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Abstract

VGF nerve growth factor inducible (VGF) is a neuropeptide precursor induced by brain-derived neurotrophic factor and nerve
growth factor. VGF is increased in the prefrontal cortex and cerebrospinal fluid in schizophrenia patients. In our previous
study, VGF-overexpressing mice exhibited schizophrenia-like behaviors and smaller brain weights. Brain developmental
abnormality is one cause of mental illness. Research on brain development is important for discovery of pathogenesis of men-
tal disorders. In the present study, we investigated the role of VGF on cerebellar development. We performed a histological
analysis with cerebellar sections of adult and postnatal day 3 mice by Nissl staining. To investigate cerebellar development,
we performed immunostaining with antibodies of immature and mature granule cell markers. To understand the mechanism
underlying these histological changes, we examined MAPK, Wnt, and sonic hedgehog signaling by Western blot. Finally,
we performed rotarod and footprint tests using adult mice to investigate motor function. VGF-overexpressing adult mice
exhibited smaller cerebellar sagittal section area. In postnatal day 3 mice, a cerebellar sagittal section area reduction of the
whole cerebellum and external granule layer and a decrease in the number of mature granule cells were found in VGF-
overexpressing mice. Additionally, the number of proliferative granule cell precursors was lower in VGF-overexpressing
mice. Phosphorylation of Trk and Erkl were increased in the cerebellum of postnatal day 3 VGF-overexpressing mice.
Adult VGF-overexpressing mice exhibited motor disability. All together, these findings implicate VGF in the development
of cerebellar granule cells via promoting MAPK signaling and motor function in the adult stage.
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Introduction The human VGF gene is located on chromosome 7q22.1,

on which copy number variants (CNVs) are reported in

VGF nerve growth factor inducible (VGF) is a peptide pre-
cursor that is processed into biologically active peptides
including TLQP-62, TLQP-21, and AQEE-30 [1, 2]. VGF
was first identified as a nerve growth factor (NGF)-induced
protein in PC12 cells [3]. Later studies demonstrated that
VGF is induced by other neurotrophic factors, including
brain-derived neurotrophic factor (BDNF) and neurotro-
phin-3 (NT-3) in primary cultures of cortical and hippocam-
pal neurons [4, 5]. The effects of VGF are implicated in
BDNF/TrkB signaling, and VGF promotes the phosphoryla-
tion of TrkB [6-8].
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patients with schizophrenia [9, 10]. Moreover, patients with
schizophrenia and depression have higher levels of VGF [11,
12]. Previous reports suggest that the upregulation of VGF
may be implicated in the pathology of mental disorders,
especially schizophrenia. We reported on generating the
mice that overexpress VGF (VGF-overexpressing mice) and
investigated several behavioral phenotypes [13, 14]. VGF-
overexpressing mice exhibited some schizophrenia-related
phenotypes and responsiveness to antipsychotics [13, 14].
Developmental disability of the brain is implicated in
the pathology of several mental disorders, including schizo-
phrenia and autism [15-17]. Developmental abnormalities
of neural cells and circuits are caused by both genetic and
environmental factors [18-22]. Neuroimaging research has
revealed a broad hypoplasia of several brain regions, includ-
ing the cerebellum, hippocampus, cerebral cortex, and stria-
tum in patients with mental disorders [23, 24]. Evidence
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indicates that growth factors and cytokines may be involved
in neuronal development [25-28]. In previous reports, VGF
enhanced neurogenesis in cultured hippocampal neurons,
and promoted dendritic growth of cultured cortical neurons
[7, 29, 30]. However, how VGF influences the development
of the immature brain in vivo is still unknown.

The cerebellum is involved in the neural control of motor
movement, emotion, and cognition [31, 32]. The develop-
ment of cerebellum is well investigated in several studies
[33-35]. The cerebellum is easy to investigate in studies of
brain development [36]. The reasons are following. (1) The
cerebellum is at an independent position from other brain
regions. (2) The time of cerebellar development is later than
other brain regions. (3) The cerebellar laminar structure is
simple with few cells, including Purkinje cells, granule cells,
Bergmann glia, several interneurons, and deep cerebellar
nuclei. Therefore, the cerebellum is suitable to study the
role of VGF on the development of the brain. Our aim in
this study was to investigate the roles of VGF in cerebellar
neuronal development.

Materials and Methods
Animals

VGF-overexpressing mice (BDF1 mice) were generated as
previously reported [13]. Wild-type (WT) and VGF-overex-
pressing mice were generated by heterozygous VGF-over-
expressing mice and BDF1 mice (SLC, Shizuoka, Japan).
The male animals (8—18-weeks-old) were housed at 24 °C
under a 12 h light—dark cycle (lights on 8:00-20:00) with
ad libitum access to food and water. All procedures relating
to animal care were approved and monitored by the Institu-
tional Animal Care and Use Committee of Gifu Pharmaceu-
tical University and were performed after approval by the
Bioethics and Biosafety Committee of Gifu Pharmaceutical
University. All efforts were made to minimize suffering and
the number of animals used. All procedures relating to ani-
mal care conformed to animal care guidelines issued by the
National Institutes of Health. We used WT littermates as a
control group. All behavioral experiments were performed
on 9:00-20:00.

Western Blot Analysis

Each naive mouse was decapitated, and its brain was
quickly removed and placed on a cooled plate, where the
cerebella of VGF-overexpressing mice and WT mice were
rapidly dissected. The tissue was lysed in ice-cold tissue
lysis buffer [SO mM Tris—HCI (pH 8.0) containing 150 mM
NaCl, 50 mM EDTA, 1% Triton X-100 (Bio-Rad Labs,
Hercules, CA, USA) and protease/phosphatase inhibitor

(Sigma-Aldrich, St. Louis, MO, USA)]. The tissue was
homogenized using a homogenizer (Microtec, Funabashi,
Japan). The lysate was centrifuged at 10,000 rpm for 20 min,
and the supernatant was collected for use in the experiments.
The protein concentration was determined by comparison
with known concentrations of bovine serum albumin using a
BCA Protein Assay kit (Thermo Fisher Scientific, Waltham,
MA, USA). Lysates were solubilized in sodium dodecyl
sulfate sample buffer, separated on a 5-20% sodium dode-
cyl sulfate—polyacrylamide gradient gel, and transferred to
a membrane. The membranes were blocked for 30 min at
room temperature with Blocking One P (Nakarai Tesque,
Kyoto, Japan). After blocking, the membranes were washed
in 10 mM Tris-buffered saline with 0.05% Tween20 and
then incubated at 4 °C with the primary antibody. The
membranes were washed in 10 mM Tris-buffered saline
with 0.05% Tween20; incubated at room temperature in a
secondary antibody; and visualized using a digital imag-
ing system (LAS-4000UV mini; Fujifilm, Tokyo, Japan).
The primary antibodies used were goat polyclonal anti-VGF
(sc-10383; Santa Cruz Biotechnology, Dallas, TX, USA),
rabbit monoclonal anti-phospho-p44/42 MAPK (Erk1/2)
(#4377, Cell Signaling Technology, Danvers, MA, USA),
rabbit polyclonal anti-Erk1/2 (#9102; Cell Signaling Tech-
nology), mouse monoclonal anti-pTrk (sc-8058; Santa Cruz
Biotechnology), mouse monoclonal anti-TrkB (sc-377218;
Santa Cruz Biotechnology), mouse monoclonal anti-GLI-2
(sc-271786; Santa Cruz Biotechnology), rabbit monoclonal
anti-non-phospho (active) p-catenin (#8814; Cell Signaling
Technology), and mouse monoclonal anti-f-actin (A2228;
Sigma-Aldrich). The secondary antibodies used were horse-
radish peroxidase rabbit anti-goat, goat anti-mouse, and goat
anti-rabbit (Thermo Fisher Scientific).

Real-Time RT-PCR Analysis

VGF overexpression in the cerebellum was confirmed by
real-time RT-PCR analysis. Samples were collected from
whole cerebella of VGF-overexpressing mice and WT mice
using the method described for western blot analysis. Total
RNA was isolated according to the manufacturer’s proto-
col for NeuroSpin RNA II (TAKARA BIO, Shiga, Japan).
First-strand cDNA was synthesized from total RNA in a
20 pL reaction mixture using PrimeScript RT reagent Kit
(TAKARA). Real-time RT-PCR was performed with a Ther-
mal Cycler Dice Real Time System II (TAKARA) using
SYBR Premix Ex Taq II (TAKARA). The PCR protocol
consisted of a 30 s denaturation step at 95 °C, followed by
a two-step PCR comprising 5 s at 95 °C and 30 s at 60 °C,
with 40 cycles for VGF and p-actin. For VGF, the forward
primer was 5'-CAGGCTCGAATGTCCGAAAG-3' and the
reverse primer was 5'-CTTGGATAAGGGTGTCAAAGT
CTCA-3'. For B-actin, the forward primer was 5'-CATCCG
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TAAAGACCTCTATGCCAAC-3’, and the reverse primer
was 5'-ATGGAGCCACCGATCCACA-3'. Quantitative
real-time RT-PCR analysis was performed using a Thermal
Cycler Dice Real Time System TP 800 (TAKARA).

Tissue Preparation

Adult mice and postnatal day 3 mice were anesthetized by
sodium pentobarbital (50 mg/kg) or cold anesthesia, respec-
tively, and perfused with saline until the outflow became
clear. The perfusate was then changed to 0.1 M phosphate
buffer (PB; pH 7.4) containing 4% paraformaldehyde (Wako,
Osaka, Japan). The brain was quickly removed and kept
immersed for at least 24 h at 4 °C in the same fixative. The
brain was equilibrated in 25% sucrose solution and quickly
frozen in Tissue-Tek OCT. For histological analysis except
for volume and immunostaining of NeuN, phaspho-Histone
H3 (pHH3), brain lipid binding protein (BLBP), and Ki67,
10-um-thick sagittal sections of brain were cut on a cryostat.
For consistently, frozen sections analyzed from the cerebel-
lar vermis were limited to the most medial 250 um. The cer-
ebellar hemisphere was identified as lateral sections within
250 pm after loss of tenth folia of vermis. For histologi-
cal analysis of cerebellar volume of adult mice and immu-
nostaining of calbindinD28K, 50-um-thick sagittal sections
of brain were cut on a cryostat. The sections were mounted
on microslide glass (Matsunami Glass, Osaka, Japan).

Nissl Staining and Histological Analysis

For histological analysis of adult mice, we used frozen cer-
ebellar sagittal sections of vermis and hemisphere regions.
For histological analysis of postnatal day 3 mice, we used
frozen cerebellar sagittal sections of the vermis region. For
measurement of cerebellar volume of adult mice, we applied
Cavalieri’s principle (volume=s,d;+s,d,+ ... +5s,d,,
s=area, d =distance between two sections) with 250 um
between the section [37, 38]. Nissl-stained sagittal sections
were prepared and outlined from lateral 0.875 mm to lat-
eral 2.725 mm. Frozen sections were stained in cresyl vio-
let for 20 min and dehydrated using absolute ethanol and
xylene. Images were taken under a fluorescence microscope
(BZ-X710; Keyence, Osaka, Japan). The measurements of
the cerebellar sagittal section area were performed using
Imagel software (National Institutes of Health, Bethesda,
MD, USA).

Immunohistochemistry of Cerebellar Sections
We used frozen cerebellar sagittal sections of the vermis
region. For all immunohistochemistry except for BLBP,

fluorescent staining was performed. The sagittal brain sec-
tions were blocked with serum (Vector Labs, Burlingame,
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CA, USA) for 1 h, and incubated with the primary anti-
body at 4 °C overnight. For the mouse primary antibody,
M.O.M immunodetection kits (Vector Labs) were used for
blocking and solvents and were incubated with the primary
antibody at 4 °C overnight or for 48 h. Then, the sections
were incubated with a secondary antibody for 1 or 2 h, coun-
terstained for 10 min using Hoechst 33342 [1:1000 dilu-
tion (Thermo Fisher Scientific)], and mounted in Fluoro-
mount (Diagnostic Biosystems, Pleasanton, CA, USA). For
immunostaining of Ki67 and calbindinD28K, 0.3 or 0.5%
Triton X-100 (Bio-Rad Labs) was used to improve mem-
brane permeability of the antibody, respectively. For immu-
nohistochemistry of BLBP, DAB staining was performed.
The sagittal brain sections were treated with 0.3% hydrogen
peroxidase in 10% methanol. They were then blocked with
serum (Vector Labs). Next, they were incubated with anti-
BLBP antibody 4 °C overnight. After that, sections were
incubated with biotinylated secondary antibody for 1 h, and
then with avidin—biotin peroxidase (Vector Labs) for 30 min.
Finally, they were treated with DBA, and then dehydrated
using absolute ethanol and xylene. The following antibod-
ies were used: mouse anti-calbindinD28K [1:250 dilution
(C9848; Sigma-Aldrich)], rabbit anti-BLBP [1:300 dilution
(ABN14; Merck Millipore, Burlington, MA, USA)], mouse
anti-NeuN [1:100 dilution (MAB377; Merck Millipore)],
mouse anti-pHH3 antibody [1:500 dilution (#9706; Cell
Signaling Technology)], rabbit anti-Ki67 antibody [1:100
dilution (AB9260; Merck Millipore)], Alexa Fluor® 546
goat anti-mouse IgG [1:1000 dilution (A11018; Thermo
Fisher Scientific)], Alexa Fluor® 488 rabbit anti-mouse IgG
[1:1000 dilution (A21204; Thermo Fisher Scientific)], Alexa
Fluor® 488 goat anti-rabbit [gG [1:1000 dilution (A11008;
Thermo Fisher Scientific)], and biotinylated goat anti-rabbit
IgG [1:200 dilution (Vector Labs)]. Images were taken using
a fluorescence microscope (BZ-X710; Keyence) or a con-
focal microscope (FLUOVIEW FV10i; Olympus, Tokyo,
Japan). The cell number and density of calbindinD28K™
cell were measured throughout the entire cerebellum. The
length of purkinje cell dendrites was measured at eight simi-
lar sites per each mouse. The numbers of NeuN* and pHH3™*
cells were measured between the sixth and ninth folia (pos-
terior lobules). The measurement of the rate of Ki67™" cells
into Hoechst™ all cells was measured at the midpoint of the
eighth and ninth folia.

Granule Cell Precursor Culture

GCPs were isolated from cerebella of WT and VGF-over-
expressing mice at P4 and cultured as previously described,
except a Percoll gradient separation with minor modifica-
tion [39]. Briefly, freshly dissected cerebella were placed
in HBSS-glucose in a 15 mL conical tube as soon as dis-
sected. Then, cerebella were dissociated using papain
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solution. Cells were filtered through a 70-pm nylon mesh,
harvested in dishes coated with 100 pg/mL poly-p-lysine
(Sigma-Aldrich), and then incubated for 20 min. After gentle
tapping of the dish, loosely adhered granule neurons and
neuron progenitor cells were separated with astroglia and
heavier cells, which settle and adhere to the dish. These
separated cells were plated at a density of 3.5x 10* cells/
well in 96-well tissue culture plate coated with 100 ug/mL
poly-p-lysine for BrdU immunostaining, and 3.5 x 10° cells/
well in glass chamber slides coated with 100 pg/mL of poly-
D-lysine for Mathl immunostaining in neurobasal medium
(Thermo Fisher Scientific), including GlutaMax I (Thermo
Fisher Scientific), B27 supplement (Thermo Fisher Scien-
tific), and antibiotics. Math1 immunostaining was started 3 h
after cell seeding. BrdU was added to each well to a final
concentration of 10 uM 27 h after cell seeding. Twenty-
four hours after BrdU addition, BrdU immunostaining was
started. For immunostaining, GCPs derived from WT and
VGF-overexpressing mice were used. The measurements
were performed using Image] software (National Institutes
of Health).

In Vitro Immunostaining

The primary cell cultures were fixed with 4% paraform-
aldehyde at room temperature for 15 min. The cells were
pre-treated for 30 min with 2 M hydrochloric acid (HCl),

incubated with 0.3% Triton X-100 (Bio-Rad Labs) for
10 min, and treated with 0.1 or 0.05% trypsin (Wako) imme-
diately. Then, cells were incubated with 50 mM glycine in
PBS for 15 min. The cells were blocked with 3% goat serum
(Vector Labs) for 30 min and incubated with rat anti-BrdU
antibody or mouse anti-Math1 antibody (ab6326; abcam,
Cambridge, MA, USA, sc-136173; santa cruz) overnight at
4 °C. Then, the cells were incubated for 1 h with Fluor®546
goat anti-rat IgG or Fluor®546 goat anti-mouse IgG and
counterstained with Hoechst33342 (Thermo Fisher Scien-
tific). Images were taken using a fluorescence microscope
(Keyence) or a confocal microscope (Olympus). For quanti-
tative data of BrdU staining, the entire area of the image was
obtained. The number of immunoreactive cells was counted
and calculated as the ratio of immunoreactive cells to total
cells and normalized to the results of the WT mice.

Rotarod Test

An accelerating rotarod (Ugo Basile, Gemonio, Italy) was
used for testing motor coordination. The rotarod speed was
set to accelerate from 4 to 40 rpm over 5 min. Latency to
fall of each mouse was measured. On the first day, mice
were initially placed on the rotating drum (5 rpm) twice for
2 min (training session). One day after the training session,
the mice were tested in four trials during day 1, followed by
three trials on days 2 and 3.
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Fig. 1 Upregulation of VGF in the cerebella of VGF-overexpress-
ing mice. a The expression level of Vgf mRNA in adult mice (8-18
weeks old) relative to the f-actin level evaluated by real-time RT-
PCR. Data are expressed as the mean fold difference versus WT
mice+SEM (n=5 or 6). **P<0.01 versus WT mice (Student’s ¢
test). b The expression level of Vgf mRNA during the developmental
period (postnatal day 3) relative to the f-actin level evaluated by real-

time RT-PCR. Data are expressed as the mean fold difference versus
WT mice+SEM (n=3 or 6). *P<0.05 versus WT mice (Student’s ¢
test). ¢ Typical bands show VGF and f-actin. The expression level of
VGEF protein during the developmental period (postnatal day 3) rela-
tive to the P-actin level evaluated by western blot analysis. Data are
expressed as the mean fold difference versus WT mice + SEM (n=8
or 11). #P<0.05 versus WT mice (Student’s 7 test). WT wild-type
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Fig.2 Histological analysis of the cerebella in adult VGF-over-
expressing mice. a The cerebellar volume of WT and VGF-over-
expressing mice. Data are expressed as the mean+SEM (n=4).
*P<0.05 versus WT mice (Student’s ¢ test). b Left: Representative
images of cerebellar vermis stained with cresyl violet in adult WT
and VGF-overexpressing mice. Scale bar=500 um. Right: enlarged
images of the fissure between the sixth and seventh folia. ¢ The cer-
ebellar sagittal section area in the cerebellar vermis of WT and
VGF-overexpressing mice. Data are expressed as the mean+SEM
(n=4). **P<0.01 versus WT mice (Student’s 7 test). d The cerebel-
lar sagittal section area of white matter, granule layer, and molecu-
lar layer of WT and VGF-overexpressing mice. Data are expressed
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as the mean+SEM (n=4). *P<0.05, **P<0.01 versus WT mice
(Student’s ¢ test). e Representative images of cerebellar hemispheres
stained with cresyl violet in adult WT and VGF-overexpressing mice.
Scale bar=500 um. f The cerebellar sagittal section area in the cer-
ebellar hemispheres of adult WT and VGF-overexpressing mice.
Data are expressed as the mean+SEM (n=4). *P <0.05 versus WT
mice (Student’s 7 test). g The cerebellar sagittal section area of white
matter, granule layer, and molecular layer of adult WT and VGF-
overexpressing mice. Data are expressed as the mean+SEM (n=4).
*P<0.05, **P<0.01 versus WT mice (Student’s ¢ test). WT wild-
type



379

Neurochemical Research (2019) 44:374-387

<

M8<C

qurpuiqre)

ISYNOH
/Ascqurpurqre’)

(a]

13) (w7 S[[9Y) ANSudP [199 Alupnig

o

=T

Tg

WT

1201

o -+

= = =

(i) prapudp 199 dlunynag

=]
H =
=
d =
[se) o -
s = = °
> > >

T
il

= = =

S S = o

3 = &

Lquinu [[PJ dlupjnig

on
[

WT

pringer

a's



380

Neurochemical Research (2019) 44:374-387

«Fig. 3 Immunohistochemistry of Purkinje cell and Bergmann glia
in adult VGF-overexpressing mice. a Representative images of cal-
bindinD28K staining in WT and VGF-overexpressing mice. Scale
bar=100 um. b The number of calbindinD28K™ cells in the entire
cerebellum of WT and VGF-overexpressing mice. ¢ The cell densities
of calbindinD28K™ cells in the entire cerebellum of WT and VGF-
overexpressing mice. d The length of the dendrites in WT and VGF-
overexpressing mice. Data are expressed as the mean+SEM (n=4).
e Representative images of BLBP staining in WT and VGF-overex-
pressing mice. Scale bar=100um. Arrowheads show the BLBP*
Bergmann glia. BLBP brain lipid binding protein, WT wild-type

Footprint Test

The footprint test was performed to compare the gait of
VGF-overexpressing mice and WT mice. The fore- and hind-
feet of the mice were coated with red and black nontoxic
paints, respectively. The mice were then allowed to walk
along a 30-cm-long, 7-cm-wide runway. A fresh sheet of
white paper was placed on the floor of the runway for each
mouse run. A sequence of five consecutive steps was chosen
for evaluation, excluding footprints made at the beginning
and end of the run where the animals were initiating and
finishing movement, respectively. The same operator (T.M.)
blindly conducted all footprint tests. The footprint patterns
were analyzed for two parameters: (1) stride lengths of the
fore- and hindfeet were measured as the average distance and
(2) fore- and hindfeet widths were measured as the average
distance between the left and right footprints.

Statistical Analysis

All values are expressed as mean + standard error. Statisti-
cal comparisons were made using a two-tailed Student’s ¢
test with SPSS Statistics (IBM, Armonk, NY, USA) soft-
ware. P values less than 0.05 were considered statistically
significant.

Results

Overexpression of VGF in VGF-Overexpressing Mice
During Adult and Developmental Stages

In our previous study, we demonstrated that VGF-overex-
pressing mice exhibited overexpression of VGF in several
brain regions, including the prefrontal cortex, cerebral cor-
tex, hippocampus, and striatum. In the present study, we
confirmed overexpression of Vgf mRNA and VGF protein
during both adult and developmental stages. In adult VGF-
overexpressing mice, the expression level of Vgf mRNA was
higher than that of WT mice (Fig. 1a). Additionally, Vgf
mRNA and VGF protein levels were higher than those of
WT mice during postnatal day 3 (Fig. 1b, c).

@ Springer

Histological Analysis of the Cerebellum in Adult
VGF-Overexpressing Mice

We performed a histological analysis of the cerebellum
with Nissl staining. At first, we measured cerebellar vol-
ume in VGF-overexpressig mice and WT mice. The cer-
ebellar volume from vermis to hemisphere region of VGF-
overexpressing mice was significantly decreased compared
to WT mice (Fig. 2a). The cerebellum consists of two
regions, the vermis and hemisphere. We performed a his-
tological analysis of both the vermis (Fig. 2b—d) and hemi-
sphere (Fig. 2e—g). The cerebellar sagittal section area of
VGF-overexpressing mice was smaller than WT mice in
both vermis and hemisphere regions (Fig. 2b—g). Inter-
estingly, the cerebella of VGF-overexpressing mice were
missing the intercrural fissure between lobules VI and
VII, which was a clear abnormality during the histologi-
cal analysis (Fig. 2b). The missing the intercrural fissure
between lobules VI and VII was found in all VGF-over-
expressing mice (4 of 4 mice). The cerebellum has a clear
layer structure including the molecular layer, Purkinje
cell layer, granule layer, and white matter. We performed
a detailed histological analysis. The results showed the
cerebellar sagittal section area reduction of the granule
layer of VGF-overexpressing mice was confirmed in both
of vermis and hemisphere regions (Fig. 2d, g). In term of
Purkinje cell immunostained with calbindinD28K, there
were no significant differences in the cell number, the cell
density, and the length of cell dendrites (Fig. 3a—d). In
term of Bergmann glia immunostained BLBP, Bergmann
glia of both WT and VGF-overexpressing mice formed a
monolayer structure in the Purkinje cell layer (Fig. 3e).
Additionally, the fibers of Bergmann glia of both WT and
VGF-overexpressing mice had an exclusively radial orien-
tation (Fig. 3e). Taken together, there were no significant
differences on the morphologies of Purkinje cell and Berg-
mann glia between WT and VGF-overexpressing mice.

Defective Granule Cell Development
of VGF-Overexpressing Mice

Because the area reduction of the granule layer in VGF-
overexpressing mice was confirmed in both of vermis and
hemisphere regions, and there were no differences on the
morphology of Purkinje cell and Bergmann glia, we focused
on granule cell development using frozen sections of post-
natal day 3 mice. First, we performed cerebellar histological
analysis in postnatal day 3 with Nissl staining. The cerebel-
lar sagittal section area of whole cerebellum and external
granule layer (EGL), in which GCPs are located, of VGF-
overexpressing mice were smaller than that of WT mice
(Fig. 4a, b). Moreover, we performed immunohistochemistry
with neuronal marker NeuN, which labels all post-mitotic
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«Fig. 4 Changes in the development of the cerebellum in VGF-overex-
pressing mice. a Representative images of cerebellar vermis stained
with cresyl violet in postnatal day 3 of WT and VGF-overexpressing
mice. Scale bar=500 pm. b The cerebellar sagittal section area of the
whole cerebellum and EGL in postnatal day 3 of WT and VGF-over-
expressing mice. Data are expressed as the mean+ SEM (n=8 or 10).
*P <0.05 versus WT mice (Student’s  test). ¢, d NeuN staining (red)
shows the differentiated granule cells in the IGL of WT and VGF-
overexpressing mice. ¢ Representative images of NeuN staining in
WT and VGF-overexpressing mice. Scale bar=250 um. d The num-
ber of NeuN™ cells in the IGL. Data are expressed as the mean + SEM
(n=3 or 4). *P<0.05 versus WT mice (Student’s ¢ test). e, f pHH3
staining (green) shows proliferating GCPs in the EGL. e Representa-
tive images of pHH3 staining in WT and VGF-overexpressing mice.
Scale bar=100 pum. f The number of pHH3™ cells in the EGL. Data
are expressed as the mean +SEM (n=8 or 10). *P <0.05 versus WT
mice (Student’s ¢ test). g, h Ki67 staining (magenta) shows GCPs in
the EGL. g Representative images of Ki67 staining in WT and VGF-
overexpressing mice. Scale bar=50 pum. h The percentage of Ki67+
cells into Hoechst™ all cells tin the EGL. Data are expressed as the
mean=+SEM (n=8 or 10). EGL external granule layer, GCP granule
cell precursor, /GL internal granule layer, pHH3 phospho histone H3,
WT wild-type. (Color figure online)

neurons except for Purkinje cells [40] in the internal gran-
ule layer (IGL). The number of NeuN* cells in the IGL of
VGF-overexpressing mice was decreased than that of WT
mice (Fig. 4c, d). These results suggest that VGF-overex-
pressing mice exhibit the hypoplasia of granule layer during
developmental stage. To investigate the causes of cerebellar
hypoplasia, we measured the change in degree of prolifera-
tion and differentiation between VGF-overexpressing mice
and WT mice. To determine the degree of proliferation,
we performed immunohistochemistry with M phase prolif-
erating marker pHH3. The number of pHH3" cells in the
EGL of VGF-overexpressing mice was decreased compared
with WT mice (Fig. 4e, f). During the developmental stage,
proliferating GCPs are in the outer region of the EGL and
express Ki67 [41]. After mitotic division, GCPs differentiate
into immature granule cells, which accumulate in the inner
EGL and express Tujl [42]. Therefore, degree of differen-
tiation can be measured by the rate of Ki67-positive cells
in all cells in EGL [43]. To investigate the degree of dif-
ferentiation of GCPs of VGF-overexpressing mice, we per-
formed immunohistochemistry with Ki67 antibody. Ki67*
cells were in the outer EGL in both VGF-overexpressing
and WT mice (Fig. 4g). Moreover, there was no difference
of the rate of Ki67* cells into Hoechst™ all cells in the EGL
between VGF-overexpressing mice and WT mice (Fig. 4h).
Therefore, there was no change on the degree of the differ-
entiation between WT and VGF-overexpressing mice.
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Change of Proliferation Relating Signal
of the Developmental Cerebellum
in VGF-Overexpressing Mice

In previous reports, VGF-derived peptide (TLQP-62) rein-
forced BDNF-TrkB signaling in the hippocampus [6, 7].
Moreover, BDNF and its downstream factor, Erk, is involved
in the proliferation and differentiation of GCPs [6, 7, 33, 44].
To investigate the expression change, we performed western
blotting of Trk—Erk signaling. In postnatal day 3, in the cer-
ebella of VGF-overexpressing mice, phosphorylation of Trk
and Erk1 were promoted (Fig. 5a, b). There was no change in
Wnt—f-catenin and sonic hedgehog signaling between WT
and VGF-overexpressing mice (Fig. 5c).

Reduction of Potential Proliferation of GCPs
in Primary Culture

We investigated the degree of proliferation of GCPs in VGF-
overexpressing primary cell cultures derived from WT and
VGF-overexpressing mice. We confirmed the abundance of
GCPs in these culture by immunostaining of Math1 (GCPs
marker). In this experiment, the majority of primary cultures
were Math1™ cells as the Fig. 6a indicated. The percentage
of BrdU™ cells was lower than that of WT mice (Fig. 6b, ¢).

Impaired Motor Coordination
of VGF-Overexpressing Mice

Finally, we investigated whether developmental deficits
of granule cells influenced cerebellar functions in life. As
abnormal cerebellar development is often associated with
a motor coordination deficit, we performed the rotarod test
(Fig. 7a) and footprint test (Fig. 7b, c). In the rotarod test,
adult VGF-overexpressing mice fell early from the rod dur-
ing all trials compared with WT mice (Fig. 7a). In the foot-
print test, VGF-overexpressing mice had a larger hindfeet
width and shorter front feet stride compared with WT mice
(Fig. 7b, c). These results demonstrate that VGF-overex-
pressing mice exhibit a motor coordination deficit.

Discussion

Developmental disabilities of the brain are implicated in the
pathology of several mental illnesses, including schizophre-
nia and autism [15—17]. In previous reports, VGF enhanced
neurogenesis in cultured hippocampal neurons, and pro-
moted dendritic growth of cultured cortical neurons [7, 29,
30]. However, how VGF influences the development of the
immature brain in vivo is still unknown. In the present study,
we first demonstrated that VGF may be implicated in the
neural development of the cerebellum in vivo. We found that
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Fig.5 The expression changes of MAPK, Wnt, and Shh signaling in
VGF-overexpressing mice during the developmental period. a Rep-
resentative images show pErk, Erk, and p-actin. The quantitative
data show the expression pErkl and pErk2 during the developmen-
tal period relative to Erkl and Erk2 levels. Data are expressed as the
fold difference versus WT mice+SEM (n=8 or 11). *P<0.05 ver-
sus WT mice (Student’s 7 test). b Representative images show pTrk,
TrkB, and B-actin. The quantitative data show the expression pTrk

Fig.6 Reduction of poten- A
tial proliferation in GCPs of
VGF-overexpressing mice. a
Representative images of Mathl
staining in WT and VGF-
overexpressing mice. Scale

bar = 100 um. b Representative
images show proliferating cells
(red by BrdU expression) in
WT and VGF-overexpressing
mice. Nuclei are blue by
Hoechst 33342 staining. Scale
bar=500 um. ¢ The quantita-
tive data shows the percentage Tg
of BrdU* cells in WT and
VGF-overexpressing mice.
Arrowheads show the BrdU*
cells. Data are expressed as

the fold difference versus

WT mice + SEM (n=6 or 7).
*P <0.05 versus WT mice (Stu-
dent’s t test). BrdU 5-bromo-2'-
deoxyuridine, GCP granule cell
precursor, WT wild-type. (Color
figure online)
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VGF-overexpressing mice exhibited cerebellar hypoplasia,
developmental impairment of granule cells, and increased
phosphorylation of Trk and Erk in the developmental cer-
ebellum, which was accompanied by motor dysfunction.
The cerebellum has a laminar structure including a
molecular layer, Purkinje cell layer, granule layer, and
white matter, and is convenient for performing morpholog-
ical analyses. Generally, the cerebellum is subdivided into
the vermis and hemisphere regions. The cerebellar vermis
has ten major lobules (I-X anterior to posterior) [45]. The
cerebellar hemisphere has four lobules (Simplex, Crus I,
Crus II, and Paramedian) [45]. In the present study, we
focused on the development of granule cells, which are the
main cells in the granule layer. In the developmental stage
of mice, GCPs derived from the rhombic lip migrate to the
anlage of the developing cerebellum and form the EGL
[46]. In this layer, GCPs in the EGL proliferate and sub-
sequently exit the cell cycle. Moreover, these cells migrate
toward the inner granule layer to form the adult granule
layer. The EGL is subdivided into two areas; an upper,
mitotically active (outer EGL) and a lower, migratory layer
(inner EGL) [47]. In our in vivo and in vitro studies, the
proliferation of GCPs in VGF-overexpressing mice was
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low; however, the differentiation was not changed. As the
mechanism underlying the VGF-overexpressing pheno-
type, the phosphorylation of Trk and Erk were promoted.
Trk is the receptor of several neurotrophic factors, includ-
ing BDNF and NT-3 [48]. In the developmental brain,
expression of trkA mRNA was weaker than those of 17kB
and 1rkC, and the best correlation was found between the
VGF and trkB [49]. Therefore, it is suggested that the
promotion of the phosphorylation of Trk is most depend
on TrkB. Previous reports demonstrated that these neuro-
trophic factors promote differentiation and migration of
GCPs, and maturation and maintenance of differentiated
granule cells [50-53]. Additionally, in BDNF~~ mice and
CAPS27/~ mice, the differentiation of GCPs was delayed,
and the EGL was thick when it was barely detectable in
the WT mice [52, 53]. When cells differentiate, the cell
cycle stops and the proliferation potency decreases [54].
Based on these reports, neurotrophic factors promote exit
of the cell cycle and differentiation of GCPs into granule
neurons. Erk is downstream of the Ras/Raf/MEK/ERK
signaling cascade. Many reports demonstrate that ERK
activation is involved with the promotion or inhibition of
cell proliferation bilaterality in several cells [55]. Others
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have reported that the activation of Erk suppresses GCPs
proliferation via RAS and Wnt3 [33, 44]. Taken together,
these previous reports and our present results suggest that
VGF has a suppressing effect on the proliferation of GCPs
via phosphorylation of Trk and Erk.

In addition to impaired cerebellar development, VGF-
overexpressing mice exhibited impaired motor coordina-
tion and ataxic gait, whose impairment was confirmed
in mice with a cerebellar disability [34, 56]. Although
VGF-overexpressing mice exhibited normal cerebellar
patterning, the development of granule cell precursors
was impaired. The impairment of development of granule
cells influences cerebellar circuity [57]. Taken together,
VGF-overexpressing mice have impaired development of
GCPs, which impacts cerebellar circuity and motor func-
tion. However, future works should investigate cerebellar
circuity using electrophysiological techniques. Further,
our previous study demonstrated that VGF-overexpressing
mice exhibited striatal morphological defects, whose func-
tion is important for motor coordination [13]. Thus, both
cerebellar morphological defects and those of the striatum
are responsible for impaired motor coordination and ataxic
gait in VGF-overexpressing mice.

In conclusion, we demonstrated that increased VGF
expression promoted Trk/Erk signaling (which is impor-
tant for neural proliferation, differentiation, and matura-
tion), impaired granule cell development, and resulted in
motor disability in adult mice.
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