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Neurotrophin-3 Regulates Synapse Development by
Modulating TrkC-PTPo Synaptic Adhesion and Intracellular
Signaling Pathways
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Neurotrophin-3 (NT-3) is a secreted neurotrophic factor that binds neurotrophin receptor tyrosine kinase C (TrkC), which in turn binds
to presynaptic protein tyrosine phosphatase o (PTPo) to govern excitatory synapse development. However, whether and how NT-3
cooperates with the TrkC-PTPo synaptic adhesion pathway and TrkC-mediated intracellular signaling pathways in rat cultured neurons
has remained unclear. Here, we report that NT-3 enhances TrkC binding affinity for PTPo. Strikingly, NT-3 treatment bidirectionally
regulates the synaptogenic activity of TrkC: at concentrations of 10-25 ng/ml, NT-3 further enhanced the increase in synapse density
induced by TrkC overexpression, whereas at higher concentrations, NT-3 abrogated TrkC-induced increases in synapse density. Semi-
quantitative immunoblotting and optogenetics-based imaging showed that 25 ng/ml NT-3 or light stimulation at a power that produced
a comparable level of NT-3 (6.25 uwW) activated only extracellular signal-regulated kinase (ERK) and Akt, whereas 100 ng/ml NT-3 (light
intensity, 25 wW) further triggered the activation of phospholipase C-y1 and CREB independently of PTP¢. Notably, disruption of TrkC
intracellular signaling pathways, extracellular ligand binding, or kinase activity by point mutations compromised TrkC-induced in-
creases in synapse density. Furthermore, only sparse, but not global, TrkC knock-down in cultured rat neurons significantly decreased
synapse density, suggesting that intercellular differences in TrkC expression level are critical for its synapse-promoting action. Together,
our data demonstrate that NT-3 is a key factor in excitatory synapse development that may direct higher-order assembly of the TrkC/
PTPo complex and activate distinct intracellular signaling cascades in a concentration-dependent manner to promote competition-
based synapse development processes.
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In this study, we present several lines of experimental evidences to support the conclusion that neurotrophin-3 (NT-3) modulates
the synaptic adhesion pathway involving neurotrophin receptor tyrosine kinase C (TrkC) and presynaptic protein tyrosine phos-
phatase o (PTPo) in a bidirectional manner at excitatory synapses. NT-3 acts in concentration-independent manner to facilitate
TrkC-mediated presynaptic differentiation, whereas it acts in a concentration-dependent manner to exert differential effects on
TrkC-mediated organization of postsynaptic development. We further investigated TrkC extracellular ligand binding, intracellu-
lar signaling pathways, and kinase activity in NT-3-induced synapse development. Last, we found that interneuronal differences in
TrkC levels regulate the synapse number. Overall, these results suggest that NT-3 functions as a positive modulator of synapto-
genesis involving TrkC and PTPo. j

ignificance Statement

acteristic of a particular type of synapse. This coordination is
achieved through the action of a variety of molecular mecha-
nisms organized by trans-synaptic adhesion molecules, some of
which have been referred to as “synapse organizers” because of

Introduction
Synapse development requires precise coordination between pre-
synaptic and postsynaptic neurons to promote properties char-
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their ability to induce presynaptic or postsynaptic differentiation
in simplified experimental systems (Biederer and Scheiffele,
2007; Siiddhof, 2008; Ko, 2012; Um and Ko, 2013; Ko et al., 2015a).
In addition to membrane-anchored synapse organizers, secreted
soluble factors are also critical for various synapse assembly pro-
cesses at neuromuscular junctions and in the CNS (Johnson-
Venkatesh and Umemori, 2010). Notably, classical morphogens
(e.g., sonic hedgehog, TGF/BMP, and Wnts), fibroblast growth
factors (e.g., FGF7 and FGF22), neurotrophic factors (e.g., BDNF
or GDNF), and glial factors (e.g., thrombospondins) have
been implicated in organizing presynaptic and postsynaptic dif-
ferentiation of mammalian neurons (Johnson-Venkatesh and
Umemori, 2010). However, how diverse classes of synapse orga-
nizers mediate distinct phases of synapse development has not
been investigated exclusively.

Among emerging synapse organizers, the neurotrophin re-
ceptor tyrosine kinase C (TrkC) has been reported to act as both
astructural lynchpin and functional coordinator because it inter-
acts with protein tyrosine phosphatase o (PTPo) extracellularly
and activates a host of signaling cascades intracellularly (for re-
view, see Um and Ko, 2013). TrkC, together with TrkA and TrkB,
constitute the Trk superfamily, the members of which exhibit
distinct patterns of binding to four neurotrophins: nerve growth
factor (NGF), brain-derived neurotrophic factor (BDNF),
neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4). NGF binds
to TrkA; BDNF and NT-4 bind to TrkB; and NT-3 binds to TrkC.
These ligand-Trk interactions regulate activity-dependent syn-
apse development in the CNS (Park and Poo, 2013). BDNF sig-
naling through TrkB, in particular, has been studied extensively
in various synaptogenesis contexts (for review, see Park and Poo,
2013). It was shown recently that BDNF-dependent TrkB recep-
tor trafficking and signaling are dictated by cis interactions of
TrkB with Slitrk5, another synapse organizer that also binds to
PTPo (Takahashi et al., 2012; Yim et al., 2013; Song et al., 2015).
BDNF stimulation switches the binding partner of Slitrk5 from
PTPo to TrkB (Song et al., 2015), suggesting that BDNF modu-
lates a specific synaptic adhesion pathway selectively. Although
this hypothesis is conceptually compelling, it is not clear whether
other neurotrophins similarly modulate synapse development.

In the present study, we found that NT-3 promotes and is re-
quired for TrkC-dependent presynaptic differentiation through in-
creased binding of dimerized NT-3 with PTPo. Intriguingly, NT-3
boosts TrkC-induced synapse density in a concentration-dependent
manner. In a concentration range of 10-25 ng/ml, NT-3 increases
synapse density, whereas, at 100 ng/ml, NT-3 dampens TrkC-
triggered synapse density, possibly through downregulation of
total TrkC levels. Moreover, quantitative immunoblotting and
optogenetics-based imaging experiments revealed that NT-3 acti-
vates ERK and Akt, but not phospholipase C (PLC)-yl or cAMP
response-element-binding protein (CREB), at a concentration of 25
ng/ml. In contrast, it activates PLC-y1 and CREB, in addition to
ERK and Akt, at a concentration of 100 ng/ml. This concentration-
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dependent alteration of intracellular signaling cascades does not re-
quire the presence of PTPo. However, gain-of-function assays and
molecular replacement approaches using various TrkC point mu-
tants showed that the synapse-density-promoting activity of TrkC
requires extracellular binding to NT-3 and PTPo; signaling through
the primary intracellular signaling pathways ERK, Akt, PLC-y1, and
CREB; and TrkC kinase activity. These results suggest that simply
activating PLC-y1 and CREB does not trigger the synaptotoxic ef-
fects of high concentrations of NT-3. Last, we found that relative
differences in TrkC levels between neurons dictate TrkC-mediated
synapse density in hippocampal neurons, reminiscent of the mech-
anism that operates in regulating cortical and cerebellar synapse
number (Kwon et al., 2012; Joo et al., 2014). Collectively, our data
suggest that NT-3 acts via modulation of the TrkC/PTPo synaptic
adhesion pathway to regulate synapse development in a local-
concentration-dependent manner.

Materials and Methods

Construction of expression vectors. pDisplay-mTrkC encoding full-length
mouse TrkC (GenBank No. AY336094), excluding its signal peptide (aa
1-31), was cloned into the pDisplay vector via Xmal and SaclI sites.
pcDNA3.1 HA-rTrkC (a gift from Dr. Patrick Mehlen, UMR Inserm,
France), encodes full-length rat TrkC (GenBank No. NM_001270656).
The following TrkC constructs were generated by site-directed mutagen-
esis using pcDNA3.1 HA-rTrkC as a backbone: TrkC D240A/D242A (a
PTPo-binding-defective mutant); TrkC N366A/T369A (an NT-3-
binding-defective mutant); TrkC Y516F (a mutant defective for tyrosine
phosphorylation at Y516); and TrkC Y820F (a mutant defective for ty-
rosine phosphorylation at Y820); TrkC D679N (a kinase-activity-
defective mutant); and TrkC E543D. Small hairpin (interfering) RNA
(shRNA) lentiviral vectors against TrkC were constructed by annealing,
phosphorylating, and subcloning the following oligonucleotides target-
ing rat TrkC sequences into Xhol and Xbal sites of a single KD vector
(1-309) immediately downstream of the human H1 promoter: T1-CDS,
5-TGC AGC AAG ACT GAG ATC A-3"; T2-CDS, 5'-CGG TCC AAA
TTT GGA ATG A-3"; T3-CDS, 5'-CGG CTG AAT ATT AAG GAG A-3';
T4-CDS,5'-GAA TAT CACTTCCAT ACA C-3'; T5-CDS, 5'-ACG CTG
AGCCTT CGG GAA T-3'; T6-untranslated region (UTR), 5'-GCG TTT
ATA CTC TGT TGC CTC CTC T-3'; T7-UTR, 5'-CTT CAA CTC CTT
TCGTCCATCTTT G-3'; T8-UTR, 5'-CAT CTT TGA CCG AAA CGA
ACA TCT T-3'; and T9-CDS, 5'-GCA GCA AGA CTG AGA TCA A-3'.
Only T4-CDS and T7-UTR were effective in knocking down TrkC
mRNA levels. T9-CDS is identical to the oligonucleotide used in the
study of Takahashi et al. (2011). For construction of the Opto-TrkC
construct (Lyn-CytoTrkC-PHR-P2A-FP; see Fig. 5A4), the PHR domain
from the Opto-TrkB vector (Chang et al., 2014) was amplified by PCR.
The myristoylation sequence (lyn-tagged for membrane insertion) was
added to the N terminus of CRY2PHR and the cytoplasmic region of
mouse TrkC (aa 454—825) was inserted between the myristoylation se-
quence and CRY2PHR using the In-Fusion cloning system (Clontech),
following the manufacturer’s instructions. P2A (2A peptide sequence; 57
bp) was inserted into iRFP-N1 vector (P2A-iRFP682-N1; Clontech) and
the Opto-TrkC vector was inserted at the N terminus of the P2A-
iRFP682-N1 vector for visualization. pmCitrine-NI1-rTrkC, encoding
full-length rat TrkC, was cloned into the pmCitrine-N1 vector (Clon-
tech) via Nhel and NotI sites.

The shRNA lentiviral vector against NT-3 was generated using oligo-
nucleotides targeting the rat NT-3 sequence, 5'-GCA AAC CTA CGT
CCG AGCACT-3' (Yangetal., 2012b). pVL1393-hNT-3, encoding full-
length (aa 1-257) human NT-3 (GenBank No. NM_001102654), was
subcloned into BamHI and Xbal sites in the pVL1393 (BD Biosciences)
vector containing a thrombin cleavage site (LVPRGS). The following
constructs were described previously: IgC-PTPo (Ko et al., 2015b),
L-309 sh-PTPo (Yim et al., 2013), pGW1-LRRTM2-mVenus (Ko et al.,
2009a), mCherry-Akt (PH; Yang et al., 2012a), ERK-mFusionRed
(Chang et al., 2014), and pCMV-R-GECO1 (purchased from Add-
gene; Zhao et al., 2011).
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Antibodies. Synapsin-2 fusion proteins (JK014; pGEX-KG Synapsin-
2a; a gift from Dr. Thomas Stidhof, Stanford University) were produced
from BL21 Escherichia coli, purified, and used to immunize rabbits. The
following commercially available antibodies were purchased: mouse
monoclonal anti-HA (clone HA-7; Covance), mouse monoclonal anti-
B-actin (clone AC-74; Sigma-Aldrich), goat polyclonal anti-EGFP
(Rockland), rabbit monoclonal anti-TrkC (clone C44HS5; Cell Signaling
Technology), rabbit polyclonal anti-pTrkC (Tyr820; Novus Biologicals),
rabbit polyclonal anti-pERK1/2 (Cell Signaling Technology), rabbit
polyclonal anti-ERK1/2 (Cell Signaling Technology), rabbit polyclonal
anti-pPLC-y1 (Tyr783; Cell Signaling Technology), mouse monoclonal
anti-PLC-vy1 (clone 610027; BD Biosciences), rabbit polyclonal anti-Akt
(Cell Signaling Technology), rabbit polyclonal anti-pAkt (Ser473; Cell
Signaling Technology), mouse monoclonal anti-pCREB (clone 1B6; Cell
Signaling Technology), rabbit monoclonal anti-CREB (Cell Signaling
Technology), mouse monoclonal anti-neuroligin-2 (clone 5E6; Synaptic
Systems), and mouse monoclonal anti-MAP2 (clone AP-20; Sigma-
Aldrich). Rabbit polyclonal anti-Shankl (#1172) was a gift from Dr.
Eunjoon Kim (KAIST, Korea).

Saturation ligand-binding assays. Transfected HEK293T cells, growing
on 24-well plates in DMEM containing 50 mm HEPES-NaOH, pH 7.4, 2
mmM CaCl,, 2 mm MgCl,, and 0.1% bovine serum albumen (BSA), were
incubated with the indicated concentrations of recombinant NT-3 pro-
tein (added as serial dilutions) for 16 h at 4°C with gentle agitation. Excess
recombinant protein was removed by washing cells 3 times with cold
DMEM, after which cells were fixed with 4% paraformaldehyde for 10
min on ice. The cells were washed again with cold PBS and then blocked
by incubating with PBS containing 3% BSA at room temperature for 1 h.
Thereafter, cells were incubated for 1 h at room temperature with horse-
radish peroxidase (HRP)-conjugated rabbit anti-human IgG antibody
(Sigma-Aldrich), diluted 1:40,000 in blocking solution. The cells were
washed three times with blocking solution and once with PBS, and then
acolorimetric 3,3,5,5'-tetramethylbenzidine peroxidase enzyme immu-
noassay (Bio-Rad) was performed according to the manufacturer’s in-
structions. Briefly, the provided HRP substrate solution was added to
each well and samples were incubated at room temperature for 15 min
with vigorous agitation until a blue color developed. Each reaction was
stopped by adding an equal volume of 0.5 M sulfuric acid, which pro-
duced a yellow color. Absorbance at 450 nm was measured using a
Benchmark Plus microplate spectrophotometer (Bio-Rad) and ligand
concentration was plotted against the difference in absorbance between
plasmid and mock-transfected cells. A dissociation constant (Ky) value
was calculated from the data obtained from three independent experi-
ments using a Scatchard analysis.

Cell-surface binding assays. IgC-fusion proteins of PTPo were pro-
duced from HEK293T cells as described previously (Boucard et al., 2012;
Ko et al., 2015b). Soluble IgC protein was purified using protein
A-Sepharose beads (GE Healthcare), eluted, and immediately neutral-
ized with 1 M Tris-HCI, pH 8.0. Transfected HEK293T cells expressing
HA-tagged TrkC or the indicated TrkC point mutants were incubated
with 0.2 um IgC or IgC-PTPo. Images were acquired using a confocal
microscope (LSM700; Zeiss).

Surface biotinylation assays in rat neurons. Cultured cortical rat
neurons treated with NT-3 for 2 h at the indicated concentrations
were washed twice with ice-cold PBS, incubated with 1 mg/ml Sulfo-
NHS-LC-biotin (Pierce) in ice-cold PBS for 30 min on ice, rinsed
briefly once with 0.1 m glycine in PBS, and incubated with 0.1 m
glycine/PBS for 15 min at room temperature to complete quenching
of biotin reactions. Cells were then scraped with 1 ml of PBS, resus-
pended in lysis buffer (1% Triton X-100, 0.2% SDS, 5 mm EDTA, 2
mM DTT, and protease inhibitors), and incubated for 30 min at 4°C.
After clearing by centrifugation, the extracts were incubated with
streptavidin agarose (Pierce) for 4 h at 4°C. Beads were washed five
times with lysis buffer and surface proteins were eluted with the sam-
ple buffer and analyzed by immunoblotting with anti-TrkC (1 ug/
ml), anti-NL-2 (1:1000), or anti-actin (1:2000) antibodies, followed
by the appropriate secondary antibodies.

Recombinant human NT-3 expression and purification. Human NT-3
protein was expressed in High Five insect cells (Invitrogen) using the
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pVL1393-hNT-3 vector, as described by the manufacturer. Briefly, High
Five cells transfected with the human NT-3 P4 baculovirus were incu-
bated for 3 d and then pelleted by centrifugation. The supernatants,
containing processed NT-3 and a C-terminal protein A tag, were pooled
and affinity purified using IgG-Sepharose column chromatography (GE
Healthcare). NT-3-bound resin was washed with buffer consisting of 20
mwM Tris-HCI, pH 8.0, and 200 mm NaCl and then treated with thrombin
(0.5% v/v) in washing buffer at 4°C overnight to remove the C-terminal
protein A tag. Processed NT-3 protein was then eluted, concentrated to
1.5 mg/ml, and exchanged into Dulbecco’s PBS (Welgene) by passing
through illustra Nap-5 columns (GE Healthcare).

Production of recombinant lentiviruses and quantitative RT-PCR anal-
yses. Recombinant lentiviruses were produced by triply transfecting
HEK293T cells with three plasmids, L-309 vectors (L-309 sh-PTPa, L-309
sh-NT-3, or 1-309 sh-TrkC), psPAX, and pMD2G, using FuGene-6
(Roche) as described previously (Um et al., 2014). Lentiviruses were
harvested 72 h after transfection by collecting the media from transfected
HEK293T cells and briefly centrifuging at 1000 X g to remove cellular
debris. High-density cultured hippocampal neurons at 4 d in vitro
(DIV4) or DIV5 in 24-well tissue culture plates were infected with 300 ul
of conditioned medium per well and harvested at DIV12 or DIV13 for
quantitative RT-PCR analyses, as described previously (Ko et al., 2011).
The following primers were used for quantitative RT-PCR analyses:
NT-3, 5'-GCA ACA GAC ACA GAA CTA-3'; TrkC, 5'-GCC ACA AGC
CAG ACA CAT A-3';and PTPo, 5'-GCCACA CACCTT CTATAAT-3’
(Yim et al., 2013).

Heterologous synapse-formation assays. HEK293T cells were trans-
fected with pcDNA3.1-rTrkC, pGW1-LRRTM2-mVenus (LRRTM2), or
EGFP alone (control) using FuGene (Roche). After 48 h, transfected
HEK293T cells were trypsinized, seeded onto cultured hippocampal neu-
rons at DIV9, and incubated with 25 or 100 ng/ml NT-3 or BDNF (R&D
Systems), as indicated, for 48 h. Cells were then double immunostained
with antibodies against EGFP and synapsin at DIVI11, as described
previously (Ko et al., 2009b). Images were acquired by confocal micros-
copy (LSM700; Zeiss). For quantification, the contours of transfected
HEK293T cells were chosen as the region of interest. The fluorescence
intensities of synapsin puncta, normalized with respect to the area of each
HEK293T cell, were quantified for both red and green channels using
MetaMorph Software.

Primary neuronal culture, transfections, infections, immunocytochemis-
try, and image acquisition and analyses. Hippocampal or cortical rat cul-
tures were prepared from embryonic day 18 rat embryos, as described
previously (Ko et al., 2006). For immunocytochemistry, cultured rat
neurons were fixed with 4% paraformaldehyde/4% sucrose for 10 min at
room temperature, permeabilized with 0.2% Triton X-100 in PBS for 5
min at 4°C, blocked with 3% horse serum/0.1% crystalline grade BSA in
PBS for 30 min at room temperature, and incubated with the indicated
primary and secondary antibodies in blocking solution for 1 h at room
temperature. For overexpression of TrkC, hippocampal neurons at
DIV10 were transfected with HA-tagged, full-length TrkC wild-type
(WT) or point mutants, together with pEGFP-N1, and immunostained
at DIV14. For knock-down (KD) of TrkC, hippocampal neurons were
cotransfected with .-309 sh-TrkC at DIV8 and immunostained at DIV14.
For KD of TrkC, NT-3 or PTPa, hippocampal rat neurons were infected
with the corresponding shRNA lentiviruses at DIV3-4 and immuno-
stained with antibodies against synapsin and microtubule-associated
protein (MAP2) at DIV12-13. NT-3 at the indicated concentration was
added daily to transfected or infected cultured rat neurons at DIV8 or
DIV10, as indicated. Transfected or infected neurons were chosen randomly
and images were acquired using a confocal microscope (LSM700; Carl Zeiss)
with a 63X objective lens; all image settings were kept constant. Z-stack
images obtained through confocal microscopy were converted to maximal
projection and analyzed to obtain the size and density of presynaptic termi-
nals using MetaMorph software (Molecular Devices). Dendritic branching
was assessed using the Sholl Analysis plugin for Image] downloaded from the
Anirvan Ghosh Laboratory at the University California, San Diego. All anal-
yses were performed in a blinded manner.

Semiquantitative immunoblotting in cultured rat neurons. Cultured hip-
pocampal rat neurons were prepared and 25 or 100 ng/ml NT-3 was added at
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Figure 1.  NT-3 promotes TrkC binding to PTPo-to trigger TrkC-mediated presynaptic differentiation. 4, Saturation binding of Ig-PTPo-to HA-TrkC expressed in HEK293T cells in the absence or
presence of NT-3 (25 or 100 ng/ml). ;s were calculated from three independent experiments. All data are shown as means == SEM. B, Representative images of the heterologous synapse-formation
activities of TrkC. Neurons were cocultured for 2 d with HEK293T cells expressing EGFP alone (Control) or HA-TrkC (TrkC) in the absence (+DMS0) or presence of 25 ng/mINT-3, and then stained with
antibodies against EGFP or HA (blue) and synapsin (red). Scale bar, 10 um (applies to allimages). €, Synapse-forming activity in B was quantified by measuring the ratio of synapsin staining intensity
(red) to HAimmunoreactivity intensity (blue). All data are shown as means % SEM (**p << 0.001; ANOVA with post hoc Tukey's test). D, E, Same as Band Cexcept that the NT-3 or BONF concentration
was 100 ng/ml (3*p < 0.001; ANOVA with post hoc Tukey's test). Scale bar, 10 wm (applies to allimages). F, G, Representative images (F) and quantification results (G) demonstrating no alteration
in dendritic branch number in NT-3-treated cultured neurons. Hippocampal neurons at DIV7 were treated at the indicated concentration of NT-3 and analyzed by Sholl analysis at DIV10. Scale bar,
60 m (applies to all images). All data are shown as means = SEM. n denotes the number of neurons as follows: Control, n = 20; NT-3 (25 ng/ml), n = 21; and NT-3 (100 ng/ml), n = 21.

DIV14. At the indicated times after NT-3 addition, neuron lysates were  control and experimental groups at various time points were compared us-
prepared and analyzed by immunoblotting with the indicated antibodies.  ing one-way ANOVA followed by post hoc Tukey’s test. A p-value <0.05 was
Western blot signals were detected using an enhanced chemiluminescence  taken as significant.

system (GE Healthcare) and quantified using ImageJ software. Ratios of OptoTrk imaging, light stimulation, and data analysis. Cultured hippocam-
phosphorylated protein to total protein were normalized to 1.0. Valuesfrom  pal rat neurons were transfected with Lipofectamine LTX and Plus reagents
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(Invitrogen) according to the manufacturer’sin-
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structions. Briefly, 500 ng of DNA was mixed

B
|sh-ControI || sh-NT-3 | e e \

with 0.5 ul of LTX and Plus reagents in 100 ul of
Opti-MEM (Invitrogen) in 2 wells of a 24-well
plate. After 24 h, transfected neurons were prein-
cubated with extracellular buffer solution con-
taining the following (in mm): (25 HEPES, 119
NaCl, 2.5 KCl, 2 CaCl,, 2 MgCl,, and 30 glucose
for 30 min. Live-cell imaging was performed us-
ing a Nikon A1R confocal microscope mounted
on a Nikon Eclipse Ti body equipped with CFI
Plan Apochromat VC objectives (60/1.4 numer-
ical aperture oil-immersion lenses) and a Cham-
lide TC system and maintained at 37°C and 5%
CO, (Live Cell Instrument). Green (488 nm) and
red (561 nm) lasers were used for acquisition of
images (512 X 512 pixels, 0.41 wm/pixel). Pho-
toactivation was performed with a 488 nm laser
through a Galvano scanner incorporated in a hy-
brid confocal scan head containing a high-speed
hyperselector (Nikon). The laser power for light
stimulation, measured with an optical power me-
ter (ADCMT), was 5-25 uW, corresponding to
6.5-32.47 mW/cm?. Image data were analyzed
using Nikon imaging software (NIS-element AR
64-bit version 4.10; Laboratory Imaging).

Statistics. All data are expressed as means =
SEM. All experiments were repeated using at least
three independent cultures and data were evalu-
ated statistically using one-way ANOVA followed
by post hoc Tukey’s test or Student’s ¢ test, as
indicated.

Control

TrkC

LRRTM2

Figure 2.

post hoc Tukey's test).

Results

NT-3 increases TrkC binding affinity for PTPo and enhances
TrkC-mediated presynaptic differentiation

To determine whether NT-3-induced TrkC dimerization affects
TrkC binding affinity for PTPo, we first produced highly purified
NT-3 recombinant protein from Sf9 insect cells (data not shown)
and performed a quantitative cell-surface-binding assay that al-
lowed calculation of approximate binding affinities between
TrkC and PTPo. We incubated HEK293T cells transfected with
full-length TrkC with recombinant PTPo at concentrations rang-
ing from 6.25 to 200 nm without or with NT-3 (25 or 100 ng/ml;
Fig. 1A). Assuming a single, independent TrkC-binding site for
PTPo, we computed the net binding of the PTPo recombinant
protein at a given concentration and analyzed binding using the
Michaelis—Menten equation. This analysis yielded a K, of TrkC
for PTPo of 78.13 = 15.15 nM without NT-3 treatment, 39.06 =
14.26 nm with 25 ng/ml NT-3, and 36.36 = 8.09 nm with 100
ng/mINT-3 (Fig. 1A). These data indicate that NT-3 increases the
binding affinity of TrkC for PTPo, possibly by inducing TrkC
dimerization. We next performed heterologous synapse-
formation assays to determine whether the increased binding of
TrkC to PTPo induced by NT-3 manifests enhanced presynaptic
differentiation activity (Fig. 1B—E). To this end, HEK293T cells
expressing HA-tagged TrkC were cocultured with hippocampal
neurons from DIV10 to DIV12 without or with NT-3 (Fig.
1 B,D). Consistent with its ability to increase the binding affinity
of TrkC for PTPo (Fig. 1A), NT-3 significantly enhanced cluster-
ing of synapsin puncta in axons of cocultured hippocampal neu-
rons regardless of its concentration (Fig. 1B—E). In contrast,
BDNF treatment did not facilitate the synaptogenic activity of
TrkC, suggesting that the NT-3 effect is specific (Fig. 1 D,E). In
addition, NT-3 induced no alteration of dendritic complexity in
neurons (Fig. 1F,G). Together, these results suggest that NT-3-
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NT-3 is required for TrkC-mediated presynaptic differentiation. A, Representative images of the heterologous
synapse-formation activities of TrkC in NT-3-deficient neurons. Neurons were infected with lentiviruses expressing sh-Control or
sh-NT-3 at DIV3 and then cocultured from DIV10 to DIV12 with HEK293T cells expressing EGFP alone (Control), HA-TrkC (TrkC), or
HA-LRRTM2 (LRRTM2). Neurons were stained with antibodies against EGFP or HA (blue) and synapsin (red). Scale bar, 10 wm
(appliestoallimages). B, Synapse-formation activity in A was quantified by measuring the ratio of synapsin staining intensity (red)
to HA/EGFP intensity (blue). Note that the normalized synapsin ratio values presented in Figures 1 and 2 cannot be compared
because they were obtained from different sets of experiments. All data are shown as means = SEM (**p << 0.001; ANOVA with

induced dimerization of TrkC positively regulates presynaptic
differentiation organized by the TrkC-PTPo synaptic adhesion
complex. Recently, Ammendrup-Johnsen et al. (2015) reported
similar observations indicating that NT-3 promotes PTPo-
mediated presynaptic differentiation.

NT-3 is required for TrkC-mediated

presynaptic differentiation

To address whether NT-3 is required for the synaptogenic activity
of TrkC, we first developed shRNA lentiviruses that specifically
knocked down NT-3 and then infected cultured neurons with
lentiviruses expressing these NT-3-targeting shRNAs (sh-NT-3)
or an empty shRNA vector (sh-Control) and performed heterol-
ogous synapse-formation assays using HEK293T cells expressing
HA-TrkC, HA-LRRTM2 (leucine-rich repeat transmembrane
protein 2), or EGFP alone (control; Fig. 2A, B). TrkC strongly
recruited synapsin to the vicinity of HEK293T cells in control
neurons, but did not do so in NT-3-deficient neurons (Fig.
2A,B). In contrast, LRRTM2 strongly induced synapsin cluster-
ing in both control and NT-3-deficient neurons (Fig. 2A, B). To-
gether, these data suggest that NT-3 is specifically required for the
synaptogenic activity of TrkC responsible for induction of pre-
synaptic differentiation.

NT-3 modulates TrkC-mediated synapse number in a
concentration-dependent manner

The observation that NT-3 augments TrkC-mediated presynap-
tic differentiation in heterologous synapse-formation assays
through increased binding to PTPo prompted us to next investi-
gate whether NT-3 also regulates postsynaptic development me-
diated by TrkC (Fig. 3). Cultured hippocampal neurons were
transfected with EGFP alone (control) or together with TrkC WT
at DIV10, incubated with or without NT-3 at the indicated con-
centration, and then immunostained with anti-synapsin and
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Figure 3.  NT-3 affects TrkC-mediated synapse density differentially and in a concentration-dependent manner. A, Cultured
hippocampal neurons were transfected with an EGFP (Control) or TrkC WT expression vector at DIV10 and then treated daily with
the indicated concentration of NT-3 for 3 d. The transfected neurons were analyzed at DIV14 by double immunofluorescence using
antibodies to EGFP (green) and synapsin (a presynaptic marker; red). Scale bar, 10 wm (applies to allimages). B, Summary graphs
of the effects of TrkC overexpression in neurons on synaptic marker density (left), synaptic marker size (middle), and synaptic
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anti-EGFP antibodies at DIV14 (Fig.
3A,B). Chronic treatment with 25 ng/ml
NT-3 for 3 d significantly increased the
synapse density of control hippocampal
neurons (Fig. 3A,B). Overexpression of
TrkC WT in cultured neurons strongly in-
creased the synapse density in a control
condition (i.e., without additional NT-3
treatment; Fig. 3 A, B). Strikingly, the syn-
aptogenic effects of NT-3 observed at 10
and 25 ng/ml were completely abrogated
in both control and TrkC-expressing neu-
rons by treatment with 100 ng/ml NT-3
(Fig. 3A,B). An examination of the post-
synaptic  excitatory marker protein
Shank1 yielded similar results (Fig. 3C,D).
To address how treatment with NT-3 ata
concentration of 100 ng/ml abolished
TrkC synaptogenic activity, we performed
surface biotinylation experiments in cul-
tured hippocampal neurons (Fig. 44, B).
We found that treatment with 100 ng/ml
NT-3 markedly decreased the surface level
of TrkC in neurons, indicating that this
treatment may cause TrkC endocytosis,
followed by degradation. Strikingly, treat-
ment with 25 ng/ml NT-3 also signifi-
cantly decreased the level of surface TrkC,
albeit to a lesser extent than treatment
with 100 ng/ml NT-3, suggesting that
NT-3 treatment induces endocytosis of
TrkC, but TrkC endocytosis and TrkC
synaptogenic activity are not strictly cor-
related (Fig. 4A,B). Together, these re-
sults suggest that NT-3 exerts its
enhancing effect on synapse number in a
concentration-dependent manner. Al-
though complete mechanistic details re-
main to be defined, it is likely that
treatment with NT-3 at 100 ng/ml (for
4 h) induces TrkC degradation, leading to
disruption of TrkC-mediated synapse-
promoting activity (see below).

<«

marker intensity (right) measured using synapsin as a synaptic
marker. Two or three dendrites per transfected neurons were
analyzed and group averaged. All data are shown as means =
SEM (*p < 0.05, %*p << 0.01; ANOVA with post hoc Tukey's
test). “n" denotes the number of neurons as follows: Control/0
ng/ml NT-3, n = 25; Control/10 ng/ml NT-3, n = 19; Con-
trol/25 ng/ml NT-3, n = 14; Control/100 ng/ml, n = 19;
Trk(/0 ng/ml NT-3, n = 24; Trk(/10 ng/ml NT-3, n = 15;
TrkC/25 ng/mINT-3, n = 20; and Trk(/100 ng/mINT-3,n =
26. C, D, Representative images (€) and summary bar graphs
(D) of the effects of TrkC overexpression in neurons on Shank1
(a postsynaptic marker; red) puncta. Scale bar, 10 .Lm (applies to
all images). All data are shown as means = SEM (*p << 0.05,
29 < 0.01; ANOVA with post hoc Tukey's test). “n” denotes the
number of neurons as follows: Control, 0 ng/ml NT-3, n = 23;
Control, 10 ng/mINT-3,n = 23; Control, 25 ng/mlINT-3, n = 20;
Control, 100 ng/ml, n = 21;TrkC, 0 ng/mINT-3, n = 20; TrkC, 10
ng/mINT-3,n = 20; TrkC, 25 ng/mI NT-3, n = 19; and TrkC, 100
ng/mINT-3,n = 20.
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Figure 4.  NT-3 activates distinct signaling components downstream of TrkC in a time- and concentration-dependent, but
PTPo-independent, manner. A, B, Representative immunoblot images () and summary bar graphs (B) quantifying the surface
expression levels of endogenous TrkCand neuroligin-2 (NL-2) in cultured cortical neurons 2 h after NT-3 treatment. Individual band
intensities were normalized to that for the untreated condition for each experimental group. All data are shown as means = SEM
(*p < 0.01; **p < 0.001; ANOVA with post hoc Tukey's test; n = 3 independent experiments). €, D, Cultured cortical neurons
were infected with lentiviruses expressing sh-Control or sh-PTPorat DIV3 and then treated at DIV8 with 25 ng/ml (4) or 100 ng/ml
(B) of NT-3 for the indicated times. Levels of TrkC downstream signaling proteins were examined by semiquantitative immuno-
blotting 10, 30, 60, 120, and 240 min after NT-3 treatment using the indicated antibodies. £, Quantification of protein levels from
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NT-3 differentially activates TrkC
intracellular signaling pathways in an
NT-3-concentration-dependent, but
PTPo-independent, manner

To determine how different concentra-
tions of NT-3 trigger either synaptogenic
or synaptotoxic effects on synapse density,
we first investigated changes in intracellu-
lar signaling pathways induced by NT-3
treatment using semiquantitative immu-
noblotting of cultured cortical neurons
(Fig. 4C-E). To this end, we treated cul-
tured DIV8 cortical neuron with NT-3
and collected neuron lysates at the indi-
cated time points and immunoblotted
with antibodies targeting various intracel-
lular kinases known to be downstream
targets of Trk family receptor tyrosine ki-
nases (Huang and Reichardt, 2003; Fig.
4C-E). Notably, NT-3 at a concentration
of 100 ng/ml caused an abrupt decrease in
the total amount of TrkC protein between
120 and 240 min after treatment (Fig. 4C—
E). These results are consistent with our
finding that treatment with 100 ng/ml
NT-3 compromised TrkC-promoted syn-
apse density (Fig. 3). Moreover, the pro-
portion of Tyr820-phosphorylated TrkC
remained relatively constant at this same
NT-3 concentration, suggesting that the
remaining TrkC protein is still responsive
to NT-3 (Fig. 4C-E). In contrast, treat-
ment with 25 ng/ml NT-3 did not dimin-
ish total TrkC protein levels, again
consistent with results of our transfection
experiments (Figs. 4C-E, Fig. 3). In addi-
tion, we found that ERK1/2 was robustly
and similarly activated by treatment with
both 25 and 100 ng/ml NT-3, whereas Akt
was activated to a greater extent by 100
ng/ml NT-3 and PLC-y1 and CREB ki-
nases were activated only at an NT-3 con-
centration of 100 ng/ml (Fig. 4C-E). It
was shown previously that LAR is re-
quired for activation of BDNF-induced
TrkB and its downstream targets in
cultured neurons (Yang et al, 2006).
Therefore, we also investigated whether
NT-3-induced activation of TrkC and its
intracellular targets similarly requires
PTPo. We found no quantitative differ-
ences in the total expression or activation
profiles of TrkC or its downstream targets
between PTPo-deficient neurons (ex-
pressing sh-PTPo) and control neurons

<«

Cand D. Summary graphs were plotted from three to five in-
dependent experiments. All data are shown as means =+ SEM
(*p << 0.05, **p < 0.01, ***p < 0.001; ANOVA with post hoc
Tukey's test). Statistical significance was determined based on
the differences between the zero time point and different in-
dividual time points.
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The Opto-TrkC vector consists of a myristoylation signal peptide (for anchoring to the plasma membrane), the cytoplasmic region of Trk( (aa 454 — 825), light-inducible interacting domain PHR from
cryptochrome (CRY2PHR), P2A peptide sequence, and sequence of the near-infrared fluorescent protein iRFP682. B, Optimization of light intensity to establish appropriate TrkCactivation conditions
using the Opto-TrkCsystem. Representative images of PLC-+y1 activation detected with the intensiometric intracellular calcium indicator R-GECO1 in Opto-TrkC-expressing neurons before (gray bar)
and after (blue bar) light illumination at DIV8. Opto-TrkC was activated by 488 nm light at a power of 6.5 or 25 wW. Scale bar, 25 wm (applies to all images). €, Validation of light stimulation
conditions for mimicking the effects of concentration-dependent NT-3 treatment in DIV8 hippocampal cultured neurons expressing TrkC-mCitrine and pCMV-R-GECOT without (gray bar) or with
(green bar) NT-3 treatment at the indicated concentration (25 or 100 ng/ml). Treatment with 100 ng/ml NT-3, but not 25 ng/ml, significantly increased the normalized (Figure legend continues.)
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(expressing sh-Control; Fig. 4C-E). To confirm that PTPo is not
involved in NT-3-induced TrkC activation per se, we next used
the recently developed Opto-Trk, an optogenetic approach based
on Arabidopsis thaliana cryptochrome 2 in which light stimula-
tion is used to activate neurotrophin signaling (Chang et al.,
2014). Cultured hippocampal neurons were infected with
lentiviruses expressing either sh-Control or sh-PTP at DIV3,
transfected with Opto-TrkC (Fig. 5A) and genetically encoded
signaling sensors at DIV7-9, and imaged at DIV8-10 (Fig. 5). We
used an mCherry-tagged pleckstrin homology (PH) domain of
Akt [mCherry-Akt(PH)] to monitor activation of the phospho-
inositide 3-kinase (PI3K)-Akt signaling pathway, fusionRed-
tagged ERK [ERK-fusionRed] to monitor activation of the
ERK1/2 signaling pathway, and R-GECO1 to monitor the activa-
tion of PLC-vy1 and intracellular calcium levels (Fig. 5B-I). To
mirror the concentration-dependent effects of NT-3 observed in
biochemical and cellular experiments using the Opto-Trk ap-
proach (Figs. 3, 4), we optimized the experimental conditions by
first stimulating transfected neurons expressing Opto-TrkC and
R-GECO1 with different powers of light (Fig. 5B,D). We found
that light stimulation at a power of 6 uW corresponded to an
NT-3 concentration of 25 ng/ml, causing a robust increase in
ERK1/2 activity with a minimal increase in intracellular calcium
level, whereas stimulation at a power of 25 uW induced robust
calcium increases, mimicking the effects of 100 ng/ml NT-3 (Fig.
5B-E; data not shown). Consistent with this, treatment with 100
ng/ml NT-3, but not 25 ng/ml, led to a significant increase in
intracellular calcium level, monitored by R-GECOL1 intensity
(Fig. 5C,E). Next, stimulation at either light intensity led to trans-
location of ERK-fusionRed into the nucleus and mCherry-
Akt(PH) into the plasma membrane from the cytosol and
increased the intensity of R-GECO1 signals in transfected neu-
rons (Fig. 5F-I). However, none of these sensors increased base-
line levels of Akt, ERK, or PLC-vI in cultured neurons when
singly expressed with or without light stimulation (Fig. 5J,K) or
in HEK293T cells when expressed alone (Fig. 5L,M). Again,
PTPo was not required for any of the signaling pathways exam-
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(Figure legend continued.) ~ R-GECOT intensity. Scale bar, 20 um (applies to allimages). D, E,
Summary graphs showing minimum and maximum values of normalized R-GECO1 intensity
after light stimulation (D; quantification of results in B) and the normalized R-GECOT intensity
after treatment with the indicated NT-3 concentration (E; quantification of results in €). All data
are shown as means = SEM (n = 3-5independent experiments). F, Left, Fluorescence images
of DIV8—10 neurons infected with lentiviruses expressing sh-Control (green) or sh-PTPo
(green) at DIV3 and cotransfected with ERK-FusionRed (pseudocolored) and Opto-TrkC. ERK-
FusionRed was imaged before and after repetitive stimulation with 488 nm light (five 350-ms
pulses at a power of 6.5 wW [low] or 25 uW [high]). Right, Quantification of normalized
ERK-FusionRed fluorescence (ERK,,/ERK ) intensities expressed as a percentage before (gray)
and after (blue) light illumination. Scale bar, 25 .um (applies to allimages). G, Same as F, except
that DIV8 —10 neurons were cotransfected with mCherry-Akt (PH) before (gray) and after (blue)
lightillumination. Adjacent bar graphs show the normalized cytosolic intensity of mCherry-Akt
(PH). All data are shown as means == SEM. H, I, Representative images (H) and summary graphs
(I of intracellular calcium levels monitored using the genetically encoded calcium indicator
R-GECO1. DIV8—10 neurons were infected with lentiviruses expressing sh-Control (green) or
sh-PTPo (green) at DIV3 and cotransfected with R-GECO1 (pseudocolored) and Opto-Trk(, after
which Opto-TrkC was activated at different powers of light. All data are shown as means =
SEM. Scale bar, 25 wm (applies to allimages). J, K, Representative images (J) and summary bar
graphs (K) demonstrating that light stimulation itself does not alter the basal intensity of
ERK-fusionRed, mCherry-Akt(PH) or R-GECO1 in cultured hippocampal neurons at DIV8. Scale
bar, 20 m (applies to allimages). L, M, Representative immunoblot images (L) and summary
graphs (M) quantifying basal levels of pPLC-y1, PLC-+y1, pAkt, Akt, pERK1/2, and ERK1/2 in
HEK293T cells transfected with EGFP, pCMV-R-GECO1, mCherry-Akt(PH), or ERK-fusionRed. All
data are shown as means = SEM (n = 3 independent experiments).
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ined. Together, the results of these two independent experimen-
tal approaches consistently indicate that TrkC activates distinct
signaling pathways that are dependent on NT-3 concentration,
but independent of PTPo-binding activity.

TrkC promotes synaptic development through extracellular
binding and intracellular signaling cascades

To confirm that activation of intracellular signaling pathways is
required for TrkC-mediated synaptic development, we next in-
vestigated whether point mutations in TrkC alter TrkC-induced
increases in synapse number (Figs. 6, 7). We first generated a
variety of TrkC point mutants in which binding to the extracel-
lular ligand PTPo (D240A/D242A) or NT-3 (N366A/T369A) is
specifically disrupted (Takahashietal., 2011; Coles et al., 2014) or
that are unable to activate intracellular signaling pathways
because of elimination of the NPQY>'® adaptor-binding site
(Y516F), inhibition of kinase activity (D679N), inactivation of
PLC-vyl-mediated protein kinase C activation (Y820F; Tauszig-
Delamasure et al., 2007), or the presence of a mutation found in
sporadic cancer patients (E543D; Genevois et al., 2013; Fig. 6A).
We then tested whether these TrkC mutants exhibited compara-
ble surface expression and PTPo binding (Fig. 6 B,C). All TrkC
mutants were targeted well to the cell surface when expressed in
HEK293T cells (Fig. 6B). In addition, recombinant Ig-PTPo ro-
bustly bound to HEK293T cells expressing various TrkC mu-
tants, except TrkC D240A/D242A, results that are consistent
with those reported in a recent structural study (Coles et al.,
2014; Fig. 6C).

Next, we transfected DIV10 hippocampal cultured neurons
with TrkC WT or various point mutants and stained them for the
presynaptic and postsynaptic markers synapsin and Shankl,
respectively, and EGFP (Fig. 7). Overexpression of TrkC WT
significantly increased the density of synapses labeled with anti-
synapsin and anti-Shankl antibodies compared with control
neurons expressing EGFP alone (control; Fig. 7A-C). Strikingly,
overexpression of TrkC D240A/D242A or N366A/T369A mark-
edly compromised the synapse-boosting effects of TrkC WT
overexpression (Fig. 7A-C). In addition, overexpression of TrkC
Y516F, TrkC Y820F, or TrkC D679N, but not TrkC E543D, also
significantly compromised TrkC WT effects (Fig. 7A-C). Collec-
tively, these data suggest that TrkC extracellular interactions with
both NT-3 and PTPo, major intracellular signaling pathways,
and kinase activity contribute to the regulation of TrkC-mediated
synapse density.

TrkC-dependent competition regulates synapse number

NT-3 was recently reported to be involved in TrkC-dependent,
competitive dendritic morphogenesis in cerebellar Purkinje neu-
rons (Joo et al., 2014). To explore this possibility, we first
screened various TrkC nucleotide sequences for effective KD se-
quences, together with a previously validated sequence (Taka-
hashi et al., 2011; Fig. 8 A, B). We found that two newly screened
sequences, designated T4-CDS and T7-UTR, and the previously
validated sequence, designated T9-CDS (identical to the sh-
TrkC#2 construct used in Takahashi et al., 2011) were quite
effective in reducing TrkC mRNA levels, as measured by quanti-
tative RT-PCR (Fig. 8B). We also validated the KD synapse phe-
notype, showing that TrkC-KD leads to a significant decrease in
synapse number, but not dendritic complexity, in cultured hip-
pocampal neurons (Fig. 8C-F). The molecular replacement ap-
proach, which allows simultaneous RNA interference-mediated
KD of endogenous TrkC and expression of various mutant forms
of recombinant TrkC in a single neuron, confirmed the interpre-
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kinase activity of TrkC. Mutation of D240 and D242 to alanines eliminates binding to PTP o, whereas mutation of N366 and T369 to
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tation that TrkC requires both extracellu-
lar ligand-binding activity and activation
of intracellular signaling (Fig. 9). To de-
termine whether a similar NT-3/TrkC-
dependent  competition mechanism
operates in hippocampal neurons, we
transfected these cells with TrkC-KD
vector at DIV8 or infected them with
TrkC-KD lentiviruses at DIV3-4 and im-
munostained transfected or infected neu-
rons with antibodies against synapsin and
EGFP (for transfected neurons) or synap-
sin and MAP2 (for infected neurons) at
DIV14 (Fig. 10A, B). Surprisingly, lentivi-
ral infection-mediated global TrkC-KD
did not decrease synapse density; in
contrast, the sparse TrkC-KD achieved
by transfection robustly reduced synapse
density, which was completely rescued by
reexpression of shRNA-resistant TrkC
WT (Fig. 10A-D). These results are remi-
niscent of the normal Purkinje cell mor-
phogenesis observed in global TrkC-KO
mice (Joo et al., 2014). However, unlike
reexpression of shRNA-resistant TrkC
WT, global NT-3 KD did not restore the
deficit in synapse density observed in
sparse TrkC-KD (Fig. 10C,D), suggesting
that the NT-3/TrkC-dependent synapse
competition mechanism does not oper-
ate in hippocampal neurons. Strikingly,
global NT-3 KD profoundly reduced syn-
apse density in MAP2-positive dendrites
compared with control neurons (Fig.
10A,B). These results are consistent with
finding that NT-3 is required for TrkC-
mediated increases in synapse number
and suggest that the absence of NT-3 does
not nonspecifically deplete presynaptic
vesicle pools (Fig. 2).

Discussion

In the present study, we sought to address
the role of NT-3 in regulating synapse de-
velopment mediated by TrkC receptor
tyrosine kinase and its various signaling
pathways. To this end, we investigated
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alanines abolishes binding to NT-3. B, HEK293T cells express-
ing HA-tagged TrkC WT or itts various point mutants were im-
munostained with mouse anti-HA antibodies (green) and
detected with FITC-conjugated anti-mouse secondary anti-
bodies under nonpermeabilized conditions, followed by per-
meabilization of cells. Cells were stained with rabbit anti-HA
antibodies (red), followed by Cy3-conjugated anti-rabbit sec-
ondary antibodies. Scale bar, 10 wm (applies to all images).
C, Representative images of cell-surface-binding assays.
HEK293T cells expressing HA-tagged TrkC WT or its point mu-
tants were incubated with 10 g/ml control IgC or Ig-PTPor
and then analyzed by immunofluorescence imaging of Ig-
fusion proteins (red) and HA antibodies (green). Scale bar, 10
um (applies to all images).
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Figure 7.  TrkC extracellular binding, intracellular signaling, and kinase activity is required for TrkC-mediated regulation of
synapse density. A, B, Cultured hippocampal neurons were transfected with EGFP (Control), TrkC WT, or the indicated TrkC point
mutants at DIV10 and analyzed at DIV14 by double immunofluorescence with antibodies to EGFP (green) and synapsin (A; a presynaptic
marker; red) or Shank1 (B; a postsynaptic marker; red). Scale bar, 10 p.m (applies to allimages). €, Summary graphs of the effects of TrkC
overexpression in neurons on puncta density (left), puncta size (middle), or puncta intensity (right) as measured using synapsin (A) or
Shank1 (B) as synaptic markers. Two or three dendrites per transfected neuron were analyzed and group averaged. All data are
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whether extracellular adhesion events and
intracellular signaling pathways of TrkC
are responsible for synapse development.
We made five key observations.

First, we discovered that NT-3 promotes
presynaptic differentiation during heterolo-
gous synapse formation by enhancing the
binding strength of TrkC with its presynap-
tic receptor PTPo (Fig. 1). Interestingly, the
positive effect of NT-3 on TrkC-mediated
presynaptic differentiation was indepen-
dent of the concentration of NT-3 (but see
below for our interpretation of the results;
Fig. 1). These results indicate that dimeriza-
tion of NT-3 per se is sufficient to facilitate
TrkC-mediated presynaptic differentiation.
Identical results were also recently reported,
although the investigators in that study used
only a single concentration (100 ng/ml) of
NT-3 (Ammendrup-Johnsen et al., 2015).

Second, NT-3 is necessary for TrkC-
mediated presynaptic differentiation, sug-
gesting that NT-3-induced dimerization of
TrkC, in addition to direct interaction with
PTPo, is necessary for recruitment of the
presynaptic machinery (Fig. 2). This obser-
vation is particularly intriguing because
simple ligand—receptor binding is sufficient
to induce the formation of artificial synapses
in the case of most reported synaptogenic
adhesion molecules, except Slitrkl (Ko et
al., 2009b; Gokce and Stidhof, 2013; Um et
al., 2014). For example, neuroligin-1 muta-
tions that disrupt neurexin binding, but not
those that disrupt dimerization, abolish
presynapse-inducing activity in heterolo-
gous synapse-formation assays (Ko et al.,
2009b). Conversely, a Slitrkl mutant that
still retains PTPo binding but is incapable
of inducing lateral clustering does not in-
duce presynaptic differentiation (Um et al.,
2014). Although Slitrk1 is not reported to
multimerize and PTPo triggers local clus-
tering of Slitrkl in cellular membranes, it
remains to be determined whether growth
factors such as BDNF and/or NT-3 are ca-
pable of inducing multimerization of Slitrk1
(Um etal., 2014). In the presence of BDNF,
dimerized TrkB preferentially binds to
Slitrk5, displacing its trans-PTPo-binding
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shown as means = SEM (*p << 0.05, **p << 0.01, ***p <
0.001; ANOVA with post hoc Tukey's test). “n” denotes the
number of neurons as follows: Control/synapsin, n = 39; TrkC
WT/synapsin, n = 37; TrkC D240A/D242A/synapsin, n = 17;
TrkC N366A/T369A/synapsin, n = 16; TrkC Y516F/synapsin,
n = 24; TrkCY820F/synapsin, n = 25; TrkC D679N/synapsin,
n = 17; TrkC E543D/synapsin, n = 16; Control/Shank1,n =
36; TrkC WT/ Shank1, n = 32; TrkC D240A/D242A/Shank1,
n = 28; TrkC N366A/T369A/Shank1, n = 30; TrkC Y516F/
Shank1, n = 30; TrkC Y820F/Shank1, n = 23; TrkC D679N/
Shank1, n = 26; and TrkC E543D/Shank1, n = 25.
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Figure8. Characterization of TrkC KD used in the current study. A, Design of lentiviral shRNA vectors for KD of TrkC. H1, Human
H1 promoter; IRES, internal ribosome entry sequence; Ub, ubiquitin promoter. B, Levels of TrkC mRNA were measured at DIV12-13
by quantitative RT-PR in cultured cortical neurons infected at DIV3 with lentiviruses expressing the indicated candidate TrkC
shRNAs (T3-T9). Dashed line indicates 70% KD cutoff level for tests of biological effects. €, Rat hippocampal neurons were
transfected with lentiviral vectors expressing shRNAs targeting TrkC (T4, T7, or T9) or control vectors lacking shRNA expression
(sh-Control) at DIV8 and analyzed at DIV14 by double immunofluorescence with antibodies to EGFP (green) and synapsin (red).
Scale bar, 10 m (applies to all images). D, Summary graphs of the effects of lentiviral vectors expressing shRNAs targeting TrkC
(T4, T7, or T9) in neurons on puncta density (left), puncta size (middle), and puncta intensity (right) measured using
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mode with a cis-Slitrk5-binding mode
(Song et al., 2015).

Third, the effect of NT-3 on TrkC-
mediated synapse density depends on its
concentration (Fig. 3). The concentration
dependence of NT-3 effects is notable be-
cause NT-3 secretion is known to be reg-
ulated by synaptic activity (Arvanian et
al., 2003; Kolarow et al., 2007), which
stimulates a distinct signaling pathway
and leads to a specific synaptic, and possi-
bly circuit, output. It is also remarkable
that postsynaptic neurons adjust the sur-
face level of TrkC according to the local
concentration of NT-3 to exert either syn-
aptotrophic or synaptotoxic effects (Figs.
3, 4). A recent report showed that the po-
tentiating effect of NT-3 on recycling pre-
synaptic vesicles in axonal boutons occurs
exclusively through postsynaptic TrkC in
a tyrosine-kinase-independent manner
(Ammendrup-Johnsen et al., 2015). In-
triguingly, this latter study used an NT-3
concentration of 100 ng/ml, which we
found to augment the ability of TrkC to
induce presynaptic differentiation (Fig. 1)
but also to cause the degradation of en-
dogenous TrkC, decreasing synapse num-
ber in control neurons and abrogating
synapse-promoting effects in TrkC-
overexpressing neurons, probably by de-
creasing surface and total TrkC levels
(Figs. 3,4). In contrast, a lower concentra-
tion of NT-3 (e.g., 25 ng/ml) increased
both presynaptic differentiation and syn-
apse number (Figs. 1, 3), suggesting that
the synapse-promoting action of NT-3 re-
quires other mechanisms in addition to
its TrkC-dimerization-inducing activity.
Notably, an NT-3 concentration of 25
ng/ml also significantly decreased surface
TrkC levels, implying that the synapto-
genic activity of TrkC may not be entirely
controlled by TrkC turnover at synaptic
membranes.

Fourth, TrkC-induced synaptic devel-
opment requires molecular interactions
with extracellular ligands, activation of all
primary intracellular cascades, and TrkC
kinase activity (Figs. 4, 5, 6, 7, 8). Because
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synapsin as a synaptic marker. All data are shown as means =
SEM (*p << 0.05, >*p << 0.001; ANOVA with post hoc Tukey's
test). E, F, Representative images (E) and quantification re-
sults (F) demonstrating no alteration in dendritic branch num-
ber in NT-3- or TrkC-deficient cultured neurons. Hippocampal
neurons were infected with lentiviruses expressing sh-Control
(Control), sh-NT-3, or sh-TrkC at DIV3 and analyzed at DIV11
using Sholl analysis. All data are shown as means = SEM. “n”
denotes the number of neurons as follows: sh-Control, n = 21;
sh-NT-3, n = 22; and sh-Trk(, n = 17. Scale bar, 60 um
(applies to allimages).
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Figure 9.

+ TrkC Rescue

+ TrkC Rescue

Replacement of endogenous TrkC with exogenous TrkC WT, but not with TrkC mutants, rescues TrkC-mediated regulation of postsynapse density. A, Cultured hippocampal neurons

were transfected with a lentiviral vector expressing sh-Control, sh-TrkC (TrkCKD) or coexpressing sh-TrkC and various TrkC constructs (WT and point mutants presented in Figs. 6 and 7) at DIV8 and
analyzed at DIV14 by double immunofluorescence with antibodies to EGFP (green) and Shank1 (a postsynaptic marker; red). Scale bar, 10 wm (applies to all images). Note that the TrkC shRNA
sequence used here targets 3'-UTRs of rat TrkC (see Fig. 8B). B, Summary graphs of the effects of TrkC molecular replacement in neurons on puncta density (left), puncta size (middle), and puncta
intensity (right) measured using Shank1 as a synaptic marker. Two or three dendrites per transfected neuron were analyzed and group averaged. All data are shown as means == SEM (*p << 0.05,
29 < 0.01, **p < 0.001; ANOVA with post hoc Tukey's test). “n” denotes the number of neurons as follows: sh-Control/Shank1, n = 28; sh-Trk(/Shank1, n = 20; TrkC WT rescue/Shank1, n = 28;
TrkC D240A/D242A rescue/Shank1, n = 23; TrkC N366A/T369A rescue/Shank1, n = 21; TrkC Y516F rescue/Shank1, n = 22; TrkC Y820F rescue/Shank1, n = 21; TrkC D679N rescue/Shank1,n =

21; and TrkC E543D rescue/Shank1, n = 25.

TrkC alters synapse number over an NT-3 concentration range of
10-25 ng/ml (Fig. 3), we initially suspected that distinct sets of
intracellular signaling cascades uniquely activated at different
NT-3 concentrations might determine whether NT-3 acts as a
synaptogenic or synaptotoxic factor. Indeed, at a concentration

of 100 ng/ml NT-3 or under strong light-intensity stimulation
conditions, quantitative biochemical experiments and optical
imaging analyses using Opto-TrkC showed that the levels of
phosphorylated PLC-y1 or PLC-yl-mediated calcium, respec-
tively, were elevated, effects that were not observed at 25 ng/ml



Han et al. @ Synapse Development by the NT-3/TrkC/PTPo- Complex

MAP2/EGFP Synapsin Merged

sh- Trkcm
(trans.) -—.- “

sh—ControI

sh- TrkC
trans

sh- Trkcv
(inf.) m&

sh—NT—3

B Puncta density Puncta size Puncta intensity
3* — T
) e par .
241, 1 [ <1607
=AM T CTITITITTIIT - X =
02 %1201
2 3% 3% c
g Q * L
c g2- 3 € 80
@ 2 1T =
= e 40
>
0 - L 2 ¢ —
= Control m Control [sh-NT-3]
m sh-TrkC (trans.) mash-TrkC (trans.) [sh-NT-3]
m sh-TrkC (inf.) @ sh-TrkC (inf.) [sh-NT-3]
C EGFP Synapsin Merged

lﬂf.
(trans.) m

sh TrkC

TG W —m

sh- TrkC

sh—ControI

Sh—NT—3

(trans.)
sh TrkC
+TrkC WT
D Puncta density ) Puncta intensity
21604
24l <160
82 21201
? O c
&0 @
< £21 £ 804
> 3
» o
o B 40
- 5
0 a9

oControl (sh-Control) msh-TrkC (sh-Control) mshTrkC + TrkC WT (sh-Control)
mControl (sh-NT-3)  msh-TrkC (sh-NT-3) msh-TrkC +TrkC WT (sh-NT-3)

Figure 10.  The relative amount of TrkC dictates synapse number through an interneuronal competition mechanism. 4, Cul-
tured hippocampal neurons were infected with lentiviruses expressing sh-TrkC [sh-TrkC (inf.)] or control vectors lacking shRNA
expression (Control) at DIV3. Control neurons were further transfected with TrkC KD vector (T7) at DIV8 [sh-TrkC (trans.)]. Neurons
expressing sh-NT-3 [Control/sh-NT-3, sh-TrkC (trans.)/sh-NT-3, and sh-TrkC (inf.)/sh-NT-3] were tested under identical condi-
tions. Transfected/infected neurons were analyzed at DIV14 by double immunofluorescence with antibodies to EGFP (green) or
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NT-3 or weak light-intensity stimulation
conditions (Figs. 4, 5). These results, how-
ever, should not be simply interpreted to
mean that an increase in intracellular cal-
cium level is solely responsible for the syn-
aptotoxic effects of high concentrations of
NT-3, because blocking phosphorylation
at Tyr820 by a point mutation completely
abolished the increase in synapse number
induced by TrkC WT (Figs. 7, 8). Instead,
it is reasonable to infer that transcrip-
tional activation of a unique set of effector
genes downstream of intracellular cal-
cium elevation underlies the synaptotoxic
effects of NT-3. In support of this idea,
only 100 ng/ml NT-3 resulted in CREB
kinase activation, which could be induced
by PLC-yl-mediated calcium transients
(Fig. 4). A full understanding of the
signaling pathways underlying NT-3-
mediated effects on synapse density will
require unraveling the transcriptional
mechanisms that are specifically activated
by higher concentrations of NT-3. Nota-
bly, activation of the three signaling cas-
cades investigated in the current study did
not require the presence of PTPo, sug-
gesting that NT-3-induced TrkC
dimerization is sufficient to elicit the in-
tracellular signaling outcomes necessary
for regulating synapse density; this out-
come is distinct from presynaptic differ-
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MAP2 (green) and synapsin (red). Scale bar, 10 .um (applies to
all images). Note that synapsin puncta size is dramatically in-
creased in neurons expressing sh-NT-3 and sh-TrkC. B, Quan-
tification of synapsin puncta density (left), synapsin puncta
size (middle), and synapsin puncta intensity (right) forimages
shown in A. All data are shown as means = SEM (3*p <
0.001; ANOVA with post hoc Tukey's test). “n” denotes the
number of neurons as follows: Control/sh-Control, n = 61;
sh-TrkC (inf.)/sh-Control, n = 35; sh-TrkC (trans.)/sh-Control,
n = 39; Control/sh-NT-3,n = 30; sh-TrkC (inf.)/sh-NT-3,n =
29; and sh-TrkC (trans.)/sh-NT-3, n = 32. C, Rescue experi-
ments demonstrate that the TrkC KD phenotypes presented in
A and B are specific. Cultured hippocampal neurons were in-
fected with lentiviruses expressing sh-NT-3 or control vectors
lacking shRNA expression (Control) at DIV3 and then further
transfected with TrkC KD vector [T7; sh-TrkC (trans.)], Control
vector, or cotransfected with sh-TrkCand shRNA-resistant TrkC
WT vector (sh-TrkC + TrkCWT) at DIV8. Transfected/infected
neurons were then analyzed at DIV14 by double immunofluo-
rescence with antibodies to EGFP (green) and synapsin (red).
Scale bar, 10 wm (applies to all images). D, Quantification of
synapsin puncta density (left), synapsin puncta size (middle),
and synapsin puncta intensity (right) for images shown in C.
Note that the puncta size of sh-TrkC neurons is not different
from that of control neurons. All data are shown as means *+
SEM (*p << 0.05; **p << 0.001; ANOVA with post hoc Tukey's
test). “n” denotes the number of neurons as follows: Control/
sh-Control, n = 15; sh-Trk(/sh-Control, n = 14; sh-
TrkC+TrkCWT/sh-Control, n = 14; Control/sh-NT-3,n = 14;
sh-Trk(/sh-NT-3, n = 14; and sh-TrkC+TrkC WT/sh-NT-3,
n=15.
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entiation, which is exclusively dependent on the presence of
PTPo (Figs. 4, 5). However, in addition to NT-3-binding activity
and activation of intracellular signaling pathways, TrkC regula-
tion of synapse density also requires binding to PTPo (Figs. 7, 8).
Moreover, TrkC kinase activity is also required for the observed
effects of TrkC on synapse density, although the present study did
notreveal the identity of substrates involved. This is in contrast to
other roles of TrkC in the recycling of presynaptic vesicles and
presynaptic differentiation, where there is no such requirement
for kinase activity (Takahashi et al., 2011; Ammendrup-Johnsen
et al., 2015). Collectively, our findings indicate that a combina-
tion of multiple, and seemingly confounding, molecular mecha-
nisms including presynaptic differentiation, synaptic adhesion,
synapse maturation and plasticity, and activation of synaptic
signaling pathways are involved in TrkC-mediated synapse
development.

Fifth, we found that TrkC controls synapse density in cultured
hippocampal neurons through an intercellular competitive
mechanism (Fig. 10). The intercellular competitive action of
TrkC was recently suggested to regulate dendrite morphogenesis
in cerebellar Purkinje neurons (Joo et al., 2014). However, our
results point to slightly different actions of TrkC between hip-
pocampus and cerebellum (Fig. 10; Joo et al., 2014). In both
hippocampus and cerebellum, NT-3 from presynaptic neurons is
required for TrkC-dependent presynaptic differentiation, syn-
apse density, and dendrite morphogenesis, suggesting that the
relative level of NT-3 is a limiting factor in the control of synapse
development. However, our results suggest that the level of NT-3
secreted by presynaptic neurons and TrkC levels in postsynaptic
neurons are both critical for NT-3/TrkC-signaling-dependent
synapse development (Fig. 10), although more studies are re-
quired to clarify this issue. Similar intercellular competitive
mechanisms have been reported for other synaptic cell adhesion
molecules, such as ephrin-B3, neuroligin-1, and TrkB (Marshak
etal., 2007; McClelland et al., 2010; Kwon et al., 2012). In the case
of ephrin-B3 and neuroligin-1, binding to presynaptic EphB2
and neurexins, respectively, is required for the intercellular com-
petition (McClelland et al., 2010; Kwon et al., 2012). Therefore,
whether presynaptic PTPo is also required for the TrkC-
dependent competitive mechanism regulating synapse density
warrants further investigation. Overall, our results generally sup-
port a competition-based synaptogenesis model mediated by
synaptic adhesion molecules.

In sum, our study demonstrated that NT-3 exerts its mod-
ulatory effects on various aspects of synapse development
through its canonical receptor TrkC, together with the TrkC-
binding protein PTPo and TrkC intracellular signaling path-
ways. Our study also raises a number of questions that need to
be addressed. How do postsynaptic neurons express different
amounts of TrkC? How do relative levels of TrkC in neighbor-
ing neurons regulate synapse density? Does NT-3 function
either cell autonomously or non-cell autonomously to regu-
late synapse development in other brain regions? Does NT-3/
TrkC signaling cooperate with other synaptic signaling
pathways to regulate synapse development? Addressing these
questions will be crucial for expanding our current under-
standing of how secreted factors participate in modulating
synaptic adhesion pathways that are considered to be primar-
ily regulated by classical transmembrane proteins.
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