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Phosphorylation by PKA and Cdk5 Mediates the Early Effects
of Synapsin III in Neuronal Morphological Maturation

Alessandra Piccini,! Laura E. Perlini,? Laura Cancedda,? Fabio Benfenati,-** and Silvia Giovedi'*
'Department of Experimental Medicine, University of Genova, 16132 Genova, Italy, and 2Department of Neuroscience and Brain Technologies, Istituto
Italiano di Tecnologia, 16163 Genova, Italy

Synapsin III (SynlII) is a neuron-specific phosphoprotein that plays a unique role in neuronal development. SynIII is phosphorylated by
cAMP-dependent protein kinase (PKA) at a highly conserved phosphorylation site and by cyclin-dependent kinase-5 (Cdk5) at a newly
described site. Although SynIII is known to be involved in axon elongation in vitro, the role of its phosphorylation by PKA and Cdk5 in the
modulation of this process is unknown. We expressed either wild-type (WT) or phosphorylation-site mutants of SynIII in primary SynIII
knock-out (KO) mouse neurons at early stages of in vitro development. Whereas the neurite elongation phenotype of SynIII KO neurons
was fully rescued by the expression of WT SynlII, the expression of nonphosphorylatable and pseudo-phosphorylated PKA mutants was
ineffective. Also, the nonphosphorylatable Cdk5 mutant was unable to rescue the neurite elongation phenotype of SynIII KO neurons. By
contrast, the pseudo-phosphorylated mutant rescued the delay in neuronal maturation and axonal elongation, revealing a Cdk5-
dependent regulation of SynlIII function. Interestingly, SynIII KO neurons also exhibited decreased survival that was fully rescued by the
expression of WT SynlIl, but not by its phosphorylation mutants, and was associated with increased activated caspase3 and altered
tropomyosin receptor kinase B isoform expression. These results indicate that PKA and Cdk5 phosphorylation is required for the
physiological action of SynlIII on axon specification and neurite outgrowth and that the expression of a functional SynlIII is crucial for cell
survival.
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~

Synapsin III is an atypical member of the synapsin family of synaptic vesicle-associated phosphoproteins that is precociously
expressed in neurons and is downregulated afterward. Although experimental evidence suggests a specific role for Synapsin IIlin
neuronal development, the molecular mechanisms are still largely unknown. We found that Synapsin III plays a central role in
early stages of neuronal development involving neuronal survival, polarization, and neuritic growth and that these effects are
dependent on phosphorylation by cAMP-dependent protein kinase and cyclin-dependent protein kinase-5. These results explain
the recently described neurodevelopmental defects in the migration and orientation of Synapsin III-depleted cortical neurons and
support the potential association of Synapsin III with neurodevelopmental disorders such as schizophrenia. j

/Signiﬁcance Statement

Introduction

Synapsins (Syns) are a family of neuron-specific phosphopro-
teins associated with synaptic vesicles (SVs) playing important
roles in synaptic transmission and plasticity (Cesca et al., 2010).
In mammals, three SYN genes have been identified (SYNI, SYN2,
and SYN3), and they are subjected to alternative splicing to give
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rise to more than 10 isoforms (Siidhof et al., 1989; Kao et al.,
1998; Porton et al., 1999). Syns are composed of conserved and
variable protein domains that confer distinct functional proper-
ties (Cesca et al., 2010). At presynaptic terminals, Syns play a
critical role in regulating SV trafficking between resting, recy-
cling, and readily releasable pools through phosphorylation-
dependent interactions with actin and SVs (Valtorta et al., 1992;
Cesca et al., 2010; Fornasiero et al., 2012; Orenbuch et al., 2012;
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Orlando et al., 2014; Verstegen et al., 2014). In addition to the
well-known effects in the modulation of synaptic transmission,
Syns also play a critical role in neuronal development, by regulat-
ing neurite outgrowth and synapse formation (Fornasiero et al.,
2010; Perlini et al., 2011).

Despite the shared conserved domains and sequence similar-
ities between the three Syns, SynlII has peculiar characteristics
that suggest a functional role distinct from the other two Syns.
Indeed, SynlII is expressed in nestin-positive neural progenitors,
and its constitutive depletion affects adult neurogenesis in the
dentate gyrus of the hippocampus by decreasing cell proliferation
and enhancing survival of neural progenitors (Kao et al., 2008).
In primary neurons, SynlII displays an early and transient expres-
sion profile: it is the first Syn isoform to be expressed and, in
contrast with the other Syns, it is not confined to synaptic sites
(Ferreira et al., 2000). The early expression pattern of SynlII sug-
gests a role in neuronal development. Indeed, both antisense
knocked down neurons (Ferreira et al., 2000) and constitutively
knock-out (KO) neurons (Feng et al., 2002) display an impaired
differentiation and elongation of the axon, with altered growth-
cone morphology. These effects may contribute to the impaired
radial migration and orientation of neocortical pyramidal neu-
rons that we recently showed to occur in constitutive SynIII KO
mice or in wild-type (WT) rats in which SynIII was downregu-
lated (Perlini et al., 2015). However, SynIII KO mice only display
a mild behavioral phenotype, are not epileptic, and have a pre-
served complement of SVs (Feng et al., 2002; Porton et al., 2010).

SynlII shares with the other Syn isoforms a highly conserved
cAMP-dependent protein kinase (PKA) phosphorylation site
(Ser®) (Kao et al., 1999). Phosphorylation of SynI by PKA mod-
ulates synapse formation in vitro (Perlini et al., 2011), and phos-
phorylation of SynII by PKA plays a crucial role in Xenopus spinal
neurons, where it stimulates neurite outgrowth both in vitro and
in vivo (Kao et al., 2002). Interestingly, we recently identified a
novel phosphorylation site (Ser®®*) for cyclin-dependent
kinase-5 (Cdk5) in SynlIII that plays a specific role in the in vivo
regulation of radial migration of pyramidal neurons (Perlini et
al., 2015).

In view of the prominent role of SynIII during early neuronal
development, we investigated the role of SynlIII phosphorylation
by PKA and Cdk5 on neuronal survival and morphology. We
demonstrated that the presence of a functional SynIII is crucial
for neuronal survival, and we identified a specific role for SynIII
during the early stages of neurite extension that is dependent on
PKA and Cdk5 phosphorylation.

Materials and Methods

Generation of constructs

ShRNAs. ShRNA#1 was designed against the sequence encoding for the C
domain of rSynlIl as previously described (Elbashir et al.,, 2001).
ShRNA#2 was designed against the rSynIII B domain coding sequence
with the aid of the BLOCK-iT RNAi Express Sofware (Invitrogen).
ShRNA specificity for the mRNA of interest was verified by BLAST align-
ing with a nonredundant database. The ShRNAs were synthesized by
Sigma-Aldrich, annealed in vitro, and ligated into pRNAT-U6.3/Hygro
(GenScript).

ShRNA sequences are as follows: #1: TAACCAGAATGAAGTCAG-
GTTttgatatccgAACCTGACTTCATTCTGGTTA; and #2: AAGGAGCT
AAACAGGCTGGATttgatatccgATCCAGCCTGTTTAGCTCCTT.

Synllla. pEGFP-C3-Synllla (gift of dr. H-T. Kao) was digested, and
the DNA fragment containing SynlIIla was cloned into pCAGGs-IRES-
tdTomato. The obtained construct pCAGGs-rSynIITa-IRES-tdTomato
was used as a template for the generation of Cdk5 and PKA phosphory-
lation site mutants. The nonphosphorylatable PKA mutant (pCAGGs-
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SynIIIaS9A-IRES-tdTomato) was generated with the primers: forward,
5'-CTCCGGAGGCGGCTGGCCGACAGCAGCTTTGTG; and reverse
5'-CACAAAGCTGCTGTCGGCCAGCCGCCTCCGGAG, which al-
lowed replacing the codon TCA encoding for serine® with the codon
GCC encoding for alanine. The pseudo-phosphorylated PKA mutant
(pCAGGs-SynlIIIaS9E-IRES-tdTomato) was generated with the prim-
ers: forward, 5'-CTCCGGAGGCGGCTGGAAGACAGCAGCTTTGTG;
and reverse, 5'-CACAAAGCTGCTGTCTTCCAGCCGCCTCCGGAG,
which allowed replacing the TCA codon with the codon GAA encoding
for glutamic acid.

The nonphosphorylatable Cdk5 mutant (pCAGGs-SynlIlaS404A-
IRES-tdTomato) was generated with the primers: forward, 5'-CCTCG-
GTGCCCGCCCCCCTGAGACCTTG; and reverse, 5'-CAAGGTCTC
AGGGGGGCGGGCACCGAGG, which allowed replacing the codon
TCC encoding for serine *** with the GCC codon encoding for alanine.
The pseudo-phosphorylated Cdk5 mutant (pCAGGs-SynlllaS404D-
IRES-tdTomato) was generated with the primers: forward, 5'-CCTCG-
GTGCCCGACCCCCTGAGACCTTG; and reverse, 5'-CAAGGTCTCA
GGGGGTCGGGCACCGAGG, which allowed replacing the TCC codon
with the codon GAC encoding for aspartic acid.

Mutagenesis was performed with QuikChangeLightning Site-Direct
Mutagenesis Kit (Stratagene). All constructs were verified by sequencing.
All enzymes were purchased by Promega, if not otherwise indicated.

Primary cultures of cortical neurons and neural nucleofection
Sprague Dawley rats and C57BL/6] mice of either sex were from Harlan
or Charles River. SynIII KO mice were generated by homologous recom-
bination (Feng et al., 2002) and extensively backcrossed on the C57BL/6]J
background for over 10 generations. All experiments were performed in
accordance with the guidelines established by the European Communi-
ties Council (Directive 2010/63/EU of March 4, 2014) and were approved
by the Italian Ministry of Health.

Primary cultures of dissociated cortical neurons were prepared from
C57BL/6] and SynlIl KO E17-E18 mouse embryos or from E17-E18
embryos and newborn PO rats, plated onto poly-D-lysine (0.1 mg/ml,
Sigma-Aldrich)-coated 25 mm glass coverslips at a density of 6 X 10*
cells/coverslip, and coated wells at a density of 1 X 10° cells/well. Cells
were maintained in a culture medium consisting of Neurobasal (Invitro-
gen ) supplemented with B-27 (1:50 v/v, Invitrogen ), Glutamax (1% w/v,
Invitrogen ), penicillin—streptomycin (1% Invitrogen ), and kept at 37°C
ina 5% CO, humidified atmosphere. For transfection experiments, neu-
rons (4 X 10°) were nucleofected before plating by electroporation with
Amaxa basal nucleofector kit for primary neurons (Lonza) with 4 ug of
plasmid DNA according to the manufacturer’s protocol. The average
transfection efficiency, based on Tomato/DAPI fluorescence, was 24.0 =
1.1% (mean *= SEM over n = 70 transfections). Cells were incubated
under standard growth conditions and then processed for immunocyto-
chemistry, Western blotting, or viability assay at various stages of devel-
opment from 1 to 14 d in vitro (DIV). Under our culture conditions
(Neurobasal/B27 medium and low cell density), ~85%-90% of the cor-
tical neurons are glutamatergic (Stichel and Muller, 1991; Hayashi et al.,
2003) and cultures are almost glia-free (Brewer et al., 1993) (mean =
SEM percentage of astrocytes vs total cells: 1.37 * 0.14 at 3 DIV, 1.56 =
0.15 at 5 DIV, and 3.96 * 0.40 at 7 DIV; mean * SEM percentage of
microglial cells vs total cells 1.07 = 0.11 at 3 DIV, 0.79 = 0.10 at 5 DIV,
and 1.21 £ 0.20 at 7 DIV; n = 4).

In utero electroporation (IUE)

Standard IUE was performed as previously described (dal Maschio et al.,
2012). Briefly, E17 timed-pregnant Sprague Dawley rats were anesthe-
tized with isoflurane (induction, 3.5%; surgery, 2.5%), and the uterine
horns were exposed by laparotomy. The day of confirmation of vaginal
plug was defined as EO, and the day of birth was defined as PO. The DNA
(1.5 pg/ ul in water) together with the dye Fast Green (0.3 mg/ml; Sigma-
Aldrich) was injected (5-6 ul) through the uterine wall into one of the
lateral ventricles of each embryo by a 30 G needle (Pic indolor). The
embryo’s head was carefully held between tweezer-type circular elec-
trodes (10 mm diameter; Nepa Gene) wet with PBS while across the
uterus wall. For the electroporation protocol, 5 electrical pulses (ampli-
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tude, 50 V; duration, 50 ms; intervals, 150 ms) were delivered with a
square-wave electroporation generator (CUY21EDIT; Nepa Gene). After
electroporation, the uterine horns were returned into the abdominal
cavity, and embryos allowed continuing their normal development.

Immunocytochemistry

Primary cortical neurons were fixed at 1, 3, or 14 DIV with 4% PFA
(Sigma-Aldrich) and 4% sucrose in PBS, pH 7.4. After several washes in
PBS, cells were permeabilized with 0.1% Triton X-100 in PBS for 5 min
and blocked with 0.1% Triton X-100, 3% FBS in PBS for 30 min. Samples
were incubated with the following primary antibodies diluted in blocking
solution for 2 h at room temperature: rabbit anti-BIII-tubulin (1:1000,
Sigma-Aldrich), mouse pan-axonal neurofilament marker (SMI312,
1:500, Covance), rabbit anti-SynlIII (1:800, Synaptic Systems), mouse
anti-p35 (1:50, Abcam), rabbit anti-GFAP (1:1000, Millipore), rabbit
anti-Ibal (1:300, Wako), and rabbit anti-GABA (1:500, Sigma). Immu-
nostaining was detected using Alexa-488 or -594-conjugated secondary
antibodies (1:500, Invitrogen) diluted in blocking solution for 1 h at
room temperature. After several washes in PBS, coverslips were mounted
using Prolong Gold antifade reagent (Invitrogen) containing DAPI for
nuclear staining. Images were acquired with an Olympus IX-81 micro-
scope with an MT20 Arc/Xe lamp and a 40X or 60X objective, using the
Excellence RT software (Olympus), and analyzed with Image] software,
Neuron] plugin, for minor process and axonal length.

Slice histology and immunostaining

Slice histology, immunostaining, and image acquisition were performed
as previously described with minor modifications (Perlini et al., 2015).
P7 brains of C57BL/6] and SynIII KO mice were fixed by transcardial
perfusion of 4% PFA in PBS and then cryopreserved in 30% sucrose.
Brains were frozen, and 80-um-thick coronal sections were obtained
with a microtome-refrigerator (Microm HM 450 Sliding Microtome
equipped with Freezing Unit Microm KS34, Thermo Scientific). Free-
floating slices were permeabilized and blocked with PBS containing 0.3%
Triton X-100, 10% normal goat serum, and 0.2% BSA. Rabbit anti-active
Caspase3 primary antibody (1:300, R&D Systems) was incubated in PBS
containing 0.3% Triton X-100, 5% normal goat serum, and 0.1% BSA.
Immunostaining was detected using Alexa-546 fluorescent secondary
antibody (1:400, Invitrogen), diluted in PBS containing 0.3% Triton
X-100, 5% normal goat serum, and 0.1% BSA. Slices were counterstained
with Hoechst (2.5 ug/pl; Sigma-Aldrich). Samples were mounted in
Vectashield Mounting Medium (Vector Laboratories) and examined mi-
croscopically. For analysis of apoptotic cells, images from the stained
sections were acquired using an epifluorescence microscope equipped
with a 10X air objective (NA 0.3) and the software Neurolucida (Micro-
BrightField). The whole slice was acquired, and the entire cortical region
was analyzed. One slice per animal selected from the same brain region
was analyzed. For representative pictures, 80-um-thick Z-stacks were
acquired with a confocal laser-scanning microscope (TCS SP5; Leica
Microsystems) equipped with a 10X immersion objective (NA 0.4),
and Z-series of confocal images were projected to two-dimensional
representations.

Western blotting

Total cell lysates were obtained from cortical neuronal cultures at various
DIV (from 1 to 7). Cells were lysed in lysis buffer (150 mm NaCl, 50 mm
Tris, 1 mm EDTA, 1% Triton X-100) supplemented with 1 mm PMSF/1
mM pepstatin (Sigma-Aldrich). After 10 min of incubation on ice, lysates
were collected and clarified by centrifugation (10 min at 10,000 X g at
4°C). Subcellular fractions were prepared from 5- to 6-week-old male
Sprague Dawley rat forebrain, and SVs were purified through
Controlled-Pore Glass chromatography (Huttner et al., 1983). Purified
synaptic vesicles (USV) were recovered by high-speed centrifugation and
resuspended in 0.3 M glycine, 5 mm HEPES, pH 7.4, at a protein concen-
tration of 1 mg/ml. USV-containing endogenous Syns were quantita-
tively depleted of Syns by dilution (10 ug of protein/ml) in 0.15 m glycine,
0.2 M NaCl, 2.5 mm HEPES, pH 7.4, immediately after elution from the
column and incubation for 2 h in ice. After incubation, salt-treated SVs
were recovered by high-speed centrifugation and resuspended in 0.3 M
glycine, 5 mm HEPES, pH 7.4, at a protein concentration of 1 mg/ml.
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Protein concentration of the samples was determined by the Bradford
Assay (Bio-Rad), and equivalent amounts of protein were subjected to
SDS-PAGE on 10% or 14% polyacrylamide gels and blotted onto nitro-
cellulose membranes (Whatman). After a brief staining with 0.1%
Ponceau S, blotted membranes were blocked for 1 h in 5% milk in Tris-
buffered saline (10 mm Tris, 150 mm NaCl, pH 8.0) plus 0.1% Triton
X-100 and incubated overnight at 4°C with the following primary anti-
bodies: rabbit anti-BIII-tubulin (1:8000, Sigma-Aldrich), rabbit anti-
SynlII (1:1000, Synaptic Systems), mouse anti-Cdk5 (1:1000, Millipore),
rabbit anti-p35 (1:1000, Santa Cruz Biotechnology), rabbit anti-
synaptophysin (1:5000, Synaptic Systems), rabbit anti-tropomyosin re-
ceptor kinase B (TrkB) (1:1000, Millipore), rabbit anti-p75 NTR (1:1000,
Abcam), and rabbit anti-caspase3 (1:1000, Cell Signaling Technology).
Membranes were washed and incubated for 1 h at room temperature
with peroxidase-conjugated goat anti-mouse (1:3000; Bio-Rad) or anti-
rabbit (1:5000; Bio-Rad) antibodies. Bands were revealed with the ECL
chemiluminescence detection system (Thermo Scientific).

MTT reduction assay

Cell viability was estimated by the MTT reduction assay, an indicator of
the mitochondrial activity of living cells. Primary cortical neurons from
SynIII KO and C57BL/6] mice were cultured as described above. At 3 and
7 DIV, cells were washed and incubated with the MTT solution for 3 h in
incubator at 37°C (1/10 in serum-free culture medium; stock: 5 mg/mlin
PBS; Sigma-Aldrich). The medium was harvested, and MTT crystals
were solubilized by adding DMSO (same volume as MTT medium) and
incubated 15 min at dark, on a shaker. Wells were then read at 570 nm
with background subtraction at 620 nm, using a Benchmark Microplate
Reader, with Microplate Manager Version 5.1 software (Bio-Rad).

Statistical analysis

Data with normal distribution were analyzed by one-way ANOVA fol-
lowed by the Bonferroni’s multiple-comparison test or the unpaired Stu-
dent’s t test. The statistical analysis was performed using the GraphPad
software (GraphPad Software). Significance level was preset to p < 0.05.
Data are mean = SEM.

Results

Phenotype of SynIII KO and SynlII silenced cortical neurons
To investigate the role of SynlIlII in developing neurons, we first
analyzed cell morphology in WT and SynIII KO cortical neurons
at early neurodevelopmental stages (1 and 3 DIV). We performed
immunocytochemistry with anti-BIII-tubulin antibodies to
identify the total neuritic tree and SMI312 antibodies directed
against pan-axonal neurofilaments to unambiguously and specif-
ically label axons (Zuccaro et al., 2014). We found that SynIII KO
neurons at 1 DIV showed a significant decrease in the length of
SMI312-negative (dendritic) minor processes and in the total
number of (BIII-tubulin positive) neurites compared with WT
cells (Fig. 1A, C). Also, the percentage of cells harboring an axon
and the axonal length were significantly decreased in SynIII KO
neurons (Fig. 1D). However, these phenotypes were completely
rescued at 3 DIV when KO neuronal morphology became com-
parable with that of WT cells (Fig. 1B-D). These results indicate
that SynlIII not only is required to foster axonal extension during
the first 24 h after plating (Ferreira et al., 2000; Feng et al., 2002)
but also show, for the first time, that SynlIII has a specific role in
the outgrowth of nonaxonal processes.

Because the constitutive and widespread depletion of SynIIl in
KO mice could trigger redundancy or compensatory mecha-
nisms by other proteins that may overcome deficits in neuronal
development, we acutely downregulated SynlII expression by
RNA interference at prenatal or postnatal phases. Postnatal si-
lencing of SynIII was performed in WT cortical neurons, by
Amaxa nucleofection before plating with control scrambled
ShRNA (ShRNAscr) or SynlIl ShRNA#1 (Perlini et al., 2015).
Although the SynIII ShRNA was effective in decreasing the SynlIII
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Synlll KO neurons display a delayed maturation at early stages of in vitro development. A, B, Representative images of WT and Synlll KO cortical neurons fixed at 1 DIV (4) and 3 DIV (B)

and double stained with BllI-tubulin (red) and SMI312 (green). Scale bar, 50 um. €, Morphometric analysis using Image) software of the length (top) and number (bottom) of minor processes of
WT and Synlll KO cortical neurons at 1and 3 DIV. D, Quantitative analysis of the percentage of SMI312-positive neurons over total neurons (top) and the axon length of SMI312-positive neurons
(bottom) measured in WT and Synlll KO cortical neurons at 1and 3 DIV. C, D, Data are mean == SEM (n = 108 WT neurons and n = 121 KO neurons at 1 DIV; n = 100 WT neurons and n = 118 KO

neurons at 3 DIV from n = 4 independent experiments). ***p << 0.001 (unpaired Student’s ¢ test).

protein level already at 1 DIV (Fig. 2A), it did not affect neuronal
maturation either at 1 or 3 DIV (Fig. 2B, C), even in the presence
of a slight maturation delay induced by nucleofection. A second
SynIII ShRNA gave similar results (ShRNA#2) (Perlini et al.,
2015). Nevertheless, when the downregulation of SynlII was per-
formed during the embryonic period by IUE at E17, the neuronal
cultures obtained from the electroporated embryos showed a
significant impairment in neuronal development. Indeed,
ShRNA#1* neurons displayed decreased length and number of
SMI312-negative minor processes compared with ShRNAscr
cells at both 1 and 3 DIV (Fig. 2D, left and middle panels, E). The
measurement of axonal length showed no differences, but,
strikingly, the number of cells displaying axons (SMI312-positive
neurons) was dramatically lower in ShRNA#1 ™ neurons com-
pared with ShRNAscr * cells at both 1 and 3 DIV (Fig. 2D, right
panels, F), indicating a strong impairment in axon differentia-
tion. In the few silenced neurons that could extend an axon,
however, the axonal length showed no significant differences
compared with ShRNAscr ™ cells (Fig. 2F).

These data allow the establishment of a precise time window
for the action of SynIII on neuronal maturation and demonstrate
a similar effect of the acute or constitutive depletion of SynlII in
neuronal development.

PKA phosphorylation of SynIII is required for early

neuronal development

Phosphorylation by several protein kinases is a crucial functional
step that contributes to the modulation of Syn activity. Because
SynllI is substrate for PKA, a kinase involved in neuronal sur-

vival, neurite outgrowth, and synaptogenesis (Kao et al., 2002;
Perlini et al., 2011), we investigated the role of PKA-mediated
phosphorylation of SynlIII at early stages of development. Toward
this aim, we expressed either WT SynlII or two different SynIII
mutants on the conserved PKA phosphorylation site (Ser®) in
cortical SynIII KO neurons via nucleofection. In particular, we
used pCAGGs-rSynllla-IRES-tdTomato as a template for site-
directed mutagenesis to generate a dephosphomimetic mutant
(S9A) in which the nonphosphorylatable alanine replaces serine,
and a phosphomimetic mutant (S9E) in which the negatively
charged glutamic acid mimics the charge of the phosphate group.
The overall expression levels of WT and SynIII mutants, analyzed
in SynIII KO neuronal lysates at 3 DIV by Western blotting, were
similar and in the same range of the endogenous SynIII in parallel
cultures of WT neurons at the same developmental stage (Fig.
3A), confirming the validity of the constructs and the high trans-
fection efficiency (see Materials and Methods). Then, we per-
formed immunocytochemistry with anti-SynlII antibodies to
analyze the expression patterns of the mutant proteins in SynlIII
KO transfected neurons. WT, S9A, and S9E SynIII were correctly
translated and targeted to the cell body and presynaptic nerve
terminals with comparable expression patterns (Fig. 3B).
Nucleofection caused per se a delay in neuronal maturation lead-
ing to a neurite elongation at 3 DIV comparable with that of stage
1 or 2 DIV nontransfected neurons (Fig. 1). Consequently, we
analyzed neuronal morphology at 3 DIV in transfected neurons.
The morphological analysis showed that the neurite outgrowth
phenotype of SynlIl KO neurons (transfected with the empty
vector) was completely rescued by the expression of WT SynlII.
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Figure 2.  Phenotype of Synlll silenced cortical neurons. A, Representative Western blot showing the specificity of Synlll ShRNA#1 (ShRNA#1) in downregulating endogenous Synlll levels in
transfected WT cortical neuronsat 1and 3 DIV compared with the control scrambled ShRNA (ShRNAscr). Tubulinimmunoreactivity was used to control for equal loading. Molecular masses are shown
onthe leftinkDa. B, Representative images of 1 DIV and 3 DIV WT cortical neurons transfected by Amaxa before plating with either ShRNAscr or ShRNA#1 (green). Scale bar, 50 em. €, Quantification
of the total process length in the experiments shown in B using ImageJ software. Data are mean == SEM (n = 90 ShRNAscr * neurons and n = 95 ShRNA#1 ™ neurons at 1DIV; n = 85 ShRNAscr *
neurons and n = 91 ShRNA#1* neurons at 3 DIV, from n = 3 independent experiments). p = 0.888 at 1 DIV (unpaired Student’s ¢ test). p = 0.593 at 3 DIV (unpaired Student’s t test). D,
Representative images of primary WT cortical neurons plated after IUE at E17 with either ShRNAscr or ShRNA#1 (green), fixed at 1 DIV and 3 DIV, and stained for SMI312 (red). Scale bar, 50 um. E,
Quantification of the length and number of minor processes of neurons in the experiments shown in D measured by ImageJ software. **p = 0.008 versus the respective ShRNAscr (unpaired
Student’s ttest). ***p < 0.001 versus the respective ShRNAscr (unpaired Student’s ¢ test). F, Quantification of the percentage of SMI312-positive neurons and their axon length. **p = 0.007 at 1
DIV (unpaired Student’s t test). **p = 0.008 at 3 DIV (unpaired Student's t test). , F, Data are mean =+ SEM (n = 126 ShRNAscr ™ neurons and n = 116 ShRNA#1 * neurons at 1DIV; n = 114
ShRNAscr * neurons and n = 99 ShRNA#1 ™ neurons at 3 DIV, from n = 3 independent experiments).

Conversely, expression of either PKA phosphorylation mutant
was unable to rescue the KO phenotype in terms of both SMI312-
negative processes and total number of neurites (Fig. 3C,D).
Moreover, the expression of either S9A or SOE SynlII led to a
significantly lower percentage of SMI312-positive neurons com-
pared with WT SynlII, with a much stronger effect for SOA SynlII
(Fig. 3C,E). However, the few SMI312-positive neurons surpris-

ingly showed normal axonal length (Fig. 3E). In any case, the
phenotype of control KO neurons and of KO neurons expressing
the PKA phosphorylation mutants of SynIII was fully rescued at 7
DIV (mean * SEM process length in KO neurons transfected
with empty vector, WT SynlIl, S9A SynlIl, and S9E SynlIII was
1160 = 56, 1165 * 62, 1168 * 60, and 1164 *= 56 um, respec-
tively; p > 0.05, one-way ANOVA; n = 10-11/experimental
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PKA phosphorylation of SynlIl is required for early neuronal development. 4, Representative Western blot of Synlll expression in WT neurons, KO neurons, and KO neurons expressing

either WT Synlll or its PKA mutants. Primary cortical neurons from either WT or Synlll KO mice were transfected by Amaxa before plating with the empty pCAGGs-IRES-tdTomato vector (WT and KO
neurons). For rescue experiments, Synlll KO neurons were transfected with pCAGGs-IRES-tdTomato vectors encoding WT-Synlll, S9A-Synlll, or SOE-Synlll. Neurons were lysed at 3 DIV and subjected
to Western blotting. Tubulin immunoreactivity was used to control for equal loading. Molecular masses of the proteins are on the left in kDa. B, Representative images of 3 DIV tdTomato-positive
Synlll KO cortical neurons expressing WT-Synlll, S9A-Synlll, or SOE-Synlil. Fixed cells were stained for Synlll (green). WT-Synlll and both mutants showed a similar expression and distribution in all
subcellular compartments. Scale bar, 50 wm. C, Representative images of 3 DIV Synlll KO cortical neurons expressing tdTomato alone (KO) or with WT-Synlll, S9A-Synlll, or S9E-Synlll (red) and
stained for SMI312 (green). Scale bar, 50 wm. D, Quantification of the length and number of minor processes of neurons in the experiments shown in € measured by ImageJ software. E,
Quantification of the percentage of SMI312-positive neurons and their axon length. Data are mean == SEM (n = 142 KO neurons, n = 130 WT-Synlll neurons, n = 154 S9A-Synlll neurons, and n =
112 S9E-Synlll neurons at 3 DIV, from n = 4 independent experiments). *p << 0.05 versus WT (one-way ANOVA followed by the Bonferroni’s multiple-comparison test). **p << 0.01 versus WT
(one-way ANOVA followed by the Bonferroni’s multiple-comparison test). ***p << 0.001 versus WT (one-way ANOVA followed by the Bonferroni’s multiple-comparison test). Dashed lines indicate

the mean values of WT cortical neurons transfected with empty pCAGGs-IRES-tdTomato at 3 DIV included for comparison.

group from 3 independent preparations). Together, these data
indicate that the presence of SynlIl and PKA phosphorylation/
dephosphorylation cycles are both necessary for early develop-
ment of neuronal processes and axon specification/outgrowth.
By contrast, at later stages, other mechanisms allow neurons to
catch up a physiological growth.

A novel Cdk5 phosphorylation site on SynlIII regulates

its functions

Ithasbeen previously reported that SynI, the main member of the
Syn family, is phosphorylated by Cdk5, and this phosphorylation
homeostatically regulates the transition of SVs between resting
and recycling pools in mature terminals (Jovanovic et al., 1996;
Matsubara et al., 1996; Verstegen et al., 2014). We have recently
described that Cdk5 physically interacts with and phosphorylates
SynlII at a unique phosphorylation site (Ser ***) that is crucial for
the regulation of radial migration of pyramidal neurons in the
developing neocortex (Perlini et al., 2015). SynIII and Cdk5 are
coexpressed at perinatal ages in the cortex, but thereafter their
expression patterns diverge (Ferreira et al., 2000; Odajima et al.,
2011; Perlini et al., 2015). Before addressing the role of Cdk5
phosphorylation of SynlIIl, we checked the distribution of SynIII
and p35, the neurospecific Cdk5 activator, in WT cortical neu-
rons at 3 and 14 DIV. During early in vitro development (3 DIV),

the two proteins shared an almost total colocalization at the level
of the cell body and growth cones, confirming the extrasynaptic
localization of SynlIII (Ferreira et al., 2000). However, after mat-
uration and synaptogenesis (14 DIV), the two proteins colocal-
ized only at synaptic boutons (Fig. 4A). Subcellular distribution
of SynlII and Cdk5/p35 in rat forebrain fractions showed that
SynlIII and Cdk5/p35 were coenriched in synaptic terminal (LP2
and SG4) and SV fractions identified by the specific SV marker
synaptophysin (Fig. 4B). These results confirm that SynIII and
Cdk5/p35 colocalize both in developing and mature neurons.
To evaluate the functional role of Cdk5 phosphorylation of
SynlIlin the in vitro neuronal development, we took advantage of
dephosphomimetic and phosphomimetic Cdk5 mutants of Sy-
nlll (Perlini et al., 2015), where Ser*®* was replaced with the
nonphosphorylatable residue alanine (S404A) and the negatively
charged amino acid aspartic acid (S404D), respectively. We
transfected SynlIII KO cortical neurons with either WT SynlIII or
the Cdk5 phosphorylation mutants of SynlII, as described above
for PKA. In primary SynlII KO cortical neurons, the expression
and subcellular distribution of both mutants were similar to WT
SynlII (Fig. 5A, B) with overall levels in the cultures that were in
the same range of the endogenous SynlIII in parallel cultures of
WT neurons at the same developmental stage (Fig. 5A). As shown
above, expression of WT SynlII fully rescued the KO phenotype.
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Conversely, expression of the nonphos- A
phorylatable S404A SynIIl mutant was
totally ineffective in correcting the impair-
ment in the length and number of SMI312-
negative processes, as well as in axon
extension and delayed maturation of neu-
rons into SMI312-positive cells (Fig. 5C-E).
Interestingly, the pseudo-phosphorylated
$404D SynlII mutant, although ineffective
in correcting the defective length and num-
ber of SMI312-negative processes (Fig. 5D),
partially rescued the delayed maturation of
neurons into SMI312-positive cells, and
fully rescued axonal elongation (Fig. 5E).
Together, these results indicate that
Synlll  regulates neurite outgrowth
through a Cdk5-dependent phosphoryla-
tion, concomitantly or in addition to the
PKA-dependent regulation. 72—

3DIv

Syn Il

14 DIV

Functional SynIII is critical for early
neuronal survival
Neurogenesis consists of a number of
stages, including proliferation, survival, 28 —
and differentiation (Gage, 2000), and pre-
vious work reported an effect of SynlIII on
adult neurogenesis (Kao et al., 2008).
Thus, we evaluated cell viability in WT
and SynlII KO cortical neurons using the
MTT reduction assay (Fig. 6A). The per- 36—
centage of surviving KO neurons com-
pared with WT was 73.5 = 5.5% and
57.5 = 10.5% at 3 and 7 DIV, respectively,
indicating that SynIII KO cells are signifi-
cantly less viable than WT neurons (Fig.
6A). This viability phenotype of SynlII
KO neurons at both time windows was
fully rescued by the expression of WT Sy-
nlIl, but not by the expression of PKA or
Cdk5 phosphorylation mutants (Fig. 6B).
The data demonstrate that the presence of
a functional SynlIII, which is dynamically phosphorylated by PKA
and Cdks5, is crucial for cell survival, and strengthen the knowl-
edge on a key role of PKA and Cdk5 as regulators of neuronal
survival (Ohshima et al., 1996; Dagda and Das Banerjee, 2015).
Some of the prominent roles of neurotrophins mediated by
TrkB expression and signaling include the regulation of cell sur-
vival, neurite outgrowth and branching, and synaptic plasticity
(Fenner, 2012). Therefore, we examined the protein expression
of full-length TrkB receptor (TrkB-FL) and of its truncated iso-
form lacking the tyrosine kinase domain (TrkB-T1) in WT and
SynlII KO cortical neurons at early stages of development by
Western blotting (Fig. 6C). The level of total TrkB, considered as
the sum of the full-length and truncated T1 isoforms, rapidly
increased during development, reaching a plateau at 5-7 DIV in
both WT and KO neurons, with no significant differences across
genotypes (Fig. 6C,D, top). However, we observed a dramatic
increase in the TrkB-T1 to TrkB-FL ratio in SynIII KO cells (Fig.
6C,D). Indeed, whereas WT neurons virtually expressed only
TrkB-FL at all developmental stages, the expression of TrkB-T1
progressively and significantly increased in SynIII KO neurons,
reaching ~50% of the total TrkB isoforms expressed at 7 DIV
(Fig. 6C,D, bottom). The increased expression of TrkB-T1 in

36—

36 —
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Synlil and Cdk5/p35 subcellular distribution in neurons. A, Representative images of WT cortical neurons fixed at 3
and 14 DIV and double stained for Synlll (green) and p35 (red). Scale bar, 20 m. B, Subcellular fractions of rat forebrain obtained
atvarious stages of SV purification were analyzed by immunoblotting using Synlll, Cdk5, and p35 antibodies. The distribution of the
specific SV marker synaptophysin in the same fractions is shown for comparison. Molecular masses of the proteins are shown on the
left in kDa. H, Crude homogenate; S1, postnuclear supernatant; S2, cytosolic and microsomal fraction; P2, crude synaptosomes;
LP1, crude synaptic plasma membranes; LS1, SV-enriched supernatant fraction; LP2, crude SVs; LS2, synaptosol; SG2, sucrose
gradient-2 fraction, crude synaptic vesicles; SG4, sucrose gradient-4 fraction, synaptic membranes; USV, highly purified synaptic
vesicles; SSV, salt-treated synaptic vesicles; FT, flow-through of Controlled-Pore Glass chromatography.

SynIII KO neurons was paralleled by a decrease in TrkB-FL levels.
On the other hand, the levels of the p75™"™® neurotrophin recep-
tor, a death domain-containing receptor playing complex roles in
axon determination, growth, and survival (Yamashita et al., 1999;
Ibafez and Simi, 2012; Zuccaro et al., 2014), was substantially
preserved in SynlII KO neurons compared with WT (Fig. 6C;
mean + SEM percentage p75™ ' " levels in SynIll KO vs WT:
82.19 = 15.7, p = 0.268 at 3 DIV; 79.19 = 13.09, p = 0.191 at 5
DIV; 86.87 = 16.9, p = 0.176 at 7 DIV; unpaired Student’s f test,
n = 4). The reduced survival of SynlIII KO neurons (Fig. 6A)
prompted us to investigate the expression of caspase3, a crucial
mediator of programmed cell death, by Western blotting in WT
and SynIII KO neuronal lysates (Fig. 6C). Although the levels of
endogenous full-length caspase3 (the 35 kDa inactive zymogen)
were not changed in SynlII KO neurons compared with WT
(mean * SEM percentage full-length caspase3 levels in SynIII KO
vs WT:103.10 £9.13,p = 0.968 at 3 DIV;92.57 = 8.63, p = 0.930
at 5 DIV; 86.35 = 6.80, p = 0.630 at 7 DIV; unpaired Student’s ¢
test, n = 4), the expression level of cleaved caspase3 (the 17 kDa
active subunit) was dramatically increased (Fig. 6C,E). These ef-
fects are likely to be specific to neuronal signaling because astro-
cytes and microglial cells represent only a negligible percentage of
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Cdk5 phosphorylation of Synlll regulates the early development of neurons. A, Representative Western blot of Synlll expression in WT neurons, KO neurons, and KO neurons expressing

either WT Synlll or its Cdk5 mutants. Primary cortical neurons from either WT or SynlIl KO mice were transfected by Amaxa before plating with empty pCAGGs-IRES-tdTomato vector as described in
the legend to Figure 3 (WT and KO neurons). For rescue experiments, Synlll KO neurons were transfected with pCAGGs-IRES-tdTomato vectors encoding WT-Synlll, S404A-Synlll, or S404D-Synlll.
Neurons were lysed at 3 DIV and subjected to Western blotting. Tubulin immunoreactivity was used to control for equal loading. Molecular masses of the proteins are shown on the left in kDa. B,
Representative images of 3 DIV tdTomato-positive Synlll KO cortical neurons expressing WT-Synlll, S404A-Synlll, or S404D-Synlll. Fixed cells were stained for Synlil (green). WT-Synlll and both
mutants showed a similar expression and distributionin all subcellular compartments. Scale bar, 50 wm. C, Representative images of 3 DIV Synlll KO cortical neurons expressing tdTomato alone (K0)
orwith WT-Synlll, S404A-Synlll, or S404D-Synlll (red) and stained for SMI312 (green). Scale bar, 50 pem. D, Quantification of the length and number of minor processes of neurons in the experiments
shown in Cmeasured by Image) software. E, Quantification of the percentage of SMI312-positive neurons and their axon length. Data are mean = SEM (n = 142 KO neurons, n = 130 WT-SynllI
neurons, n = 116 S404A-Synlll neurons, and n = 134 S404D-Synlll neurons at 3 DIV, from n = 4 independent experiments). *p << 0.05, versus WT (one-way ANOVA followed by the Bonferroni’s
multiple-comparison test). **p << 0.01, versus WT (one-way ANOVA followed by the Bonferroni’s multiple-comparison test). Dashed lines indicate mean values of WT cortical neurons transfected

with empty pCAGGs-IRES-tdTomato at 3 DIV included for comparison.

total cells under our culture conditions. Interestingly, a higher
degree of apoptosis was present in brain slices from SynIII KO
mice (Fig. 6F). Indeed, we observed a 57.5% increase of the im-
munoreactivity of the apoptotic marker active caspase3 in the
neocortex of SynIII KO mice at P7 compared with age-matched
WT slices. Together, these results indicate that chronic depletion
of functional SynlIII leads to reduced cell survival both in vitro and
in vivo, and suggest that changes in the complement of TrkB
receptor isoforms expressed by neurons activate intracellular ap-
optotic pathways that may eventually impact on both cell survival
and neuronal development.

Discussion

SynlII is an atypical member of the Syn family. It is concentrated
at presynaptic terminals but also distributes in other cellular re-
gions; it is expressed precociously, but its expression declines in
the adult (Ferreira et al., 2000; Perlini et al., 2015); its KO in
embryonic neurons impairs inhibitory transmission, but its de-
letion is not epileptogenic (Feng et al., 2002). This intriguing
profile could be attributable to the presence of the SynIII-specific
domain J, which contains a major phosphorylation site for Cdk5
(Perlini et al., 2015), as well as of domains shared with the other
Syns (domains B, C, E, and A, containing a highly conserved
phosphorylation site for PKA).

SynlII acts at very early stages of neuronal development
During early stages in culture, SynlII KO cortical neurons show an
immature morphology, with decreased number and length of
SMI312-negative processes, delayed axon specification, and im-
paired axon extension. The phenotype of either SynIII KO neurons
or neurons prepared from in utero Synlll-silenced embryos consis-
tently indicates an important role of SynlIl in early neuronal devel-
opment and differentiation (Ferreira et al., 2000; Perlini et al., 2015).
Previous studies reported that SynIII knockdown with antisense oli-
gonucleotides or constitutive Synlll KO impaired differentiation
and elongation of the axon, with altered growth-cone morphology
(Ferreira et al., 2000; Feng et al., 2002). We extended these findings
by showing that SynIII plays an important role in the outgrowth of
all neuronal processes, as well as in the survival of developing neu-
rons. In addition, our study provides a mechanistic explanation for
the defects in migration, orientation, and morphology of cortical
pyramidal neurons caused by the acute knockdown of SynIII in vivo
(Perlini et al., 2015).

The effects of endogenously expressed SynlIII occur in a very
narrow temporal window, as demonstrated by the fact that SynIII
KO neurons catch up the growth at later stages in culture and that
acute silencing is effective only when SynIII knockdown is per-
formed before plating. However, the expression of exogenous
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Figure 6. A functional Synlllis critical for early neuron survival. A, Cell viability measured by the MTT assay of WT and SynlIl KO cortical neurons at 3 and 7 DIV. Data are mean =+ SEM
of n = 4independent experiments. *p = 0.023 at 3 DIV (unpaired Student’s t test). *p = 0.035 at 7 DIV (unpaired Student’s ¢ test). B, Cell viability evaluated by the MTT assay in Synll|
KO cortical neurons transfected before plating with pCAGGs-IRES-tdTomato alone (KO) or with WT-Synlll, S9A-Synlll, S9E-Synlll, S404A-Synlll, and S404D-Synlll at 3 and 7 DIV. Data are
mean = SEM of n = 4independent experiments. *p << 0.05 versus WT (one-way ANOVA followed by the Bonferroni’s multiple-comparison test). **p < 0.0 versus WT (one-way ANOVA
followed by the Bonferroni’s multiple-comparison test). ***p << 0.001 versus WT (one-way ANOVA followed by the Bonferroni’s multiple-comparison test). C, Representative Western
blots showing the expression level of full-length (TrkB-FL) and truncated (TrkB-T1) TrkB, p75 NTR caspase3, and cleaved caspase3 in lysates of WT and Synlll KO cortical neurons at 3, 5,
and 7 DIV. Tubulin immunoreactivity was used to control for equal loading. Molecular masses of the proteins are shown on the left in kDa. The exposures for inactive and active caspase3
shown in the figure were optimized to avoid saturation of the signal in any of the lanes. D, Quantification of the expression level of total TrkB (TrkB-FL plus TrkB-T1, top) and truncated
TrkB (TrkB-T1, bottom) in WT and KO cortical neurons at 3, 5, and 7 DIV. Total TrkB is expressed in percentage of the WT level at 3 DIV, whereas truncated TrkB is expressed in percentage
of the total TrkB level. Data are mean = SEM of n = 4independent experiments. **p = 0.002 at 3 DIV (unpaired Student’s t test). **p = 0.006 at 5 and 7 DIV (unpaired Student’s t test).
E, Quantification of the expression level of cleaved capsase3 in WT and KO cortical neurons at 3, 5, and 7 DIV expressed in percentage of relative WT level. Data are mean = SEM of n =
4 independent experiments. *p = 0.036 at 7 DIV (unpaired Student’s ¢ test). **p = 0.003 at 5 DIV (unpaired Student’s t test). **p = 0.007 at 3 DIV (unpaired Student’s ¢ test). F,
Representative confocal images of active caspase3 immunoreactivity (red) from coronal sections of the neocortex of WT and Synlll KO mouse pups at P7. Slices were counterstained with
Hoechst (blue). Scale bar, 200 wm. Quantification of the number of apoptotic cells located in the cortex per slice in WT and Synlll KO animals is shown on the right. Data are mean = SEM
of n = 6 WT mice and n = 5 Synlll KO mice. One slice per animal was analyzed. **p = 0.009 (unpaired Student’s ¢ test).
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SynIII in SynIII KO neurons in vitro can rescue the phenotype at
later times. This suggests that SynIII KO neurons remain sensitive
to exogenous Synlll, as well as to other compensatory proteins,
during a longer temporal window and eventually recover from
the phenotype.

Both the delayed migration and the misorientation phenotype
observed in vivo could be the consequence of an early defect in
process outgrowth and axon determination. It is possible that the
developmental effects of SynlII are obtained through interactions
with the cytoskeleton, namely, actin and SVs. Indeed, SynlII is
present at the growth cone of developing processes, where intense
actin remodeling and membrane trafficking take place. Regula-
tion of actin dynamics and SV trafficking are both the bases for
elongation of neurites, particularly the axon, and requisites for
membrane rearrangements during cell migration along radial
glia fibers (Gupta et al., 2003; Itofusa and Kamiguchi, 2011).
Dysregulation of SynlII activity could thus interfere with cyto-
skeletal dynamics and membrane rearrangements, which are es-
sential mechanisms for the outgrowth and elongation of neuritic
processes, as well as for migration and correct orientation of the
neurons in the cortical layers.

The activity of SynIII in early neuronal development is
regulated by PKA and Cdk5 phosphorylation

We demonstrate that the effects of SynIII on neurite outgrowth
and axon specification require PKA- and Cdk5-dependent phos-
phorylation, as both PKA and Cdk5 dephospho-mimetic mu-
tants were totally unable to rescue the developmental phenotype
of SynIII KO neurons. The cAMP-mediated pathway has been
implicated in neurite outgrowth, neuronal differentiation, and
survival (Kao et al., 2002; Shelly et al., 2010). PKA phosphoryla-
tion of Synl regulates SV dynamics at the growth cone in devel-
oping neurons (Bonanomi et al., 2005) and the formation of
excitatory and inhibitory synapses (Perlini et al., 2011). Phos-
phorylation of SynlI by PKA is involved in precocious stages of
neuronal development in Xenopus spinal neurons, where the ex-
pression of a pseudo-phosphorylated SynIl mutant was shown to
stimulate neurite outgrowth and rescue the KO phenotype (Kao
et al., 2002). In the case of SynllI, both the dephospho-mimetic
and pseudo-phosphorylated SynIIl mutants were unable to res-
cue the neuronal morphology in SynIII KO neurons. This result
can be explained by the fact that cycles of phosphorylation/de-
phosphorylation are required to achieve the SynIII effects and/or
by the lack of possible compensatory mechanisms by other Syn
isoforms that are poorly expressed at very early stages of develop-
ment (Ferreira et al., 2000; Perlini et al., 2015).

Cdk5 is a serine/threonine kinase precociously expressed in
developing neurons, where it mediates the effects of Sema3a in
neuronal growth and differentiation (Nikolic et al., 1996;
Ohshima et al., 2007; Yun et al., 2013), as well as in mature neu-
rons, where it regulates SV trafficking at synapses through Synl
phosphorylation (Kim and Ryan, 2010; Verstegen et al., 2014).
We recently described that SynlIII is substrate for Cdk5 at a major
site located in the unique domain J (Perlini et al., 2015). The
finding that phosphorylation of SynIII has an important func-
tional role in neurite outgrowth, axon specification, and
elongation provides a molecular basis for the effects of Cdk5
phosphorylation of SynlIII in the radial migration and orientation
of pyramidal neurons in vivo (Perlini et al., 2015). Similar to what
is observed in cortical development, the Cdk5 phospho-mimetic
mutant of SynlII partially rescued the developmental phenotype,
whereas the dephospho-mimetic mutant did not. The view of
SynllI as a downstream effector of the Cdk5 pathway in the early
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developmental stage is further strengthened by the following: (1)
the correlation between Cdk5 expression, SynlII expression, and
phosphorylated SynlIII at the Cdk5 site before birth (Perlini et al.,
2015); (2) the colocalization between the Cdk5 activator p35 and
SynlII at early developmental stages; and (3) the coenrichment of
SynlIII, Cdk5, and p35 in the same subcellular synaptic fractions
of adult brain, where SynIII is highly expressed in immature neu-
rons in neurogenic regions (Pieribone et al., 2002). Because Cdk5
regulates the maturation of newborn granule cells in the adult
hippocampus (Jessberger et al., 2008), the latter observation sug-
gests a functional role of SynIII mediated by Cdk5 phosphoryla-
tion also in adult neurogenesis.

SynlII enhances the survival of developing neurons

Synlll is already expressed in nestin-positive neural progenitors,
and its depletion affects the proliferation and survival of neural
progenitors in the adult dentate gyrus of the hippocampus (Kao
et al., 2008). Interestingly, we found that SynIII enhances cell
survival after neural precursors have developed into neurons and
its genetic deletion increases the number of apoptotic cells in
both primary neurons and the neocortex of postnatal mice. The
increased apoptosis could be rescued in vitro by WT SynlII, but
not by its phosphorylation mutants, indicating that the same
cellular mechanisms underlie both the trophic and developmen-
tal effects of SynlIII. One of these potential mechanisms could be
BDNF signaling through the TrkB receptor, an essential modu-
lator of neuronal survival, differentiation, and plasticity. Two
major TrkB receptor isoforms exist in the brain: TrkB-FL and
C-terminal TrkB-T1, lacking the intracellular tyrosine kinase do-
main and acting as a dominant-negative BDNF receptor (Klein et
al., 1990; Biffo et al., 1995; Eide et al., 1996; Haapasalo et al.,
2001). Although the role of TrkB-T1 in cell survival is not com-
pletely clarified, neuronal survival is primarily stimulated by
TrkB-FL signaling and inhibited by TrkB-T1 (Eide et al., 1996;
Ninkina et al., 1996; Haapasalo et al., 2001; Tervonen et al., 2006).
TrkB-T1 also participates in neuronal development by regulating
distinct modes of dendritic growth or selectively affecting den-
drite complexity in certain neuronal populations (Fryer et al.,
1997; Yacoubian and Lo, 2000; Carim-Todd et al., 2009). The
isoform-specific changes in TrkB expression observed in SynIII
KO neurons may therefore reduce the BDNF-induced neuropro-
tection and/or neurite outgrowth and explain both the decreased
cell survival and the impaired neuritic elongation observed in
SynlII KO neurons at early stages of development. This pheno-
type is typical of neurons with defective BDNF signaling (Al-
céntara et al., 1997; Linnarsson et al., 2000; Cesca et al., 2012).
Interestingly, the substantial preservation of the p75NTR neu-
rotrophin receptor in the presence of a defective TrkB signaling
may unleash p75~"® to trigger programmed cell death, inhibi-
tion of actin dynamics and of neuritic growth (Roux and Barker,
2002; Kaplan and Miller, 2003; Yamashita and Tohyama, 2003).
For the first time, our data show that SynIII KO mice have dys-
regulated TrkB expression, which affects both cell survival and
neuronal development and is associated with various neurologi-
cal and psychiatric disorders (Ferrer et al., 1999; Murer et al.,
2001; Castrén, 2014; Fenner et al., 2014).

One interesting issue is how SynllI can be so significant for
neuronal development and survival and still the SynIII KO mice
have a very mild phenotype. Indeed, we demonstrated that SynIII
KO animals display an altered cortical cytoarchitecture similar to
that observed in ShRNA-transfected brains (Perlini et al., 2015)
with increased apoptosis of neocortical neurons (this paper).
Thus, the gross brain morphology is only “apparently normal”
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because previous studies did not use techniques suitable to detect
this kind of phenotype.

In conclusion, we found that SynlII plays a central role in early
stages of neuronal development involving phosphorylation-
dependent neuronal survival, polarization, and neuritic growth.
These results possibly explain the recently described neurodevel-
opmental defects in the migration and orientation of SynlIII-
depleted cortical neurons (Perlini et al., 2015). Furthermore,
these data support the possibility of an association of SynlII with
neurodevelopmental disorders, such as schizophrenia, as pro-
posed on the basis of postmortem (Vawter et al., 2002; Porton
and Wetsel, 2007) and genetic studies (Porton et al., 2004; Lach-
man et al., 2005; Chen et al., 2009).
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