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Neurotrophin-3 Enhances the Synaptic Organizing Function
of TrkC–Protein Tyrosine Phosphatase � in Rat
Hippocampal Neurons
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Neurotrophin-3 (NT-3) and its high-affinity receptor TrkC play crucial trophic roles in neuronal differentiation, axon outgrowth, and
synapse development and plasticity in the nervous system. We demonstrated previously that postsynaptic TrkC functions as a glutama-
tergic synapse-inducing (synaptogenic) cell adhesion molecule trans-interacting with presynaptic protein tyrosine phosphatase �
(PTP�). Given that NT-3 and PTP� bind distinct domains of the TrkC extracellular region, here we tested the hypothesis that NT-3
modulates TrkC/PTP� binding and synaptogenic activity. NT-3 enhanced PTP� binding to cell surface-expressed TrkC and facilitated the
presynapse-inducing activity of TrkC in rat hippocampal neurons. Imaging of recycling presynaptic vesicles combined with TrkC knock-
down and rescue approaches demonstrated that NT-3 rapidly potentiates presynaptic function via binding endogenous postsynaptic
TrkC in a tyrosine kinase-independent manner. Thus, NT-3 positively modulates the TrkC–PTP� complex for glutamatergic presynaptic
assembly and function independently from TrkC kinase activation. Our findings provide new insight into synaptic roles of neurotrophin
signaling and mechanisms controlling synaptic organizing complexes.
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Introduction
Neurotrophins play an important role in the development and plas-
ticity of CNS and PNS by activating neurotrophin receptors and
receptor-mediated intracellular signaling cascades (Barbacid, 1994;
Chao, 2003; Huang and Reichardt, 2003). Neurotrophin-3 (NT-3) is
a member of the nerve growth factor family and mediates trophic
effects on neurons, including neuronal differentiation, neurite out-

growth, and synapse formation and plasticity (Barbacid, 1994;
Huang and Reichardt, 2003; Ramos-Languren and Escobar, 2013).
NT-3 binds with highest affinity to TrkC, a neurotrophin receptor
tyrosine kinase (RTK), and activates its tyrosine kinase to drive in-
tracellular signaling cascades (Lamballe et al., 1991; Barbacid, 1994).
In rodent brain, both NT-3 and TrkC are expressed from embryonic
to adult stages and continue to be highly expressed in adult hip-
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Significance Statement

Although many synaptogenic adhesion complexes have been identified in recent years, little is known about modulatory mecha-
nisms. Here, we demonstrate a novel role of neurotrophin-3 in synaptic assembly and function as a positive modulator of the
TrkC–protein tyrosine phosphatase � complex. This study provides new insight into the involvement of neurotrophin signaling in
synapse development and plasticity, presenting a molecular mechanism that may underlie previous observations of short- and
long-term enhancement of presynaptic function by neurotrophin. Given the links of synaptogenic adhesion molecules to autism
and schizophrenia, this study might also contribute to a better understanding of the pathogenesis of these disorders and provide
a new direction for ameliorating imbalances in synaptic signaling networks.
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pocampus (Maisonpierre et al., 1990; Tessa-
rollo et al., 1993; Lamballe et al., 1994). TrkC
is expressed in brain not only as a catalytic
isoform but also as a noncatalytic isoform,
lacking the tyrosine kinase domain (Valen-
zuela et al., 1993; Barbacid, 1994). NT-3
binds to both isoforms of TrkC, which share
an identical ectodomain (Barbacid, 1994;
Urfer et al., 1995). The expression of non-
catalytic TrkC is upregulated relative to cat-
alytic TrkC during the second and third
postnatal weeks (Valenzuela et al., 1993),
the peak period of synaptogenesis, suggest-
ing noncatalytic roles for the TrkC–NT-3
complex in synapse development.

In the CNS, synapse development in-
volves two key cellular steps: (1) physical
contact between axon and target neurons by
cell adhesion molecules; and (2) chemically
matched local assembly of presynaptic and
postsynaptic components regulated by syn-
aptic organizers (Shen and Scheiffele, 2010).
Thus, synaptic organizing complexes, neu-
ronal adhesion complexes that alone trigger
synaptic assembly, have been studied as
crucial molecular mediators of synapse
development (Siddiqui and Craig, 2011;
Takahashi and Craig, 2013). The most well
studied synaptic organizing complex is the
complex of presynaptic neurexin and post-
synaptic neuroligin (Südhof, 2008; Krueger
et al., 2012). Consistent with the molecular
and functional diversity of CNS synapses,
many other synaptic organizing complexes
have been identified and characterized. Our
recent study identified TrkC as a synaptic
organizer (Takahashi et al., 2011). TrkC acts
as a postsynaptic cell adhesion molecule
through trans-interaction with presynaptic
PTP�, a type IIa receptor-type protein ty-
rosine phosphatase, for excitatory (gluta-
matergic) synapse development in brain (Takahashi et al., 2011).
This complex acts bidirectionally: presynaptic PTP� induces gluta-
matergic postsynaptic differentiation, in part via binding to TrkC
but also via binding to netrin-G ligand-3, interleukin 1 receptor
accessory protein, and Slit- and NTRK-like family (Takahashi and
Craig, 2013). Postsynaptic TrkC induces glutamatergic presynaptic
assembly via binding to presynaptic PTP� in a tyrosine kinase-
independent manner. The TrkC ectodomain contains an
N-terminal leucine-rich repeat (LRR) domain and two membrane
proximal Ig-like domains (Ig1 and Ig2; Barbacid, 1994; Huang and
Reichardt, 2003). The TrkC Ig2 domain is responsible for NT-3
binding (Urfer et al., 1995, 1998), whereas the TrkC LRR and Ig1
domains are necessary and sufficient for PTP� binding and synap-
togenic activity of TrkC to induce presynaptic assembly (Takahashi
et al., 2011; Coles et al., 2014; Fig. 1A). Thus, TrkC binds to NT-3 and
PTP� via distinct non-overlapping domains, suggesting potential
simultaneous interaction of NT-3 and PTP� with TrkC and modu-
latory roles of NT-3 on the TrkC–PTP� complex. However, it has
not been addressed whether and how NT-3 modulates the synapto-
genic activity of the TrkC–PTP� complex.

NT-3 enhances glutamatergic synaptic development and trans-
mission in hippocampal neurons (Kang and Schuman, 1995;

Vicario-Abejón et al., 1998; Schinder et al., 2000). Here, we hypoth-
esize that NT-3 enhances TrkC–PTP� interaction and hence facili-
tates glutamatergic presynaptic assembly and function through the
TrkC–PTP� complex. In this study, we investigated the effects of
NT-3 on TrkC–PTP� interaction and synaptogenic activity of TrkC
and revealed a novel role of neurotrophin on synapse organization in
a tyrosine kinase-independent manner.

Materials and Methods
Antibodies. The following mouse monoclonal antibodies were used;
anti-HA (IgG2b, 1:500, 12CA5; Roche), anti-dephospho-tau (IgG2a, 1:1000,
PCIC6; Millipore), anti-synapsin (IgG1, 1:1000, 45.1; Synaptic Systems),
and Oyster-550- or Oyster-650-conjugated anti-synaptotagmin 1 luminal
domain (anti-SynTag, IgG1, 1:200, 604.2; Synaptic Systems). For labeling
dendrites, we used anti-MAP2 (chicken polyclonal IgY, 1:5000, ab5392; Ab-
cam). As secondary antibodies, we used goat Alexa Fluor 488-conjugated
anti-mouse IgG2b, Alexa Fluor 568-conjugated anti-mouse IgG1, and Alexa
Fluor 647-conjugated anti-mouse IgG2a (1:500; Invitrogen) and donkey
aminomethylcoumarin-conjugated anti-chicken IgY (1:200; Jackson Im-
munoResearch). For labeling PTP�–Fc, we used donkey Alexa Fluor 594-
conjugated anti-human Fc (1:500; Jackson ImmunoResearch).

Plasmids. The extracellular HA-tagged expression plasmids for CD4,
TrkC wild-type (WT) and TrkC N366AT369A, for binding and coculture

Figure 1. NT-3 enhances the binding of PTP� to cell-surface TrkC. A, Schematic domain structures and protein interactions of
TrkC noncatalytic isoform, PTP�, and NT-3. TrkC LRR and Ig1 are required for PTP� binding, whereas TrkC Ig2 is responsible for
NT-3 binding. SP, Signal peptide; CC, cysteine cluster; TM, transmembrane; NCD, noncatalytic domain; FN, fibronectin type-III; D1
and D2, phosphatase domains. B, Representative images of PTP�–Fc binding to COS-7 cells expressing HA–TrkC WT, HA–TrkC
N366AT369A (NT-3-binding dead mutant), or a negative control HA–CD4, in the absence (left) and presence (right) of 100 ng/ml
NT-3. PTP�–Fc protein at 100 nM was applied. Scale bars, 10 �m. C, Quantification of bound PTP�–Fc per surface HA expression.
NT-3 treatment increased the intensity of PTP�–Fc bound to HA–TrkC WT but not HA–TrkC N366AT369A. **p � 0.01, ***p �
0.001 in two-way ANOVA with Bonferroni’s multiple comparisons, n � 20 – 40 cells from two independent experiments. D,
Quantification of surface HA expression in cells analyzed in C. NS, Not significant. One-way ANOVA with Bonferroni’s multiple
comparisons.
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assays and the short hairpin RNA (shRNA) vector pLL(syn)CFP sh-
TrkC#1 for TrkC knockdown were described previously (Takahashi et
al., 2011). Noncatalytic TrkC was used to assess kinase-independent
functions. We generated the plasmids expressing shRNA-resistant HA–
TrkC* WT and HA–TrkC* N366AT369A under the CAG promoter by
replacing the coding region of nontagged TrkC of pCAG–TrkCTK–
(Takahashi et al., 2011) with the HA-tagged coding regions and then
introducing five point mutations (underlined: GCAGTAAAACG
GAAATTAA), verified previously as resistant against sh-TrkC#1 (Taka-
hashi et al., 2011). All constructs were verified by nucleotide sequencing.

Cell culture, transfection, and immunocytochemistry. COS-7 cells were
cultured in DMEM, high glucose supplemented with 10% fetal bovine
serum and transfected with TransIT-LT1 (Mirus). Dissociated hip-
pocampal neuron cultures were prepared from E18 rat embryos of
either sex as described previously (Kaech and Banker, 2006). Animal
care and use protocols were approved by the University of British
Columbia Animal Care Centre. For neuron transfection, suspended
hippocampal cells (1 million) were transfected with 2 �g of indicated
constructs by Amaxa nucleofection (VPG-1003; Program, O-003;
Lonza). Neuron cultures were maintained in Neurobasal medium
(Invitrogen) with 1� Glutamax-I, 2% Neurocult SM1 supplement
(StemCell Technologies), and 100 �M APV. Fibroblast–neuron cocul-
ture assays were performed essentially as described previously (Taka-
hashi et al., 2011, 2012). Briefly, COS-7 cells were transfected,
trypsinized 24 h later, and plated onto neurons at 8 d in vitro (DIV).
After 18 –20 h of coculture, the cells were treated with or without 100
ng/ml NT-3 (PHC7036; Life Technologies) for 1 h in conditioned
neuron culture media at 37°C. The treated cells were fixed with para-
fix solution (4% paraformaldehyde and 4% sucrose in PBS, pH 7.4)
for 12 min at room temperature, incubated with blocking solution
(PBS plus 3% BSA and 5% normal goat serum), and then incubated
with anti-HA antibody for labeling surface HA overnight at 4°C. The
cells were then permeabilized with 0.1% Triton X-100 in PBS and
then stained with primary antibodies for tau, synapsin, and MAP2 for
1 h at 37°C and with secondary antibodies. The coverslips were
mounted in elvanol (Tris-HCl, glycerol, and polyvinyl alcohol with
2% 1,4-diazabi-cyclo[2,2,2]octane).

Production of soluble PTP�–Fc protein and binding assays. The produc-
tion and purification of soluble proteins of PTP� ectodomain fused to
human Ig constant region (PTP�–Fc) were performed as described pre-
viously (Takahashi et al., 2011). To assess binding of PTP�–Fc, trans-
fected COS-7 cells were washed with extracellular solution (ECS; 168 mM

NaCl, 2.6 mM KCl, 10 mM HEPES, pH 7.2, 2 mM CaCl2, 2 mM MgCl2, 10
mM D-glucose, and 100 �g/ml BSA), incubated for 10 min at 4°C with or
without 100 ng/ml NT-3 in ECS, and then incubated with PTP�–Fc
protein with or without NT-3 in ECS for 50 min at 4°C. The treated cells
were immunostained for surface HA and bound PTP�–Fc without
permeabilization.

Synaptotagmin antibody uptake assay. For assessing changes in recy-
cling vesicles at presynaptic terminals, a synaptotagmin antibody uptake
assay was performed essentially as described previously (Malgaroli et al.,
1995) with some modifications. Live neurons at 9 DIV were first incu-
bated with Oyster-550-conjugated anti-SynTag in conditioned neuron
culture media for 1 h at 37°C. After washing, the neurons were next
incubated with Oyster-650-conjugated anti-SynTag antibody with or
without 100 ng/ml NT-3 for 1 h at 37°C. The cells were washed, fixed by
parafix solution, and immunostained for surface HA and MAP2 as de-
scribed above. Changes in presynaptic vesicle recycling during NT-3
treatment were measured by the ratio of Oyster-650 intensity/Oyster-550
intensity as described below.

Fluorescence imaging and image analysis. All image acquisitions, anal-
yses, and quantifications were performed by investigators blind to the
experimental condition. Images were acquired on a Zeiss Axioplan2 mi-
croscope with a 40�, 1.30 numerical aperture oil-immersion objective or
a 63�, 1.4 numerical aperture oil-immersion objective and Orca-Flash
4.0 V2 C11440-22CU camera (Hamamatsu) using MetaMorph imaging
software (Molecular Devices) and customized filter sets. For coculture
and binding assays, COS-7 cells with similar expression levels of surface
HA were chosen throughout all conditions, and image analysis was per-

formed as described previously (Takahashi et al., 2011, 2012) using
MetaMorph software and NIH ImageJ. Image analysis for the antibody
uptake assay was performed using NIH ImageJ. Oyster-550 and Oyster-
650 channels were both thresholded for synaptotagmin puncta, and a
mask of the combined threshold puncta area was used to measure the
ratio of Oyster-650 intensity/Oyster-550 intensity through this identical
area after subtracting off-cell background. Data and statistical analyses
were performed with GraphPad Prism (GraphPad Software). Statistical
comparisons were made with one-way or two-way ANOVA with post hoc
Bonferroni’s multiple comparison, and all data are shown as the mean �
SEM from two or three independent experiments as indicated in the
figure legends. Statistical significance was defined as p � 0.05.

Results
NT-3 enhances the interaction between PTP� and
cell-surface TrkC
We first tested whether NT-3 affects the interaction between
PTP� and TrkC in a cell-based binding assay using PTP�–Fc and
COS-7 cells expressing HA–TrkC WT. PTP�–Fc protein specifi-
cally bound to COS-7 cells expressing HA–TrkC WT but not a
negative control HA–CD4, as reported previously (Takahashi et
al., 2011; Fig. 1B). NT-3 treatment seemed to increase the fluo-
rescent intensity of bound PTP�–Fc on COS-7 cells expressing
HA–TrkC WT (Fig. 1B, top right). In quantitative analysis with
the application of increasing amounts of PTP�–Fc, NT-3 signif-
icantly enhanced binding as seen by an upward shift in the
PTP�–Fc binding curve to HA–TrkC WT-expressing COS-7 cells
[Fig. 1C; 1.50 � 0.09-fold (p � 0.01) and 1.57 � 0.07-fold (p �
0.001) at 50 and 100 nM PTP�–Fc, respectively]. To test whether
the enhanced binding of PTP�–Fc to TrkC by NT-3 is mediated
by specific binding of NT-3 to TrkC, we used HA–TrkC contain-
ing point mutations that abolish NT-3 binding (HA–TrkC
N366AT369A; Urfer et al., 1998). PTP�–Fc bound to COS-7 cells
expressing HA–TrkC N366AT369A, like HA–TrkC WT. How-
ever, NT-3 treatment did not affect the PTP�–Fc binding curve
to COS-7 cells expressing HA–TrkC N366AT369A (Fig. 1C). Ad-
ditionally, NT-3 had no effect on surface expression of HA–TrkC
WT or HA–TrkC N366AT369A (Fig. 1D; all binding was done at
4°C to prevent any ligand-induced endocytosis). We also checked
whether PTP� binding to TrkC affects the binding of NT-3 to
TrkC by Western blot analysis and found no significant effects
(data not shown). Thus, NT-3 enhances the interaction between
PTP� and cell-surface TrkC via binding to TrkC without affect-
ing TrkC surface expression.

NT-3 facilitates TrkC-induced presynaptic assembly
We next tested whether NT-3 increases the presynapse-inducing
activity of TrkC using a fibroblast–neuron coculture assay. We
generated cocultures of hippocampal neurons with COS-7 cells
expressing either HA–TrkC WT or HA–TrkC N366AT369A. We
applied 100 ng/ml NT-3 for 1 h during the last hour of the cocul-
ture period and then assessed the synaptogenic activity of TrkC
by quantifying the clustering of the presynaptic protein synapsin
per area of contact between axons and expressing COS-7 cells
(Fig. 2A–D). NT-3 treatment significantly increased the area, in-
tensity, and number of synapsin clusters induced by HA–TrkC
WT (e.g., intensity, 1.30 � 0.11-fold, p � 0.05) but not HA–TrkC
N366AT369A (Fig. 2A–D). Again, NT-3 had no effect on surface
expression of HA–TrkC WT or HA–TrkC N366AT369A (Fig.
2E), nor on axon-COS-7 contact area (data not shown). These
data indicate that NT-3 facilitates presynaptic assembly induced
by TrkC via binding to TrkC without affecting TrkC surface ex-
pression or axonal contact area.
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NT-3 increases recycling synaptic vesicles at presynaptic
terminals via endogenous postsynaptic TrkC
The coculture assay allowed us to test the effects of NT-3 on
artificially induced presynaptic terminals. We next evaluated
the effects of NT-3 on native functional presynaptic terminals
in live hippocampal neurons by monitoring recycling synaptic
vesicles. Thus, we measured the differential uptake of antibod-

ies that recognize the luminal domain of the synaptic vesicle
protein synaptotagmin before and after NT-3 application (for
details, see Materials and Methods). NT-3 indeed had a rapid
trophic effect on functional presynaptic terminals of native
synapses: a 1 h treatment with NT-3 increased recycling vesi-
cles in untransfected neurons (�1.3-fold, p � 0.01; Fig.
3 A, C). The expression of an shRNA construct for TrkC

Figure 2. NT-3 enhances presynaptic induction by TrkC. A, Representative coculture images showing induced synapsin clustering in hippocampal neurons by COS-7 cells expressing HA–TrkC WT,
HA–TrkC N366AT369A, or HA–CD4 in the presence and absence of 100 ng/ml NT-3. Scale bar, 20 �m. B–D, Quantification of induced synapsin clustering. The area (B), total integrated intensity (C),
and number (D) of synapsin clusters per axon–COS-7 cell contact area were measured. *p � 0.05, **p � 0.01 in one-way ANOVA with Bonferroni’s multiple comparisons, n � 25–30 cells from
three independent experiments. E, Quantification of surface HA expression on COS-7 cells analyzed in B–D. NS, Not significant. One-way ANOVA ( p � 0.115).
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knockdown in target neurons abolished the NT-3-induced in-
crease in recycling vesicles (Fig. 3 B, C), supporting that en-
dogenous postsynaptic TrkC mediates the trophic effects of
NT-3 on presynaptic terminals. This effect of TrkC knock-
down was rescued fully by coexpressing shRNA-resistant HA–
TrkC* WT (1.39 � 0.06 and 1.06 � 0.07 A.U. with and without
NT-3, respectively; �1.3-fold increase, p � 0.01) but not
shRNA-resistant HA–TrkC* N366AT369A (Fig. 3 B, C). These
rescue results not only exclude off-target effects but also indi-
cate that NT-3 binding to postsynaptic TrkC is necessary for
the trophic effects of NT-3 on presynaptic terminals, because
only the postsynaptic neurons were subjected to TrkC knock-
down and rescue, whereas the majority of presynaptic inputs
were not manipulated. Furthermore, given that we used TrkC
noncatalytic isoform for the rescue, these data together indi-
cate that NT-3 increases recycling vesicles at presynaptic ter-
minals via binding to postsynaptic TrkC in a tyrosine kinase-
independent manner.

Discussion
In this study, we show that NT-3 enhances the interaction be-
tween PTP� and cell-surface TrkC through binding to TrkC.
NT-3 also facilitates the presynapse-inducing activity of TrkC.
Furthermore, in live hippocampal neurons, NT-3 rapidly in-
creases recycling vesicles at functional presynaptic terminals of
native synapses. The trophic effect of NT-3 on functional presyn-
aptic terminals is mediated by the binding of NT-3 to endoge-
nous postsynaptic TrkC and independent from the tyrosine
kinase activity of TrkC. The TrkC–PTP� complex regulates se-
lectively glutamatergic synapse development (Takahashi et al.,
2011). Here we propose that NT-3 acts as a positive modulator
for the synaptogenic activity of the TrkC–PTP� complex to en-
hance glutamatergic presynaptic assembly and function.

Our binding assays show that NT-3 significantly increased
PTP�–Fc protein bound to cell-surface TrkC when 25, 50, or 100
nM PTP�–Fc was applied. However, because of a technical limi-
tation, in which PTP�–Fc protein started to aggregate at concen-

Figure 3. NT-3 increases recycling presynaptic vesicles via endogenous postsynaptic TrkC. Hippocampal neurons were assayed for two rounds of vesicle recycling using anti-SynTag,
first with Oyster-550 –SynTag to establish baseline and then with Oyster-650 –SynTag to assess the effects of NT-3. A, Representative images of differential uptake of SynTag in
untransfected hippocampal neurons treated with or without NT-3 (�NT-3 or �NT-3). The right column shows the intensity ratio of Oyster-650/Oyster-550 as a heat map with the
defined range of 0.1–5 to visualize changes in presynaptic vesicle recycling. B, Representative images of differential uptake of SynTag in neurons transfected with shRNA-expressing
vector for TrkC knockdown coexpressing CFP (sh-TrkC � CFP) either alone or together with shRNA-resistant HA–TrkC* WT or HA–TrkC* N366AT369A and treated with or without NT-3.
C, Quantification of changes in presynaptic vesicle recycling expressed as the intensity ratio of Oyster-650/Oyster-550. **p � 0.01 in one-way ANOVA with Bonferroni’s multiple
comparisons, n � 15–30 neurons from three independent experiments. Scale bars, 10 �m.
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trations higher than 100 nM, the binding curves did not reach a
saturation state; hence, we could not obtain accurate values of
either maximal binding capacity (Bmax) or dissociation constant
based on Scatchard analysis. The binding curve of HA–TrkC WT
with NT-3 treatment appears likely to obtain a higher saturation
level than that of HA–TrkC WT without NT-3, suggesting that
NT-3 may increase at least Bmax. A recent structural study has
shown that, in the absence of NT-3, TrkC–PTP� interaction oc-
curs at a 1:1 stoichiometry and involves three major binding in-
terfaces and one potential accessory binding interface of PTP�
IgG1–IgG3 to TrkC LRR–IgG1 (Coles et al., 2014). In a future
study, it would be of great interest to determine the stoichiometry
and structural state of the TrkC–PTP� complex in the presence of
NT-3 toward understanding precisely how NT-3 enhances
TrkC–PTP� interaction and function. One possibility is that
NT-3 binding to the TrkC IgG2 domain may induce a conforma-
tional change that creates additional interaction sites between
monomeric TrkC and PTP�. Alternately, or additionally, it is
well established that NT-3 induces the dimerization of TrkC
(Barbacid, 1994). The dimeric nature of postsynaptic neuroligin
is thought to contribute to its synaptogenic effects (Dean et al.,
2003). Thus, dimerization of cell-surface TrkC by NT-3 may con-
tribute to the NT-3 enhancement of TrkC–PTP� interaction and
function observed here. Furthermore, it has been reported that
NT-3 binding to the TrkC noncatalytic isoform, which we used in
this study, induces the recruitment of the scaffold protein tamalin
to the TrkC intracellular domain (Esteban et al., 2006). NT-3-
induced recruitment of tamalin to TrkC may also enhance TrkC–
PTP� interaction and function by affecting conformation and/or
dimerization of TrkC.

Our results suggest that NT-3 facilitates the synaptogenic ac-
tivity of TrkC by enhancing the binding between cell-surface
TrkC and PTP�. In our assays, NT-3 treatment induced an �1.5-
fold increase in TrkC–PTP� interaction in cell-based binding, a
1.3-fold increase in presynapse-inducing activity of TrkC in co-
culture, and a 1.3-fold increase in presynaptic function through
TrkC in pure neuron culture. The similarity in these increasing
rates supports that NT-3 enhancement of TrkC–PTP� cell-
surface interaction mediates the NT-3 enhancement of TrkC syn-
aptogenic activity and of presynaptic function.

Our antibody uptake assays reveal that NT-3 has trophic ef-
fects on native functional presynaptic terminals. NT-3 binds not
only to TrkC but also to TrkB and p75 with a lower affinity
(Barbacid, 1994). However, our knockdown and rescue data in-
dicate that endogenous postsynaptic TrkC fully mediates the
NT-3 trophic effects. Together with our binding assays and co-
culture assays, these experiments further indicate that endoge-
nous postsynaptic TrkC drives transynaptic retrograde signaling
independent from TrkC kinase activation to mediate the NT-3
trophic effects. Many previous studies on neurotrophins have
demonstrated their trophic roles on synapses through the cata-
lytic activation of their RTKs and RTK-mediated intracellular
signaling cascades (Barbacid, 1994; Chao, 2003; Huang and
Reichardt, 2003; Park and Poo, 2013). In contrast, our data reveal
novel roles of neurotrophin on presynaptic assembly and func-
tion in a transynaptic RTK-independent manner, which is one of
the most significant findings in this study.

NT-3 has both long-latency long-term and rapid effects on
hippocampal excitatory synapse development and function
(Lessmann, 1998). Treatment of cultured hippocampal neurons
with NT-3 for 72 h increases functional connectivity between
random pairs of neurons by approximately fivefold and also in-
creases functional excitatory transmission, spontaneous vesicle

recycling, and total and docked synaptic vesicles per terminal,
without altering numbers of synapsin-positive terminals, spine
density, or excitatory neuron arbor morphology (Vicario-Abejón
et al., 1998; Collin et al., 2001). We suggest that NT-3 may act in
this paradigm at least in part by promoting the synaptogenic
function of TrkC–PTP�. This idea is consistent with the observed
independence from glutamate receptor and action potential ac-
tivity and with the selective enhancement of EPSCs and not IPSCs
by NT-3 (Vicario-Abejón et al., 1998; Collin et al., 2001). We
observed rapid effects of NT-3, with just a 1 h treatment, for both
recruitment of presynaptic components in coculture and en-
hanced vesicle recycling in pure neuron culture. These findings
are consistent with a role for NT-3 modulation of TrkC–PTP�
not just in synapse development but also in plasticity of existing
synapses.

NT-3 and brain-derived neurotrophic factor (BDNF) rapidly
trigger a long-term potentiation of glutamatergic synaptic trans-
mission (Kang and Schuman, 1995; Schinder et al., 2000). NT-3
and BDNF are also secreted in a neuronal activity-dependent
manner (Lessmann et al., 2003). Thus, the enhancement of
TrkC–PTP� function by newly secreted NT-3 may be involved in
activity-dependent synapse plasticity. A previous study has
shown that NT-3 potentiates glutamatergic synaptic transmis-
sion in hippocampal neurons via different mechanisms from the
potentiation by BDNF (Schinder et al., 2000). Unlike TrkC, TrkB,
the major high-affinity receptor for BDNF, does not show synap-
togenic activity in cocultures of TrkB-expressing fibroblasts with
hippocampal neurons (Takahashi et al., 2011). Therefore, the
modulatory effect of NT-3 on the TrkC–PTP� complex would be
a key mechanism specific for the potentiation by NT-3. We fur-
ther suggest that the kinase-independent modulatory function of
NT-3 on the TrkC–PTP� complex acts cooperatively with previ-
ously described kinase-dependent local protein synthesis (Kang
and Schuman, 1995, 1996) to generate the potentiation by NT-3.

In summary, we propose a mechanistic model of NT-3 as a pos-
itive modulator of the TrkC–PTP� complex, in which the binding of
NT-3 to postsynaptic TrkC enhances trans-interaction between
TrkC and PTP� and rapidly facilitates glutamatergic presynaptic
assembly and function. Thus, our findings provide a new insight
into the role of neurotrophin signaling in synaptic transmission and
into the mechanisms modulating synaptic organizing complexes.
Given the disease relevance of neurotrophin signaling (Shoval and
Weizman, 2005) and the genetic linkages of many synaptic organiz-
ers with neuropsychiatric disorders such as autism and schizophre-
nia (Südhof, 2008; Takahashi and Craig, 2013), our findings might
also be helpful for further understanding the pathogenesis of these
disorders and ameliorating imbalances in synaptic signaling
networks.
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