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Neuritin Mediates Activity-Dependent Axonal Branch
Formation in Part via FGF Signaling

Tadayuki Shimada,' Tomoyuki Yoshida,” and Kanato Yamagata'
'Synaptic Plasticity Project, Tokyo Metropolitan Institute of Medical Science, 2-1-6 Kamikitazawa, Setagaya, Tokyo, 156-8506, Japan, and 2Department of
Molecular Neuroscience, Graduate School of Medicine and Pharmaceutical Sciences, University of Toyama, 2630 Sugitani, Toyama, Toyama, 930-0194,
Japan

Aberrant branch formation of granule cell axons (mossy fiber sprouting) is observed in the dentate gyrus of many patients with temporal
lobe epilepsy and in animal models of epilepsy. However, the mechanisms underlying mossy fiber sprouting remain elusive. Based on the
hypothesis that seizure-mediated gene expression induces abnormal mossy fiber growth, we screened activity-regulated genes in the
hippocampus and found that neuritin, an extracellular protein anchored to the cell surface, was rapidly upregulated after electroconvul-
sive seizures. Overexpression of neuritin in the cultured rat granule cells promoted their axonal branching. Also, kainic acid-dependent
axonal branching was abolished in the cultured granule cells from neuritin knock-out mice, suggesting that neuritin may be involved in
activity-dependent axonal branching. Moreover, neuritin knock-out mice showed less-severe seizures in chemical kindling probably by
reduced mossy fiber sprouting and/or increased seizure resistance. We found that inhibition of the fibroblast growth factor (FGF)
receptor attenuated the neuritin-dependent axonal branching. FGF administration also increased branching in granule neurons, whereas
neuritin knock-out mice did not show FGF-dependent axonal branching. In addition, FGF and neuritin treatment enhanced the recruit-
ment of FGF receptors to the cell surface. These findings suggest that neuritin and FGF cooperate in inducing mossy fiber sprouting
through FGF signaling. Together, these results suggest that FGF and neuritin-mediated axonal branch induction are involved in the
aggravation of epilepsy.
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This study reveals the molecular mechanism underlying mossy fiber sprouting. Mossy fiber sprouting is the aberrant axonal
branching of granule neurons in the hippocampus, which is observed in patients with epilepsy. Excess amounts of neuritin, a
protein upregulated by neural activity, promoted axonal branching in granule neurons. A deficiency of neuritin suppressed mossy
fiber sprouting and resulted in mitigation of seizure severity. Neuritin and fibroblast growth factor (FGF) cooperated in stimulat-
ing FGF signaling and enhancing axonal branching. Neuritin is necessary for FGF-mediated recruitment of FGF receptors to the
cell surface. The recruitment of FGF receptors would promote axonal branching. The discovery of this new mechanism should
contribute to the development of novel antiepileptic drugs to inhibit axonal branching via neuritin-FGF signaling. j

ignificance Statement

Introduction
Epilepsy is a chronic neurological disorder that affects ~1% of
people worldwide. It is defined by recurrent seizures and is often
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accompanied by cognitive deficits and mood disorders (Devin-
sky, 2004; Pellock, 2004; Jones et al., 2008). Seizures may be gen-
erated by the synchronous firing of small groups of neurons
called epileptic foci (Stevens, 1996; Pitkidnen and Sutula, 2002).
Epileptic seizures cause anatomical and functional sequelae in the
brain. These neuroplastic changes, which include neuronal cell
loss (Represa et al., 1995; Arzimanoglou et al., 2002), dispersion
of dentate gyrus granule cells (Houser, 1990), promotion of neu-
rogenesis (Parent et al., 1997), and activation of astrocytes in the
hippocampus (Sofroniew, 2009), have been found in numerous
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patients with temporal lobe epilepsy and in various laboratory
animal models of epilepsy.

Another anatomical change is observed in the patients with
epilepsy and in the animal models of epilepsy. Axons of granule
cells in the dentate gyrus (mossy fibers) form aberrant axonal
branches that are directed toward the dentate gyrus molecular
layer and form recurrent excitatory synapses with other granule
cells (Sutula et al., 1988; Parent et al., 1997). This anatomical
alteration is called mossy fiber sprouting. The functional signifi-
cance of mossy fiber sprouting in epilepsy has been studied using
different approaches, including animal models (Zhang et al,
2002; Koyama and Ikegaya, 2004) and neuron cultures (Routbort
et al., 1999; Bausch and McNamara, 2004). These studies have
shown that mossy fiber sprouting is a critical factor that contrib-
utes to the hyperexcitability of the neural circuit in the hip-
pocampus, particularly in the dentate gyrus (Zhang et al., 2002;
Bausch and McNamara, 2004; Koyama and Ikegaya, 2004;
Houser et al., 2012). It has also been shown that the deletion of
phosphatase and tensin homolog in granule neurons causes
spontaneous mossy fiber sprouting and results in intermittent
seizures (Amiri et al., 2012; Pun et al., 2012), thus supporting a
correlation between mossy fiber sprouting and epileptogenesis.

Neuritin, also known as candidate plasticity gene 15 (CPG15),
was first identified as one of the activity-dependent gene products
in the brain (Nedivi et al., 1993). Neuritin is a small extracellular
protein that is anchored to the cell surface by a glycosyl-
phosphoinositide (GPI) link (Naeve et al., 1997). Several studies
have explored the function of neuritin in neuronal morphology.
Neuritin induces neuritogenesis, neurite arborization, and neu-
rite outgrowth (Shimada et al., 2013). The administration of pu-
rified neuritin to cultured hippocampal and cortical neurons
induces extensive neurite formation (Naeve et al., 1997; Sato et
al., 2012). Overexpression of neuritin increases dendritic arbors
in the optic tectal neurons of Xenopus tadpoles (Nedivi et al.,
1998) and promotes increases in axonal branch formation and
decreases in the branch retraction in motoneurons of Xenopus
(Javaherian and Cline, 2005). Furthermore, dissected hippocam-
pal explants cocultured with neuritin-expressing cells show sig-
nificantly longer neurites than do those cocultured with control
cells (Fujino et al., 2008). Although neuritin mRNA is predomi-
nantly expressed in the brain, particularly in the dentate gyrus of
the hippocampus (Naeve et al., 1997), the effects of neuritin on
dentate granule neurons are still unknown. Moreover, the mech-
anisms that explain how neuritin induces morphological changes
in neurons are not well studied.

Here, we elucidate the function of neuritin in mossy fibers
both in dissociated cultures and in hippocampal organotypic
slice cultures. The results indicate that neuritin promotes axonal
branch formation without axonal elongation. We further dem-
onstrate that neuritin interacts with fibroblast growth factor re-
ceptor (FGFR) and that neuritin-mediated axonal branch
formation is abolished by the inhibition of FGFR activation. Fi-
nally, we find that neuritin-deficient mice show less aggravation
in the mossy fibers after pentylenetetrazole (PTZ) kindling.
Our studies suggest that neuritin and FGF cooperatively cause
seizure-induced axonal branch formation in granule cells and
that this neuritin-mediated axonal branching may be involved in
the exacerbation of epilepsy.

Materials and Methods

DNA constructs and reagents. To construct expression vectors for neuritin
ORF, ¢cDNA was amplified by PCR from a rat brain cDNA library and
ligated into a vector with a CAG promoter (Niwa etal., 1991). For FGFRs,
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cDNA from just after the signal peptide to the terminal codon was am-
plified by PCR from cDNA of the rat brain and then ligated into the
vector with the CAG promoter, signal peptide, and HA tag. The myc tag
was added to neuritin through site-directed mutagenesis, and the myc
peptide was inserted just before the GPI signal peptide. The EGFP tag was
added to neuritin through site-directed mutagenesis. The EcoR I-Xhol
site was created just after the extracellular transport signal peptide. EGFP
was amplified by PCR and ligated in the enzyme site.

Kainic acid (KA), PD173074, AZD4547, U0126, LY294002, U73122,
5-chloromethylfluorescein diacetate (CMFDA), and recombinant FGFs
were obtained from Sigma-Aldrich, Cayman, Selleck, LC Laboratories,
Cayman, Focus Biomolecules, AdipoGen, and PeproTech, respectively.

Mice. Neuritin knock-out (KO) mice were obtained from The Jackson
Laboratory (Nrnl™-2N4v: stock # 018402, https://www.jax.org/strain/
018402). Control animals were neuritin™/* wild-type (WT) mice that
were derived from heterozygous crosses. All animal experiments were
approved by the Animal Care and Use Committee of the Tokyo Metro-
politan Institute of Medical Science and were performed according to
their recommendations.

Cell culture. Hippocampal granule neurons were collected from P3
Sprague Dawley rats (Nihon-Clea) or P3-P4 neuritin KO mice and their
WT littermates of either sex. Isolation of granule cells was performed as
described by Baba et al. (2003). In brief, hippocampi were dissected from
the animals, and the subiculum and the Ammon horn were carefully
removed. The remaining dentate gyrus was treated with 0.05% trypsin
(Invitrogen). After gentle trituration, isolated cells were plated onto 18
mm coverslips coated with poly-L-lysine in 12-well plates at a density of
2-5 X 10*/well. The cells were cultured in 10% FCS/Neurobasal medium
for 3 h, and the medium was then changed to Neurobasal medium/2%
B-27 supplement/0.2% GlutaMAX (Invitrogen). The cells were trans-
fected with plasmids using Nucleofector (Amaxa, Lonza) before plating.
Half of the medium was changed twice per week. Granule cells were
identified by immunostaining with anti-prox 1 antibody (Millipore).

Organotypic slice culture. Hippocampal slice cultures were prepared
from P7 Sprague Dawley rats (Nihon-Clea) or P6-P7 neuritin KO mice
and their WT littermates of either sex as described previously (Hayashi et
al., 2000; Okamoto et al., 2004). In brief, after the brain was taken from
the animal and placed in cutting buffer (2.5 mm KCl, 25.6 mm NaHCO;,
1.15 mm NaH,PO,, 11 mm glucose, 238 mm sucrose, 1 mm CaCl,, and 5
mm MgCl,), the hippocampi were removed and cut with a Mcllwain
tissue chopper to generate 350-um-thick slices. The hippocampal slices
were placed on tissue culture inserts (Millicell, Millipore) and main-
tained in 5% CO, at 35°C. Millicells were submerged in 1 ml of culture
medium (788 ml MEM, 200 ml horse serum, 4.8 g glucose, 0.49 g
NaHCO;, 2 ml of 1 M CaCl,, 2 ml of 1 M MgSO,, 7.16 g HEPES, 48 ul of
25% ascorbic acid, and 50 ul of 10 mg/ml insulin; pH was adjusted to 7.3
with NaOH) in a 6-well plate or 35 mm dish. The medium was com-
pletely changed 3 times per week. After 7 d of culture, a Helios gene gun
(Bio-Rad) was used to transfect DNA into granule neurons. For gene gun
transfection, 25 mg of 1.0 um gold particles (Bio-Rad) was coated with a
total of 50 ug of plasmid DNA (50 ng: pPCAG-EGFP, or 25 pg: pCAG-
EGFP and 25 ug: pCAG-neuritin-myc/1 long tube), according to the
manufacturer’s protocol. The slices were treated with KA, PD173074,
AZD4547 or vehicle from DIV 8 to DIV 10 and were fixed on DIV 11. For
reagent treatment, reagent was applied to the medium first, and then the
medium was dropped onto the slices; this was followed by the transfer of
medium from the culture insert to the well.

Preparation and application of Fc-tagged proteins. Soluble recombinant
neuritin-Fc and Fc were prepared as described previously by Uemura et
al. (2010). In brief, respective expression vectors were transfected into the
FreeStyle 293F cells (Invitrogen). Cell culture medium containing Fc-
tagged protein was collected. Protein was purified by a protein
A-Sepharose bead column and eluted with 3 M MgClL,. Eluted solution
was concentrated with Amicon concentrators (10 kDa cutoff), and the
buffer was changed to PBS. Purified proteins were administered to the
cultured neurons (1 ug/ml) at DIV 1. Medium with purified proteins was
used to change the culture medium.

Immunocytochemistry and immunohistochemistry. Cultured granule
neurons were fixed with 4% PFA for 20 min at room temperature, and
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this was followed by 3 washes with PBS. After treatment with 0.1% Triton
X-100 PBS for 10 min at room temperature for permeabilization and a
brief wash with PBS, the cells were treated with 2% goat serum PBS for 1 h
at room temperature. The cells were then immunostained using the fol-
lowing antibodies: anti-Tujl (Covance, 1:1000), anti-prox 1 (Millipore,
1:6000), anti-myc (Roche, 1:1000), anti-FGFR1 (CST, D8E4, 1:200), and
anti-GFP (Millipore, 1:1000). For cell surface FGFR1 staining, 30 um
CMFDA was applied 180 min before fixation, and Triton X-100 treat-
ment was not performed after fixation. The cells were then immuno-
stained with anti-FGFR1 (Abcam, M2F12, 1:300). Secondary antibodies
were conjugated with Alexa-488, Alexa-568, and Alexa-647 (Invitrogen,
1:2000). We used 50% glycerol and 50% PBS as the mounting medium.

For slice culture, the slices were fixed with 4% PFA for 2 h at room
temperature; this was followed by 3 washes with PBS. After treatment
with 1% Triton X-100 PBS overnight at 4°C and a brief wash with PBS,
the slices were treated with 20% BSA, 0.1% Triton X-100 PBS for 1 h at
room temperature. The slices were then immunostained using the same
primary and secondary antibodies as those used for immunostaining the
cultured cells. We used 15% poly-vinyl alcohol, 5% propyl gallate, and
30% glycerol in PBS as the mounting medium.

The fixed brain slices were washed with 0.1% Triton X-100 PBS
(PBST) for 10 min 3 times before being blocked with 2% goat serum in
PBST for 1 h. The slices were then immunostained using the following
antibodies: anti-Tujl (1:1000), anti-synaptoporin (Synaptic Systems,
1:500), and anti-ZnT3 (Synaptic Systems, 1:500). Secondary antibodies
were conjugated with Alexa-488 and Alexa-568 (1:1000). The slices were
stained with DAPI after the secondary antibody treatment. We used 50%
glycerol and 50% PBS as the mounting medium.

RNA interference (RNAi). The sequence of the targeted region of rat
FGFRI mRNA for Stealth RNAi (Invitrogen) was 5'-CAGCUGCCAAGA
CGGUGAAAUUCAA-3’, which corresponds to nucleotide residues
506-530. As a control, we used a sequence (5'-AAGGAGGAAAGACCG
CUGAAUCCUG-3"), which does not target any known vertebrate gene.
For the rescue experiment, rat FGFR1*, which is resistant to RNAi treat-
ment, was subcloned into the vector with the CAG promoter, signal
peptide, and HA tag. The FGFRI* sequence was altered as follows:
CAGCUGCCAAGACGGUUAAGUUUAA (italicized nucleotides were
substituted). The neurons were transfected with RNA and plasmids using
Nucleofector (Amaxa, Lonza) before plating. The 293T cells were trans-
fected using Lipofectamine 2000.

Immunoprecipitation. The 293T cells were transfected with Lipo-
fectamine 2000. After 30 h of culture after transfection, the cells were
lysed with lysis buffer (100 mm NaCl, 3 mm MgCl,, 5 mm EDTA, 20 mm
HEPES, pH 7.2, 1% Triton X-100, with Roche protease inhibitor mixture
and phosphatase inhibitor, NaF and NaV;). After a brief sonication on
ice, cell lysates were centrifuged, and detergent-soluble fractions were
collected. Lysates were precleaned with protein L agarose beads (Santa
Cruz Biotechnology) and then incubated with anti-HA (Roche) or anti-
GFP (Invitrogen) antibody for 2 h; the protein L agarose was then added.
Precipitates were washed with the lysis buffer and eluted in 2X SDS
sample buffer.

PTZ-mediated seizure induction. Eight-week-old mice of either sex
were injected intraperitoneally with a subconvulsive dose (35 mg/kg) of
pentylenetetrazole (Sigma-Aldrich) (2 mg/ml in 0.9% NacCl) every other
day. After the injection, the convulsive behavior of the mice was observed
for 30 min, and the resultant seizures were classified and scored as fol-
lows: 0, normal behavior; 1, immobilization; 2, facial, forelimb, or
hindlimb myoclonus; 3, continuous whole-body myoclonus; 4, rearing,
tonic seizure; 5, tonic-chronic seizure; and 6, death; if an animal died, the
following scores were estimated as 6 (Shimada et al., 2014). This scoring
system was slightly modified from that described by Itoh et al. (2004). For
the seizure score graph (see Fig. 4A), 10 injections were administered. To
induce mossy fiber sprouting, 25 injections with the dose of PTZ being
changed from the 11th injection were administered as follows: the start-
ing dose at 11th injection was 32 mg/kg; if a seizure score reached 5, the
dose was decreased by 4 mg/kg thereafter; if a seizure score was 3 or less
for 3 consecutive injections, the dose was increased by 4 mg/kg (32 mg/kg
maximum) thereafter. All experiments were performed from 9:00 A.M.
to 11:00 A.M.
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Preparing brain slices. The mice were anesthetized and perfused tran-
scardially with 4% PFA in 0.1 M PB, pH 7.4. The brains were rapidly
removed and postfixed for >24 h with 4% PFA and then cryoprotected in
20% sucrose PBS. The brains were frozen on the stage of a microtome
(Microm). The sections were cut at 30 um and preserved at 4°C with
0.02% sodium azide PBS.

Microscopy and image processing. Images were captured with an Axio-
Imager Z.1 (Zeiss) with the MosaiX option. For 3D images, stack images
were acquired with the interval between images set to 0.48 um. Stack
images were maximally projected by the Fiji program. For reconstruction
of neuronal images, projected neuronal processes were manually traced
with a pencil tool in GIMP. For image processing, brightness and con-
trast were adjusted with GIMP.

Quantification and statistical analysis. Quantification of axon length
and primary branch length was performed with Image] with the Neuron]
plug-in. The longest neurite was defined as an axon, and the sum of the
length of primary branches along the given axon (secondary and tertiary
branches were excluded) divided by the number of primary branches was
defined as the average primary branch length. The number of primary
branches divided by axonal length was defined as the number of primary
branches per unit length of axon (100 wm axon). Statistical significance
was determined as described in the figure legends. Statistical analysis was
performed with SPSS software (IBM). Data are presented as the mean *+
SEM. When the program showed p = 0.000, it is shown as p < 0.001 in
this manuscript.

Results

Neuritin promotes axonal branching in hippocampal

granule neurons

To investigate the function of neuritin in axonal morphogenesis
of granule cells in the hippocampal dentate gyrus, we overex-
pressed myc-tagged neuritin in granule cells. Single cells were
prepared from the dentate gyrus of P3 rats and were electropo-
rated with an EGFP expression plasmid to visualize the axonal
elongation and branching. The granule cells were plated at low
density on poly-L-lysine-coated coverslips and were cultured for
4 d. The longest neurite was evaluated as an axon. We measured
the length of the axon, the number of branches per 100 um of
axon, and the average length of the branches of the axon. The
branching of granule cell axons was promoted by the overexpres-
sion of neuritin (Fig. 1A, B), whereas the axonal length was not
altered by neuritin expression (Fig. 1A,B). We measured the
same parameters at 7 DIV and 10 DIV. Axonal branching was also
promoted at both DIVs (Fig. 1B). Given previous reports that
neuritin induces neurite elongation (Naeve et al., 1997; Fujino et
al., 2008), axonal and dendrite branching (Nedivi et al., 1998;
Javaherian and Cline, 2005), and neuritogenesis (Naeve et al.,
1997; Sato et al., 2012), the effects of neuritin may vary across
neuronal subtypes. The hippocampal granule cells may exhibit
induced axonal branching but do not exhibit elongated axons in
response to neuritin.

Neuritin is a GPI-anchored membrane protein and is solubi-
lized by cleavage of the GPI anchor (Putz et al., 2005). The soluble
form of neuritin is also functional (Putz et al., 2005; Fujino et al.,
2008). To verify the possibility that soluble neuritin promotes
axonal branching, we administered recombinant soluble neuritin
to the culture medium of granule cells. The granule cells cultured
with soluble neuritin also exhibited enhanced axonal branching
at DIV 4, but control Fc protein did not promote axonal branch
formation and elongation (Fig. 1C,D). Additionally, soluble neu-
ritin did not alter the axonal length (Fig. 1C,D). Similar morpho-
logical changes were also observed at DIV 7 (Fig. 1D), indicating
that neuritin promotes only axonal branch formation and elon-
gation. Because the application of a soluble form of neuritin
caused morphological effects on granule neurons comparable
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Figure1.  Overexpression and application of neuritin promotes axonal branching in cultured
hippocampal granule cells. 4, Overexpression of neuritin enhanced axonal branching. EGFP or
EGFP and neuritin-transfected granule neurons were fixed and imaged at DIV 4. Representative
neurons are shown. Scale bar, 50 m. B, Quantification of axonal length (DIV 4: p = 0.736; DIV
7:p = 0.027;and DIV 10: p = 0.549), the number of primary branches per 100 ..m of axon (DIV
4:p < 0.001; DIV 7: p = 0.002; and DIV 10: p = 0.003), and the average length of primary
branches (DIV 4:p << 0.001; DIV 7:p << 0.001; and DIV 10: p = 0.012) from three independently

J. Neurosci., April 20, 2016 - 36(16):4534 — 4548 « 4537

with those caused by the overexpression of neuritin, soluble neu-
ritin may act as a ligand on the axonal plasma membrane to
promote branching.

We then sought to investigate the branch-forming activity of
neuritin in granule cells in hippocampal slice cultures. The brain
slices were prepared from P7 rats. We transfected neuritin and
EGFP expression plasmids into cultured slices at DIV 7 and fixed
the slices at DIV 11. The overexpression of neuritin increased the
number of branches and the average length of branches, whereas
axonal length was not altered by neuritin expression (Fig. 24, B).
These results suggest that neuritin enhanced axonal branching,
even when neurons were embedded in other brain cells.

Interestingly, the application of KA showed similar morpho-
logical changes to those resulting from neuritin overexpression.
We transfected the EGFP expression plasmid at DIV 7 and treated
slices with KA from DIV 8 to DIV 10. The slices were fixed at DIV
11, and an EGFP signal was observed. Treatment with KA also
resulted in the promotion of axonal branching but did not alter
axonal length (Fig. 2C,D).

Neuritin is required for activity-dependent axonal branching
Because neuritin is inducible in hippocampal neurons by KA
treatment (Naeve et al., 1997), enhanced neuronal activity may
induce neuritin and subsequent axonal branch elongation. In
addition, neuritin KO mice show delayed axonal arbor develop-
ment in retinal ganglion cells (Fujino et al., 2011), thus suggesting
that neuritin may be necessary for activity-dependent axonal
branch formation. To test this hypothesis, we prepared hip-
pocampal granule neurons from WT and neuritin KO mice. We
treated these granule neurons with KA from DIV 1 to DIV 4 and
fixed them at DIV 4. The application of KA also promoted axonal
branching in WT granule neurons but not in KO neurons. We
did not observe any increase in the number of axonal branches or
in the average axonal branch length in response to kainate. Inter-
estingly, as also observed with neuritin overexpression or treat-
ment, KA treatment did not increase axon length in either WT or
KO neurons (Fig. 34, B).

We performed rescue experiments to determine whether this
abrogation of KA-dependent axonal branching would be recov-
ered by treatment of recombinant neuritin. The administration
of recombinant neuritin enhanced axonal branching even in neu-
ritin KO neurons. KA treatment did not induce any additional
enhancement of axonal branching (Fig. 3C,D). These results sug-
gest that the protein level of neuritin is positively correlated with
axonal branching and that KA may promote axonal branching
through the induction of neuritin.

We then compared the granule neurons in organotypic slice
cultures of hippocampi between WT and neuritin KO mice.
EGFP-encoding plasmids were transfected into the slices at DIV
7. The slices were treated with KA from DIV 8 to DIV 10 and were
fixed at DIV 11. Again, in contrast with the WT neurons, neuritin
KO neurons did not show either KA-mediated axonal branch

<«

performed experiments with n = 30 for each at DIV 4, 7, and 10, respectively. *p < 0.05
(one-way ANOVA). ***p << 0.005 (one-way ANOVA). C, Application of purified neuritin also
enhanced axonal branching. EGFP-transfected granule neurons treated with Fc or Neuritin-Fc
were fixed and imaged at DIV 4. Representative neurons are shown. Scale bar, 50 pm.
D, Quantification of axonal length (DIV 4: p = 0.109; and DIV 7: p = 0.620), the number of
primary branches per 100 wm of axon (DIV 4: p = 0.021; and DIV 7: p = 0.012), and the
average length of primary branches (DIV 4: p << 0.001; and DIV 7: p = 0.026) from three
independent experiments with n = 30 for each at DIV 4 and DIV 7, respectively. *p << 0.05
(one-way ANOVA). ***p < 0.005 (one-way ANOVA).
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Figure2.  Neuritin promotes axonal branching of hippocampal granule neurons in organotypic slice cultures. A, Images and reconstructions of axons and dendrites of a granule neuron expressing

EGFP or expressing EGFP and neuritin in hippocampal slice culture. Slices were fixed and imaged at DIV 11. Scale bar, 50 um. B, Quantification of axonal length (p = 0.963), the number of primary
branches per 100 ,m of axon (p = 0.041), and the average length of primary branches (p = 0.005); n = 18 total for each, and the data were collected from three independent experiments. *p <
0.05 (one-way ANOVA). ***p << 0.005 (one-way ANOVA). €, Reconstructions of axons and dendrites of granule neurons expressing EGFP in hippocampal slice cultures treated with 5 pum of KA or the
vehicle (PBS). Scale bar, 50 wm. D, Quantification of axonal length (p = 0.648), the number of primary branches per 100 w.m of axon (p = 0.047), and the average length of primary branches
(p = 0.007); n = 18 for each, and the data were collected from three independent experiments. *p << 0.05 (one-way ANOVA). ***p << 0.005 (one-way ANOVA).

formation or branch elongation. Axonal elongation of the gran-
ule cells was not observed in either WT or KO slices (Fig. 3E, F).
These results strongly suggest that neuritin is required for the
activity-dependent axonal branch formation and elongation in
hippocampal granule neurons.

Neuritin-mediated branch formation is involved in the
aggravation of epileptic seizure

To evaluate the pathophysiological role of neuritin-mediated
axonal branching in vivo, we constructed an epileptic seizure
model using chemical kindling. Aberrant branch formation of
granule cell axons is observed in the hippocampi of patients
with temporal lobe epilepsy and in animal models of epilepsy.
There is a leading hypothesis that the aberrant sprouting of
mossy fibers exacerbates seizure severity in epilepsy. Epileptic
seizure is caused by abnormal excessive or synchronous
neuronal activity in the brain. Neural activity induces the ex-
pression of neuritin (Nedivi et al., 1993; Naeve et al., 1997).
Moreover, our data suggest that upregulation of neuritin pro-
motes axonal branching in granule cells. Thus, we investigated
whether neuritin is involved in the exacerbation of epileptic
seizures.

Injection of PTZ, an antagonist of GABA, induces epileptic
seizures. Chronic administration of PTZ at a subconvulsive dose
has been used to develop chemical kindling models in rodents. In
this model, seizure severity is elevated along with the progression
of PTZ injections. We injected PTZ at 35 mg/kg into WT or
neuritin KO mice every other day and monitored their seizure
scores for 30 min after injection (WT, n = 10 males; KO, n = 10
males). Neuritin KO mice showed significantly lower seizure
scores than did WT mice over the course of 10 injections
(Fig. 4A). This result suggests that neuritin-mediated axonal

branching is involved in the aggravation of epilepsy. To clarify
whether axonal branching is indeed observed after the kindling
experiment, we performed immunohistochemical analyses of the
mouse brain before and after kindling. To induce massive mossy
fiber sprouting, we injected PTZ 25 times (WT, n = 19, 12 males
and 7 females; KO, n = 12, 8 males and 4 females) and classified
each genotype of animals by their maximum seizure score as
follows: WT, severe group (maximum score = 6, n = 9 of 19);
average group (maximum = 5 or 4, n = 5 of 19); and mild group
(maximum 3 or less, n = 5 of 19); KO, severe group (maxi-
mum = 5, n = 6 of 12); average group (maximum = 4, n = 3 of
12); and mild group (maximum = 3 or less, n = 3 of 12). No KO
animals died by seizure. Then, we stained the brain slices from
animals in each average group with anti-synaptoporin antibody
and anti-ZnT3 antibody. Synaptoporin and ZnT3 have been re-
ported to be good markers for mossy fibers (Grabs et al., 1994;
Wenzel et al., 1997). Aberrant synaptoporin-positive axonal
branches were observed in the granule cell layer in WT mouse
brains after kindling (Fig. 4 B, C). Aberrant axonal branching was
measured by counting the number of axons that penetrated into
the granule cell layer (Fig. 4D). As shown in Figure 4E, the KO
mice showed fewer axons penetrating into the dentate gyrus after
kindling than did the WT mice. The numbers of sprouted axons
were not different between these strains before kindling. In addi-
tion, ZnT3-positive axons also penetrated into the granule layer
after kindling, and the WT mice showed more prominent axonal
sprouting than did the KO mice (Fig. 4G). These results suggest
that reduction in seizure-mediated axonal branching causes the
slower development of seizure severity in neuritin KO mice.
Neuritin KO mice have been shown to exhibit delayed synapse
formation, dendritic arborization, and axonal branching (Fujino
etal.,, 2011). Thus, we investigated whether such axonal changes
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Figure 3.  Deficiency of neuritin abolishes KA-dependent axonal branching in granule neurons. 4, Neurons from neuritin KO

mice did not show KA-dependent axonal branching. KA (10 tum) or the vehicle (PBS) was applied at DIV 1, and neurons were fixed
atDIV 4. Representative neurons are shown. Scale bar, 50 m. B, Quantification of axonal length (WT: p = 0.252; KO: p = 0.285),
the number of primary branches per 100 m of axon (WT: p = 0.001; KO: p = 0.338), and the average length of primary branches
(WT: p = 0.014; KO: p = 0.812) from three independent experiments with n = 30 for each. *p << 0.05 (one-way ANOVA for each
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after kindling are due to a resistance to
seizure activity in KO mice or a preven-
tion of axon sprouting. We compared
mossy fiber sprouting in the hippocampal
slices of KO and WT mice, both showing
equivalent degrees of seizure severity
(WT, n = 3; KO, n = 6). The number
of aberrant axonal branches was not
significantly different between the WT
and KO mice (Fig. 4F). These results also
raise a possibility that neuritin KO mice
may have a resistance to seizure, causing
a slower development of mossy fiber
sprouting after PTZ kindling.

FGFR is necessary for neuritin-
dependent axonal branching

We next tried to clarify the downstream
signaling of neuritin that induces axonal
branching. Because neuritin is an extra-
cellular or secreted protein, binding pro-
teins could be candidates for the neuritin
receptor. Furthermore, the GPI-anchored
protein preferably interacts with tyrosine-
kinase-coupled receptor proteins, includ-
ing the glial cell line-derived neurotrophic
factor receptor and C-Ret (Trupp et al,,
1996), ciliary neurotrophic factor recep-
tor and GP130 (Ip etal., 1992), and ephrin
B and tyrosine receptor kinases (Marler
et al., 2008). Among the tyrosine-kinase-
coupled receptors, we focused on the
FGFR and investigated whether FGFRs
can interact with neuritin.

Four FGFRs have been identified to
date (Szebenyi and Fallon, 1999), but only
FGFRs 1-3 have been found in differenti-
ated neurons (Itoh et al., 1994; Belluardo

<«

genotype). ***p << 0.005 (one-way ANOVA for each geno-
type). n.s., Not significant. ¢, Neuritin-Fc treatment promoted
axonal branching in neuritin KO neurons. KA (10 pum) or the
vehicle (PBS) and 1 wg/ml of Fc or Neuritin-Fc were applied at
DIV1,and neurons were fixed at DIV 4. Representative neurons
are shown. Scale bar, 50 wm. D, Quantification of axonal
length (PBS: p = 0.564; KA: p = 0.497), the number of pri-
mary branches per 100 .em of axon (PBS: p << 0.001; KA: p <
0.001), and the average length of primary branches (PBS: p <
0.001; KA: p < 0.001) from three independent experiments
withn = 30foreach. ***p < 0.005 (one-way ANOVA for each
treatment). n.s., Not significant. E, Granule neurons in hip-
pocampal slice cultures from KO mice were not altered by KA
treatment. Reconstructions of granule neurons expressing
EGFP in hippocampal slice culture. KA (5 wm) treatment was
performed from DIV 8 to DIV 10. Scale bar, 50 wm. F, Quanti-
fication of axonal length (WT: p = 0.955; KO: p = 0.808), the
number of primary branches per 100 m of axon (WT: p =
0.048; KO: p = 0.603), and the average length of primary
branches (WT: p = 0.009; KO: p = 0.940); n = 2025 total
for each, and the data were collected from five independent
experiments. *p << 0.05 (one-way ANOVA for each genotype).
¥¥¥p <0.005 (one-way ANOVA for each genotype). n.s., Not
significant.
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Figure4. Neuritinaggravates epileptic seizures by enhancing mossy fiber sprouting. 4, Development of epileptic convulsive seizures following consecutive treatments with PTZ. KO mice (n = 10)
showed a significant reduction in seizure score compared with thatin WT mice (n = 10) (p = 0.041). *p << 0.05 (repeated-measured ANOVA). B, Maximally projected immunohistochemical images
of the dentate gyrus and hilus of the WT and neuritin KO mice, fixed before and after kindling. Anti-synaptoporin antibody was used to visualize axons of granule neurons (mossy fibers). Scale bar,
200 m. €, Enlarged images of the hilus, granule cell layer, and molecular layer. The pictured areas correspond to the boxed areas in B. Arrowheads indicate mossy fiber sprouting. Scale bar, 50 em.
D, Schematic illustration for the quantification of the degree of mossy fiber sprouting. The linescan intensity of synaptoporin was measured along the border of the hilus (black line). Background
intensity was measured as the minimum intensity at the granule cell layer (red square), and saturated intensity was measured as the maximum intensity at the hilus (blue square). Within the
linescan, the number of branches (black arrowheads) that exceeded the threshold intensity, the mean intensity of the background, and saturation were measured in each hippocampal slice. And the
numbers of branches per unit length of the border of the hilus were quantified. E, Quantification of the number of synaptoporin-positive branches per 100 um of border of the hilus in hippocampal
slices (WT: p << 0.001;KO: p < 0.001; WTvs KO after kindling: p = 0.032; WT vs KO before kindling: p = 0.713). The number of animals used was 4 before kindling and 5 (WT) or 3 (KO) after kindling.
Two slices were prepared from each animal, and the numbers of branches were measured in both hippocampi in every slice. *p << 0.05 (one-way ANOVA between each group). ***p < 0.005
(one-way ANOVA between each group). F, Quantification of the number of synaptoporin-positive branches per 100 wm of border of the hilus in hippocampal slices (p = 0.105). The number of
animals was 3 for WT and 6 for KO. Two slices were prepared from each animal, and the numbers of branches were measured in both hippocampi in every slice. Significance was assessed with a
one-way ANOVA. n.s., Not significant. G, Immunohistochemicalimages of the hilus, granule cell layer, and molecular layer of WT and neuritin KO mice, fixed before and after kindling (average group).
Anti-ZnT3 antibody was used to visualize axons of granule neurons. Arrowheads indicate mossy fiber sprouting. Scale bar, 50 um.

et al., 1997; Kalyani et al., 1999). We tested the interaction be- (Fig. 5A), which indicated that neuritin can selectively associate with
tween neuritin and FGFRs. Immunoprecipitation analysis showed =~ FGFRI.

that FGFR1 was strongly associated with neuritin (Fig. 5A). FGFR3 Next, we tested whether the interaction between neuritin and
showed weak binding, but FGFR2 failed to interact with neuritin ~ FGFR activates FGFR signaling to promote axonal branching.
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Figure 5.  Neuritin causes axonal branch formation in granule cells through the activation of FGFRs. A, Immunoprecipitation analysis showed the interaction between neuritin and FGFR1. The
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axon (DMSO: p = 0.034; PD173074: p = 0.116; and AZD4547: p = 0.198) and the average length of primary branches (DMSO: p << 0.001; PD173074: p = 0.526; (Figure legend continues.)
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The cultured granule neurons were treated with the potent FGFR
inhibitors PD173074 or AZD4547. These treatments completely
abolished axonal branching via the overexpression of neuritin at
DIV 4 (Fig. 5B,C).

We also tested the requirement of FGFR for neuritin-mediated
branching in slice cultures. We prepared organotypic hippocampal
slice cultures from P7 rats, transfected neuritin-encoding plasmids
or control EGFP-encoding plasmids at DIV 7, and treated the slices
with PD173074 or AZD4547 from DIV 8 to DIV 10. The inhibition
of FGFR again abolished neuritin-dependent axonal branch forma-
tion and elongation in slice culture (Fig. 5D, E).

To further confirm that FGFR1 is involved in neuritin-
dependent axonal branching, we transfected siRNA against rat
FGFRI into the cultured granule neurons and quantified axonal
branching. We validated the efficiency of siRNA by immunoblotting
(Fig. 5F) and immunocytochemistry (data not shown), which
showed that FGFR1 protein was significantly decreased by siRNA,
and RNAi-refractory FGFR1 (FGFR1*) was not affected by RNAi
treatment. We administered recombinant soluble neuritin to the
siRNA-transfected granule neurons. FGFR1 knockdown markedly
suppressed neuritin-dependent axonal branching, and additional
transfection of FGFR1* recovered the axonal branching (Fig. 5G,H ).
Together, these results suggest that the interaction between neuritin
and FGFR1 may activate FGFR1 and its downstream signaling,
which is required for neuritin-mediated axonal branching.

Canonical downstream signals of FGFR1 are required for
neuritin-dependent axonal branching

We further analyzed which downstream signals of FGFR1 are
involved in neuritin-dependent axonal branching. We pharma-
cologically inhibited representative downstream signaling cas-
cades, including the mitogen-activated protein kinase (MAPK)
cascade, phosphatidylinositol-3 kinase (PI3K)/Akt, and phos-
pholipase C (PLC) (Katz et al., 2007). Unexpectedly, all inhibitors
affected neuritin-mediated axonal branch formation and/or
elongation (Fig. 6A,B). U0126, an inhibitor of MAPK cascade
protein MEK1/2, abolished the increase in branch number and
branch elongation; however, it did not alter the basal branching
ability (Fig. 6B). LY294002, an inhibitor of PI3K, diminished
basal branching activity and suppressed neuritin-mediated en-
hancement of axonal branching (Fig. 6B). Interestingly, U73122,
an inhibitor of PLC, did not affect the increase in branch number
but abolished the branch elongation (Fig. 6B). Recent studies
have shown that the inhibition of PLC activity attenuates growth
factor-dependent-axonal elongation (Xie et al., 2006; Hashimoto
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(Figure legend continued.)  and AZD4547: p = 0.140); n = 19-21 total for each; the data
were collected from three to five independent experiments. *p << 0.05 (one-way ANOVA for
each reagent). ***p < 0.005 (one-way ANOVA for each reagent). n.s., Not significant. F, Vali-
dation of Stealth RNAi against rat FGFR1. The 293T cells were transfected with control RNA or
Stealth RNAi against rat FGFR1 and a mock vector, HA-FGFR1, or HA-FGFRT* (RNAi resistant
mutant), as indicated in the figure. Cells were lysed 36 h later, and immunoblotting was per-
formed with anti-HA and anti-tubulin antibody. G, Knockdown of FGFR1 expression suppressed
neuritin-dependent axonal branching. Rat granule neurons were transfected with EGFP-
expressing plasmids, control RNA or Stealth RNAi against rat FGFR1, and FGFRT or FGFR1*-
expressing plasmids before being plated. Fcor Neuritin-Fc (1 ug/ml) was administered at DIV 1,
and neurons were fixed at DIV 4. Representative neurons with Neuritin-Fc are shown. Scale bar,
50 wm. H, Quantification of the number of primary branches per 100 um of axon (control RNA:
p < 0.001; RNAi: p = 0.787; RNAi-+FGFR1: p = 0.650; and RNAi+FGFR1*: p < 0.001) and
the average length of primary branches (control RNA: p << 0.001; RNAi: p = 0.846;
RNAi+FGFR1: p = 0.941; and RNAi+FGFR1*: p << 0.001) from three independent experi-
ments with n = 30 for each. ***p << 0.005 (one-way ANOVA for each set of nucleotides). n.s.,
Not significant.
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and Ishima, 2011), suggesting that PLC activity is not involved in
the formation of axonal branches but is involved in the elonga-
tion of axonal branches. These results suggest that neuritin acti-
vates three signaling cascades, which promote axonal branch
formation and/or elongation in various regulatory systems of
axonal branching.

Determination of the neuritin-interacting domain of FGFR1

We next designed a deletion mutant of FGFR1 to specify the
domain that is necessary for interacting with neuritin. FGFRs
contain three Ig-like domains, D1, D2, and D3 (Fig. 7A). Deletion
of either D1 and D2 or D3 in FGFR1 did not disturb the interac-
tion between FGFR and neuritin. However, deletion of both D2
and D3 abolished the binding ability of FGFR1 with neuritin (Fig.
7B). Crystal structure analysis has revealed that FGF-2 binds the
ligand-binding domain (D2 and D3) of FGFR1 (Fig. 7A) (Plot-
nikov et al., 1999). Both neuritin and FGF bind to D2-D3 of
FGFR1, thereby raising the possibility that neuritin and FGFs
may cooperate in the activation of FGFR1 signalings and that
those FGFs are involved in neuritin-mediated axonal branching.

The FGF-4, FGF-7, and FGF-8 subgroups are involved in the
axonal branching of granule neurons

There are 22 FGF subtypes in mammals, and they are divided into
7 subfamilies (Fig. 7E). We chose FGFs that represent these sub-
families, except the FGF-11/12/13/14 and FGF-19/21/23 subfam-
ilies, because FGF-11/12/13/14 are not secreted and FGF-19/
21/23 show weak FGFR signaling activation, at a level <1% of
that in other paracrine subfamilies (Zhang et al., 2006). We added
each FGF to cultured granule neurons. Interestingly, FGF-4,
FGEF-5, FGF-7, and FGF-8 promoted axonal branch formation in
dissociated granule neurons (Fig. 7C,D). Surprisingly, FGF-2 had
an inhibitory effect on axonal branching in the cultured granule
neurons (Fig. 7D). FGF-2 has been reported to promote branch-
ing in various types of neurons (Szebenyi et al., 2001; Klim-
aschewski et al., 2004). However, recent reports showed that
overexpression of FGF-2 or cell grafts enriched with FGF-2 sup-
pressed mossy fiber sprouting in vivo (Rao et al., 2006; Paradiso et
al., 2011). These findings indicate that the granule neurons may
exhibit distinct responses to FGF-2, which downregulates mossy
fiber branching. Overall, the FGF-4, FGF-7, and FGF-8 subfam-
ilies promoted axonal branching in the cultured granule neurons,
whereas FGF-2 decreased the branching ability.

Neuritin facilitates FGF-4-mediated recruitment of FGFR1 to

the cell surface

Because both neuritin and FGFs interact with D2-D3 of FGFR1
and the inhibition of FGFR1 abolished neuritin-mediated axonal
branching, we hypothesized that FGF signaling is involved in
neuritin-mediated axonal branching in granule neurons. In ad-
dition, because the FGF-4, FGF-7, and FGF-8 subfamilies en-
hanced axonal branching in the granule neurons, the FGF
signaling of these three subfamilies should be regulated by neu-
ritin. To verify this possibility, we first investigated which FGF
subfamily is involved in neuritin-mediated axonal branching.
Granule cells from neuritin KO mice were cultured with the
above FGFs. Interestingly, FGF-4 did not promote axonal
branching in neuritin-deficient granule cells, whereas FGF-7 and
FGF-8 showed branching effects, even in neuritin-deficient cells
and WT neurons (Fig. 8 A, B). These results indicate that neuritin
is required for FGF-4-mediated axonal branch formation and
elongation but that the FGF-7 and FGF-8 subfamilies promote
axonal branching in a neuritin-independent manner.
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neurons (Fig. 8 D, E), suggesting that both
FGF-4 and neuritin cooperatively recruit
FGFRI to the surface of granule neurons.
Indeed, the absence of neuritin abolished
the FGF-4-mediated recruitment of
FGEFR1 to the axonal surface, and the ap-
plication of recombinant neuritin in-
creased the cell surface FGFR1 (Fig.
8D, E). These results suggest that neuritin
is required for FGF-4-dependent recruit-
ment of FGFRI1 to the cell surface and that
excess amounts of neuritin translocate
FGFR1 to the cell surface without FGF-4.
The inhibition of FGFR1 endocytosis has
been shown to promote FGF-dependent
axonal branching (Hausott et al., 2011).
Thus, FGF-4- and neuritin-mediated re-
cruitment of FGFRI to the axonal surface
would induce axonal branch formation
and elongation in granule neurons. Fur-
thermore, a deficiency of neuritin abol-
ished the FGF-4-dependent FGFRI1
recruitment to the cell surface, resulting in
a reduction in FGF-4-mediated axonal
branching.

U73122

Discussion

The present findings demonstrate that the
activity-dependent protein neuritin pro-
motes axonal branching in granule neu-
rons. Overexpression and administration
of neuritin enhanced axonal branching in
cultured hippocampal granule cells. KA
treatment caused a similar promotion of
axonal branching in WT granule cells;
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Figure 6.

Not significant, compared with DMSO.

To investigate the functional role of neuritin in FGF signaling,
we observed the cell surface FGFR1 in the cultured granule neu-
rons after application of FGF-4 and recombinant neuritin. Im-
munostaining without permeabilization showed that FGFR1
localized on parts of the axon and the cell body surface of the
cultured granule neurons (Fig. 8C). We found that the surface
FGFRI immunoreactivity was greatly increased on the axon after
the administration of FGF-4 or recombinant neuritin to the WT

Downstream signaling of FGFR1 is required for neuritin-mediated axonal branching. A, U0126 (10 m), a MEK1/2
inhibitor, LY294002 (20 ), a P13K inhibitor, or U73122 (2 um), a PLCinhibitor, was applied to rat granule neurons expressing
EGFP orexpressing EGFP and neuritin at DIV 1. Neurons were fixed and imaged at DIV 4. Representative neurons expressing neuritin
are shown. Scale bar, 50 wm. B, Quantification of the number of primary branches per 100 ..m of axon (control vs neuritin, DMSO:
p<<0.001;U0126:p = 0.222;1Y294002:p = 0.717;and U73122: p = 0.001; DMSO vs each reagent in control, U0126: p = 0.693;
1Y294002: p = 0.016; and U73122: p = 0.562) and the average length of primary branches (control vs neuritin, DMS0: p < 0.001;
U0126:p = 0.411;LY294002: p = 0.395;and U73122: p = 0.099; DMSO vs each reagent in control, U0126: p = 0.377;LY294002:
p = 0.002; and U73122: p = 0.881) from three or four independent experiments with n = 30 for each. Control versus neuritin:
**%p <0.005 (one-way ANOVA for each reagent). n.s., Not significant. DMSO versus each reagent: “p < 0.05 (a one-way ANOVA
followed by Tukey's post-test for the control). **p << 0.005 (a one-way ANOVA followed by Tukey’s post-test for the control). N,

tin is required for FGF-mediated re-
cruitment of FGFRI to the axonal
surface. This recruitment of FGFR1 may
be involved in axonal branching. Fi-
nally, neuritin KO mice exhibited slower
chemical kindling development by PTZ
than did WT mice. These results suggest
that neuritin promotes axonal branch-
ing in hippocampal granule cells and
that the activity-dependent induction of
neuritin may cause the aggravation of
epileptic seizures.

Interacting partner of neuritin

Previous studies have shown that neuritin promotes neuritogen-
esis (Naeve et al., 1997; Sato et al., 2012), neurite elongation
(Naeve et al., 1997; Fujino et al., 2008), and neurite arborization
(Nedivi et al., 1998; Javaherian and Cline, 2005) both in cultured
neurons and in vivo. Analysis of neuritin KO mice has also shown
that a deficiency of neuritin delays axonal and dendritic arbor
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The FGF-binding domain in FGFRs also interacts with neuritin, and FGFs promote axonal branching. 4, A schematicillustration of the domain structure of FGFR1 and its FGF binding site.

D1-D3 indicate Ig-like domains 1-3, respectively. B, Schematic illustrations of the domain structure of full-length FGFR and its truncated mutants. The immunoprecipitation analysis results are
shown below the illustrations. The mutant lacking both D2 and D3 did not bind to neuritin, whereas the mutants lacking either D2 or D3 were able to interact with neuritin. ¢, FGF-4, FGF-5, FGF-7,
and FGF-8 promoted axonal branching in rat granule neurons. Neurons were cultured with 2 nm recombinant FGF from DIV 2 to DIV 4. Representative neurons are shown. Scale bar, 50 pm.
D, Quantification of the number of primary branches per 100 .um of axon (FGF-1: p = 1.000; FGF-2: p = 0.063; FGF-4: p << 0.001; FGF-5: p << 0.001; FGF-7: p = 0.006; FGF-8: p = 0.007; and FGF-9:
p = 1.000) and the average length of primary branches (FGF-1: p = 1.000; FGF-2:p = 0.001; FGF-4: p << 0.001; FGF-5: p << 0.001; FGF-7: p = 0.141; FGF-8: p << 0.001; and FGF-9: p = 1.000) from
fourindependently performed experiments with n = 30for each. **p < 0.01, compared with the control (one-way ANOVA followed by Tukey's post-test). ***p << 0.005, compared with the control
(one-way ANOVA followed by Tukey's post-test). E, Evolutionary relationships within the human/mouse FGF gene family by phylogenetic analysis, modified from the picture by Itoh and Ornitz

(2011). FGF-4 and FGF-5 belong to the same subfamily.

development (Fujino et al., 2011). However, the molecular mech-
anism of neuritin in regulating neural morphology remains elu-
sive. A recent study showed that neuritin activated insulin-like
growth factor receptors (IGFRs) in mouse cerebellar granule
neurons (Yao et al.,, 2012). Although the interaction between
neuritin and the receptor protein was not examined in that study,
an inhibitory reagent against IGFRs suppressed neuritin function
(Yao et al., 2012). FGFRs and IGFRs are both tyrosine-kinase-
coupled receptors. Therefore, neuritin may interact with both
receptors. Neuritin regulates postsynaptic potassium channel in-
sertion into dendrites through IGFRs (Yao et al., 2012). More-
over, neuritin KO mice show delayed synaptic maturation and
decreased spine stabilization (Fujino et al., 2011); therefore, neu-
ritin may play a crucial role in postsynaptic development through
IGFRs. In contrast, our findings indicate that neuritin affects
axonal morphology through FGFRs. These data suggest that an
interaction partner of neuritin may vary by cellular location.
IGFRs act along the dendrites, whereas FGFRs are required for
axonal morphogenesis. Another possibility could be that neuritin

uses different receptor proteins in a cell type-specific manner.
That is, neuritin might act on cerebellar and hippocampal neu-
rons via IGFRs and FGFRs, respectively.

Neuritin facilitates the FGF-mediated recruitment of FGFRs
to the cell surface, thus promoting axonal branching

We found that neuritin strongly bound to FGFR1 and that FGF-4
did not enhance axonal branching in neuritin-deficient neurons.
We also found that neuritin and FGF bound to the common
domain of FGFRs, D2-D3, and that an absence of neuritin sup-
pressed the FGF-4-mediated FGFRI1 translocation to the cell sur-
face along the axon. A recent study has revealed that an inhibition
of FGFR1 endocytosis promotes FGF-dependent axonal branch-
ing (Hausott et al., 2011), indicating that an increase in surface
FGFR1 enhances axonal branching. These findings suggest that
FGF-4 and neuritin cooperate to recruit FGFRI to the surface
of axons, resulting in activation of FGFRI signaling, thus pro-
moting axonal branching. Our findings also suggest that excess
amounts of neuritin recruit FGFR1 to the cell surface without
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Figure 8.  The FGF-4/5/6 subfamily is involved in neuritin-mediated axonal branching. In addition, neuritin and FGF-4/5/6 aid the recruitment of FGFR1 to the cell surface. A, FGF-4 failed to
promote axonal branching in neurons from neuritin KO mice, whereas FGF-7 and FGF-8 had a branching effect on neurons from both WT and KO mice. Neurons were cultured with 2 nm recombinant
FGFfrom DIV 2 to DIV 4. Representative neurons are shown. Scale bar, 50 rm. B, Quantification of the number of primary branches per 100 um of axon (control: p = 0.307; FGF-4: p << 0.001; FGF-7:
p =0.818;and FGF-8:p = 0.704) and the average length of primary branches (control: p = 0.801; FGF-4: p < 0.001; FGF-7: p = 0.578; and FGF-8: p = 0.661) from three independently performed
experiments; n = 30 for each. ***p << 0.005 (one-way ANOVA for each FGF). n.s., Not significant. , FGFR1 localized to parts of the cell surface along the neurite and on the cell body. The cultured
mouse granule neurons were treated with 30 m CMFDA for 3 h before fixation at DIV 4 and were immunostained without permeabilization. CMFDA treatment visualized the whole-cell body
and neurites. FGFR1 unevenly localized on the cell surface. Scale bar, 50 wm. D, FGF-4 failed to recruit FGFR1 to the axonal surface in the neurons from neuritin KO (Figure legend continues.)
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FGF treatment, indicating that neuritin promotes axonal branch-
ing by activating FGF signaling without FGF. However, we can-
not exclude the possibility that a basal level of FGF may be
sufficient to enhance axonal branching with overexpression of
neuritin. Another study showed that FGF-5 and FGFR1 were
also upregulated in the hippocampus by neural activity (Gémez-
Pinilla et al., 1995), as was neuritin. This finding raises the
possibility that the FGF-4/5/6 subgroup and neuritin are also
upregulated by seizure and that they synergize, together promot-
ing activity-dependent axonal branch formation through the re-
cruitment of FGFR1 to the axonal surface.

Further downstream signaling

Pharmacological inhibition and knockdown of FGFRs abolished
neuritin-mediated axonal branching. We investigated whether three
canonical downstream signaling pathways of FGFR1, namely, PI3K-
Akt (Eswarakumar et al., 2005), MAPK (Simon, 2000), and PLC
signaling, are involved in neuritin-dependent axonal branching. Di-
rect activation of PI3K elicits the formation of axonal filopodia and
branches in sensory neurons (Ketschek and Gallo, 2010). Akt is a
major downstream effector of PI3K signaling. Expression of consti-
tutively active Akt promotes branching of sensory axons (Markus et
al., 2002; Grider et al., 2009). Thus, the activation of PI3K and Akt
along axons is one of the earliest steps in axonal branch formation
(Gallo and Letourneau, 1998; Gallo, 2011). Our findings showed
that inhibition of PI3K resulted in a suppression of basal and
neuritin-mediated axonal branching. This indicates that PI3K sig-
naling has a pivotal role in the formation and elongation of axonal
branches.

MAPK signaling inhibits the activity of the actin-capping pro-
tein Eps8 (Menna et al., 2009). In hippocampal neurons, KO of
Eps8 results in increased numbers of axonal filopodia (Menna et
al., 2009), which suggests that Eps8 is involved in the suppression
of protrusive activity along the axon. Thus, MAPK signaling may
regulate the emergence of filopodia from actin patches through
the regulation of Eps8. Axonal branches may be initiated as ax-
onal filopodial protrusions (Bastmeyer and O’Leary, 1996; Gallo
and Letourneau, 1998, 1999; Portera-Cailliau et al., 2005; Cohen-
Cory et al., 2010). Our findings revealed that inhibition of the
MAPK cascade abolished neuritin-mediated axonal branching
but did not affect basal branching ability. This result suggests
that the MAPK cascade is involved in extracellular signaling-
dependent axonal branch formation and elongation.

PLC activity has been shown to promote the dynamics of
growth cone and axonal elongation (Zhang et al., 2012). Acti-
vated PLC cleaves phosphatidylinositol 4,5-bisphosphate into
diacylglycerol and inositol 1,4,5-trisphosphate, and inositol
1,4,5-trisphosphate stimulates the release of Ca?" from internal
stores (Rebecchi and Pentyala, 2000). Calcineurin is enriched in
growth cones and has been implicated in Ca®"-dependent regu-
lation of neurite extension and filopodium dynamics (Arie et al.,

<«

(Figure legend continued.) ~ mice, whereas Neuritin-Fcincreased cell surface FGFR1 along the
axon in the neurons from both WT and KO mice. Neurons were cultured with 30 v CMFDA for
3hand 2 nmof FGF-4 or T pg/ml of Neuritin-Fc for 15 min before fixation at DIV 4; they were
immunostained without permeabilization. Representative neurons with CMFDA (green) and
cell surface FGFR1 (red) are shown. Scale bar, 50 wm. E, Quantification of the ratio of FGFR1-
positive region along the axonal surface (no treatment vs each treatment, in WT, BSA:
p = 0.995; FGF-4: p < 0.001; and Neuritin-Fc: p = 0.004; in KO, BSA: p = 0.993; FGF-4:p =
0.815; and Neuritin-Fc:p = 0.010). **p << 0.01, compared with no treatment (one-way ANOVA
for each genotype followed by Tukey’s post-test). ***p < 0.005, compared with no treatment
(one-way ANOVA for each genotype followed by Tukey’s post-test).
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2009). Inhibiting PLC activity has been shown to suppress NGF-
or Netrin-mediated axonal elongation (Xie et al., 2006;
Hashimoto and Ishima, 2011). Thus, PLC activity would not
control branch formation but would regulate branch elongation.
These results are consistent with our finding that pharmacologi-
cal inhibition of PLC did not alter neuritin-mediated branch for-
mation but suppressed the extension of axonal branches.

Neuritin-mediated axonal branching in the aggravation

of epilepsy

Mossy fiber sprouting is one of the pathological features of tem-
poral lobe epilepsy. Although there is still some controversy, the
“mossy fiber sprouting hypothesis” may explain the physiological
role of this abnormal axonal branching in granule cells in the
hippocampus. Aberrant axonal branches enter the dentate gyrus
molecular layer and can form recurrent circuits, thus promoting
epileptogenesis. Our data suggest that neuritin is a good candi-
date to promote mossy fiber sprouting in epileptic seizure-
mediated conditions. As noted above, neuritin may be involved
in the activity-dependent axonal branching of granule cells in
vitro. Moreover, neuritin KO mice showed slower increases in
seizure severity in chemical kindling and decreases in mossy fiber
sprouting after kindling. These results positively support the
mossy fiber sprouting hypothesis because the inhibition of mossy
fiber sprouting mitigated epileptic seizures induced by chemical
kindling.

However, we cannot exclude the possibility that mossy fiber
sprouting has an inhibitory effect on epileptogenesis. Deficiency
of neuritin might abrogate PTZ-induced seizure in an axonal
branching-independent mechanism, and mild seizures in neuri-
tin KO mice may result in the slower development of mossy fiber
sprouting. As another mechanism, neuritin KO mice may have a
resistance to seizure activity. That is, KO mice may have revealed
less severe seizures by the resistance to seizure activity, resulting
in poor induction of mossy fiber sprouting. Neuritin KO mice
have been shown to exhibit delayed synapse formation, dendrite
arborization, and axonal branching (Fujino et al., 2011). Such
delayed development may result in an inefficient formation of
neuronal circuits and may fail to propagate seizure activity. Fur-
ther analyses are required to determine the causal relationship
between mossy fiber sprouting and the exacerbation of epilepsy.

In conclusion, this study suggests that neuritin mediates
activity-dependent axonal branching in granule cells in the hip-
pocampus through the activation of FGFR signaling in vitro.
Moreover, neuritin is involved in mossy fiber sprouting and in
the aggravation of epilepsy in vivo. A pharmacological approach
to inhibit neuritin/FGFR signaling may shed new light on the
development of new antiepileptic drugs.
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