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SUMMARY
Postnatal brain neural stem and progenitor cells (NSPCs) cluster in anatomically inaccessible stem cell niches, such as the subependymal

zone (SEZ). Here, we describe a method for the isolation of NSPCs from live animals, which we term ‘‘milking.’’ The intracerebroventric-

ular injection of a release cocktail, containing neuraminidase, integrin-b1-blocking antibody, and fibroblast growth factor 2, induces the

controlled flow of NSPCs in the cerebrospinal fluid, where they are collected via liquid biopsies. Isolated cells retain key in vivo self-

renewal properties and their cell-type profile reflects the cell composition of their source area, while the function of the niche is sustained

even 8months post-milking. By changing the target areamore caudally, we also isolate oligodendrocyte progenitor cells (OPCs) from the

corpus callosum. This novel approach for sampling NSPCs and OPCs paves the way for performing longitudinal studies in experimental

animals, for more in vivo relevant cell culture assays, and for future clinical neuro-regenerative applications.
INTRODUCTION

Tissue-specific stem cells (t-SCs) reside in mature tissues in

order to maintain homeostasis and to contribute to regen-

eration, functions they can performbecause they retain the

cardinal properties of stem cells: self-renewal and the po-

tential to generate multiple, although tissue-specific, cell

types. In addition to cells with broad cell-type generation

potential, such as embryonic stem cells (ESCs) and induced

pluripotent stem cells (iPSCs) (Shi et al., 2017; Theunissen

and Jaenisch, 2014) the isolation of t-SCs can serve not

only as an alternative source of stem cells but, importantly,

and as themost reliable comparator to how ESCs and iPSCs

programmed toward specific tissue fates should behave;

thus, remains of high experimental and clinical

importance.

Postnatal brain neural stem and progenitor cells

(NSPCs) reside in anatomically restricted niches of the

postnatal brain, such as the subependymal zone [(SEZ)

also known as the subventricular zone] of the lateral walls

of the lateral ventricles and the subgranular zone of the

dentate gyrus (Obernier and Alvarez-Buylla, 2019). Neural

stem cells (NSCs) clustering in the SEZ generate transit-

amplifying progenitors that subsequently give rise to

progeny of neuronal or oligodendroglial commitment

(neuroblasts and oligodendroblasts, respectively) (Kazanis

et al., 2017). In the rodent brain, neuroblasts migrate to

the olfactory bulbs where they differentiate into a range

of functional interneurons (Mouret et al., 2009), while

oligodendroblasts migrate to the corpus callosum (Etxe-
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berria et al., 2010; Kazanis et al., 2017). The SEZ niche is

confined in few cell layers next to the surface of the

ventricle (up to 50 mm deep in the rat brain), character-

ized by a specialized microenvironment in terms of extra-

cellular matrix (Kazanis et al., 2010; Mercier et al., 2002)

and blood vessel architecture (Culver et al., 2013; Shen

et al., 2008), with NSCs positioned adjacent to ependymal

cells. Due to the scarcity of these cells, especially in the

adult human brain (Coletti et al., 2018; Sanai et al.,

2011), and their location in inaccessible areas, in vitro

experimental work aiming at deciphering the properties

of endogenous NSC populations has relied on the post-

mortem isolation of animal NSPCs (Pastrana et al.,

2009) and their clinical use remains challenging, albeit

of great importance.

Here, we present a novelmethod that allows the isolation

of SEZ-derived NSPCs, as well as corpus callosum oligoden-

drocyte progenitor cells (OPCs), via cerebrospinal fluid

(CSF) liquid biopsies in live animals. Isolated NSPCs cells

present a marker profile identical to that of endogenous

NSPCs and changes that occur in the SEZ are reflected in

the biopsies. Collected cells retain in vitro the characteristic

properties of SEZ cells, especially their quiescence and their

self-renewing capacity, as has been recently reported based

on in vivo clonal analysis experiments (Calzolari et al.,

2015; Obernier et al., 2018). Since multiple biopsies can

be performed in the same animal, we have termed it ‘‘milk-

ing of the SEZ’’ and, as it does not compromise the function

of the SEZ, this method paves the way to longitudinal

experimental analyses.
he Author(s).
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Figure 1. Histological assessment of the
effects of i.c.v. injections
Low-magnification images of the middle and
dorsal parts of the lateral ventricle after im-
munostaining for DCX (in red, to mark neu-
roblasts). The simple i.c.v. insertion of a
Hamilton syringe does not disturb the cy-
toarchitecture of the SEZ in (A), while the
i.c.v. injection of 10 mL (infusion rate of
1 mL/min) leads to severe damage of the
ventricular wall irrespective of its content;
saline in (B) and ‘‘release cocktail’’ in (C). The
injection of 2 mL of the release cocktail leads
to a controlled compromise of the ventricular
wall, observed even at 8 months after
surgery in (D). Scale bars, 300 mm (A–C) and
150 mm (D).
RESULTS

Release and collection of NSPCs

NSPCsof the SEZarepositionedadjacent to ependymal cells,

withNSCs remaining indirect contactwith theCSFvia inter-

calating mono-ciliated processes (Doetsch et al., 1999,

2002). Neuraminidase can induce ventricular wall denuda-

tion via cleavage of sialic acid residues on ependymal cells,

leading to neuroblast clustering on the ventricular wall

(Del Carmen Gomez-Roldan et al., 2008; Luo et al., 2008).

Wehavedocumented theflowofneuroblasts in theCSFafter

intracerebroventricular (i.c.v.) injection of an integrin-b1-

blocking antibody (Kazanis et al., 2010). Based on these

observations, we designed a strategy to compromise the

integrityof the lateral ventriclewall, therebyallowingNSPCs

to enter the CSF and to be collected via liquid biopsies.

The protocol was developed in rats and includes twoma-

jor steps. First, NSPCs are ‘‘released’’ via the i.c.v. injection

of a ‘‘release cocktail’’ containing neuraminidase, an integ-

rin-b1-blocking antibody, and fibroblast growth factor 2

(FGF2). The cocktail is stereotaxically injected bilaterally

(2 mL injected per ventricle) in the lateral ventricles (co-or-

dinates: anterioposterior [AP] = �0.3 mm, lateral [L] =

±1.2 mm, depth [D] = 3.5 mm), at an infusion rate of

1 mL/min. The surgery is tolerated well by the animals,

with no mortality linked to this procedure. At a second

‘‘collection’’ step, liquid biopsies of CSF were performed

from the cisterna magna of anesthetized rats, using 1-mL

insulin syringes. The use of a stereotaxic device allows

near absolute success in retrieving approximately 100 mL

of CSF, without the need for incisions. The liquid biopsy

is mixed with NSPC culture medium and can be kept at

4�Cuntil plating.We have successfully repeated up to three

successive liquid biopsies in the same animal, with a mini-

mum of 7 days in between, with only transient weight loss

and no signs of locomotor or behavioral defects.
Collected cells have the marker profile of NSPCs, form

colonies, and show limited self-renewal capacity

Several parameters, such as the volume of injection, the

time point of CSF biopsy, and the release cocktail composi-

tion, were assessed during the process of refinement of the

‘‘milking’’ protocol. Initial experiments (n = 20) revealed

that the injection of more than 3 mL of vehicle (saline) re-

sulted in non-specific uncontrolled mechanical rupture

of the ventricular wall (Figure 1). They also showed that

the addition of the integrin-b1-blocking antibody

increased the number of free-floating neuroblast clusters

in the CSF, most probably due to the loosening of cell-

cell interactions between neighboring ependymal cells

that express high levels of integrin-b1 (Kazanis et al.,

2010), as has been shown for integrin-b1-expressing ven-

tricular zone progenitors in the developing cortex (Loulier

et al., 2009). Next, we assessed cell yields at various days

post-injection (dpi), ranging from 3 days (minimum time

to allow full post-surgery recovery) up to 30 days, with

the addition of an alternative setting in which a cannula

attached to an osmotic minipump filled with the release

cocktail was implanted i.c.v. and the liquid biopsy was per-

formed after 3 days of infusion. The average cell yield was

similar at the different collection time points (3, 7, 14, and

30 dpi) (300 ± 45 cells per biopsy), albeit they were all more

productive comparedwith collections post-saline injection

(24 ± 12 cells per biopsy) (Figure 1A). The immunocyto-

chemical cell-type profile of collected cells (GFAP+ astro-

cytes, DCX+ neuroblasts, PDGFRa+ oligodendrocyte

progenitors, SOX2+ and NESTIN+ NSPCs, total PCNA+

proliferating cells, and proliferating fractions of different

cell types) was similar, irrespective of the milking protocol

(saline, injection, osmotic minipump delivery) with the

exception of significantly less PDGFRa+ cells collected

at the 14 dpi biopsies and the absence of double GFAP+

PCNA+ cells within collections at 7 and 14 dpi
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Figure 2. Validation of cell yield and profile in liquid biopsy samples
(A) Graph showing the average number of cells collected per ‘‘positive’’ liquid biopsy of CSF at different time points after the release cocktail
injection as well as after 3 days of infusion via minipump (*p < 0.001, one-way ANOVA, n = 5–7 animals per experimental group).
(B and C) Graphs showing the cell-type profile of cells collected via liquid biopsy of CSF at different time points after the release cocktail
injection, as well as after 3 days of infusion via minipump (n = 5–7 independent samples per group).
(D–F) High-magnification images of cells collected via liquid biopsy of CSF after the injection of the release cocktail (0.5 mU Nam + Ab) and
immunostained for different markers.
(G) Image of a cell colony 10 days after the initial plating of the liquid biopsy sample. Cells show a typical NSPC morphology.
(H) Image of a neurosphere 15 days after the initial plating of the liquid biopsy sample. The optical plane is at the surface of the coverslip
and shows adherent cells with typical NSPC morphology, some being connected with the overlaying neurosphere via cellular processes, as
well as a few erythrocytes.
(I) Graph showing the maximum number of passages obtained per liquid biopsy sample from saline-injected animals (gray bars, total of 12
samples), or after milking (black bars, total of 29 samples, release cocktail of 0.5 U Nam + Ab). White arrows, erythrocytes; DCX, neu-
roblasts; GFAP, astrocytes; PCNA, proliferating cells; PDGFRa, oligodendroblasts; SOX2, neural progenitors. Error bars: SEM. Scale bars,
20 mm. See also Figure S1
(Figures 2B–2F and S1). All isolated GFAP+ cells, irrespec-

tive of PCNA expression, were immunopositive for SOX2.

Thus, liquid biopsies at 3 dpi were chosen as the preferred
2536 Stem Cell Reports j Vol. 16 j 2534–2547 j October 12, 2021
procedure due to being the shortest collection time point

that also provided samples rich in potential NSCs (GFAP/

PCNA++) and OPCs (PDGFRa+).



Liquid biopsies were collected with 100% efficiency from

all animals (after a short training period, volumes can range

between 100 and 120 mL). Samples were kept on ice and

plated, the latest after 4 h, on poly-D-lysine-coated plastic

or glass surfaces. During the initial pilot experiments, all

cells were counted within the first 24 h after plating and

a dichotomy was observed, with biopsies producing less

than 10 clearly identifiable cells never showing any sign

of cell proliferation within the following 15 days; thus,

these were subsequently routinely excluded from the rest

of the study. Samples with more than 10 cells were called

‘‘positive.’’ We performed 125 biopsies after the injection

of different release cocktails and 35 from saline-injected

rats. The efficiency of obtaining positive biopsies was

83.3% after release and 32.1% after saline (p < 0.001, using

t test analysis). Nevertheless, in 42.31% of post-release

cocktail and 27.78% of post-saline animals, positive biopsy

cells did not show signs of colony formation (either

adherent or as neurospheres) within 30 days of mainte-

nance. These samples were called ‘‘0 passage’’ cultures.

The rest of the biopsies resulted in colony growth, mainly

in the form of well-shaped neurospheres attached on the

surface, but also as adherent colonies (Figures 2G and

2H). It should be noted that colony formation was not in-

hibited by the presence of erythrocytes in the biopsies (Fig-

ures 2G and S1D). When neurospheres were formed, they

were ready to be passaged on average every 26.5 ±

3.51 days, in contrast to an average passage time of 5.23

± 1.01 days with rat neurospheres generated by the typical

postmortem dissociation of the SEZ area and grown in the

same medium (p < 0.0001, using t test analysis). Readiness

for passage was determined empirically, at the onset of

morphological changes, such as the loss of roundness

and the appearance of dark, dense areas. Rather than disso-

ciating the whole-cell culture we chose to harvest neuro-

spheres by lightly agitating the medium, and we subse-

quently dissociated the spheres with enzymatic treatment

and replated them. Milking biopsies resulted on average

in 3.17 ± 0.45 passages/harvest, with the ninth passage be-

ing the highest observed, while those from saline-injected

rats resulted in 1.92 ± 0.76 passages/harvest (p = 0.038, t

test) (Figure 2I). The passaging capacity of post mortem

neurosphere cultures exceeded 12 passages almost in

100% of samples, with a typical expansion (split) capacity

of 1–4 per passage. The efficiency of producing positive bi-

opsies and the average passage efficiency did not change

with repeated biopsies from the same animal (n = 9 rats,

3 biopsies/rat) (data not shown). Notably, the cell-type pro-

file of cells changed over passaging with oligodendroglial

lineage cells becoming more abundant in high passages

(Figures S1F and S1G). The expansion dynamics of post-

milking neursophere colonies (n = 14) was calculated in

terms of number of neurospheres generated after each pas-
sage and was found to be 3.51 ± 2.15, meaning that the

number of spheres growing after passaging (data gathered

up to the fourth passage) increased on average 3.5 times.

Neurospheres of up to passage 4 were tested for multipo-

tency by growing them in medium without growth factors

and the generation of all threemajor CNS cell types (GFAP+

astrocytes, DCX+ immature neurons, and CNPase+ cells of

the oligodendroglial lineage) was confirmed (data not

shown).

The addition of FGF2 in the release cocktail preserves

proliferation in the SEZ

We assessed the effects of milking on the architecture and

function of the SEZ at different time points (3–30 dpi) after

bilateral injection of a range of low-to-high doses of neur-

aminidase (100–1,000 mU/injection), as well as with the

addition of the integrin-b1-blocking antibody and of the

co-injection of FGF2, a pro-mitotic growth factor known

to be present in the SEZ (Kerever et al., 2007). Administra-

tion of 100 or 250mUneuraminidase per injection (i.e., per

hemisphere) resulted in undetected gross disruption of the

ventricular wall (Figure 3D at 7 dpi) and was not used

further, while injecting 0.5 and 1 U led to the emergence

of multiple sites of ependymal denudation around the

site of injection, and to the appearance of neuroblast clus-

ters attached on the ventricular surface (Figures 3E, 3F,

S2E,S3A, and S3B). The immunohistochemical analysis of

the SEZ in brain sections taken frommultiple rostro-caudal

levels per animal (and not only at the level of the injection)

having undergone milking revealed a significant decrease

in the overall density of cells within the stem cell niche

at all tested time points and ‘‘release’’ cocktails (Figure 3A).

This was not due to the loss of ependymal cells because the

volumetric analysis of S100b immunopositive cells in thick

brain sections at 7 and 30 dpi, after milking with 0.5 U of

neuraminidase, did not reveal any significant overall reduc-

tion of the ependyma (Figure S2A). Moreover, the volu-

metric analysis of astroglial cells revealed no signs of overall

significant levels of gliosis (Figure S2C), even though the

substitution of denuded ependyma by astrocytes was a

typical finding near the injection site (Figure S3; Videos

S1 and S2). Additional analyses in thin and thick sections

up to 30 dpi revealed that the density of DCX+ neuroblasts

remained at control levels irrespective of the release cock-

tail (Figures 3B and S2B). Neuroblast density was used as a

crude output of the function of the SEZ. On the other

hand, the density of proliferating cells was significantly

decreased compared with saline-injected controls, with

the exception of the inclusion of FGF2 in the release cock-

tail (0.5 mg per injection) (Figure 3C). This suggested a

possible detrimental effect on NSPCs, especially to the

more mitotic fraction upstream of neuroblasts (Kazanis

et al., 2010). To test if this early (at 3 dpi) effect of FGF2
Stem Cell Reports j Vol. 16 j 2534–2547 j October 12, 2021 2537



Figure 3. Histological assessment of the effects of milking
(A–C) Graphs showing the average total cell density (A) and that of neuroblasts (B) and proliferating cells (C) within the SEZ at different
time points and after the injection of different release cocktails.
(D–F) High-magnification detail of the SEZ after immunostaining for PCNA (to mark proliferating cells), SOX2 (to mark progenitors), and
doublecortin (to mark neuroblasts) in brain sections taken from rats injected with release cocktails containing different doses of neur-
aminidase (100–1,000 mU per injection; 7 dpi).
(G and H) Low-magnification images of the ventricular surface of the SEZ in whole mounts dissected 3 days after the i.c.v. injection of
saline (G) or of the release cocktail (500 mU of neuraminidase, 1 mg b1-blocking antibody) (H) and immunostained for doublecortin. This
is an ‘‘en face’’ view, as if looking at the ventricular wall from inside the ventricle. Note the emergence of several clusters of neuroblasts,
ectopically, at the ventricular surface after milking. Scale bars, 30 mm (D–F) and 0.5 mm (G and H). Error bars: SEM. Statistical analysis in
(A–C) as shown under the graphs, n = 4–6 animals per group. See also Figure S2.
in preserving proliferation led to improved histology and

function at longer time points, we analyzed the SEZ at 3

and 8months post-release.We confirmed that the cell den-

sity of the SEZ and the density of PCNA+ cells were main-

tained at overall control levels (Figures 4F and 4G)

although, at the level of injection, areas of denuded epen-

dymal were still visible, in many cases complemented by

astrogliogenesis (Figure S3; Videos S1 and S2). Due to this

last finding, we decided that the inclusion of FGF2 in the

release cocktail should be the standard protocol.

Neurogenesis in the SEZ persists irrespective of long-

term ependymal loss

The ependyma is an important element of the niche’s struc-

ture, also providing functional cues to NSPCs (Kazanis and

ffrench-Constant, 2012; Lim et al., 2000; Nascimento et al.,
2538 Stem Cell Reports j Vol. 16 j 2534–2547 j October 12, 2021
2018). We assessed the potential adverse effects of ependy-

mal loss or damage in neurogenesis at a much longer time

point (240 dpi of the ‘‘+FGF2 release cocktail’’), introducing

also a higher level of analysis by looking separately at SEZ

domains of normal and damaged ependyma. The damage

was identified by crudehistological assessment or by immu-

nostaining for b-catenin, a-tubulin, or S100b (Shook et al.,

2012) (Figures 4A–4E and S4). The overall proliferative ac-

tivity in the SEZ was not interrupted, with the density of

cells undergoing mitosis (PCNA+) remaining at control

levels both in domains of intact and damaged ependyma

(Figure 4G). Ependymal loss was in many cases replaced

by the formation of an astroglial scar at 90 dpi (Figure S3;

Videos S1 and S2). Also, similar features, such as areas of

ependymal damage/loss accompanied by increased pres-

ence of GFAP+ cells and of clusters of neuroblasts on the



Figure 4. Histological analysis of the SEZ
long-term after milking
(A–E) Details of the SEZ 90 dpi of the ‘‘+FGF2
release cocktail’’ after immunostaining for
S100b (to mark ependymal cells) with GFAP in
(A and B), PCNA (to mark proliferating cells)
and b-cateninto mark ependymal cells in (C),
or a-tubulin (to observe cilia) and GFAP in (D
and E). Note the normal ependymal layer in
(A) and the disrupted/damaged ependyma in
(B and C). In greater detail, note the normal,
multiciliated ependymal cells found in unaf-
fected domains of the SEZ (D) and damaged
ones found in affected domains (E).
(F and G) Graphs showing the average total
cell density (F) and PCNA+ cells (G) within the
saline-injected SEZ and at different time
points after the injection of the +FGF2 release
cocktail. The PCNA+ cell analysis was per-
formed separately for areas of intact and
damaged ependyma at 240 dpi. Scale bars,
5 mm (D and E) and 50 mm (A–C). Error bars:
SEM. Statistical analysis: in (F), as shown
under the graph, in (G) two-way ANOVA for
milking or control and for ependymal dam-
age, followed by post hoc analysis; n = 4–6
animals per group. See also Figures S3 and S4.
ventricular surface, were also observed in animals at

8months post-release (Figures 1A and S4A–S4D). To explore

further what happens directly next to areas of ependymal

damage or loss, we quantified the density of SOX2+ NSPCs

as well as of SOX2+/GFAP+ double-positive and even triple-

positive Ki67+ SOX2+ GFAP+, reactive astrocytes. All these

cell populations were found to remain at similar levels, irre-

spective of ependymal damage (Figures S4E–S4G).

Isolated cells behave as endogenous NSPCs and reflect

changes in the SEZ

The choroid plexus has been identified as a key endoge-

nous source of factors that control proliferation of NSPCs
in the SEZ (Silva-Vargas et al., 2016). To assess if cells iso-

lated via milking share similar regulatory pathways, they

were cultured in choroid plexus-conditioned medium.

Indeed, when milking samples were split into two culture

conditions, in standard NSPC medium and in choroid

plexus-conditioned NSPCmedium (n = 5 rats with 2 collec-

tions per animal, giving 10 biopsies split in 2 each time),

the percentage of positive (having more than 10 cells) bi-

opsies increased to 100% (versus 55.5% when plated in

standard NSPCmedium in this biopsy cohort, p = 0.023 us-

ing paired t test analysis). The immunocytochemical anal-

ysis of cell-type profiles revealed a global increase in the

numbers of cells grown in the conditioned medium (9.9
Stem Cell Reports j Vol. 16 j 2534–2547 j October 12, 2021 2539



Figure 5. Milking-derived NSPCs reflect the behavior and composition of the endogenous SEZ pool
(A) Graph showing the total number of NESTIN+ and OLIG2+ cells, as well as their proliferating fraction (in dark gray), in milking-derived
samples cultured in standard NSPC medium and in medium conditioned with choroid plexus-derived factors (each liquid biopsy was split in
two) (n = 3 independent sample experiments).
(B and C) Images taken 7 days after the initial plating of milking-derived cells, grown on PDL-coated glass coverslips in wells of 48-well
plates, in standard NSPC medium in (B) and in choroid plexus-conditioned NSPC medium in (C). Cells are immunostained for Ki67 (to mark
proliferating cells) and for NESTIN (to mark neural progenitors).
(D) Graph showing the cell-type profile of cells isolated via milking of the SEZ and of the endogenous population of SEZ NSPCs from the
same experimental animals. Note the significant increase of the SOX2+ fraction and the significant decrease of the DCX+ fraction after the
injection of FGF2 in the lateral ventricles, detected both in the liquid biopsies and in the dissociated SEZs. One-way ANOVA analysis per
marker, followed by post hoc analysis, n = 4–6 animals per experimental group.
(E) Graph showing the oligodendroglial cell-type profile of cells isolated after milking of the corpus callosum. Approximately 90% of cells
express the key oligodendroglial marker OLIG2, with the majority co-expressing PDGFRa, a marker of OPCs. Scale bar, 100 mm. Error bars:
SEM. Statistical analysis per cell-type marker: one-way ANOVA followed by post hoc analysis, n = 4 animals.
times increase of total cells, 11.2 timesmore NESTIN+ cells,

and 10.7 more Ki67+ cells; shown as dark gray portions of

the bars in Figure 5A), which was statistically significant

for oligodendroglial lineage cells (12.0 times higher num-

ber of OLIG2+ cells; p = 0.03 using paired t test analysis)

(Figure 5). Notably, though, cells grown in conditionedme-

dium showed decreased self-renewal capacity (number of

average passages 2 ± 0.41 in standard medium in this

cohort, versus 1.0 in conditioned medium; p = 0.04 using

paired t test analysis).

An important potential use of milking the SEZ could be

to sample NSPCs as a way of assessing the cell-type profile

of the SEZ in live animals; therefore, we investigated if

the profile of collected cells accurately reflected changes

in the SEZ cell composition. We compared the marker
2540 Stem Cell Reports j Vol. 16 j 2534–2547 j October 12, 2021
expression of collected cells with that of cells obtained

by dissociating the SEZ of the same animals in two exper-

imental groups: after injection of a release cocktail with

and without the inclusion of FGF2. We found that the

fractions of the different cell types we investigated (Fig-

ure 5D) were similar in the SEZ and the respective CSF

samples, with the only clear difference being the absence

of ASCL1+ cells in the CSF biopsies, in contrast to their

17.23% ± 4.49% pool in the SEZ. The co-injection of

FGF2 led to a significant increase in the appearance of

SOX2+ cells and to a significant decrease in the appear-

ance of DCX+ neuroblasts both within the SEZ and the

liquid biopsies, confirming that changes in the profile

of endogenous populations are reflected in isolated cells

(Figure 5D).



Isolation of OPCs

Because the ependymal zone is amonolayer also at the ven-

tricular wall underlining the corpus callosum, we assessed

ifmilking can be used to isolate cells of the oligodendroglial

lineage from live animals. We performed injections of the

release cocktail more caudally, away from the SEZ and

next to the hippocampal fimbria (co-ordinates: AP =

�1.5 mm, L = ±2.0 mm, D = 3.5 mm) and collected CSF

liquid biopsies at 15 dpi. Collected samples were rich in

cells expressing the key oligodendroglial transcription fac-

tor OLIG2, with the majority exhibiting an OPC profile, as

they were immunopositive for both OLIG2 and PDGFRa

(Figure 5E).

The human infant ventricular wall shows variable

architecture and naturally occurring ependymal

damage

In the human brain the pool of NSPCs of the SEZ becomes

gradually depleted within the first 18 months after birth

(Coletti et al., 2018; Sanai et al., 2011). Nevertheless,

similar to the rodent SEZ, NSPCS are separated from the

CSF only by ependymal cells (Figures 6E–6G). In cases of

rare but devastating neurodegenerative disorders, such as

leukodystrophies, that can be diagnosed early during in-

fancy and are incurable, or after perinatal hypoxic/

ischemic injury, the SEZ could provide a valuable source

of NSPCs. To assess if the human infant SEZ could be

milked, we investigated in more detail the architecture

and cell-type profile of the ventricular lining (n = 5 samples

of perinatal age infants; n = 1 sample from an 18-month-

old baby) and we found that ependymal cells express the

sialic acid residues (MAA+) that are targeted by neuramini-

dase (Figures 6A and 6B). We also observed that around

birth, the ependyma,which expresses b-catenin (Figure 6C)

as has been described in adult rodents (Coletti et al., 2018;

Kazanis et al., 2017; Mirzadeh et al., 2008) (Figures 4C and

S4A), does not uniquely form a monolayer but also con-

tains thicker domains consisting of numerous ependymal

cells (pseudo-layers) (Figure 6A), as well as thick domains

formed by GFAP+ cells of radial morphology (Figure 6D),

which is similar to the cytoarchitecture of the ventricular

wall in newbornmice (Alves et al., 2002). Themonolayered

architecture was dominant, occupying on average 2.85

times more length than the pseudo-layered ependyma

and 6.42 timesmore length than the radial cell area. Neuro-

blasts appeared next to both themono- and pseudo-layered

ventricular wall configurations (Figure 6E and 6F), while no

neuroblasts were observed at the domains containing

radial GFAP+ cells (Figure 6G). By 18 months, the entire

lateral ventricle wall was formed by an ependymal mono-

layer (Figures 6B and 6F); it was void of neuroblasts and

showed the well-described, rich in GFAP+ processes, gap

zone. Surprisingly, we noticed areas of denuded ependyma
in both ages, which in some cases were characterized by

gliosis and by the appearance of clusters of neuroblasts

on the ventricular surface that were invading the ventricu-

lar space, similarly to the post-milking ventricular wall (Fig-

ure S5). To investigate if ependymal damage might be also

occurring in the rat brain, but under pathological condi-

tions, we performed a histological analysis of the rat SEZ

in tissue samples obtained 4 weeks after a hypoxic/

ischemic injury induced by 1 h middle cerebral artery oc-

clusion (MCAo) (n = 2). Indeed, we found that, under these

conditions, the ependymal layer showed areas of damage,

characterized by the flow of SOX2+ NSPCs and DCX+ neu-

roblasts in the CSF (Figure S6).

DISCUSSION

The ability to isolate postnatal brain NSPCs is of great value

both in experimental research and for clinical purposes.

Because the human SEZ remains rich in NSPCs for several

months after birth (Coletti et al., 2018; Sanai et al., 2011),

a method enabling the isolation of SEZ-derived cells would

be suitable for providing a source for cell-autologous trans-

plantation strategies. Here, we report a novel method that

we have named ‘‘milking of the SEZ,’’ which allows the

isolation of NSPCs from live rats (Video S3). It is well toler-

ated by the animals and does not result in a significant

overall loss of ependymal cells or of the functionality of

the niche. Moreover, if necessary, cell yields could be

improved by performing repetitive release cocktail injec-

tions per hemisphere, more liquid biopsies, or by

increasing the neuraminidase dose injected. Gaining surgi-

cal access to the lateral ventricles in infants is plausible, and

the performance of CSF biopsies is in many cases standard

clinical practice. In addition, we show that human ependy-

mal cells express sialic acid residues that are targeted by

neuraminidase and that, in many periventricular areas,

the ependymal zone is a monolayer; thus, low-scale denu-

dation is expected to result in the release of NSPCs in the

CSF.

Several key data that we have generated suggest that the

cells isolated via milking of the SEZ retain the properties of

the endogenouspool ofNSPCs. Their profile becomesmore

oligodendrogenic with passages, as has been previously re-

ported for aging SEZ-resident NSPCs (Capilla-Gonzalez

et al., 2013; Kazanis et al., 2017). They maintain a slow

cell cycle, with an average colony formation time of 26.5

± 3.51 days. This suggests that the typical colony-forming

cell (most likely a NSC, especially in the absence of

ASCL1+ transit-amplifying progenitors) becomes activated

approximately once every month, in agreement with the

slow-cycling behavior of endogenous NSCs (previously

characterized as BrdU-retaining cells) (Ferron et al., 2011),

but alsowith the in vitrobehavior reported after prospective
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Figure 6. Histological assessment of the
human infant and 18-month-old SEZ
(A and B) Immunofluorescence labeling for
the biotinylated Maackia amurensis lectin
(MAA) revealing high presence of sialic acid
a(2,3) galactose residues on the ependymal
cell layer, both in the newborn brain (A) and
in the 18-month-old brain (B). Note the thick
(pseudo-layered) ependymal lining of the
ventricle in (A).
(C) Image of the SEZ in brain tissue taken
from newborn, immunostained for b-catenin,
showing the characteristic for the adult ro-
dent brain monolayered ependyma pattern.
(D) Image of the SEZ in brain tissue taken
from newborn, immunostained for GFAP,
showing the characteristics for the newborn
rodent ventricular lining formed by cells of
radial glial morphology.
(E–G) Images of the SEZ area in brain tissue
taken from newborns (E and F) and an 18-
month-old (G) after immunostaining for GFAP
and DCX. Note the presence of thicker and
thinner neuroblast-rich zones adjacent to the
ventricular lining in the newborn SEZ (E and
F) and their disappearance in the 18-month-
old SEZ (G). Scale bars, 25 mm (A–D) and
50 mm (E–G). See also Figure S6.
identification of different stem cell types (Codega et al.,

2014). Notably, the cells isolated via milking of the SEZ

showed limited self-renewal potential, in close agreement

with results recently produced using elaborate transgenic

strategies according to which the majority of activated

NSPCs generate clones and subsequently lose their self-re-

newing potential (Calzolari et al., 2015; Obernier et al.,

2018). In our hands, approximately 14% of milking sam-

ples showed high passage potential, roughly resembling
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the 20% fraction of self-renewing NSCs reported by Ober-

nier et al. (2018), while the average 3.17 ± 0.45 passages

that we observed is similar to the average colony formation

potential of NSPCs estimated by in vivo clonal analyses

(Calzolari et al., 2015). The rest of the samples, and espe-

cially the 42% of ‘‘0’’ passage collections, contain neural

progenitors with limited self-renewal properties or other

cells (such as ependymal cells) with zero self-renewal ca-

pacity. Finally, when the profile of the SEZ pool of NSPCs



was exogenously induced to change by i.c.v. injection of

FGF2, the composition of cells isolated via milking was

changed in a similar pattern.

Overall, our data indicate that this protocol provides a

way to sample repeatedly, and in the long-term, the endog-

enous population of NSPCs of the SEZ with high fidelity,

possibly because it does not involve the ‘‘aggressive’’ disso-

ciation of the tissue that is necessary when isolating NSPCs

with the standard post mortem protocols, which generate

cultures with significantly higher mitotic activity. Work

on muscle satellite (stem) cells has shown that the (stan-

dard) culture of cells in a high proliferative activity mode

comes with the caveat of missing key quiescence properties

characteristic of the endogenous stem cells (Peault et al.,

2007). Further to this evidence, experimental work on iso-

lated intestinal stem cells has revealed that preserving the

quiescence properties of stem cells in cultures is crucial in

order to allow them to exhibit their full cell generation

range, as described by in vivo analyses (Basak et al., 2017).

Our data revealed that culture medium conditioned with

choroid plexus factors induced the proliferation of isolated

cells, as expected based on previous reports (Silva-Vargas

et al., 2016), but at the same time significantly decreased

their self-renewal capacity. In a recent paper, platelet-

derived growth factorDhas been identified as a component

of the CSF that acts via PDGFRb to enhance quiescence of

NSCs (Delgado et al., 2021). By transferring the targeted

area of the ventricular wall more caudally and away from

the SEZ niche, we were able to isolate cells with typical

OPC marker profile. Furthermore, the ability to perform

successive liquid biopsies in significant depth of time (his-

tological data clearly reveal thatNSPCs cluster in direct con-

tactwith theCSF even at 8months post-release) in the same

animalwill allow for the first time to investigate the biology

of NSPCs of the SEZ stem cell niche and of OPCs in longitu-

dinal experimental studies. Such approaches are indispens-

able in order to assess the sequence of events within one

individual animal and to enhance the implementation of

the principles of the ‘‘3Rs’’ (replacement, reduction, and

refinement) aiming at performing more humane animal

research.

Milking is based on the targeted damage of the epen-

dyma, a cellular element of the NSC niche known to be

important for providing a structural barrier toward the ven-

tricular space (as we confirm here), but also as a regulator of

NSPC function (Kazanis and ffrench-Constant, 2012; Lim

et al., 2000; Nascimento et al., 2018; Wu et al., 2020).

Our data confirm and extend recent observations in

GemC1 knockout mice in which ependyma fails to form.

In thesemice, astrocytes seem to take over from ependymal

cells, but neurogenesis persists (they survive for about

1 month after birth due to other health problems) (Lalioti

et al., 2019). In our experiments the animals remain
healthy; therefore, our investigation of the effects of epen-

dymal ablation was extended to several months. The

detailed analysis of the niche in areas of normal and

damaged ependyma revealed a focal gliotic reaction, but

without overall increased presence of astroglial cells, as

well as normal levels of mitotic activity and preservation

of neurogenesis. This supports the notion that reactive as-

trocytes might be providing a supportive microenviron-

ment for NSPCs, while short-term infusion of b1- and

a6-integrin-blocking antibodies has been shown to

enhance proliferation in the SEZ (Kazanis et al., 2010;

Shen et al., 2008). On the other hand, observations in peri-

natal human tissue revealing ependymal damage accompa-

nied both by astrogliosis and by clusters of neuroblasts

invading the ventricle, combined with the documented

exhaustion of neurogenic activity at 18 months (Coletti

et al., 2018; Sanai et al., 2011), warrant further investiga-

tion regarding the possible contribution of early ependy-

mal damage to NSPC loss in the human niche. By milking

the SEZ we now provide an experimental tool that allows

the complementary investigation of human and rodent tis-

sue in order to address this scenario.

Our data revealed that 32.1% of liquid biopsies in rats

without the prior injection of a release cocktail were posi-

tive in cells; although,with a significantly lower self-renew-

ing potential (1.92 ± 0.76, never exceeding fourth passage),

possibly suggesting that they did not contain stem cells but

only progenitors. Nevertheless, this finding suggests that

low numbers of NSPCs could be isolated by repeated liquid

biopsies in saline-injected animals. Furthermore, when we

assessed the SEZ structure in rats that had been subjected to

1 h MCAo, a model of hypoxic/ischemic injury, we also

identified features similar to those induced viamilking, pri-

marily the emergence of ependymal damage and of clusters

of neuroblasts flowing into the ventricular space. All the

above suggest that, in certain experimental and clinical

conditions, NSPCs could be collected from the CSFwithout

the necessity to induce their release.
EXPERIMENTAL PROCEDURES

Animal welfare
Adult male and female Sprague-Dawley, Wistar, or Long-Evans rats

with bodyweights between 170 and 250 gwere used (Charles River

Laboratories, or inbred in the animal facilities of the Universities of

Cambridge and Patras). Animal breeding,maintenance, and exper-

imental procedureswere conducted in accordancewith theUKAn-

imals (Scientific Procedures) Act 1986, authorized by the HomeOf-

fice and with the Presidential Decree 56/2013 of the Hellenic

Republic, scrutinized by the Animal Welfare and Ethical Review

Bodies of the Universities of Cambridge and Patras. The milking

procedure was well tolerated by animals, with no lethality con-

nected to themanipulation, although the release cocktail injection
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surgery resulted in significantly higher levels of body weight

loss immediately after the surgery when compared with saline in-

jections, albeit below the point of concern (weight changes 2 dpi:

saline [n = 5] 0.85% ± 0.84%; ‘‘0.5 U neuraminidase + blocking

antibody’’ [n = 7]: �1.91% ± 0.57% [p = 0.004 compared with sa-

line]; ‘‘+FGF2’’ [n = 8]: �3.72% ± 1.93% [p < 0.0001 compared

with saline], using one-way ANOVA followed by Scheffe’s post

hoc).We did not identify any gross histological changes that could

explain this difference, but the administration of analgesia was

necessary to keep levels of weight loss at aminimum. At 50 dpi, an-

imals had gained similar body weight irrespective of milking

(+FGF2:10.62% ± 1.30%; saline: 9.30% ± 1.30%). Performing up

to three successive liquid biopsies (typically, one before milking

and the rest afterward, at intervals of at least 7 days) did not result

in any detectable effects on the well-being of the animals (weight

gain, mobility, behavior), or the gross histology of periventricular

areas (data not shown).

Milking of the SEZ and of the corpus callosum
Detailed protocol provided in the supplemental experimental

procedures.

The release cocktail (containing different combinations of: Clos-

tridium perfringens neuraminidase [100 mU–1 U], 1 mg integrin-b1-

blocking antibody, 0.5 mg FGF2), or sterile saline, was bilaterally

injected at a rate of 1 mL/min at the following co-ordinates (rela-

tively to bregma): AP axis of �0.3 mm, L axis of ±2.0 mm, D of

3.5 mm to milk the SEZ, or, AP axis of �1.5 mm, L axis of

±2.0mm,Dof3.5mmtomilk the corpus callosum.For the infusion

of the release cocktail via osmotic mini-pumps, a cannula (BIK-II,

Alzet) was fixed on the skull (1 mm lateral to bregma) connected

to a subcutaneously implanted miniosmotic pump (1003D, Alzet)

filled with neuraminidase solution to deliver intracerebroventricu-

larly 2 U/day over 3 days (6 U total) at an infusion rate of 1 mL/h.

At different time points after surgery, a CSF liquid biopsy using

the stereotaxic frame (the head positioned at a downward 40�

angle) and a 1-mL insulin-like syringe. Once CSF appeared, further

suction was applied to enable CSF flow at a rate of 40 mL/min, pro-

ducing a blood-free sample of up to 120 mL. The liquid biopsy was

mixed with 400 mL of NSPC medium (DMEM [Thermo Fisher Sci-

entific], B27 supplement [2%, v/v] [Thermo Fisher Scientific],

20 ng/mL FGF2 [Peprotech], and 20 ng/mL EGF [Peprotech]) and

was kept at 4�C until further use.

MCAo
The MCAo procedure has been published elsewhere (Augestad

et al., 2017). In brief, right MCAo was performed under anesthesia

(n = 3) using the intraluminal filament technique. The animals re-

mained anesthetized for 60 min when the monofilament was

withdrawn to allow for reperfusion and recovery; brain tissue

was collected 4 weeks post MCAo.

Tissue processing and immunohistochemistry
Details provided in the supplemental experimental procedures.

Animals were culled by transcardial infusion of 4% paraformal-

dehyde and tissue was cut using either a cryostat or a vibratome.

Immunofluorescence stainings were performed using standard

protocols. Images were acquired using Leica SP5 and SP8 confocal
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microscopes andwere processed using ImageJ (NIH,USA) and LasX

(Leica) software.

Human tissue
Human tissue samples were generously provided by the UK Brain

Banks Network (all derived from the Oxford Brain Bank) and

from the Greek Brain Bank, a member of the Brain Net Europe

(BNE) after securing proper consent. We worked with paraffin-

embedded tissue, mounted on glass slides, derived from four

male and one female infants who died at birth, all with no neuro-

pathological findings (postmortem delays in fixation ranging from

24 to 96 h). One samplewas from an 18-month-oldmale, who died

due to anorectal abscess and other congenital abnormalities of the

intestine, with no neuropathological findings (postmortem delay

to fixation 48 h). All sections included parts of the SEZ, as advised

by the Bank’s neuropathologists.

CSF and SEZ samples for cell-type profiling
Collected CSF samples were transferred into tubes containing NSPC

culturemedia with 50mMHEPES andwere kept on ice until further

handling (additionof4mLofmedium, followedbycentrifugationat

800 3 g for 5 min). Cells were plated into chamber slides (Thermo

Fisher Scientific), or 96-well plates, coated with poly-D-lysine and

laminin (10mg/mL, Sigma,L2020). Specifically for immunostaining,

cells were plated in Greiner CELLSTAR 96-well plates. Cells were

fixed in ice-cold 2%paraformaldehyde for 10min. For SEZ profiling,

the brain and then the SEZ were dissected and put in 500 mL of

DMEM. The SEZ tissue was gently triturated using progressively

smaller pipettes. Subsequently itwas digested in 200 mLpapain solu-

tion (1 mLmedium, 40 mL papain, 10 mL DNAse) for 45 min. Diges-

tion was stopped with 5 mL NSPC culture medium (+10% FBS) and

the cell suspensionwas spunat1,0003 g (5min) and resuspended in

7 mL of medium, from which 2 3 200 mL were transferred to two

wells of a chamber slide.Cellswere then immunostainedusing stan-

dard procedures (see supplemental experimental procedures). For

OPC collections, CSF samples were mixed with OPC proliferation

medium(DMEM[GlutaMAX,14.5g/LD-glucose, -pyruvate)] supple-

mented with 1% N2, 1 mM biotin, 0.05% BSA-FFa [Sigma-Aldrich],

60mg/mL cysteine [Sigma-Aldrich], 1%P/S, 10 ng/mL FGF2 [Pepro-

tech], and 10 ng/mL PDGF-AA [Peprotech]) in which cells were

plated until being fixed at 24 h, ahead of immunostaining.

Long-term cell cultures and choroid plexus-

conditioned medium assays
To allow cells to settle, only half of the mediumwas replaced every

3 days. Neurospheres were harvested via gentle manipulation with

a pipette, while the initial population of adherent single cells re-

mained intact. Neurospheres or adherent cell colonies were

passaged with accutase (STEMCELL Technologies). For choroid

plexus-conditioned medium, rat pups were culled at weaning age

(postnatal days 21–25) and their choroid plexi were dissected

out. Each plexus was put in one well of a 96-well plate with

200 mL of NSPC culture medium. The medium was collected after

48 h, cleared of debris with spinning, and kept at 4�C. Fresh me-

dium (200 mL) was put in the same well for another 48 h and sub-

sequently the plexus was discarded (400 mL of total conditioned

medium produced per choroid plexus dissection). CSF samples



used for experiments in control and conditioned media were split

in two andplated inwells of 48-well plates onpoly-D-lysine-coated

9-mm glass coverslips.

3D reconstructions and volumetric measurements
Image stacks of the tissue sectionswere acquired on a Leica TCS SP8

confocal microscope using the 340 lens and with a z step spacing

of 0.8 mm. The software used for the 3D imaging and subsequent

calculations was Bitplane Imaris (7.4.2). Firstly, a rectangular sur-

face (region of interest [ROI]) was selected along the dorsoventral

axis, which was selected to be approximately 30 mm in width

and contained the first few cells of the ependyma. Each fluores-

cence channelwithin the ROIwas transformed into a 3D object us-

ing a ‘‘surfaces area detail level’’ value of 0.5 mm and the threshold

was set to ‘‘absolute intensity.’’ Manual adjustments were made

where deemed necessary in order to match the 3D object appear-

ance to the fluorescent signal as closely as possible. Dapi, S100b,

DCX, andGFAPweremeasured as a total volumeof their respective

3D object voxels. The final measurements were expressed as a per-

centage of their corresponding ROI.

Cell counts and statistics
For the investigation of the effects ofmilking at various time points

(as shown in Figures 2A–2C), images were acquired with the 340

objective lens from at least two sections from four rostrocaudal

levels (+2.0, +1.0, +0.5, and �0.5 mm in respect to bregma) of

the forebrain. In each section, three optical fields were imaged:

two in the dorsal horn of the SEZ and one in the middle SEZ. For

the dorsal horn, the area of the tissue analyzed was measured

(either in ImageJ or LasX software), while for the middle SEZ, cells

were counted at a depth of 50 mm from the ventricular surface (Ka-

zanis and ffrench-Constant, 2012) and the area was calculated by

multiplying with the respective length of the ventricular wall.

Cell densities are given as ‘‘number of cells per mm2’’ and cell

counts were performed using the counter plugin of LasX or the

respective tool of the Bio-format importer plugin of ImageJ. Co-

expression of various molecules was assessed by marking positive

cells independently for each immunostaining and subsequently

stacking all markings together. For analysis at the level of the

release cocktail injection (as shown in Figures 2I and 2J), the areas

of ependymal damagewere identified and at least two optical fields

were taken using the363 objective lens per domain. Statistical an-

alyses were performed using Microsoft Office Excel or GraphPad

Prism software. When comparing different post-lesion time

points, one-way ANOVA was used, followed by post hoc tests.

When comparing post-release and saline-injected rat CSF biopsies

Student’s t-test analysis was used. Statistical significance was al-

ways set to p = 0.05.
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