrich) (0.5 mg/ml in
50mM Tris, 0.04% H,0,) and embedded in Entellan.

All thionin-stained sections were coded for unbiased quanti-
fication. For the analysis of ependymal coverage, tiled
images of the whole SVZ were taken wusing the
AxiolmagerM2 microscope (Zeiss) with a 20x/0.5 N-ach-
roplan objective (Zeiss), AxioCamMRm camera (Zeiss) and
software Zen2011 (Zeiss). Total length of SVZ bordering
the lateral ventricle and length covered by ependymal cells
was measured to calculate the percentage of ependymal
coverage using Image]1.47q software (Rasband, 2015). For
the analysis of SGNs, images were obtained on an
AxioSkop microscope (Zeiss) with 40x/0.75 Plan-Neofluar
objective (Zeiss), using an EvolutionMPColour camera
(MediaCybernetics)  and  Image-ProPlus6.3  software
(MediaCybernetics). For quantification of SGN occurrence,
one thionin-stained section per foetus and between 5-10
sections per donor were scored. Fluorescently stained SVZ
sections and cells were imaged using an Axioplan2 micro-
scope (Zeiss) with 40x/0.95 Plan-Apochromat objectives
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(Zeiss), with Retiga2000DC camera (Qimaging) and Image-
ProPlus6.3 software.

Freshly resected SVZ material was obtained from the
NBB (Supplementary Table 3). Neural stem cells from
fresh SVZ tissue from three adult donors (aNSCs) were
obtained based on a previously published protocol (van
Strien et al., 2014). Briefly, SVZ tissue was dissociated
and digested with 0.2% trypsin (Invitrogen) and 0.1%
DNase (Sigma-Aldrich). Subsequently, 0.2% foetal calf
serum (FCS) (Gemini Bio-products) was added and cells
were collected by centrifugation. Pellet was re-suspended
in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco)
with 10% FCS, 1% penicillin/streptomycin (P/S) (Gibco)
and 0.1% gentamycin, and filtered through a 100-um
mesh filter. Cell fraction was isolated by adding Percoll
(Amersham/GE Healthcare) and centrifugation at high
speed. aNSCs were isolated by CD271-coupled
MicroBeads with a magnetic separation system (Miltenyi
Biotec) by following the manufacturer’s instruction.
Foetal NSCs (fNSCs) from four donors—obtained from
the AMC as described above—were isolated similarly
with CD133 beads (Miltenyi Biotec). Also, a v-myc-medi-
ated immortalized human NSC line (ihNSC) derived from
foetal NSCs was used at low passage numbers (De
Filippis et al., 2007).

During autopsy, post-mortem ventricular CSF was
obtained by the NBB of adult control donors (based on
the clinical data) (two males, nine females; mean age,
82 years [70-94]; Supplementary Table 4).
Retrospectively, two of these donors were labelled as con-
trols with Alzheimer pathology after neuropathological
examination; and two had Lewy body pathology.
Cerebrospinal fluid was centrifuged at 300g for 5min
and pushed through a 20-um filter to sterilize.
Supernatant was stored at —80°C. Protein concentration
of CSF was determined with a bicinchoninic acid assay
(Pierce BCA kit; ThermoFisher Scientific). One serum
sample was obtained from donor NBB 2011-082 during
autopsy, and stored at —20°C.

Ante-mortem ventricular CSF was obtained during
brain surgery of patients at (i) the UMC Utrecht, The
Netherlands, upon approval of the Biobank Research
Ethics Committee of the Central Biobank of the UMC
Utrecht, and (ii) during brain surgery of patients at the
Ludwig Maximilian University of Munich, Munich,
Germany, after informed consent and with approval of
the Ethics Committee of the Ludwig Maximilian
University (four males, four females; mean age, 55 years
[38-65]; Supplementary Table 4).
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Lumbar CSF was obtained from 10 healthy controls
(five males, five females; mean age, 65.8years [56-79];
Supplementary Table 4) at an outpatient clinic of
Amsterdam UMC, location VU University Medical Centre
(VUmc), as described by Van Dijk er al. (2013, 2014).
Donors gave informed consent for use of CSF and clinic-
al data for research purposes, and the study protocol was
approved by the VUmc ethics committee.

After dissociation of ihNSC neurospheres, cells were
plated either in ihNSC medium [Euromed-N medium
(EuroClone), 1% N2 (5.375mL DMEM-F12 (Gibco),
0.75% BSA, 62.5mg insulin (Sigma), 100 mg apo-trans-
ferrin (Sigma), 10 pL. 3mM Na-Selenite (Sigma), 16 mg
Putrescine (Sigma), 20png Progesterone (Sigma)), 1%
glutaMAX (Gibco), 1% r-glutamin (Gibco), 1% P/S,
20 ng/mL epidermal growth factor (EGF) and 10ng/mL
fibroblast growth factor (FGF) (both from Tebu-Bio)], or
in 75% ihNSC medium with 25% CSF (v/v). Similarly,
aNSCs were cultured in stem-cell medium [DMEM-F12,
2% B27 (Gibco), 1% P/S, 20ng/mL. EGF, 20ng/mL
FGF], or in 75% stem-cell medium with 25% CSF (v/v).
After 5days, neurospheres were imaged (n = average of
five fields per well of a 24-well plate) using a Plan-
NeoFluar 10x/0.30 objective on an Axiovert200 inverted
microscope (Zeiss), with EXiAqua camera (Qimaging)
and Image-ProPlus6.3 software. For the ihNSCs, mean
neurosphere number and diameter were determined with
Image-ProPlus6.3 software. Afterwards, ithNSC neuro-
spheres were either passaged in ihNSC medium without
CSF or harvested for RNA isolation.

Immortalized human NSCs—pre-treated with or without
CSF for 5days—were plated in DMEM-F12-+glutaMAX,
supplemented with 2% FCS and allowed to adhere on
laminin-coated glass dishes for 6h. Single-cell motility
was analysed under a Zeiss Axiovert200 inverted micro-
scope in a pre-heated and humidified incubation chamber
(OKO Labs, Italy) at 37°C and 5% CO,. Overnight, pic-
tures were taken every 10min using a Plan-NeoFluar
10x/0.30 objective with an EXiAqua camera and Image-
ProPlus6.3 software. Cell motility was measured by track-
ing single cells throughout all frames of the sequence and
measuring average velocity in pum/min using a manual
tracking plugin from Image] (Rasband, 2015). Per condi-
tion, pictures were taken at five locations and at every lo-
cation five single cells were tracked; this was repeated for
three independent experiments.

Cells were lysed using Trizol (Life Technologies) and
RNA was isolated by organic extraction method using
chloroform and ethanol precipitation and rehydration.
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The RNA concentrations were measured using
Nanodrop1000 (ThermoFisher Scientific). Next, cDNA
was synthesized from 0.5pug RNA using the Quantitect
reverse transcriptase kit (Qiagen). The relative quantity of
the different ¢cDNA fragments was determined using

quantitative PCR  (qPCR) as described previously
(Kamphuis et al., 2012; SYBR Green, Applied
Biosystems). Primers used for qPCR are listed in

Supplementary Table 2.

For immunocytochemistry, untreated and CSF-treated
ihNSC neurospheres were dissociated and plated onto
laminin-coated coverslips (3h at 37°C, 10 pg/mL, Sigma-
Aldrich) in a 24-well plate in ihNSC medium. Cells were
allowed to adhere for 6h, fixed with 4% paraformalde-
hyde and incubated with primary antibodies diluted in
supermix (50mM Tris, 0.15M NaCl, 0.25% gelatin,
0.5% TritonX-100, pH = 7.4) at 4°C for 24 h. Then,
cells were incubated with secondary antibodies (1:1200)
and Hoechst 33258 (1:1000) in supermix at room tem-
perature for 2 h, followed by Mowiol-embedding.

To induce astrocytic differentiation, 2.5 x 10* cells were
seeded on laminin-coated wells of a 24-well plate in
DMEM-F12+4glutaMAX, supplemented with 1% FCS
and 1% P/S. To induce neuronal differentiation,
2.5x10* cells were seeded on laminin-coated wells of a
24-well plate in DMEM-F12+glutaMAX and Neurobasal
medium (Invitrogen) (1:1) [0.5% N,, 12.5 ng/mL insulin,
20mM r-glutamin, 0.25puM non-essential amino acids

(Sigma-Aldrich, St. Louis, USA), 1% B27 and 1% P/S].

GraphPad Prism7.04 (GraphPad Software) and SPSS ver-
sion 23 (IBM) were used to analyse data for statistical
significance. No sample size calculations were done; the
pre-set n per experiment—as described in the legend of
each figure—was determined mainly by the limited
amount of human material available. The F test, respect-
ively, Bartlett’s test was applied to test for equality in
variances; the D’Agostina and Pearson test was used to
test normality. For normally distributed data sets with
equal variances, the two-tailed or paired #-test, or one-
way ANOVA with Sidak post-hoc analysis was used. For
data sets with unequal variances, the two-tailed #-test
with Welch’s correction was used. For data sets violating
the assumption of normality, the Mann-Whitney U test,
Wilcoxon matched-pairs test or Kruskal-Wallis test with
Dunn’s post-hoc analyses was used. To test correlation,
Pearson’s correlation, Fisher’s exact test or logistic
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regression was used. Statistical significance was accepted
when P <0.05. Data are expressed as mean =* standard
deviation, or median =* interquartile range; when fold
change is presented, the data are normalized against the
control group (no CSF).

Raw data were generated at the Netherlands Institute for
Neuroscience (Amsterdam, The Netherlands) and the
UMC Utrecht Brain Centre (University Medical Centre
Utrecht, Utrecht, The Netherlands). Derived data support-
ing the findings of this study are available from the cor-
responding author on request.

Results

The ependymal cell layer forms the CSF-brain barrier.
To determine whether NSCs in the human SVZ of adult
donors are in direct contact with CSF, fresh frozen adult
human SVZ sections were double-labelled for NSC
markers glial fibrillary acidic protein delta (GFAPS) and
nestin. Ependymal cells were clearly visible based on nu-
clear staining. We observed many GFAP'&/nestin® cells
lining the ventricle and several double-positive cells had
protrusions through the intact ependyma towards the
ventricle (Fig. 1B-E, G-J), suggesting that NSCs in the
SVZ of adult humans remain in close contact with CSF.

We also studied whether the CSF-brain barrier was in-
tact by visualizing the ependymal layer with thionin stain-
ing in three different SVZ regions (Fig. 1A and F) in
adult control donors and assessing the coverage percent-
age of the SVZ (Fig. 1K). There was profound absence
of ependymal cells in all donors, with an average lack of
around 50% and significantly less ependymal coverage in
SVZ2 compared to SVZ1 and 3 (Fig. 1L). Ependymal
coverage did not correlate with sex or age (Fig. 1M and
N) nor with donor’s post-mortem delay (Pearson R* =
0.0090, P=0.7473), fixation time (Pearson R?> =
0.001236, P=0.9050), CSF pH (Pearson R* = 0.0642,
P=0.4034) or brain weight (Pearson R* = 0.0216,
P=0.6163).

Subventricular glial nodules are defined as hypercellular
nodules bulging into the ventricular space, denuded of
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ependyma. The incidence of SGNs in the healthy human
brain has not been assessed before. Therefore, its pres-
ence was scored on thionin-stained human hypothalamic
sections of control donors ranging from 2 to 94years
(Supplementary Table 1). Often, SGNs contained dense
fibrous material, which might represent either cellular
extensions or acid mucopolysaccharides in the extracellu-
lar matrix (Fig. 2A and B). The SGNs ranged in diameter
from 100 to 500 pm and were observed in 69.2% (18/
26) of the donors, mostly in the wall of the lateral ven-
tricle (Supplementary Table 1). The occurrence of SGN
was not related to sex (Fisher’s exact test, P=0.4009).
Also, no significant correlation was found with age al-
though a positive trend was noted (Fig. 2C). Donor’s
post-mortem delay (Mann-Whitney U test, U=40,
P=0.2316) and brain weight (Mann-Whitney U test,
U=38, P=0.1869) were unrelated to SGN incidence,
fixation time was related to SGN score (Mann-Whitney
U test, U=35.50, P=0.0420) with lower fixation times
for the donors scored to have SGNs. Among the 13 foe-
tal sections, only one brain showed two SGNs.

The cellular composition of SGNs was unravelled with
immunofluorescence. The SGNs stained positive for NSC
markers nestin, GFAPS (Fig. 2D) and sex-determining re-
gion box 2 (SOX2, Fig. 2E), proliferation marker prolif-
erating cell nuclear antigen (PCNA, Fig. 2F) and transit-
amplifying progenitor marker epidermal growth factor re-
ceptor (EGFR, Supplementary Fig. 2A). The SGNs were
also immunopositive for vimentin (Fig. 2E)—a marker for
immature  and  reactive  astrocytes—and  S1008
(Supplementary Fig. 2B)—a mature astrocyte marker—
but were devoid of immature and mature neuronal mark-
er Bll-tubulin, oligodendrocyte precursor marker BIV-
tubulin and microglia marker HLA-DR (Supplementary
Fig. 2C-E). As GFAPa is not highly expressed in SGNs
(Fig. 2G), reactive gliosis seems unlikely. Overall, this
indicates a local accumulation of proliferating NSCs and
progenitor cells without apparent gliosis.

Our in vivo data may indicate that exposure to ventricular
CSF leads to accumulations of NSC and progenitor cells
in SVZ denuded of ependyma. Therefore, we next assessed
the effect of CSF on NSC proliferation in wvitro. First,
aNSCs were cultured with 25% pooled post-mortem ven-
tricular CSF for S5days and compared to non-treated
aNSCs in a neurosphere assay (n=3). It was observed
that CSF-treated aNSCs formed larger and more neuro-
spheres compared to untreated aNSCs (Fig. 3A). As aNSC
isolation yield of brain donors is very low, remaining
experiments were performed with ithNSCs. Similarly, neu-
rospheres formed by CSF-treated ihNSCs were on average
twice as large as untreated neurospheres (Fig. 3B and C).


https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa150#supplementary-data
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Figure 2 Subventricular glial nodules are commonly present in the human subventricular zone and express proliferation
and stem cell markers. (A, B) SGN in the lateral ventricle of a 2-year-old male donor (NBB 1997-017, scale bar 100 um) and a 93-year-old
female donor (NBB 2005-063, scale bar 50 pm), being denuded of ependyma, hypercellular and showing accumulation of thionin-positive
fibrous tissue. (C) No significant correlation was found between age and SGN occurrence (Cox-Snell’s R? = 0.1004, 1*(1) = 2.750,
P=0.0972). (D-F) SGNs express NSC (nestin, GFAPS and SOX2), astrocyte (vimentin) and proliferation (PCNA) markers. (G) GFAPq is not
specifically expressed by SGNs (NBB 2005-073, male, 87 years). Scale bars C—F = 10 um.

Also, the number of neurospheres was significantly
increased (Fig. 3B and D). This indicates that human ven-
tricular CSF contains neurogenic factors. Although post-
mortem delay was short (<7h) in our CSF donors, it was
tested whether ante-mortem ventricular CSF had a similar

effect on ihNSCs. In accordance with the post-mortem
CSF finding, ihNSCs exposed to ante-mortem ventricular
CSF formed larger neurospheres as compared to untreated
ihNSCs (Supplementary Fig. 3A). To investigate whether
the effect of ventricular CSF treatment is long lasting and
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Figure 3 Increased neural stem cell (NSC) proliferation upon treatment with ventricular CSF. (A) Representative image of
primary adult NSC (aNSC) culture of donor NBB 2012-066. aNSCs treated with 25% pooled post-mortem ventricular CSF were observed to
form more and larger neurospheres than untreated aNSCs after 5 days in culture. (B) Representative image of immortalized human NSC
(ihNSC) culture without and with CSF of donor NBB 201 1-096. ihNSCs treated with 25% post-mortem ventricular CSF (n= | | wells treated
with CSF of individual donors) form larger and more neurospheres compared to untreated cells (n = 8 untreated wells) after 5 days. (C, D)
The ihNSC neurosphere diameter (two-tailed t-test with Welch’s correction, t3 39 = 8.13, P < 0.0001) and sphere number (Mann—Whitney U
test, U= 6, P=0.0018) were quantified after 5 days of CSF treatment. (E, F) Seven days after CSF withdrawal, passaged ihNSC neurosphere
diameter (two-tailed t-test, t;; = 7.877, P < 0.0001) and number (two-tailed t-test with Welch’s correction, t; ssg = 2.887, P=0.0216) were
quantified. In grey, the data points belonging to the wells treated with CSF of Alzheimer patients are indicated; exclusion of these data points
did not change the statistical results. Data expressed as mean * standard deviation in C, E and F, and as median = interquartile range in D;

*P < 0.05, *P < 0.01, *¥***P < 0.0001; Scale bars = 100 um.

remains after CSF withdrawal, CSF-treated ithNSC neuro-
spheres were dissociated, washed and plated in ihNSC me-
dium containing EGF and FGF without CSF. After 7 days,
neurosphere size in the CSF-withdrawn condition was still
significantly larger compared to ihNSCs not exposed to
CSF (Fig. 3E). In contrast, secondary neurosphere number
was decreased (Fig. 3F).

To exclude the possibility that contamination of ven-
tricular CSF with blood-derived factors—which might
have occurred during puncturing of the lateral ventricle—
could be responsible for the increased proliferation of
ihNSCs, 50% of post-mortems CSF, respectively, different
concentrations of serum of the same donor was added to
a neurosphere assay. After 5days, the number of neuro-
spheres formed was lower when ihNSCs were treated
with serum compared to CSF (Supplementary Fig. 3B).
Also, protein concentration in CSF was lower than the
lowest concentration of serum used in the neurosphere
assay, implying that if there is contamination it can only
be a minute fraction.

The effect of lumbar CSF was also assessed, and it was
observed that adding 25% of lumbar CSF led to the for-
mation of smaller and a decreased number of neuro-
spheres after 5days in culture. In addition, the lumbar
CSF-treated ihNSCs adhered more to the cell-culture

plate, compared to untreated ihNSCs (Fig. 4A-C).
Altogether these data show that ventricular CSF, but not
lumber CSF, has a specific composition which stimulates
NSC growth and survival.

Adult ventricular CSF decreases
NSC motility in vitro

Progenitors derived from SVZ NSCs normally migrate to-
wards the rostral migratory stream. Since SGNs are local
accumulations of NSCs, it was tested whether contact
with post-mortem ventricular CSF affects NSC motility
in vitro. Average velocity of untreated and CSF-pretreated
ihNSCs was measured overnight by tracking cell move-
ment with time-lapse imaging. Cerebrospinal fluid-pre-
treated ihNSCs showed a significant decrease in average
velocity compared to untreated ihNSCs (Fig. SA).
Furthermore, the morphology of CSF-pretreated ihNSCs
was changed, as CSF-pretreated cells were more extended
and showed more protrusions compared to untreated
ihNSCs (Fig. 5B), suggesting an enhanced interaction
with the cell-culture surface potentially causing decreased
ability to migrate upon CSF exposure.


https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa150#supplementary-data
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Figure 4 Decreased NSC proliferation upon treatment with lumbar CSF. (A) Immortalized human NSCs (ihNSCs) treated with 25%
lumbar CSF (n= 10 wells treated with CSF of individual healthy controls) form smaller neurospheres compared to untreated cells (h= 10
untreated wells) after 5 days (two-tailed t-test, t|g = 5.364, P < 0.0001). Data are expressed as mean = standard deviation; ***P < 0.0001. (B)
ihNSCs tend to form less neurospheres when exposed to lumbar CSF (Mann—Whitney U test, U=31.50, P=0.1717). Data are expressed as
median = interquartile range. (C) After 5 days of treatment with lumbar CSF, ihNSCs adhere more to the bottom of the well and form smaller
and less neurospheres compared to untreated ihNSCs. Representative image of neurosphere culture of with CSF of donor G022. Scale bars =

100 pm.

Next, the effect of post-mortem ventricular CSF on NSC ac-
tivation was assessed by testing indicators of the Notch sig-
nalling pathway. It was observed that 5-day CSF treatment
of thNSCs led to higher mRNA expression of Notch homo-
log 1 (NOTCH1), hes family bHLH transcription factor 5
(HESS), Jaggedl (JAG1) and presenilin 1 (PSEN1) and a
positive trend in the expression of hes family bHLH tran-
scription factor 1 (HES1) (Supplementary Fig. 4).
Subsequently, the effect of CSF on NSCs was deter-
mined by measuring mRNA expression changes of several
NSC, progenitor and mature neuronal and astrocytic
markers (Fig. 6A, Supplementary Table 5). Nestin (NES),
NSClastrocyte marker GFAPa and GFAPS were signifi-
cantly highly expressed in ihNSCs exposed to CSF
(Fig. 6B and C). For comparison, fNSCs were allowed to
differentiate, and showed an increase of GFAPo and
GFAPS expression and a decrease in GFAPS/o ratio at
day 1 of differentiation (Supplementary Fig. 5A-C).

Accordingly, upon CSF exposure, GFAPS8/o—high in
NSCs and lower in astrocytes (Roelofs et al., 2005;
Middeldorp et al., 2010)—is also lower in ihNSCs, which
suggests that NSCs are activated and started to differenti-
ate. Correspondingly, mRNA expression of nerve growth
factor receptor (NGFR)—expressed by NSCs in the adult
human brain—showed negative trend upon CSF treat-
ment. Accordingly, the expression of late precursor and
mature astrocyte marker glutamine synthetase (GLUL)
and mature astrocyte progenitor marker solute carrier
family 1 member 2 (SLC1A2) was increased after CSF
treatment. Mature astrocyte markers fibroblast growth
factor receptor 3 (FGFR3) and S100B were not signifi-
cantly altered. Furthermore, neural progenitor and pro-
neural marker achaete-scute family bHLH transcription
factor 1 (ASCL1), neuroblast marker doublecortin
(DCX), immature neuronal marker neural cell adhesion
molecule 1 (NCAM1) and immature and mature neuronal
marker BllI-tubulin (TUBB3) were significantly higher
expressed after CSF treatment. Altogether, these data
show that upon CSF treatment NSCs transit to a more


https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa150#supplementary-data
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Figure 5 Decreased cell motility and changed morphology
of ihNSCs after ventricular CSF pre-treatment. (A) Average
velocity of cells pre-treated with CSF (n =3 culture replicates) was
significantly lower compared to untreated cells (n =3 culture
replicates) (paired t-test, t, = 10.17, P < 0.0095). Per-culture
replicate, five cells were traced per five locations per condition.
Data are expressed as mean =* standard deviation. (B)
Representative phase-contrast pictures of untreated ihNSCs and
ihNSCs pre-treated with CSF; the former showing rounder cells,
the latter showing a more elongated morphology with more
protrusions (*). Scale bars = 100 pum.

active state with up-regulation of Notch, astrocyte and
neuronal progenitor markers.

Cerebrospinal fluid-induced transition of NSCs to pro-
genitors was confirmed by immunofluorescence staining
for the presence of nestin and SOX2, and pan-GFAP and
BII-tubulin protein. In untreated ihNSCs, the levels of
GFAP and Bll-tubulin protein were below detection
(Fig. 6E). After treatment with pooled CSF for 5days
(Fig. 6D and E), ihNSCs were still immunopositive for
nestin and SOX2, but also showed a clear increase in
pan-GFAP and Bll-tubulin immunofluorescence. These
results corroborate the changes in RNA expression after
CSF treatment. Altogether, the data show that upon CSF
exposure, NSCs become more activated and primed to-
wards proliferating progenitor cells since they not only
express NSC markers, but also show increased expression
of Notch, astrocyte and neuronal progenitor markers.

Adult ventricular CSF suppresses
differentiation of NSCs into
astrocytes

In the following experiment, differentiation of thNSCs was
assessed by culturing cells after 5days of CSF exposure, in
astrocyte or neuronal differentiation medium without CSF.
Pre-treated thNSCs cultured for 2 days in astrocyte differen-
tiation medium showed unchanged mRNA levels of NES
and NGFR and a positive trend in GFAPa and GFAPS ex-
pression (Supplementary Fig. 6A), mimicking the expression
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pattern seen in differentiating fINSCs as discussed earlier.
The GFAPS/o, ratio was not significantly altered compared
to untreated ihNSCs. Additionally, expression of astrocyte
markers FGFR3, SLC1A2 and S100B and neuronal markers
TUBB3 and NCAM1 did not change, whereas neuronal
precursor markers ASCL1 and DCX showed a positive
trend. It suggests that CSF pre-exposure primes NSCs to
differentiate into the astrocytic as well as neuronal lineage,
even within an astrocytic differentiation protocol. This is
supported by immunohistochemical stainings after 7 days of
astrocytic differentiation that shows similar expression of
GLUL and S100B, and increased immunoreactivity of
FGFR3, GFAPS and DCX, compared to ihNSCs not pre-
treated with CSF (Supplementary Fig. 6B-D).

Yet, a longer differentiation time showed a repression
of astrocyte differentiation after CSF pre-exposure. In
ihNSCs that were allowed to differentiate after a 7-day
astrocytic differentiation protocol, all NSC and astrocytic
(progenitor) markers showed a clear negative trend, yet
not significant (Fig. 7A). The 7-day neuronal differenti-
ation protocol resulted in an unchanged mRNA expres-
sion of NSC and neuronal (progenitor) markers (Fig. 7B).
These results indicate that CSF pre-exposure primes

NSCs to differentiate into neuronal over astrocytic
lineage.
Discussion

In this study, we used human in vitro models to show
that adult human ventricular CSF induces NSC prolifer-
ation, inhibits NSC motility and potentiates neuronal dif-
ferentiation. We also demonstrate that NSCs in the SVZ
of adult humans remain in contact with CSF via protru-
sions through an intact ependymal layer and even more
so due to extensive lack of ependymal coverage. We re-
veal accumulation of proliferating neural stem and pro-
genitor cells at places where the neurogenic niche is
denuded of ependyma, and are the first to quantify sys-
tematically the presence of these so-called SGNs in the
human SVZ and show that they are present from foetal
until old age. This indicates that CSF is an important
regulator of neurogenesis in humans throughout life.

An intact ependymal layer forms a semi-permeable bar-
rier, allowing a controlled exchange of factors between
CSF and brain parenchyma. Ependymocytes are post-mi-
totic cells that arise from radial glia during embryonic de-
velopment. It has been shown that these cells do not
have the capacity to regenerate (Spassky, 2005). In mice,
however, an increasing number of astrocytes—sharing
characteristics of ependymocytes—is interposed within the
ependymal layer with aging (Luo et al, 2006, 2008).
This form of ependymal repair is associated only with
mild denudation adjacent to an active neurogenic niche
(Luo et al., 2008), suggesting that an active neurogenic
niche needs an intact CSF-brain barrier for normal func-
tioning. Also, it suggests that an active SVZ and/or
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Figure 6 Upon treatment with ventricular CSF, ihNSCs transition to a more active state with up-regulation of astrocyte and
neuronal progenitor markers. (A) Schematic overview of markers used to characterize the effect of CSF on lineage progression (for
references, see Supplementary material Table 5). qNSC = quiescent NSC; aNSC = activated NSC; NPC = neural progenitor cell. (B,C) After
5 days of CSF treatment, cells were collected and used for mRNA expression analysis (n = 6 untreated wells, n = | | wells treated with CSF of
individual donors); AluS, elongation factor |-alpha (EFl o) and actin were used as reference genes. GFAPx (Mann—Whitney U test, U =0,
P=0.00016), GFAP5 (Mann—Whitney U test, U= 0, P=0.00046) and NES (Mann—Whitney U test, U= 0, P=0.00016) were higher, whereas the
ratio GFAPS/o. (Mann—Whitney U test, U=0, P=0.00046) was lower expressed compared to untreated ihNSCs. NGFR (Mann—Whitney U test,
U= 11, P=0.0273), FGFR3 (Mann—Whitney U test, U =23, P=0.350) and S/00f (Mann—Whitney U test, U= 0, P=0.00016) were not

(continued)
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Figure 7 Ventricular CSF exposure (7 days) primes ihNSCs to differentiate into neuronal over astrocytic lineage upon CSF
withdrawal. (A) CSF-treated ihNSCs were differentiated according to astrocytic differentiation protocol upon CSF withdrawal (culture
replicates, n = 3). Per-culture replicate, ihNSCs were untreated, respectively, pre-treated with pooled CSF of healthy controls. After 7 days,
mRNA levels of SOX2 (Mann—Whitney U test, U=0, P=0.1000), GFAPx (Mann—Whitney U test, U=0, P=0.2000), FGFR3 (Mann—Whitney U
test, U=0, P=0.1000), SLC/A2 (Mann—Whitney U test, U=0, P=0.1000), S/00f5 (Mann—Whitney U test, U= |, P=0.2000) were measured.
(B) Seven days later, ihNSCs were allowed to differentiate according to neuronal differentiation protocol (culture replicates, n = 3), after pre-
treatment with pooled CSF, mRNA levels of SOX2 (Mann—Whitney U test, U= 3, P=0.7000), ASCLI (Mann—Whitney U test, U= I,
P=10.2000), DCX (Mann-Whitney U test, U= 3, P=0.7000), NCAM| (Mann—-Whitney U test, U=4, P > 0.9999) and TUBB3 (Mann—-Whitney
U test, U=4, P> 0.9999) were measured. Per-culture replicate, ihNSCs were untreated, respectively, pre-treated with pooled CSF of healthy
controls. Actin, AluS and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used as reference genes. Data are expressed as median
fold change of relative mRNA expression of pre-treated ihNSCs over relative expression of untreated ihNSCs (dotted line); Sidak corrected P

value = 0.0102.

contact with existing ependymocytes is necessary to gen-
erate intercalating astrocytes. When greater loss of con-
tiguous ependymal cells is induced in rodents, astrocytes
are unable to take on characteristics of ependymal cells
and SGNs are formed instead (Kuo et al., 2006; Gomez-
Roldan er al., 2008; Luo et al., 2008; Jiménez et al.,
2009; Roales-Bujan et al., 2012; Muthusamy et al.,
2015). As SGNs do not specifically express GFAPo or
HLA-DR, a local immune reaction or reactive gliosis
seems unlikely. Instead, our data indicate that SGNs are
composed of accumulated proliferating neural stem and
progenitor cells, and hence corroborating our in wvitro
findings that CSF stimulates proliferation and differenti-
ation of NSCs and inhibits motility.

The effect we describe about human CSF on NSC pro-
liferation is in agreement with the results of Zhu et al.
(2015), showing that human ventricular CSF from hydro-
cephalic patients promotes proliferation of human foetal
progenitor (NPCs), and the data of

neural cells

Buddensiek et al. (2010) indicating that human lumbar
CSF from hydrocephalic patients reduces adult human
NSC proliferation in vitro. We ascribe these seemingly
opposite findings to differences in origin, and therefore
composition, of the CSF as gradual changes in CSF com-
position along the flow pathway between the brain and
lumbar sac have been described, forming a rostral-caudal
gradient of factors (Sommer et al., 2002; Brandner et al.,
2014). In agreement with the proliferation/migration di-
chotomy stating that proliferation and migration tempor-
ally are mutually exclusive behaviours (Giese et al.,
1996), we observed a decreased motility of NSCs after
pre-treatment with CSF in vitro. These results seem in
contrast with the findings of Zhu et al. (2015)—who
found an increase in speed, travel distance and migration
capacity of NPCs upon CSF treatment—possibly due to
differences in their experimental set-up—i.e. measuring
motility on polyurethane acrylate-nanopatterns with poly-
L-ornithine and laminin-coating after CSF pre-treatment

differentially expressed, whereas GLUL (Mann—Whitney U test, U=0, P=10.00016) and SLC/A2 (Mann—Whitney U test, U=0, P=0.00016) were
higher expressed. ASCLI (Mann—Whitney U test, U= 0, P=0.00016), DCX (Mann—Whitney U test, U=2, P=0.000646) and NCAM| (Mann—
Whitney U test, U=2, P=0.000646) as well as TUBB3 (Mann—Whitney U test, U=0, P=0.00016) were highly expressed compared to
untreated ihNSCs. Exclusion of data points belonging to the assays treated with CSF of Alzheimer patients did not change the statistical results.
Data are expressed as median fold change of relative mRNA expression of CSF-treated ihNSCs over relative expression of untreated ihNSCs
(dotted line) * interquartile range; Sidak corrected P value = 0.0039 for multiple comparisons, *P < 0.0039, **P < 0.001, **P < 0.0001,

*HEP < 0.00001. (D) ihNSCs were treated with 25% pooled CSF in ihNSC medium for 5 days and labelled for SOX2 (magenta) and nestin
(green). (E) CSF-treated ihNSCs were also stained for the astrocyte marker pan-GFAP (magenta) together with Blll-tubulin (green). Hoechst

(blue) as nuclear counter staining. Scale bars = 10 pum.
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of undescribed duration, and measuring migration using
a transwell assay with glioma-conditioned medium as at-
tractant for NPCs treated with CSF during 7 and
14 days, all in differently composed media.

Based on the neurosphere assays and RNA analyses—
and in agreement with the observed formation of SGNs
where ependyma is lacking—we conclude that ventricu-
lar CSF pushes NSCs from a relative quiescent into a
more active state, being more proliferative and capable
of self-renewal as well as being less motile. Second,
when CSF is withdrawn, NSCs develop into a progeni-
tor state, still highly proliferative but less capable of
self-renewal—i.e. larger neurosphere size but lower neu-
rosphere number. The idea that NSCs exposed to CSF
become more activated is supported by our mRNA ex-
pression and immunohistochemical data showing a gen-
eral increase in RNA and protein levels in NSCs after
CSF treatment. Indeed, NSC activation is characterized
by up-regulation of protein synthesis, and subsequent
cell division (Baser et al., 2017). Also, ASCL1 expres-
sion increases upon CSF exposure, which has been
shown to promote NSC activation and proliferation
(Andersen et al., 2014). Furthermore, self-renewal and
maintenance of activated NSCs is believed to be regu-
lated by Notch1, whereas quiescent NSCs seem less reli-
ant on Notchl signalling (Basak et al., 2012; Engler
et al., 2018); we see clear NOTCH1 up-regulation and
activation of the Notch pathway after CSF treatment.
Thus, our data indicate that CSF of adult humans acti-
vates NSCs, and hence promoting proliferation and pri-
ming NSCs to differentiate. Additionally, we found an
indication that CSF promotes neuronal over astrocytic
differentiation. Interestingly, Schwarz et al. (2017) have
shown that human lumbar CSF improves survival and
enhances network function of neurons in vitro. Also,
Veening and Barendregt (2010) describe that in vivo
neurons in the SVZ are in contact with CSF via proc-
esses that terminate in the ventricle and actively release
neuromodulators in the CSF that can exert downstream
effects on target neurons. These observations hint that
CSF might not only potentiate neuronal differentiation,
but also impact mature neurons.

The use of post-mortem material is a strength as well
as a weakness of our study. We were able to use brain
tissue slides of a total of 40 adult human donors and
13 human foetuses, and post-mortems CSF of 10 human
donors—these are large numbers with respect to most of
the previous literature. Limitations are related to the
characterization of the post-mortermn donors. Working
with post-mortem material entails that when used direct-
ly after autopsy, only clinical information is available,
based on which donors are included as controls. Later
pathological assessment changed donor status of two
CSF donors into controls having early stages Alzheimer
pathology (Braak 3-4)—importantly, their clinical files
underscore that there was no clinical phenotype yet. As
there was no difference found between CSF of these
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particular donors and other donors in experiments in
which CSF of single donors was used, the experiments
with pooled CSF—composed of CSF of controls and
two donors with Alzheimer pathology—were included in
this article. Similarly, the donors of aNSCs were eventu-
ally classified as donors with Alzheimer’s disease,
Korsakov’s syndrome and bipolar disorder. As the effect
of CSF on aNSCs of the different donors was similar
and also showed the same pattern observed in ihNSCs,
the aNSCs of these donors were regarded as useful mod-
els. Second, as post-mortem ventricular CSF is more
readily available, obtainable in larger volumes and giv-
ing the same results in experiments as ante-mortem ven-
tricular CSF, mainly post-mortems CSF was used in this
study. Since the composition of CSF may change after
death, only CSF samples with a short post-mortem delay
(<7h) were included.

The potential of CSF to stimulate neurogenesis is clinic-
ally relevant in two ways. The most common neurodege-
nerative diseases in elderly—Alzheimer’s and Parkinson’s
disease—are characterized by extensive neuronal degener-
ation. Our previous studies have shown that NSCs are
still present in the SVZ of these patients, and are still
able to proliferate and differentiate into neurons and glial
cells in vitro (van den Berge et al., 2011; van Strien
et al., 2014). Stimulation of endogenous NSCs in SVZ of
patients with a neurodegenerative disorder could therefore
potentially lead to neuronal replacement. The fact that
we show that CSF promotes neuronal over astrocytic lin-
eage differentiation is interesting in this respect. Second,
it has been hypothesized that mutated NSCs are the ini-
tiating cells in glioma, i.e. the most common primary ma-
lignant brain tumour (Quinones-Hinojosa and Chaichana,
2007; Jackson and Alvarez-Buylla, 2008). These glioma
stem cells functionally resemble NSCs (Ignatova et al.,
2002; Galli et al., 2004; Singh et al., 2004; Jackson
et al., 2006), and gliomas primarily seem to arise in the
SVZ (Lantos and Pilkington, 1979; Zhu et al., 2005; Lim
et al., 2007; Chaichana et al., 2008; Lee et al., 2018).
There are indications that gliomas arising in closer prox-
imity to the SVZ are more likely to be of a proneural or
neural subtype (Steed et al., 2016); noteworthy in the
light of our finding that CSF promotes neuronal lineage
differentiation. Thus, understanding how CSF stimulates
NSCs will also help to elucidate the contribution of CSF
to gliomagenesis.

Conclusion

In conclusion, we show that ventricular CSF continues to
influence NSC proliferation, motility and differentiation
in adult humans, despite age-related changes in CSF com-
position that have been described by others. Factors in
the CSF and related mechanisms responsible for these
effects are yet unknown, and should be focus of future
research.
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