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ABSTRACT

PPARs are a class of ligand-activated transcription factors belonging to the superfamily of receptors for
steroid and thyroid hormones, retinoids and vitamin D that control the expression of a large number of
genes involved in lipid and carbohydrate metabolism and in the regulation of cell proliferation,
differentiation and death. The role of PPARs in the CNS has been primarily associated with lipid and
glucose metabolism; however, these receptors are also implicated in neural cell differentiation and death,
as well as neuronal maturation. Although it has been demonstrated that PPARs play important roles in
determining NSCs fate, less is known about their function in regulating NSCs metabolism during
differentiation. In order to identify the metabolic events, controlled by PPARs, occurring during neuronal
precursor differentiation, the glucose and lipid metabolism was followed in a recognized model of
neuronal differentiation in vitro, the SH-SY5Y neuroblastoma cell line. Moreover, PPARs distribution were
also followed in situ in adult mouse brains. The concept of adult neurogenesis becomes relevant
especially in view of those disorders in which a loss of neurons is described, such as Alzheimer disease,
Parkinson disease, brain injuries and other neurological disorders. Elucidating the crucial steps in energetic
metabolism and the involvement of PPARy in NSC neuronal fate (lineage) may be useful for the future
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design of preventive and/or therapeutic interventions.

Introduction

Neurogenesis, the process by which new functional neurons are
generated from precursors, was for a long time considered
occur only during embryonic and perinatal stages in mam-
mals." > Nowadays, we know that neurogenesis occurs in physi-
ological conditions also in the adult mammalian brain in 2
main specific neurogenic niches, the subventricular zone (SVZ)
of the lateral ventricles and the subgranular zone (SGZ) of the
dentate gyrus (DG) in the hippocampal formation. Moreover,
the production of new neurons in other adult brain areas, such
as the subcallosal zone, and hippocampus,” neocortex, striatum,
amygdala, and hypothalamus, has been reported, though with
conflicting results.* The SGZ and the SVZ, are also present in
the adult human brain. While the SVZ clearly has a prominent
role during early childhood, its role in the adult remains elusive
and available evidence indicates that this neurogenic niche may
be largely quiescent in the adult human brain.” The Peroxisome
Proliferator Activated receptors (PPARs) are a class of ligand-
activated transcription factors belonging to the superfamily of
receptors for steroid and thyroid hormones, retinoids and

vitamin D. Several studies revealed that PPARs show distinct
patterns of tissue distribution and control the expression of a
large number of genes involved in lipid and carbohydrate
metabolism and in the regulation of cell proliferation, differen-
tiation and death. Given their crucial roles, PPARs have been
widely studied in the brain, both in vivo and in vitro. PPAR iso-
types («, /6 and y) are all expressed in the central nervous sys-
tem (CNS) of rodents both during embryonic development and
in the adult. PPAR/§ is widely distributed in the brain, PPAR«
and PPARy are located in more restricted regions.®” Recent
findings have demonstrated that PPARs can directly regulate
neural cell survival and differentiation.®'® The role of PPARs
in the CNS has been primarily associated with lipid and glucose
metabolism; however, these receptors, especially PPARy, are
also implicated in neural cell differentiation and death, as well
as in inflammation and neurodegeneration.” It has also been
speculated that the PPARw is involved in the metabolism of
acetylcholine,” in excitatory amino acid neurotransmission
and in the defense against oxidative stress.” PPARS/S expres-
sion and activation increase during neuronal maturation in
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vitro® and PPARP/S agonists trigger neuronal differentiation of
SH-SY5Y, a human neuroblastoma cell line, and of primary rat
neurons.'¥ %!

Recently PPARs have been also involved in the regula-
tion of the proliferation, migration and differentiation of
NSCs, through signaling pathways such as Wnt, STAT3 and
NFkB.>"* Specifically, PPARy seems to play important
roles in controlling murine NSCs proliferation and sur-
vival*': when activated by low concentrations of specific
agonists, it stimulates proliferation simultaneously inhibiting
neuronal differentiation, while activation by high concentra-
tions of agonists causes NSCs death. This dual role suggests
that PPARy regulates the expansion of NSC population in a
concentration-dependent manner and indicates that precise
concentrations of its agonists are crucial for the survival
and proliferation of NSCs in vivo. It was recently shown
that in neurospheres grown in vitro from adult mouse SVZ
all 3 PPAR isotypes are expressed,”*** Although it has been
demonstrated that PPARs play important roles in determin-
ing NSCs fate, less is known about their function in regulat-
ing NSCs metabolism during differentiation. In order to
identify the metabolic events occurring during neuronal
precursor differentiation, the glucose and lipid metabolism
was followed in a recognized model of neuronal differentia-
tion in vitro, the SH-SY5Y neuroblastoma cell line, which
presents, according to literature, a subpopulation of stem-
like cells expressing nestin and SOX2.>° In the same model,
considering its role in glucose and lipid metabolism and its
involvement in NSCs maintenance, the PPARy isotype was

A 4h PPARy 24h
I --
.
o
N --
=
c 3 PPARy D2
2 .
= 29
o o
1 '
" ] ] "
CTR_N2 CTR__ N2
4h 24h
PPARy W iy 54T kDa

GAPDH  s— —— e s 37kDa

CTR N2 CTR N2
4h 24h

specifically investigated. Moreover, in order to gain more
insight into PPARy distribution also in situ, and consider-
ing the difficulties to obtain adult human normal brain
specimens, the immunolocalization of PPARy in adult
mouse brain SVZ was also studied. The concept of adult
neurogenesis becomes relevant especially in view of those
disorders in which a loss of neurons is described, such as
Alzheimer disease, Parkinson disease, brain injuries and
other neurological disorders. Elucidating the crucial steps in
energetic metabolism and the involvement of PPARy in
NSC neuronal fate (lineage) may be useful for the future
design of preventive and/or therapeutic interventions.

Results

In vitro evaluation of PPARy expression and energy
metabolism during differentiation

In order to get more insight into the cellular energetic metabo-
lism during neuronal differentiation, undifferentiated (neuro-
blasts) and differentiated (neuronal-like) SH-SY5Y cells were
used as a model. PPARy localization, glycogen content and the
presence of lipid droplets were studied together with the
expression of key enzymes of glucose and lipid metabolism.
Preliminary experiments were performed in order to set the
specific time-points to better visualize the energetic metabolic
shift (not shown). On this basis, 4 and 24 hours were chosen.
Figure 1A shows PPARy IF in untreated (CTR) and N2-treated
(N2) cells at 4h and 24h. In undifferentiated cells, PPARy has a
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Figure 1. PPARy IF in SH-SY5Y during differentiation (A). Undifferentiated (CTR) and differentianted (N2) cells at 4h and 24h from N2 treatment Bar = 10 um. B: PPARy IF
quantification expressed as Signal Intensity/Unit Surface Area. C: WB and relative densitometric analyses for PPARy in undifferentiated (CTR) and differentiated (N2) cells
at the indicated time-points. D: WB and relative densitometric analyses for NF-H and SOX2 in undifferentiated (CTR) and differentiating (N2) cells at the indicated time-
points. The relative densities of the immunoreactive bands were determined and normalized with respect to GAPDH, using a semiquantitative densitometric analysis.

Data are mean =+ SE of 4 different experiments. “P < 0.05 and **P < 0.005.



strong nuclear localization both at 4h and 24h, while in differ-
entiating ones PPARy signal is less brilliant and the protein is
mainly localized to the cytoplasm. This is more evident at 24h
when PPARy displays an exclusively cytoplasmic localization,
thus suggesting loss of activity of the transcription factor. The
results were further supported by the immunofluorescent signal
quantification shown in B. The same figure confirms this
behavior showing a strong decrease of PPARy, analyzed by
WB, in differentiating neurons both at 4h and 24h (C). In order
to correlate PPARy inactivation and decrease to neuronal
differentiation, WB analysis for NF-H, a marker of neuronal
terminal differentiation, and for SOX2, a marker of undifferen-
tiated status, was performed. In D a significant increase of
NE-H protein, paralleled by a significant decrease of SOX2 (D),
both at 4h and 24h from N2 treatment is shown, suggesting
that the down regulation of PPARY is paralleled by the increase
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of the expression of the neuronal differentiation marker and a
downregulation of the stemness marker.

In Figure 2A, glycogen IF in undifferentiated (CTR) and dif-
ferentiating (N2) cells at 4h and 24h is shown. Similarly to
PPARy, glycogen positive cells, abundant in undifferentiated
cells decrease during differentiation. The quantification of the
immunofluorescent signal further supports these findings (B).
Since a decrease in glycogen storage may indicate a consump-
tion of this energy store to supply glucose, protein levels for the
enzymes regulating the formation and degradation of glycogen
were analyzed. The same figure shows WB analysis for total
GSK38 (C) and its active form pGSK38 (Y126) (D) and its sub-
strate GSlin the inactive, phosphorylated, (E) and active form
(F) together with PYGB (F) in undifferentiated and differentiat-
ing cells at the examined time points of differentiation. GSK38
is a serine-threonine kinase that, when active, inactivates GS1

B

3 Glycogen

® 160 .

& \ -

€

S

7] I .

580 \

)

2

2

=

w 0

5 CTR N2 CTR N2

« 4h 24h
PGSK3p(Y216)

T CTR___N2

PGSKIB(Y216) s s e e 47kDa

GAPDH s — 3/ kD2

CTR N2 CTR N2

4h 24h

GS1 2 PYGB
»
N o
ﬂ H 3 H I
CTR N2 CTR N2 b CTR N2 CTR N2
4h 24h 4h 24h

W B W 350D

GS1 e
PYGB W Wi (e et 7,0,
GAPDH 37kDa
CTIR_ N2 CTR N2
4h 24h

Figure 2. Glycogen immunolocalization in SH-SY5Y during differentiation (A). Undifferentiated (CTR) and differentianted (N2) cells at 4h and 24h from N2 treatment. Bar
=70 um. B: Glycogen IF quantification expressed as Signal Intensity/Unit Surface Area (B). C: WB and relative densitometric analyses for GSK38 in undifferentiated (CTR)
and differentiating (N2) cells at the indicated time-points. D: WB and relative densitometric analyses for pGSK38(Y216) in undifferentiated (CTR) and differentiating (N2)
cells at the indicated time-points. E: WB and relative densitometric analyses for pGS(Ser641) in undifferentiated (CTR) and differentiating (N2) cells at the indicated time-
points. F: WB and relative densitometric analyses for GS1 and PYGB in undifferentiated (CTR) and differentiating (N2) cells at the indicated time-points. The relative densi-
ties of the immunoreactive bands were determined and normalized with respect to GAPDH, using a semiquantitative densitometric analysis. Data are mean =+ SE of 4 dif-

ferent experiments. “P < 0.05 and “*P < 0.005.
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through phosphorylation; inactive GS1 is unable to convert glu-
cose residues into the polymeric chain of glycogen. Total
GSK3p displays a trend to the increase in differentiating cells,
which becomes significant at 24h. The western blotting analysis
confirms that the increase regards the active form. Upregula-
tion of this enzyme leads to inactivation of its substrate GS1,
corresponds to an increase of the phosphorylated, inactive,
form of the latter, paralleled by a decrease of the active form,
thus suggesting decrease in glycogen synthesis once neuronal
differentiation starts. At the same time PYGB levels were ana-
lyzed to assay glycogen degradation, since this enzyme breaks
up a-1,4 glycosidic bonds of glycogen to release glucose mono-
mers. The WB analysis for PYGB in undifferentiated and dif-
ferentiated cells at the examined differentiation time-points
shows a significant increase of PYGB protein levels at 24h in
differentiating cells compared to control, suggesting high con-
sumption of glycogen in agreement with the IF observations.

PPARy is also involved in lipid storage as triglycerides and
cholesteryl esters in lipid droplets (LDs). LDs in undifferenti-
ated (CTR) and differentiating (N2) cells at 4h and 24h were
detected by the BODIPY fluorescent dye (Fig. 3A). Fluores-
cent images show marked depletion of LD in differentiating
cells both at 4h and 24h compared to undifferentiated ones,
also supported by the fluorescent signal quantification shown
in B. This result is further supported by WB analysis for
Plin2, a LD associated membrane protein, which appears
significantly decreased in differentiating cells at 4h and 24h
(Fig. 3C). Thus, PPARy inactivation and decrease seem to
result also in the depletion of LDs during neuronal
differentiation.

PPARp/5 and PPAR« localization in vitro

Since it has been demonstrated that also PPARS/8 and PPAR«
are involved in neuronal differentiation,”®'” their localization
was studied in undifferentiated and differentiating SH-SY5Y, at
the same time-points. Figure 4A shows PPARp/S IF in undiffer-
entiated (CTR) and differentiating (N2) cells at 4 h and 24 h
from N2 treatment. In undifferentiated cells PPARB/S shows a
diffuse localization in the cytoplasm and in the nucleus, while
when differentiation starts PPARS/8 moves to the nucleus, thus
suggesting its transcriptional activation. This is further sup-
ported by the colocalization with DAPI nuclear staining. WB
analysis for PPARS/S protein (Fig. 4C) shows that the tran-
scription factor is upregulated in differentiating cells at 24h,
indicating that during neuronal differentiation a significant
increase of PPARS/§ protein occurs together with its nuclear
translocation. It is known that PPARS/S gene is regulated by
B-catenin®’; WB (Fig. 4C) analysis reveals that §-catenin and
PPARP/S proteins have a similar trend, thus suggesting that
during neuronal differentiation PPARp/S increases and its
nuclear translocation is induced by the transcriptional activity
of B-catenin. To support these observations, IF of S-catenin in
undifferentiated (CTR) and differentiating (N2) cells at 4h and
24h is presented in Figure 4B. In undifferentiated cells (CTR)
B-catenin has a cytoplasmic localization. In differentiated cells
(N2) at 4h B-catenin is still located in the cytoplasm but at 24h
it is found in the nucleus, where it likely acts as transcription
factor. Thus, at 24h of differentiation an increase of S-catenin
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Figure 3. BODIPY staining in SH-SY5Y during differentiation (A). Undifferentiated
(CTR) and differentianted (N2) cells at 4h and 24h from N2 treatment. Nuclei were
counterstained with DAPI. Bar = 10 um. B: BODIPY staining quantification
expressed as Signal Intensity/Unit Surface Area. C: WB and relative densitometric
analysis for Plin2 in undifferentiated (CTR) and differentiating (N2) cells at the indi-
cated time-points. The relative densities of the immunoreactive bands were deter-
mined and normalized with respect to GAPDH, using a semiquantitative
densitometric analysis. Data are mean =+ SE of 4 different experiments. **P < 0.005
and ***P < 0.0005.

protein levels together with its translocation to the nucleus is
observed, strictly paralleling PPARS/S. Recently, it has been
suggested that oxidative stress is transiently generated during
adult neurogenesis,”® leading to increase of ROS and derived
products such as lipid peroxidation products as 4-hydroxyno-
nenale (HNE), known to activate PPARB/S. In agreement
within our experimental conditions, during neuronal differenti-
ation, HNE levels increase, thus suggesting that the transcrip-
tion factor is likely active (Fig. 4D).

In the same Figure 4E PPAR« IF in undifferentiated (CTR)
and differentiated (N2) cells at 4h and 24h is shown. In undif-
ferentiated cells (CTR) PPAR« has cytoplasmic and perinuclear
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localization, while in differentiated cells (N2) it moves into the
nucleus, as shown by the colocalization with DAPI, where it
probably becomes an active transcription factor; this event is
more apparent at 4h of differentiation. WB analysis of PPAR«
(Fig. 4F) reveals a significant change in protein levels both at
4h and at 24h, suggesting that during neuronal differentiation
also the upregulation of this transcription factor is relevant.

PPARy gene silencing (siRNA)

To validate the hypothezized correlation between PPARy and
the maintenance of undifferentiated status, PPARy siRNA was
performed and the silenced cells were analyzed by IF 48h.
Figure 5A shows PPARy IF in cells transfected with scrumbled
sequence (Scr) and in silenced cells (siRNA) together with the
relative WB analysis (Fig. 5B). In IF images a strong decrease of
PPARy in silenced cells compared to Scr is observed, confirm-
ing that gene silencing has occurred. This result is further sup-
ported by WB analysis of PPARy levels that are decreased to
about 40% in silenced cells. Figure 5A shows also glycogen IF
in Scr and in silenced cells (siRNA) together with WB analysis
for PYGB (B). IF pictures indicate a strong decrease in glycogen
content in silenced cells compared to Scr and, at the same time,
an increase of PYGB levels are observed suggesting higher

consumption of glycogen in silenced cells. These results
encouraged to analyze neuronal differentiation in silenced cells.
In agreement with the previous observations, phase contrast
microscopy (Fig. 5C) shows that neurites in silenced cells are
longer than in control ones, suggesting that PPARy decrease is
a condition for neuronal differentiation. WB analysis of NF-H
protein levels (Fig. 5D) confirms this hypothesis since this neu-
ronal marker is significantly increased in silenced cells. To fur-
ther investigate the role of PPARy in neuronal differentiation,
PPARp/6 and PPARw protein levels were also evaluated by WB
in PPARy silenced cells. Figure 5D shows that both transcrip-
tion factors are significantly upregulated in silenced cells, to the
same extent previously observed in N2 differentiated cells.
These results further confirm previous observation on the
involvement of PPARA/S in neuronal maturation®® and agree
with the suggested role for PPARw in the acquisition of the
cholinergic phenotype.'”

In situ analysis of PPARYy distribution in the SVZ

PPARy expression was also investigated in adult mouse brain sec-
tions together with markers of different stages of neurogenesis.”
This inquiry was conducted on 3 different levels of the SVZ taken
along the antero-posterior axis (A-P) of the LV (Fig. 6), since it has
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Figure 5. A: PPARy and glycogen IF in cells treated with scrambled sequence (Scr) and in PPARy silenced cells (siRNA). Bar = 35 ;um. B: WB and densitometric analysis for
PPARy and PYGP. The relative densities of the immunoreactive bands were determined and normalized with respect to GAPDH using a semiquantitative densitometric
analysis. Data are mean =+ SE of 4 different experiments. *P < 0.05; **P < 0.005. C: Phase contrast microscopy of cells treated with scrambled sequence (Src) and PPARy
silenced cells (siRNA); Bar = 20 um. D: WB and densitometric analysis for NF-H, PPARS/8 and PPARa. The relative densities of the immunoreactive bands were deter-
mined and normalized with respect to GAPDH using a semiquantitative densitometric analysis. Data are mean =+ SE of 4 different experiments. “*P < 0.005.
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Figure 6. PPARy immunolocalization along the A-P axis of mouse brain LVs. A-D, dorsal (A, C) and ventral (B, D) neurogenic regions of rostral LV stained for PPARy (A, B)
and DAPI (C, D). E-H, intermediate region of LV, dorso-lateral neurogenic wall stained for PPARy (E) and DAPI (F); medio-lateral and ventral walls stained for PPARy (G-H).
I-N, caudal LV; dorso-lateral neurogenic wall stained for PPARy (I) and DAPI (L); medio-lateral and ventral walls stained for PPARy (M-N). lat, lateral wall; med, medial

wall. Bar = 40 um.

been demonstrated that there is a rostro-caudal gradual loss of neu-
rogenic potential within the periventricular germinal region.”® The
choice of the mouse as model to study the PPARy and neurogene-
sis was due to the difficulties to obtain healthy human brain slices,
particularly at subventricular level. Figure 6 shows PPARy immu-
nolocalization along the anterior-posterior and dorsal-ventral axes
of LV. In A-D panels PPARy localization in dorsal and ventral
region of anterior LV is shown: PPARy is expressed in almost all
nuclei (inset A*) of ependyma, subependyma and migratory
region, both in the dorsal and ventral portion of LV. In the dorso-
lateral wall (E-F) PPARy is present in ependymal, subependymal
and migratory region, even if in the last PPARy-positive nuclei are
less numerous compared to the anterior LV; in the medial-lateral
and ventral walls (G-H), PPARy is observed in the nuclei of the
ependyma and, limited to the lateral wall, of the subependyma. In
caudal LV (I-N), PPARy staining pattern is similar to that observed
in the intermediate LV, but in the dorsal-lateral neurogenic region
bright PPARy IF is limited to some ependymal cells while the sube-
pendymal and migratory regions show only scattered positive
nuclei. Therefore, it is apparent that PPARy immunoreactivity
decreases along the anterior-posterior axis together with the neuro-
genic potential.*’

In order to correlate the nuclear staining of PPARy to the
neurogenic niche, the co-expression of this transcription factor
with markers of different stages of neurogenesis was studied
(Fig. 7).

PPARy/GFAP double immunostaining and DAPI staining
(A-D) revealed that GFAP-positive cells are evident in the sub-
ependyma and migratory region; PPARy-positive nuclei are
mainly observed in the subependyma and migratory region, a
colocalization with GFAP was not evident (C); however, in

these regions clusters of PPARy positive nuclei in faint GFAP-
positive cells are present in the lateral wall (inset C).

In the sections probed with PPARy/Nestin/DAPI (E-H),
Nestin is present in the cytoplasm of ependymal and subepen-
dymal cells while it is less expressed in the migratory region,
where no NSCs are described. However in the ependymal-sube-
pendymal layer PPARy colocalizes with Nestin in some cells
highly nestin-positive (inset G*).

In the caudal region of LV GFAP-positivity (I) is higher in
the subependymal and migratory region, where no apparent
colocalization with PPARy is observed (M). Nestin is particu-
larly evident in the ependymal layer (O), where it colocalizes
with PPARy (Q), but it is also weakly expressed in the subepen-
dymal and migratory regions, even though a colocalization in
the caudal LV is not evident.

In Figure 8 PPARy and SOX2 immunofluorescence is pre-
sented; SOX2/DAPI (A-B) and PPARy/DAPI (C-D) distribution
are compared in anterior SVZ showing an evident overlap of these
transcription factors in the whole neurogenic region. E-H show
intermediate region of LV: here SOX2 (E) is present in the epen-
dyma and subependyma, whose distribution also extends, in the
migratory region with a nuclear localization. DAPI staining is
shown in (F). PPARy distribution in the LV intermediate region is
shown in (G). AS in rostral LV, a pattern similar to SOX2 is
evident.

In situ localization and possible role of Glycogen in the
svz

Glycogen distribution in the neurogenic niche of LV was ana-
lyzed focusing on anterior SVZ since this is the region where
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Figure 7. GFAP, Nestin and PPARy in different rostro-caudal regions of the LVs. A-D, rostral LV. Dorsal neurogenic region immunostained for GFAP (A), PPARy (B), merge
(Q), and DAPI (D). E-H, rostral LV. Dorsal neurogenic region immunostained for Nestin (E), PPARy (F). Merge (G), and DAPI (H). I-N, caudal LV. Dorso-lateral neurogenic
region immunostained for GFAP (1), PPARy (L), Merge (M) and DAPI (N). O-R, caudal LV. Dorso-lateral neurogenic region immunostained for Nestin (O) and PPARy (P).

Merge (Q) and DAPI (R). lat, lateral wall; med, medial wall. Bar = 40 um.

neurogenesis is more active.’® To evaluate which cellular types
are able to store glycogen in the SVZ and the possible correla-
tion between glucose metabolism and neurogenesis, glycogen
was examined together with PPARy, GFAP and BIII-tubulin,
the latter 2 being markers of astrocyte and young neurons
respectively.

anterior

Figure 9, Panel 1 shows glycogen distribution in the LV. Low
magnification of the LV (A) illustrate that glycogen is mainly
localized in the SVZ and is almost absent in the striatum where
mature neurons reside; this is supported by higher magnifica-
tions of the different LV portions, showing that glycogen is
localized in the subependymal layer of the dorsal (B) and

g posterior

PPARy

SOX2

SOX2

Gl DAPI

DAF'I DAP\

PPARy

DAPI

Figure 8. SOX2 and PPARy in rostro-caudal regions of the LVs. A-D, rostral LV, dorsal neurogenic region immunostained for SOX2/DAPI (A-B) and PPARy/DAPI(C-D). E-H,
caudal LV. Dorso-lateral neurogenic region immunostained for SOX2/DAPI (E-F) and PPARy/DAPI(G-M)Bar = 40 pm.



Figure 9. Panel 1: Glycogen distribution in mouse LV. A: LV at low magnification
immunostained for glycogen; B-D, dorsal wall (B), migratory region (C), lateral and
medial wall (D) of LV at high magnification; E, lateral wall of LV counterstained
with DAPI. cc, corpus callosum; lat, lateral wall; med, medial wall. Bar in
(A) = 180 pm; Bar in B-E = 60 «m. Panel 2: Glycogen and PPARy IF in the migra-
tory region of LV (A) and in medial and lateral wall of LV (B); Glycogen and GFAP IF
in migratory region of LV (C) and in medial and lateral wall of LV (D); E-F: glycogen
and S-tubulin Il IF in the migratory region of LV (E) and in medial and lateral wall
of LV (F). Bar = 60 pum.

migratory (C) region, in the lateral and medial walls (D) of LV.
Merge with DAPI in the lateral wall (E) confirms the absence
of glycogen from ependyma. In Figure 8, Panel 2, glycogen
double immunofluorescence with PPARy, GFAP and BIII-
tubulin in the LV is presented. Glycogen/PPARy images evi-
dentiate only in a small cluster of cells in the SVZ in ependy-
mal-subependymal layer and in the migratory region (A) a
colocalization of glycogen and PPARy; moreover, they colocal-
ize in many cells of the lateral wall of LV while glycogen is
completely absent from the medial wall (B). Even if it is known
that in the adult brain glycogen is stored mainly in astrocytes,
these pictures indicate that glycogen and GFAP do not
completely overlap, both in the dorso-lateral and migratory
region (C), and in the lateral and medial walls of the LV (D).
Glycogen is mainly localized in the dorsal and medial wall of
the LV, and to a lesser extent in the migratory region and not
all GFAP-positive cells are also glycogen-positive, especially in
the lateral wall (D) where GFAP is poorly expressed.
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Finally in Figure 9, glycogen and BIII-tubulin double immu-
nolocalization in the LV is presented; in E, the migratory region
of dorso-lateral SVZ is characterized by a weak SIII-tubulin
positivity that overlaps with glycogen staining; BIII-tubulin is
more evident in the lateral wall of LV (F), but colocalization
with glycogen is observed only in few neurons.

Discussion

Neurogenesis occurs in 2 specialized niches in the adult brain,
the SGZ of the dentate gyrus and the SVZ adjacent to the lateral
ventricles. In both adult neurogenic niches, specific transcrip-
tion factors have been shown to direct fate specification and
lineage commitment.’'

Among the different factors involved in embryonic neuro-
genesis, great attention has been given to PPARs.™

The metabolic requirements for neuronal progenitor main-
tenance in vitro and in vivo have been demonstrated by exam-
ining the metabolic adaptations that support progenitors and
NSCs in their undifferentiated state.” These Authors demon-
strated that glucose induces neuronal differentiation of neuro-
nal progenitors. Many tissues are capable of metabolising
glycogen including brain. In the brain, glycogen is found both
in astrocytes and neurons and its degradation in the former is
thought to spare blood glucose for neurons during high brain
activation, whereas in the latter, it promotes neuronal tolerance
to hypoxic stress.”® The presence of glycogen in the brain
implies that it has a definite role within the brain parenchyma.
The cellular location of glycogen in brain is highly specialized,
whereas glycogen is expressed in virtually all liver and skeletal
muscle cells. While it is widely accepted that brain glycogen is
almost exclusively expressed in astrocytes in the adult, in youn-
ger animals this is not the case and the expression of glycogen
in specific populations of brain cells is a function of age. Brain
glycogen is expressed in embryonic neuronal and glial cells but
with maturity the degree of neuronal expression fades, and by
adulthood only ependymal and choroid plexus cells, beyond
astrocytes, express brain glycogen.”® The function of brain gly-
cogen in neural cells at birth is unknown, but this may imply
that these cells have higher metabolic demand or a less secure
glucose supply at that stage of development. This would corre-
late with the neonatal brain receiving about half of its energy
requirements from non-glucose substrates, primarily in the
form of lactate, which crosses the blood brain barrier via mono-
carboxylate transporters.””

On the basis of these findings, and considering the impor-
tance of adult neurogenesis in brain plasticity and in neurode-
generative diseases, in this work we studied in vitro the
energetic metabolism pathways controlled by PPARs and the in
situ localization of PPARs together with early neuronal differ-
entiation markers in adult mouse brain.

The in situ data demonstrate that PPARy is localized at
nuclear level in the rostral migratory stream (RMS), where it
colocalizes with NP markers such SOX2 and nestin. In
order to get more insight into the role/s of PPARs in adult
neurogenesis, we used the human neuroblastoma cell
lines SHSY5Y, as a model of neural precursor induced to dif-
ferentiate to neuron. During the early phases of neuronal
differentiation a significant downregulation of PPARy is
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observed, paralleled by a change in its cellular localization,
which becomes cytoplasmic, after the differentiation
challenge. These data indicate that the active (nuclear)
PPARy is probably needed for the maintenance of NPs, as
also previously described by us for neural stem cells.”® The
decrease of PPARy is accompanied by a strong decrease of
glycogen content in differentiating cells. This was also evi-
dent in the in situ model. In fact, the RMS, that was similarly
characterized by the marked presence of glycogen and
PPARy in nestin-positive cells, shows that, in differentiated
B-tubulin III-positive cells, glycogen content paralleled that
of PPARy, being significantly decreased in neurons. Since a
decrease of glycogen indicates its degradation and utilization
of glucose monomers via glycolysis, the enzymes involved in
glycogenolysis were also assayed during differentiation in the
in vitro model. In agreement with the observed decrease of
glycogen, the enzyme negatively controlling glycogen syn-
thase 1, GSK3p, appears increased and active, significantly at
24h, thus indicating inhibition of glycogen synthesis, as also
indicated by the increase of the inactive form of GSI1. This
event was accompanied by a significant increase of PYGB
strongly suggesting that glucose monomers are probably sent
to the glycolytic pathway.

Since it is known that PPARYy is also involved in the control
of lipid metabolism, mainly in lipid storage, the presence of
lipid droplets (LD, containing triglyceride esters and cholesteryl
esters) was also checked. In undifferentiated cells LDs are abun-
dantly present and upon differentiation challenge, they appear
strongly decreased. This is further supported by the decrease of
the LD membrane protein Plin2 observed in this condition.
Taken together, these results indicate that, when neuronal dif-
ferentiation starts, energetic stores, namely glycogen and LDs,
are consumed, thus releasing molecules necessary for the
energy requirements of differentiating neurons. PPARy down-
regulation seems crucial to this metabolic switch.

In order to unequivocally correlate PPARy with the
observed modulation of energetic metabolism, PPARy gene
silencing was performed and some parameters were re-assayed.
Upon silencing, cells show a strong decrease of glycogen con-
tent, paralleled by a significant increase of PYGB.

Therefore it is possible to conclude that PPARYy is crucial for
NPs maintenance and energetic storage. This is in agreement
with the observation that NPs display a low energetic demand,
while neurons are surely dependent on glucose metabolism for
their activity. The presence of LDs, already described in neural
stem cells,”* and their disappearance when cells are induced to
differentiate, agrees with this conclusion.

Finally, since it has been previously reported that also the
other PPAR isotypes, PPARB/§ and PPAR«, are crucial for
neuronal differentiation,>'” these transcription factors were
also investigated. In agreement with our previous observation,
during differentiation PPARB/6 moves from the cytoplasm to
the nucleus, where it probably becomes active. As it is known
that PPARPB/$ transcription is dependent on S-catenin tran-
scriptional activity, also this protein was evaluated. At 24h
from differentiation challenge fB-catenin increases, and moves
to the nucleus, thus suggesting its activation as transcription
factor. Finally, it has been hypothesized that the energetic
demands of highly proliferative progenitors generates localized

oxidative stress. In an in vitro cell culture model of primary
hippocampal NSCs, the induction of differentiation in primary
NSCs resulted in an immediate increase in total mitochondria
number and overall ROS production, suggesting that oxidative
stress is generated during a transient period of elevated neuro-
genesis accompanying normal neurogenesis.”® For this reason,
and considering that one of the major product of oxidative
stress 4-HNE is a PPARS/S ligand, the 4-HNE protein adducts
were also assayed in our cultures. The observed increase of 4-
HNE during differentiation, strongly points and confirms the
neuronal differentiation activity of PPARp/S, as previously
indicated by us."!

It is worth-mentioning that unliganded PPARS/§ may mod-
ulate the transcriptional activity of the other PPARs also by
modulating their localization and transcriptional activity,”®
therefore it may be conceivable that during neuronal differenti-
ation, PPARS/S increases and modulates the transcriptional
activity and localization of the other PPARs. In fact, also
PPARw changes its subcellular localization during differentia-
tion, from cytoplasmic to nuclear, suggesting its activation and
its possible role in the lipid utilization observed in this
condition.

In conclusion, the data obtained in this work point again
toward specific role/s for PPARs in the control of the different
phases of adult neurogenesis and demonstrate for the first time
that the energetic metabolic shift occurring during NPs differ-
entiation is regulated by PPARs.

Getting more insights into the molecular regulation of adult
neurogenesis appears of particular interest in view of the pre-
vention and/or treatment of neurodegenerative diseases, sug-
gesting a potential use of PPARs agonist/antagonist for
inducing NPs proliferation and/or differentiation.

Materials and methods
Cell line and reagents

Neuroblastoma cell line SH-SY5Y purchased from ATCC
(Manassas, VA, USA). Adult male C57BL/6 mice purchased
from Taconic Farms, Inc. (Germantown, NY, USA). RPMI-
1640, Fetal Bovine Serum (FBS), penicillin/streptomycin, gluta-
mine, formaldehyde, paraformaldehyde, triton X-100, Phos-
phate Buffered Saline (PBS), Bovine Serum Albumin (BSA),
poly-L-lysine, dapi, trypan blue, ethanol, propidium iodide,
Nonidet-P40, sodium deoxycholate, Sodium Dodecyl Sulfate
(SDS), Tween 20, Igepal CA 630, Ethylenediamine tetraacetic
acid (EDTA), phosphatase inhibitor cocktail 2, protease inhibi-
tor cocktail, ethylenediamine tetraacetic acid (EDTA), acrylam-
ide/bis-acrylamide, Tris(hydroxymethyl)aminomethane (Tris),
hydrogen chloride (HCI), sodium chloride (NaCl), xylazine
hydrochloride, were all purchased from Sigma Chemical CO
(St. Louis, Mo, USA). N2 supplement were from Gibco Life
Technologies, 4,4-difluoro-1,3,5,7,8-pentamethyl 4-bora-3a,4a-
diaza-s-indacene (BODIPY 493/503) Molecular Probes, Life
Technologies, target-specific siRNA for PPARy and scrambled
sequence Ambion, Life Technologies, Lipofectamine, Invitro-
gen Life Technologies (Lofer, Salzburg, Austria Life Technolo-
gies). Primary antibodies: PPARw (rabbit), PPARy (rabbit),
PPARPS/S (rabbit) were from Thermo Scientific (Rockford, IL,



USA). GFAP (mouse) was from Immunological Sciences
(Rome, Italy). Nestin (chicken), SOX2 (rabbit), GSK3 (rabbit),
GS1 (rabbit), PYGB (mouse) pGSK38(Y216) (rabbit) were
from Abcam (Cambridge, UK). SIII-tubulin (mouse) was from
Promega (Madison, WI, USA). B-catenin (mouse) was from
Zymed (Carlsbad, CA, USA. Now sold as Life Technologies).
Glycogen (mouse) Generous gift of Prof. Otto Baba, Ohu Uni-
versity, Japan. NF-H (mouse) and Plin2 (rabbit) were pur-
chased from Sigma Chemical CO (St. Louis, Mo, USA). pGS
(Ser641) (rabbit) was purchased from Cell Signaling technology
(Danvers, MA, USA). GAPDH was from Santa Cruz (Dallas,
Texas, USA). PPARy (mouse) was from Chemicon (Temecula,
CA, USA). PPAR«x (mouse) was from Novus Biologicals (Little-
ton, CO, USA). anti-mouse IgG Alexa Fluor 488/546 conju-
gated or anti-chicken IgG Alexa Fluor 488 secondary
antibodies were purchased from Molecular Probes (Life Tech-
nology, Carlsbad, CA, USA) and peroxidase conjugated anti-
mouse or anti-rabbit IgG secondary antibodies were from KPL
(Gaithersburg, USA). Bicinchoninic acid (BCA) protein assay
kit from Pierce (Rockford, IL, USA). Vectashield mounting
medium was required to Vector Laboratories (Burlingame, CA,
USA), non-fat dry milk was from Bio-Rad Laboratories (Hercu-
les, CA, USA), SuperSignal West Pico Chemiluminescent Sub-
strate was purchased from Thermo Scientific (Rockford, IL,
USA). Immobilon-P Transfer Membrane (PVDF) was required
to Millipore Corporation (Billerica, MA, USA), O.C.T. was
from Sakura (St. Torrance, CA, USA). All chemicals were of
the highest analytical grade.

Cell culture and differentiation

Neuroblastoma cell line SH-SY5Y was used as an in vitro model
of neuronal differentiation. Cells were seeded at 1x 10* cells/cm®
and maintained in a monolayer culture in RPMI-1640 medium
supplemented with 10% FBS, 1% penicillin/streptomycin and 1%
glutamine. To induce neuronal differentiation cell culture
medium was replaced with RPMI-1640 FBS-free containing N2
Supplement and cell samples for immunofluorescence and west-
ern blotting analysis were analyzed at 4h and 24h of differentia-
tion. N2 supplement is a serum-free, chemically defined,
concentrated media supplement formulated to provide optimal
growth conditions for neuronal cells N2 is composed of
Bovine Insulin, Human Transferrin, Putrescine, Selenite, and
Progesterone.

Animals

Adult male C57BL/6 mice were used to perform morphological
analysis. The experiments were performed in accordance with
the European Communities Council Directive of 24 November
1986 (86/609/EEC). Formal approval to conduct the experi-
ments described was obtained from the Italian Ministry of
Health. All efforts were made to minimize the number of ani-
mals used and their suffering.

Immunofluorescence (IF)

For morphological studies in vivo, C57BL/6 mice were deeply
anesthetized with urethane (1 g/ kg body weight, injected i.
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p.), before rapid killing by transcardial perfusion. Mice were
perfusion-fixed with 4% paraformaldehyde solution. Brains
were removed, postfixed in the same solution at 4°C over-
night and then cryoprotected in PBS solution containing 30%
sucrose. Samples were embedded in OCT freezing medium
and frozen at —20°C; subsequently 12um coronal sections
were obtained in a cryostat and collected on Superfrost Plus
slides. Frozen sections were then processed for IF: slides were
thawed at room temperature and then permeabilized and
blocked in PBS containing 4% BSA and 0,05% Tween-20 for
2 h at RT; sections were then incubated at 4°C overnight
with primary antibodies PPARy (rabbit) 1:300, GFAP
(mouse) 1:500, Nestin (chicken) 1:200, SOX2 (rabbit) 1:200,
PII-tubulin (mouse) 1:500, Glycogen (mouse) 1:200 diluted
in PBS containing 4% BSA for single and double staining.
After 24h, slides were rinsed in PBS and then incubated with
goat anti-rabbit IgG Alexa Fluor 488/546 conjugated, anti-
mouse IgG Alexa Fluor 488/546 conjugated or anti-chicken
IgG Alexa Fluor 488 secondary antibodies diluted 1:2000 in
PBS containing 4% BSA for 2 h at RT; for glycogen immuno-
localization, anti-mouse IgM FITC conjugated secondary
antibody (1:200) was used (Sigma-Aldrich). Nuclei were
counterstained with DAPI 5 min at RT. After several washes
in PBS slides were mounted with Vectashield mounting
medium and then observed at Zeiss Axioplan 2 fluorescence
microscope (Zeiss, Oberkochen, Germany). Images were
acquired with Leica IM 500 software. Controls were per-
formed in parallel by omitting the primary antibody.

For morphological studies in vitro, cells grown on coverslips
were fixed in 4% paraformaldehyde in PBS for 10 min at RT
and permeabilized in PBS containing 0.1% Triton X-100 for 5-
10 min at RT. Cells were then blocked with PBS containing 4%
BSA for 20 min and incubated with primary antibodies PPARy
(rabbit), 1:300, Glycogen (mouse) 1:200, PPAR« (rabbit) 1:100,
PPARS/S (rabbit) 1:100, B-catenin (mouse) 1:100 diluted in the
blocking solution overnight at 4°C. The following day cells
were rinsed in PBS several times before incubation with the
same secondary antibodies as above described for the in situ
experiments. Also glycogen was immunolocalized as above.
After extensive washing coverslips were mounted with Vecta-
shield mounting medium with DAPI and then observed at
Zeiss Axioplan 2 fluorescence microscope. Images were
acquired with Leica IM 500 software. Controls were performed
in parallel by omitting the primary antibody.

For quantitative evaluation of immunofluorescent signals 4
photomicrographs for each condition were analyzed by the
Image]J software (National Institutes of Health, Bethesda, MD)
according to.”® Briefly, the pictures were converted in gray lev-
els, and arbitrary units were assigned; 0 = black (i.e. absence
of signal) and 255 = white. The signal was first measured in
an area devoid of signal at visual inspection and assumed as
background; the threshold was then set at 1.5 times the back-
ground and the surface area and mean gray intensity were
measured for all areas above the threshold. To get the signal
intensity (in arbitrary units), the background was subtracted
from the mean gray intensity and the result was multiplied for
the surface area above threshold. This value was divided by
the surface area to calculate the signal intensity per unit sur-
face area.
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BODIPY staining

Cells grown on coverslips were fixed for 10 min at RT in 4%
paraformaldehyde in PBS and permeabilized in PBS containing
0.1% Triton X-100 for 10 min at RT. Cells were incubated with
4,4-difluoro-1,3,5,7,8-pentamethyl 4-bora-3a,4a-diaza-s-inda-
cene for 10 min at RT. A stock solution of BODIPY 493/503
1 mg/ml in ethanol was prepared and then stored at —20 in the
dark until required. Before use, BODIPY stock solution was
diluted 1:1000 in PBS and used for incubating coverslips in the
dark for 10 min. After incubation the cells were washed with
PBS, mounted with Vectashield mounting medium with DAPI
and then observed at Zeiss Axioplan 2 fluorescence microscope.
Images were acquired with Leica IM 500 software.

Protein assay

Control and treated cells were washed in ice-cold PBS and har-
vested in ice-cold RIPA buffer (phosphate buffer saline pH 7.4
containing 0.5% sodium deoxycolate, 1% Igepal, 0.1% SDS,
5mM EDTA, 1% phosphatase inhibitor cocktail, 1% protease
inhibitor cocktail. After 1h incubation at 4°C, cell lysates were
centrifuged at 14000 rpm for 30 min and the supernatants
were assayed for protein content with BCA Kkit. Briefly, this
assay is a detergent-compatible formulation based on BCA for
the colorimetric detection and quantification of total protein.
The method combines the reduction of Cu*? to Cu*" by pro-
tein in alkaline medium (the biuret reaction) with the highly
sensitive and selective colorimetric detection of the cuprous
cation using a BCA-containing reagent. The purple-stained
reaction product, formed by the chelation of 2 molecules of
BCA with one cuprous ion, exhibits a strong absorbance at
562 nm. Samples were then diluted 3:4 in 200 mM Tris-HCl,
pH 6.8, containing 40% glycerol, 20% B-mercaptoethanol, 4%
sodium dodecyl phosphate (SDS), bromophenol blue.

Western blotting (WB)

SDS-PAGE was performed running samples (30 pg protein) on
8-15% polyacrylamide denaturing gels. Protein bands were
transferred onto polyvinylidene fluoride (PVDEF) sheets by wet
electrophoretic transfer. Non-specific binding sites were
blocked for 1 h at room temperature (RT) with 5% non-fat dry
milk in Tris-buffered saline containing 0.1% Tween 20 (TBS-
T). Membranes were incubated overnight at 4°C with primary
antibodies: PPARx (mouse) 1:500, PPARy (mouse) 1:200,
PPARS/S (rabbit) 1:1000, GSK38 (rabbit) 1:7000, GS1 (rabbit)
1:3000, PYGB (mouse) 1:4000, Plin2 (rabbit) 1:2000, 8-catenin
(mouse) 1:500, NF-H (mouse) 1:1000, SOX2 (rabbit) 1:2000,
pGSK3g (Y216) (rabbit) 1:1000, pGS(Ser641) (rabbit) 1:1000
appropriately diluted in blocking solution (for pGS(Ser641)
antibody the blocking solution used was 5%BSA). After exten-
sive washings in TBS-T membranes were incubated with HRP-
conjugated anti-rabbit or anti-mouse IgG secondary antibody
(KPL, Gaithersburg, MD, USA) diluted 1:10000 in blocking
solution, for 1 h at 4°C. After rinsing, immunoreactive bands
were visualized by enhanced chemiluminescence (ECL) accord-
ing to the manufacturer’s instructions and acquired by Alliance
7 imaging instrument (UVItec Limited, Cambridge, UK). The

relative densities of the immunoreactive bands were deter-
mined and normalized with respect to GAPDH using a semi
quantitative densitometric analysis.

Small interference RNA (siRNA)

Gene silencing by siRNA was performed by transfecting cells
with target-specific siRNA or scrambled sequence for PPARy, at
the final concentration of 50 nM, according to the manufac-
turer’s instructions. Briefly, SH-SY5Y cells were seeded one day
before transfection at 1x10° cells/ml in RPMI medium with
10% FBS, 1% glutamine and without antibiotics. The transfec-
tion complex was made as following: target-specific siRNA for
PPARy (Ambion, Austin, TX, USA) or scrambled sequence
were diluted into RPMI medium and combined with the trans-
fection agent (Lipofectamine) previously prepared according to
manufacturer’s instructions. The mixture so obtained was incu-
bated for 15 min at RT to allow the formation of transfection
complex. This complex was then added to the well together with
the cell suspension prepared in the previous step and incubated
for 24 h at 37°C in a humidified 95% air-5% CO, atmosphere.
Subsequently, cells were washed with PBS and cultured for addi-
tional 24h in the 10% FBS medium. Controls were performed
using siRNA containing a scrambled sequence that will not allow
the specific degradation of PPARy mRNA.

Statistical analysis

Statistical analysis was performed by ¢ test using the SPSS soft-
ware SPSS software (Statistical Package for Social Sciences, v.
11.0, Tokyo, Japan). For all statistical analyses, P < 0.05 was
considered as statistically significant. Data were expressed as
Mean =+ SE of 4 separate experiments.

Abbreviations

4-HNE 4-Hydroxynonenal

CNS Central Nervous System

DAPI  4',6-diamidino-2-phenylindole

DG Dentate gyrus

GFAP  Glial fibrillary acidic protein

GSK38 Glycogen synthase kinase-3 beta

IF Immuno Fluorescence

LDs Lipid Droplets

mESCs mouse Embryonic Stem Cells

NF-H  Neurofilament heavy polypeptide

NFkB  Nuclear factor of kappa light polypeptide gene
enhancer in B-cells

NPs Neural Precursors

NSCs  Neural Stem Cells

Plin2 Perilipin-2

PPARs Peroxisome Proliferator Activated receptors

PYGB  Phosphorylase glycogen brain

RXR 9cis-Retinoic acid receptor

SGZ Subgranular zone

SOX2  Sex determining region Y-box 2

STAT3  Signal transducer and activator of transcription 3

svz Subventricular zone
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