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PDGFRo controls formation and differentiation of
neurospheres in the subventricular zone of the adult

mouse brain
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Objective: To evaluate the role of PDGFRo for formation and differentiation of neurospheres
in the subventricular zone of the adult mouse brain. Subject and method: We used CAGG-CreER,
Pdgfra ™" mice (CAGG-Flox mice) as control group and CAGG-CreER mice as knockout mice to
inactivate PDGFRa gene via tamoxifen treatment, then examine stem cell activities in adult
mouse brain by expressing formation and differentiation of neurospheres. Result: Before
tamoxifen treatment the number of neurosphere and cell number of differentiation are comparable
between two groups, however after tamoxifen treatment those are severely suppressed in CAGG-
CreER mice. Conclusion: Formation and differentiation of neurosphere were maintained by
PDGFRa gene which expressed partly stem cell activities in adult mouse brain.
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1. Background

The neural stem/precursor cells (NSCs) in the
ventricular-subventricular zone (V-SVZ) contribute
to adult neurogenesis and gliogenesis, however,
the mechanisms regulating NSC phenotype and
functions remain to be elucidated. In the present
study, we uncovered roles for PDGFRa in adult
NSCs isolated from the V-SVZ. This was achieved
through Pdgfra inactivation using a ubiquitous
promoter-driven, tamoxifen-inducible Cre
recombinase. Cultured adult V-SVZ-derived NSCs
largely depended on PDGFRa for their self-
renewal, migration. Formation and differentiation of
the neurosphere (FDN) by V-SVZ-derived NSCs
were eliminated upon Pdgfra inactivation in adult
mice, with its subsequent regeneration attributed to
the repopulation of Pdgfra-expressing NSCs. The
implication of PDGFRa in the control of NSCs via
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expression of FDN may be exploited in
regenerative medicine.

2. Subject and method
2.1. Subject

Conditional inactivation of Pdgfra in mice
was achieved as described elsewhere (Horikawa
et al, 2015). Briefly, the BAC genomic clone
RP24-148N4 was used to genetically mutate the
Pdgfra gene such that exons 4-5 were flanked
by loxP sequences (creating Pdgfra™mx),
Pdgfra™/™* mice were crossbred with CAGG-
CreER mice (Hayashi and McMahon, 2002) to
obtain Pdgfra-inactivated mice (termed KO mice)
as previously described (Horikawa et al, 2015).
Then we have CAGG-Flox mice as control group
and CAGG-CreER mice as knockout mice when
treated with tamoxifen.

2.2. Method
We analysed the stem cell activities in SVZ

of adult mouse brain via formation and
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differentiation of neurospheres in control and
knockout groups.

Tamoxifen treatment

Tamoxifen (TM; Sigma-Aldrich)  was
administered orally to 8-week old mice once a day
(225mg/kg body weight) for 5 consecutive days.
For generation of TM-induced KO cells, 5mg of
40H-TM (Sigma-Aldrich) were dissolved in 5ml of
ethanol by continuously vortexing for 15 min to
obtain a 10mM solution. From this, 1uL was added
to 10mL of the culture medium, resulting in a final
concentration of 1mM. Treatment lasted for 2 and 3
days for floating and differentiating cultures,
respectively.

Cell culture

The neurosphere (NS) assay was conducted
as previously described (Ishii et al, 2008). Mice
were sacrificed by cervical dislocation, the
periventricular explants were dissected and
triturated with a fire-polished Pasteur pipette (IK-
PAS-9P, Asahi Glass, Tokyo, Japan), and then
single cells were collected by centrifugation.
These cells were grown in floating culture on
plates coated with methyl methacrylate using
NeuroCult Neural Stem Cell Basal Medium with
NeuroCult Proliferation Supplement (StemCell
Technology, Vancouver, Canada), additionally
supplemented with 20ng/mL EGF (Peprotech,
Rocky Hill, NJ) and 10ng/mL FGF2 (Peprotech).
Maintenance medium consisted of DMEM/F12
(Invitrogen, Carlsbad, CA, USA) supplemented
with 1% N2 supplement (Vitrogen), 20ng/mL
EGF, and 10ng/mL hFGF2. Fresh growth factors
were added every 2 - 3 days in vitro and NSs
(round clusters of free-floating cells with clear,
smooth margins and diameters > 20um
(Yamamoto et al, 2005)) were fully grown after
14 days of incubation.

For NS differentiation, NSs were seeded
onto 8-chamber culture slides coated with poly-
D-lysine (for oligodendroglial differentiation) and
incubated for 3 days in vitro with medium
consisting of DMEM/F12, 1% N2 supplement,
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20ng/mL  hFGF2, and 20ng/mL PDGF-AA
(Millipore, Temecula, CA).

3. Result

3.1. Neurosphere formation was
PDGFR-dependent, but regenerated after a
transient depletion in Pdgfra-inactivated
mice

In order to deplete PDGFRa in either
cultured cells or adult mice, we generated
CAGG-CreER; Pdgfra ™/ mice (CAGG-Flox
mice) by crossbreeding Pdgfra ™/ mice (Flox
mice) (Horikawa et al, 2015) and CAGG-CreER
mice, which express CreER under the ubiquitous
CAGG promoter (Hayashi and McMahon, 2002).

We, at first, examined the contribution of
PDGFRa in V-SVZ-derived stem cells to
neurosphere formation. Neurospheres were
defined as floating round cell-clusters larger than
50um in diameter that were induced after floating
culture for 14 days (Figure 1A-i). The number of
primary neurospheres obtained from each mouse
were similar between Flox mice (primary-NS-
Flox) and CAGG-Flox mice (primary-NS-CAGG-
Flox) (Figure 1A-i, B, C, H, 206.3 + 10.9 vs.
212.0 + 15.6, respectively; difference not
significant, n = 4 per group).

Table 1. Before tamoxifen treatment in vivo

Primary-NS- | Primary-NS-
Flox CAGG FLox
NS number 206.3 £ 10.9 212.0+15.6

Then, to understand the in vivo role of
PDGFRa, we prepared the mice with global
Pdgfra inactivation (iKO mice) by treating CAGG-
Flox mice with TM (Figure 1A-iii). Identically
treated Flox mice were used as intact Pdgfra-
expressing controls. Thereafter, we examined the
neurosphere formation by V-SVZ cells isolated
from these mice. The cells from control Flox mice
with and without TM treatment (Figure 1B, C),
excluding the direct effect of TM treatment.
Neurosphere formation was examined in V-SVZ
cells from iKO mice treated with TM at 1 day, 1
week, and 2 weeks before sacrifice (Figure 1A-iii,
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E-G; NS-iKO"™™-1d, NS-iKO"*™-1w, and NS-
iIKOYveT™M_ 2wy, respectively). Neurosphere
formation was severely depleted in NS-iKO"°™-
1d, where no neurospheres with a diameter
larger than 50um were formed (Figure 1E).
Thereafter, neurosphere formation regenerated
substantially in NS-iKO"**™-1w (Figure 1F, 149.7

+ 11.6) and in NS-iKO""°™-2w (Figure 1G, 222.3
+ 11.7). These data implicate PDGFRa in the
neurosphere forming activity in the adult V-SVZ,
in which, global Pdgfra inactivation suppressed
the neurosphere forming activity in the adult V-
SVZ, but the suppression was transient, with a
subsequent recovery in iKO mice.

Table 2. At 1 day, 1 week, 2 weeks and control after tamoxifen treatment in vivo

NS-iKO""°™-1d

NS-iKO""*™-1w

NS-iKO""°™.-2w NS-Flox""°™

NS number 0

149.7 £ 11.6

2223 +11.7 201.0+3.6
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Figure 1: PDGFRa - mediated neurosphere formation and the migration of differentiating cells from neurospheres
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Figure 1. PDGFRa-mediated neurosphere formation
and the migration of differentiating cells from neurospheres

(A) Schematic representation of the
neurosphere formation assay. Primary
neurosphere formation was examined 14 days
after floating culture of cells from control
Pdgfra™x  (Flox) mice and CAGG-CreER,
Pdgfra™ ™ (CAGG-Flox) mice, termed primary-NS-
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Flox and primary-NS-CAGG-Flox, respectively (A-
i). CAGG-Flox mice were administered TM orally
(IKO mice) for 5 days and were sacrificed after 1
day, 1 week, and 2 weeks to obtain KO 1 day
neurospheres (NS-iIKO"°™-1d), NS-iIKO"°™-1w,
and NS-KO"™-2w, respectively (A-ii). Control
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neurospheres were obtained from Flox mice that
were added 40H intro (NS-Flox"™™). (B-H)
Micrographs of neurospheres. Primary
neurospheres of primary-NS-Flox (B) and primary-
NS-CAGG-Flox (C).

()  Schematic representation of the
neurosphere differentiation assay. Primary-NS-Flox
following induced differentiation were termed diff-
NS-Flox. During the differentiation assay, primary-
NS-CAGG-Flox were treated with 40H-TM for 5
days to inactivate Pdgfra and were termed diff-NS-
iIKO¥™™ (]i). Primary-NS-Flox cells were used as a
control, with the primary neurospheres of NS-
Flox""°™ being treated again with 4OH-TM for 5
days and termed diff-NS-dFlox-1w (l-ii). Primary
neurospheres from TM-treated mice (NS-iIKO"“°™.-
1w and NS-iKO"°™-2w) not treated with 40H-TM
were termed diff-NS-iKO""°™-1w and diff-NS-
iIKOYve™.2w  (I-iii). (J-N) Micrographs of
differentiated  neurospheres. Differentiated
primary neurospheres of diff-NS-Flox (J), diff-
NS-dFlox-1w (K), diff-NS-iKOY"™ (L), diff-NS-
iIKOWe™_1w (M), diff-NS-iKO""°™.-2w (N). (H)
Quantification of neurosphere formation, similar
numbers of neurospheres were identified in
both primary-NS-Flox and primary-NS-CAGG-
Flox cultures. *p<0.05, NS-Flox vs NS-iKQ"v°™.
1w; NS = non significance.

(O) Quantification of cells migrating from the
neurosphere during the differentiation assay. Many
migrating cells were counted in the diff-NS-Flox
and diff-NS-dFlox-1w control samples, while diff-
NS-iKO"™™ " diff-NS-iIKO"**™-1w contained very

few and diff-NS-iIKO"°™-2w appeared relatively
recovered (n = 3 — 4 mice per group). ***p<0.001,
scale bars = 100um.

3.2. Stem cell differentiation was
PDGFRc-dependent, but regenerated after a
transient decrease in iKO mice

Stem cell differentiation was examined by
counting migrating cells following induced
adherence of neurospheres to the bottom of
culture-dishes (Figure 11). Many migrating cells
were found in the differentiation-induced primary-
NS-Flox culture (diff-NS-Flox; Figure 1J) without
TM treatment. A similar number of cells were
found migrating from diff-NS-dFlox-1w
neurospheres as from cultures prepared from
Flox mice treated 1 week before sacrifice with
TM and then treated again with 40H-TM in vitro
(Figure 1l-ii, K). Therefore, in vivo TM and in vitro
40H-TM treatments did not directly affect the
differentiation assay (Migrating cells, 945.8 +
33.1 in diff-NS-Flox and 933.3 £ 30.0 in diff-NS-
dFlox-1w, difference not significant, 127, 88 and
86 neurospheres from 4 and 3 mice per group,
respectively). Migration from primary-NS-CAGG-
Flox cultures treated with 40H-TM in vitro (diff-
NS-iKO"™™) |argely decreased (Figure 1l-i, L:
migrating cells 1696 + 115, n = 129
neurospheres from 4 mice) in comparison with
diff-NS-dFlox-1w (Figure K, p<0.001). These
data suggest that the differentiation of NSCs is
largely dependent on PDGFRa.

Table 3. Control and knockout groups in vitro

Diff-NS-Flox

Diff-NS-dFlox-1w Diff-NS-iKOQ""*™

Cell number 945.8 + 33.1

933.3 +30.0 169.6 + 11.5

Differentiation was examined in the NSCs
isolated from V-SVZ of iKO mice with global
Pdgfra-inactivation. This differentiation assay
could not be carried out in NS-KO'w°™.1d
cultures, since neurosphere formation was
depleted at 1 day after TM-treatment in iIKO mice

as described earlier (Figure 1E). The number of
migrating cells was smaller in diff-NS-iIKO*"°™-1w
(Figure 1l-iii, M; 2646 + 158, n = 134
neurospheres from 4 mice) than in diff-NS-dFlox-
1w (Figure 1K, 933.3 + 30.0, p<0.001). The
number of migrating cells then increased
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significantly in diff-NS-iIKO""°™-2w (Figure 1l-iii,
N; 600.7 £ 36.6 cells, n = 162 neurospheres from
4 mice) when compared to diff-NS-iKO"°™-1w
(Figure 1M, p<0.001), though this count was still
lower than that seen in control diff-NS-dFlox-1w
(Figure 1J, p<0.001). Therefore, the global

Pdgfra-inactivation in vivo significantly
suppressed the differentiation of NSCs, but the
suppression was significantly recovered, in which
recovery, the role of regenerated NSCs carrying
an intact Pdgfra gene was indicated in the V-SVZ
of iKO mice.

Table 4. Cell recovered after tamoxifen treatment in vivo at 1 day, 1 week and 2 weeks

Diff-NS-iKO""°™-1d

Diff-NS-iKO""°™-1w

Diff-NS-iKO""°™.2w

Cell number N.D 264.6 + 15.8 600.7 + 36.6
4. Discussion depletion/repopulation of Pdgfra-expressing NSC
The V-SVZ attracts the interest of population indicated the in vivo role of PDGFRa

regenerative medicine as a niche for NSCs that
contributes to the sustained neurogenesis and
gliogenesis of adult mammalian brains; however,

the regulatory mechanisms remain largely
unknown. Here, we examined the role of
PDGFRa in the regulation of neurosphere

formation and differentiation (NFD) in the V-SVZ
via the inactivation of Pdgfra both in vivo and in
vitro through the use of TM-inducible Cre
recombinase. Pdgfra inactivation in vitro severely
suppressed NFD in cultured adult NSCs to
indicate a role for PDGFRa in the self-renewal of
NSCs. Furthermore, Pdgfra inactivation in vitro,
severely suppressed radial cell migration from
neurospheres.

The important role of PDGFRa in vivo was
indicated through the neurosphere assay, a
widely used read-out of in vivo stem cell
characteristics (Pastrana et al, 2011), after global
Pdgfra inactivation in adulthood. Intriguingly,
neurosphere formation was totally depleted at
one day but recovered at 1 and 2 weeks after
Pdgfra inactivation. These recoveries were
suggested due to repopulated NSCs with intact
Pdgfra gene, because additional Pdgfra
inactivation in vitro again severely suppressed
the cell migration and differentiation of
regenerated neurospheres. Altered stem cell
activities intimately associating with
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in adult neurogenesis and gliogenesis in V-SVZ
(Decimo et al, 2012; Garcia et al, 2004; Lois and
Alvarez-Buylla, 1993).

Our present study suggested in vivo and in
vitro contributions of PDGFRa for the activation
of V-SVZ-derived NSCs. These accumulated
data may indicate that PDGFRa can also be
involved in the homeostasis or regeneration of
oligodendrocyte through the V-SVZ-derived
oligodendrogenesis in adult brain.

We have shown that PDGFRa is important
for the self-renew and multipotency of adult
NSCs. Furthermore, the plasticity of NSC
activities in adult V-SVZs was largely dependent
on PDGFRa. This regulation of adult NSCs by
PDGFRa may be a promising target of future
regenerative  medicine and  rejuvenation
strategies for the prevention of neurological
diseases in the elderly.

5. Conclusion

We have shown that PDGFRa is important
for the self-renew and multipotency of adult
NSCs. Furthermore, the plasticity of NSC
activities in adult V-SVZs was largely dependent
on PDGFRa. Formation and differentiation of
neurosphere were maintained by PDGFRa gene
which expressed stem cell activities in adult
mouse brain, this regulation of adult NSCs by
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PDGFRa may be a promising target of future

regenerative

medicine  and  rejuvenation

strategies for the prevention of neurological
diseases in the elderly.

References

1.

Shinjiro H et al (2015) DGFRa plays a crucial
role in connective tissue remodeling. Sci Rep 5:
17948.

Fiona D et al (1999) Subventricular zone
astrocytes are neural stem cells in the adult
mammalian brain. Cell 97(6): 703-716.

Paolo C et al (2014) Prospective identification
and purification of quiescent adult neural stem
cells from their in vivo niche. Neuron 82(3):
545-559.

Amir G et al (2015) Depletion of neural stem
cells from the subventricular zone of adult
mouse brain using cytosine b-
Arabinofuranoside. Brain and Behavior 5(11):
e00404.

Hayashi and McMahon (2002) Efficient
recombination in diverse tissues by a
tamoxifen-inducible form of Cre: A tool for

10

temporally regulated gene
activation/inactivation in the mouse. Dev Biol
244(2): 305-318.

Yoko | et al (2008) Characterization of
neuroprogenitor cells expressing the PDGF
beta-receptor within the subventricular zone of
postnatal mice. Mol Cell Neurosci 37(3): 507-
518.

llaria D et al (2012) Meninges: From protective
membrane to stem cell niche. A J Stem Cells
1(2): 92-105.

Perez-Garcia CG et al (2004) Reelin receptors
in _developing laminated brain structures of
mouse and human. Eur J Neurosci 20(10):
2827-2832.

Lois and Alvarez-Buylla (1993) Proliferating
Ssubventricular zone cells in the adult
mammalian forebrain can differentiate into
neurons and glia. Proc Natl Acad Sci USA
90(5): 2074-2077.

Pastrana et al (2011) Eyes wide open: A
critical review of sphere-formation as an assay
for stem cells. Cell Stem Cell 8(5): 486-98.

81


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4671150/
https://www.ncbi.nlm.nih.gov/pubmed/15548227
https://www.researchgate.net/publication/8179366_Reelin_receptors_in_developing_laminated_brain_structures_of_mouse_and_human
https://www.researchgate.net/publication/8179366_Reelin_receptors_in_developing_laminated_brain_structures_of_mouse_and_human
https://www.researchgate.net/publication/8179366_Reelin_receptors_in_developing_laminated_brain_structures_of_mouse_and_human
https://www.researchgate.net/profile/Carlos_Perez-Garcia?_sg=RsCRT4GCTGrvVNI2Q5NfH3yCJ6biTHVsF2NDq8QHyHgXzRWp76z86h-hn88x_K-IwpjGrLs.qnoFXwT4nbeBvPZfzebCEoz2i_TTu4RKFCJU4dAywqdYPbiD1SfscLTKFE5jYH853Dnhjo8UNhtmwE-Ug8sBEw
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3636743/

