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Calsyntenin-1 Regulates Targeting of Dendritic NMDA
Receptors and Dendritic Spine Maturation in CA1
Hippocampal Pyramidal Cells during Postnatal Development
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Calsyntenin-1 is a transmembrane cargo-docking protein important for kinesin-1-mediated fast transport of membrane-bound
organelles that exhibits peak expression levels at postnatal day 7. However, its neuronal function during postnatal development
remains unknown. We generated a knock-out mouse to characterize calsyntenin-1 function in juvenile mice. In the absence of
calsyntenin-1, synaptic transmission was depressed. To address the mechanism, evoked EPSPs were analyzed revealing a greater
proportion of synaptic GluN2B subunit-containing receptors typical for less mature synapses. This imbalance was due to a
disruption in calsyntenin-1-mediated dendritic transport of NMDA receptor subunits. As a consequence of increased expression
of GluN2B subunits, NMDA receptor-dependent LTP was enhanced at Schaffer collateral–CA1 pyramidal cell synapses. Interest-
ingly, these defects were accompanied by a decrease in dendritic arborization and increased proportions of immature filopodia-
like dendritic protrusions at the expense of thin-type dendritic spines in CA1 pyramidal cells. Thus, these results highlight a key
role for calsyntenin-1 in the transport of NMDA receptors to synaptic targets, which is necessary for the maturation of neuronal
circuits during early development.
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Introduction
The calsyntenins (calsyntenin-1, calsyntenin-2, and calsyntenin-3)
are a family of neuronally expressed proteins that belong to the
cadherin superfamily of cell adhesion molecules (Vogt et al.,
2001). In situ hybridization in the mouse brain reveals a distinct
expression pattern for each form of calsyntenin. In the hip-
pocampus, pyramidal neurons of the CA1 region and granule
cells of the dentate gyrus express predominantly calsyntenin-1,
while pyramidal neurons of the CA3 region express similar levels
of all three calsyntenins (Hintsch et al., 2002). The cytosolic seg-
ment of the calsyntenins interacts directly with the light chain of
kinesin-1 via the conserved L/M-E/D-W-D-D-S motif (Konecna
et al., 2006; Araki et al., 2007). Through this interaction, calsyn-
tenins play an essential role in kinesin-1-dependent fast vesicular

transport (Konecna et al., 2006). Using organelle immuno-
isolation and proteomics, we demonstrated that calsyntenin-1
organelles contain components characteristic of vesicles of endo-
somal pathways (Steuble et al., 2010). Axons of hippocampal
neurons transport at least two distinct, nonoverlapping calsyntenin-
1-containing cargo packages: one characterized as early endosomal,
amyloid precursor protein (APP) positive, the other as recycling-
endosomal, APP negative (Ludwig et al., 2009). Calsyntenin-1 is also
essential for the segregation and concentration of molecular cargo at
export domains of the trans-Golgi network (TGN). For example,
calsyntenin-1 is involved in the exit of APP from the TGN (Ludwig et
al., 2009) and its subsequent anterograde axonal transport (Ludwig
et al., 2009; Steuble et al., 2010, 2012; Vagnoni et al., 2012). Evidence
for a synaptic role of calsyntenins was provided by a study in which a
mutation in a nematode ortholog of calsyntenin resulted in impaired
associative learning (Hoerndli et al., 2009), and genetic linkage stud-
ies indicate that calsyntenin-2 is involved in episodic memory per-
formance in human subjects (Papassotiropoulos et al., 2006). In this
respect, the strong immunoreactivity for calsyntenin-1 in the gray
matter (Konecna et al., 2006) suggests a role for calsyntenin-1 not
only in axonal but also in dendritic vesicular transport.

To characterize potential synaptic functions of calsyntenin-1,
we compared responses in wild-type (WT) and a calsyntenin-1
knock-out (Cst-1 KO) mouse that we generated. Our data indi-
cate that calsyntenin-1 regulates the timely development of syn-
apses and dendritic spines by ensuring rapid trafficking of
NMDA receptor subunits to synapses.
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Materials and Methods
Generation and characterization of Cst-1 KO mice. A lambda library of
genomic fragments from a C57BL/6 mouse strain was screened with a
32P-labeled hybridization probe comprising the cytoplasmic domain of
calsyntenin-1. Of the several overlapping fragments identified, an 18.9 kb
fragment containing exons 17, 18, and 19, covering the coding sequences
for the transmembrane and cytoplasmic domains, was chosen for gener-
ation of the targeting construct. The left arm of homology was isolated as
a 6.8 kb long EcoRI/SalI restriction fragment. The loxP site was excised as
SmaI/HindIII from pBS KS loxPE1 and inserted as the orphan loxP site
into the SmaI site within intron 16 of the left arm. The right arm of
homology consisted of a 6.3 kb SalI fragment, which was subcloned into
SalI/XhoI digested pBC KS(–) (Stratagene). The floxed neo cassette was
cloned as a blunted 2.2 kb BamHI/XhoI restriction fragment from pSK-
loxPneoloxP into the blunted SfiI site 200 bp downstream of the last exon
of calsyntenin-1. This intermediate was digested with ClaI (in vector
backbone), filled, and redigested with SalI to enable the insertion of the
previously prepared left arm construct as a DraI/SalI fragment. The neg-
ative selection marker, in the form of a 1.2 kb NotI/Bsp120I fragment
from p#8DT�, was inserted into NotI of the vector backbone. Vector
linearization was done by double digestion with NotI/AatII. The result-
ing targeting construct consisted of two long arms of homology, with an
orphan loxP site upstream of exon 17 and a loxP-flanked neo cassette
downstream of the last exon.

The linearized targeting vector was electroporated into B6III embry-
onic stem cells (from the C57BL/6 mouse line) and clones were selected
positively for neomycin resistance with G418 (Geneticin; Life Technolo-
gies). Clones were screened for homologous recombination by Southern
blot analysis using EcoRI digestion and a combination of PCR-generated
800 pb hybridization probes with (1) a short sequence upstream of the
left arm of homology in intron 11, (2) the neo cassette, and (3) a sequence
downstream of exon 19 within the right arm of homology. Embryonic
stem (ES) cells with appropriate targeting were injected into CB.20 blas-
tocysts. Resulting chimeric offspring had a white background (CB.20
host) with black chimerism. When bred with C57BL/6 mice, the ES cell-
derived offspring were black. The LoxP-flanked region including exons
17–19 was deleted by breeding these conditional Cst-1 KO mice with a
transgenic mouse expressing Cre recombinase under the control of the
ubiquitously active EIIa promoter (EIIa-Cre mice). Interbreeding of
these first generation progeny resulted in efficient germline transmission
of the deletion to subsequent generations.

Progeny were screened by Southern hybridization and genomic PCR
for successful deletion and germline transmission. Southern blot analysis
confirmed that the 8.7 kb EcoRI-fragment spanning this genomic region
in WT mice was replaced by a 1.8 kb fragment, attributable to the pres-
ence of an EcoRI site in the sole loxP site remaining after Cre/loxP-based
deletion of the loxP-flanked region (see Fig. 1A). Successful deletion of
the loxP-flanked segment comprising the transmembrane and cytoplas-
mic domains was confirmed by PCR of genomic DNA of WT, heterozy-
gous, and homozygous Cst-1 KO mice. Only WT and heterozygous Cst-1
KO mice showed the 225 bp amplicon, because one of the primers was
located within exon 19 that was deleted in the Cst-1 KO allele (Fig. 1B). A
further round of PCR with another pair of primers, located up and down-
stream of the segment to be deleted, resulted in the expected truncated
560 bp amplicon, thus confirming successful deletion. Northern blots of
isolated polyadenylated mRNA from brain homogenates showed a trun-
cated transcript in mice containing the Cst-1 KO allele, indicating a stable
transcript with the polyadenylation site located downstream of the still
present sole loxP site (Fig. 1C). RT-PCR demonstrated a truncation by
�0.7 kb, which corresponds to the length of the coding sequences of
exons 17–19 (Fig. 1C).

In all experiments we compared transgenic mice (n � 70) with non-
transgenic littermates (n � 88) of either sex.

Tissue preparation. Acute slices were prepared from juvenile mice
(P15–P21) and adult mice (2 months old) following a protocol approved
by the Veterinary Department of the Canton of Zurich. Mice were de-
capitated, and brains quickly removed and chilled in cold artificial CSF
(ACSF) containing the following (in mM): 125 NaCl, 2.5 KCl, 1.25

NaH2PO4, 25 NaCHCO3, 1 MgCl2, 2 CaCl2, and 10 glucose, pH 7.4,
equilibrated with 95% O2 and 5% CO2. Acute 350-�m-thick slices were
prepared with a vibratome (HM 650V, Microm International) in ice-
cold ACSF. Sections were incubated in ACSF at 34°C for 20 min and then
kept at room temperature for at least 1 h before recording.

Electrophysiology. Acute slices were transferred to a recording chamber
mounted on an upright microscope (Axioskop FS1; Zeiss) and super-
fused with ACSF at 27°C. A monopolar electrode was placed in the Schaf-
fer collaterals, and stimulation was applied at 0.033 Hz with stimulus
intensity ranging from 10 to 60 �A, yielding evoked field EPSPs (fEPSPs)
of 0.2–1 V. Baseline fEPSPs were recorded for a minimum of 20 min. LTP
was induced by stimulation with 100 Hz for one train or three trains of 1 s
duration separated by 20 s (high-frequency stimulation; HFS), four stim-
uli at 100 Hz for 10 bursts separated by 200 ms (theta-burst stimulation;
TBS). For LTD Schaffer collaterals were stimulated at 1 Hz for 15 min
(low-frequency stimulation; LFS). Data were analyzed by measuring the
slope of individual fEPSPs.

Whole-cell patch-clamp recordings were obtained from CA1 pyrami-
dal cells using an Axopatch 200B amplifier (Molecular Devices). Patch
recording pipettes (4 –5 M�) were filled with intracellular solution con-
taining the following (in mM): 120 CsMeSO4, 10 CsCl2, 10 HEPES, 2
MgCl2, 4 NaATP, 0.4 NaGTP, 5 Na-creatine, and 10 EGTA, pH 7.2.
Biocytin was added to the patch solution at a concentration of 2 �g/ml.

EPSCs were evoked by electrical stimulation of Schaffer collateral/
commissural axons using a bipolar-stimulating electrode placed in the
stratum radiatum of CA1 (0.033 Hz stimulation frequency). AMPA-
mediated EPSCs and NMDA-mediated EPSCs were obtained at �70 mV
and �30 mV, respectively, in the presence of picrotoxin (50 �M).

Evoked current and spontaneous activities were analyzed offline using
pClamp 10 (Molecular Devices). All data are reported as the mean �
SEM. Statistical comparisons were made using two-tailed unpaired or paired
Student’s t tests. For comparisons of cumulative distributions of amplitude
and interevent interval of EPSCs we used the Kolmogorov–Smirnov test. All
compounds were bath applied 20 min before induction of LTP.

Spine imaging and analysis. Slices fixed with 4% paraformaldehyde
were extensively washed in 0.1 M PB. After blocking in 0.1 M PB supple-
mented with 0.4% Triton X-100 and 10% inactivated horse serum for 2 h
at room temperature, slices were incubated with Streptavidin Alexa Fluor
488 (4 �g/ml, Invitrogen) for 2 h at room temperature. Slices were coun-
terstained with DAPI (Invitrogen), washed in 0.1 M PB, and mounted
onto gelatin-coated slides with Vectashield-mounting medium (Reacto-
lab) to preserve fluorescent labeling. Images of CA1 apical dendrites in
the stratum radiatum were acquired using a Leica TCS SPE II confocal
microscope. Dendritic spines were visualized by using the 488 nm laser
line, with a 63�/1.4 oil objective and an additional magnification of 8�.
Stacks of images (512 � 512 pixels) were collected with a z-step size of 0.2
�m. Images were deconvolved using Huygens Software (Scientific Vol-
ume Imaging) and analyzed with ImageJ (http://rsb.info.nih.gov/ij/). All
experiments were done blind with respect to the experimental condition.
Spine density was measured on 3D projections and defined as the num-
ber of spines per 10 �m dendritic length. Spine length was measured as
the distance from the outer edge of the dendritic shaft to the tip of the
spine. Spine head diameter was estimated as the length of the longest line
through the spine head orthogonal to the neck of the spine. Spine mor-
phology was estimated according to the following parameters: mush-
room (M), head diameter exceeding 0.5 �m; thin (T), 0.2 	 head � 0.5
�m in diameter and a maximum length at least twice as large as the head
diameter; filopodia-like (F), head � 0.2 �m and not clearly distinguish-
able from the neck; other (O), 0.2 	 head � 0.5 �m in diameter and a
maximum length less than twice the head diameter (Harris et al., 1992;
Kim et al., 2008).

Subcellular fractionation and immunoprecipitation from mouse brain.
The V1 membrane fraction was prepared from P7 mouse brains by dif-
ferential centrifugation as previously described (Konecna et al., 2006;
Steuble et al., 2010). Washed V1 pellets were resuspended in immuno-
precipitation (IP) buffer (PBS, 320 mM sucrose, and 5 mM EDTA, pH 7.4)
and stirred for 1 h at 4°C. For immunoblotting, 2 mg magnetic Dyna-
beads M-280 protein A (Invitrogen) was incubated with 10 �g IgG for 40
min and washed four times in IP buffer. V1 inputs were adjusted to �0.7
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Figure 1. Characterization of a Cst-1 KO mouse. A, Left, Schematic representation of the Southern blot analysis of EcoRI-digested genomic DNA with a probe downstream of exon 19 of
calsyntenin-1. Right, Southern blot demonstrating the presence of a sole 1.8 kb fragment in the homozygous Cst-1 KO mice, whereas WT mice contained the 8.7 kb fragment. B, Left, Schematic
representation of the PCR analysis of genomic DNA as a complement to the Southern blot analysis. Right, PCR with primers a and b, the former located within the floxed segment, resulted in a 225
bp amplicon from the WT allele (right, top). Primers c and d were placed up and downstream, respectively, of the floxed segment and thus resulted in a 560 bp amplicon in the Cst-1 KO allele (right,
bottom). C, Left, Schematic representation of the Northern blot analysis of polyadenylated RNA. Middle, The Northern blot demonstrates the presence of a stable truncated RNA transcript from the
Cst-1 KO allele, indicating that the polyadenylation site is located downstream of the loxP site (pA2; left). Right, RT-PCR with primers e and f, located within exon 16 and at pA2, respectively,
confirmed the presence of a Cst-1 KO transcript that is �0.7 kb shorter than the WT transcript. D, Immunoblots with antibody R140 raised against the cytoplasmic segment of calsyntenin-1
demonstrate the absence of the functionally active full-length transport form of calsyntenin-1 in homozygous Cst-1 KO mice together with an absence of its CTF. Antibody R85 against the N-terminal
cadherin-like domains detected a truncated form of calsyntenin-1 in homozygous and heterozygous Cst-1 KO mice that is slightly shorter than the ectodomain in WT mice. E, Normal gross
morphology of homozygous Cst-1 KO hippocampus (left) and cortex (right) revealed by Nissl staining. CTF, C-terminal fragment; ec, ectodomain; f, full-length; fWT, floxed wild-type; pA,
polyadenylation site; Tub, tubulin.
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mg/ml with IP buffer and incubated with beads precoated with the re-
spective immunoprecipitating antibody for 1 h at 4°C. Beads with
immuno-isolated organelles were washed 10 times with 1 ml IP buffer, once
with 20 mM Tris-HCl, pH 7.4. Immuno-isolated organelles were solubilized
under mild detergent conditions (50 �l 20 mM Tris-HCl, pH 7.4, 0.1% (v/v)
Triton X-100) for 30 min at 25°C. Forty microliters of the respective eluates
were resolved together with 10 �g V1 input on 4–12% Bis-Tris gels (Invit-
rogen). Immunoblotting was performed as described below.

Western blots. At P17, mice were killed by cervical dislocation and
hippocampi were quickly dissected, flash frozen in liquid nitrogen, and
stored at �80°C before extraction in 300 �l of RIPA buffer (10 mM

Tris-HCl, 1% Nonidet 40, 150 mM NaCl, 0.1% SDS, and 1% deoxy-
cholate, pH 7.4) containing protease inhibitors (Complete mini; Roche
Diagnostics). The samples were homogenized and kept for 60 min on ice.
After centrifugation for 15 min at 15,000 � g, 4°C, the supernatant was
collected in new Eppendorf tubes. Hippocampal proteins (20 �g) were
resolved by electrophoresis on a 4 –12% polyacrylamide gel and trans-
ferred to nitrocellulose membranes. The nitrocellulose membranes were
then incubated in a blocking solution containing 5% BSA in TBST 0.2%
(Tris-base 0.1 M and 0.2% Tween 20, pH 7.4) for 1 h at room temperature
and incubated with primary antibodies overnight at 4°C. Primary anti-
bodies were rabbit anti-GluN2A (1:1000; Millipore Bioscience Research
Reagents, AB1555), rabbit anti-GluN2B (1:500; Millipore Bioscience
Research Reagents, AB1557), rabbit anti-GluA1 (1:5000; Millipore, #05-
855), mouse anti-PSD95 (1:5000; Millipore, MABN68), rabbit anti-
GRIP1 (1:500; Sigma-Aldrich, #AV32496), mouse anti synaptotagmin
(1:1000; BD Transduction Laboratories, # S39520), mouse anti-VAMP2
(1:5000; Synaptic Systems, #104211), mouse anti-Rab5 (1:100; Santa
Cruz Biotechnology, # sc-46692), rabbit anti-Rab4 (1:200, Santa Cruz
Biotechnology, #sc-28569), mouse anti-Rab11(1:2000; Transduction
Laboratories, #610656), rabbit anti-syntaxin6 (1:1000; Synaptic Systems,
#110062), mouse anti-transferrin receptor (1:1000; Invitrogen, #13-
68000), anti-Rip11 (1:2000, provided by Mitsuo Tagaya, Tokyo), mouse
anti-N-cadherin (1:2500; Transduction Laboratories, #C70320), and
mouse anti-�-actin (1:5000; Sigma-Aldrich, #A5326). After three washes
in TBST, a horseradish peroxidase-conjugated anti-rabbit antibody was
added to the blots (Pierce Biotechnology). Protein signals were detected by
applying SuperSignal West Pico Chemiluminescent Substrate (Pierce) and
by exposing the blots in a Stella detector. Protein quantity was measured by
densitometry with NIH software and normalized to GAPDH values.

Immunocytochemistry. Primary dissociated hippocampal cultures were
prepared from embryonic day 18 mice as described previously (Kaech
and Banker, 2006). For immunofluorescence analysis, neurons were
fixed in 4% paraformaldehyde, 4% sucrose in PBS, pH 7.4, for 10 min,
washed, and permeabilized for 1 h in 10% FCS, 0.1% glycine, and 0.1%
saponin in PBS. Cells were incubated with primary (polyclonal rabbit
antibody R140 was generated against murine calsyntenin-1, monoclonal
mouse anti-GluN2A from Millipore Corporation, monoclonal mouse
anti-APP from Millipore Bioscience Research Reagents, anti-EEA1 from
Santa Cruz Biotechnology, monoclonal mouse anti-transferrin recep-
tor from Invitrogen) in blocking solution and secondary antibodies
(Cy3-conjugated and Alexa 488-conjugated antibodies) in blocking
solution plus 2% NGS. Confocal images were acquired with a TCS
SP2 AOBS spectral confocal microscope (Leica Microsystems). Im-
ages were adjusted only for brightness and contrast using Adobe
Photoshop 12.

Results
Generation and characterization of a Cst-1 KO mouse
We generated a Cst-1 KO by introducing loxP sites upstream of
exon 17 and downstream of exon 19 of the calsyntenin-1 gene to
delete the transmembrane and cytosolic segments of calsyntenin-1
(see Materials and Methods). The C-terminal cytosolic segment is
essential for vesicular docking to kinesin-1 motors. Immunoblot
analysis of whole-brain homogenates from Cst-1 KO mice with
R140, an antibody raised against the cytoplasmic segment of
calsyntenin-1, demonstrated the absence of the full-length,
transportation-competent form of calsyntenin-1, as well as the

C-terminal cytosolic segment (Fig. 1D). As expected for the ex-
pression of a truncated mRNA transcript, antibody R85 raised
against the N-terminal cadherin-like domains of calsyntenin-1
revealed the presence of truncated calsyntenin-1 that is slightly
shorter than the calsyntenin-1 ectodomain, the predominant
form of calsyntenin-1 that accumulates in WT mice after jux-
tamembrane cleavage in the extracellular compartment. Because
of the absence of the transmembrane and cytosolic segment, this
fragment lacks the kinesin-docking function of full-length
calsyntenin-1. Therefore, it is unlikely that this truncated form of
calsyntenin-1 exhibits residual calsyntenin-1-dependent func-
tions for vesicular transport in KO mice. Moreover, a dominant-
negative effect of this truncated calsyntenin-1 can be excluded
with high probability, because of its close structural homology to
the released ectodomain of calsyntenin-1 found at markedly
higher levels in WT mice. Cst-1 KO mice were viable and fertile,
without an overt morphological or behavioral phenotype, and their
weight was comparable to WT littermates (P17: WT � 7.1 � 0.39 g,
n � 14; Cst-1 KO � 6.9 � 0.33 g, n � 14, p 
 0.6; P48: WT � 20.6 �
0.5 g, n � 31; Cst-1 KO � 19.8 � 0.8 g, n � 18, p 
 0.3). Investiga-
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Figure 2. Western blot characterization of the adult and the juvenile Cst-1 KO mouse. Each
30 �g of brain homogenates from WT and Cst-1 KO mice was analyzed by immunoblotting with
the indicated antibodies. Sytg, synaptotagmin; Stx6, syntaxin 6; TfR, transferrin receptor;
N-Cad, N-cadherin.
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tion of brain sections by in situ hybridiza-
tion and Nissl staining did not reveal gross
morphological alterations (Fig. 1E). More-
over, in adults the absence of calsyntenin-1
did not affect the expression of an extended
series of synaptic proteins as shown in West-
ern blots of brain homogenates from WT
and Cst-1 KO (Fig. 2). In the juvenile KO
mouse, most synaptic proteins were simi-
larly unchanged (Fig. 2), except for NMDA
receptors as described below.

Basal excitatory synaptic transmission
is decreased in juvenile Cst-1 KO mice
The preferential localization of cal-
syntenin-1 in the CA1 area of the hip-
pocampus (Hintsch et al., 2002) in a
pattern indicating dendritic expression
(Konecna et al., 2006) suggests a function
at inputs to CA1 pyramidal cells. Because
the expression levels of calsyntenin-1 are
highest in juvenile mice, we compared
spontaneous EPSCs in acute hippocampal
slices prepared at P15–P21 from Cst-1 KO
and WT mice. Analysis of recordings from
CA1 pyramidal cells (Fig. 3A) showed that
the amplitudes of spontaneous EPSCs
were similar in slices prepared from juve-
nile (P15–P21) WT and Cst-1 KO mice
(WT � �14.6 � 1.1 pA, Cst-1 KO �
�15.5 � 1 pA, p 
 0.05; Fig. 3B,C). How-
ever, spontaneous EPSC frequency was
markedly decreased in Cst-1 KO com-
pared with WT mice (WT � 0.9 � 0.3 Hz,
Cst-1 KO � 0.3 � 0.1 Hz, p 	 0.01; Fig.
3B,C). The input/output curve obtained
from field recordings revealed a signifi-
cant decrease in EPSP slope in Cst-1 KO
compared with WT mice (Fig. 3D,E). To
rule out a bias in the placement of the
stimulating electrode, the magnitude of
the EPSP was replotted as a function of the
fiber volley at a constant amplitude of
�0.2 mV, which confirmed a decrease in
synaptic transmission in the Cst-1 KO mice (KO � �0.11 � 0.02;
WT � �0.23 � 0.03, p 	 0.05; Fig. 3F). A reduction in synaptic
transmission can reflect either a presynaptic process in which
vesicular release is diminished, or a postsynaptic effect in which
the number of synapses is reduced or fewer mature or functional
synapses are present. To distinguish between these two possibil-
ities we assessed parameters for presynaptic release of neu-
rotransmitter. First we examined paired-pulse facilitation (PPF),
which was not significantly different at pulse intervals ranging
from 50 to 500 ms (Fig. 4A,B). Short-term plasticity induced by
stimulation with three stimuli at 100 Hz was also not different in
Cst-1 KO compared with WT slices (12–15 min: WT � 106 �
6%, Cst-1 KO � 107 � 3.3%, p 
 0.1; Fig. 4C,D). These results
indicate that presynaptic release properties are not modified in
the hippocampus of Cst-1 KO mice. A further possibility ac-
counting for decreased synaptic transmission could be a decrease
in dendritic spine density. However, the number of spines per
unit length was not changed in CA1 pyramidal cells from Cst-1
KO compared with WT dendrites (Fig. 4E).

Involvement of calsyntenin-1 in dendritic transport
Further evidence for a postsynaptic mechanism mediating the
observed reduction in synaptic transmission was the presence
of calsyntenin-1-positive puncta along all dendrites as visual-
ized with R140, an antibody against the cytosolic fragment of
calsyntenin-1 (Fig. 5A). A well established function of
calsyntenin-1 is as a docking protein that directly binds to the
light chain of kinesin-1 for fast axonal transport (Konecna et
al., 2006; Steuble et al., 2012; Vagnoni et al., 2012). We there-
fore checked for a similar role in dendrites. Indeed, the con-
siderable degree of colocalization of dendritic calsyntenin-1
puncta with both the transferrin receptor (TfR), a marker for
recycling endosomes, as well as with APP, which is carried in
early endosomal calsyntenin-1 vesicles (Steuble et al., 2012),
indicates that dendritic calsyntenin-1-associated vesicles are
involved in transport of both early and recycling endosomal
organelles (Fig. 5 A, B). Importantly, dendritic calsyntenin-1
also colocalizes with NMDA receptor subunits (Fig. 5C,D).
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Enhanced synaptic expression of GluN2B in Cst-1 KO mice
If calsyntenin-1 contributes to dendritic trafficking of proteins,
the reduction in excitatory transmission that we observed in the
Cst-1 KO mouse may arise from disrupted targeting of glutama-
tergic receptors. We therefore assessed AMPA and NMDA
receptor-mediated responses by comparing their ratios in WT
versus Cst-1 CA1 pyramidal cells. Schaffer collaterals were stim-
ulated to evoke EPSCs in CA1 pyramidal cells voltage clamped at
�70 mV, where extracellular magnesium (1 mM) blocks most
NMDA current, to measure AMPA responses and then at � 30
mV, where the NMDA receptor-mediated component is appar-
ent (Fig. 6A). We also took advantage of the much faster decay
kinetics of AMPA versus NMDA receptor currents (Fig. 6A, ar-
rows) to calculate the proportion of the current mediated by each
receptor channel. Our data show that the AMPA/NMDA re-
sponse ratio was lower in Cst-1 KO than in WT cells (WT �
�1.2 � 0.6, Cst-1 KO � �0.4 � 0.2, p 	 0.05; Fig. 6A). Begin-
ning in the second postnatal week, there is a switch from predom-
inantly GluN2B subunit-containing NMDA receptors to
increasing expression of GluN2A subunit-containing NMDA re-
ceptors (Monyer et al., 1994; Sheng et al., 1994). We therefore
examined in greater detail the evoked response mediated by
NMDA receptors. Our recordings show that the NMDA compo-
nent of the current had slower decay kinetics in the Cst-1 KO
versus the WT neurons (WT tau � 89 � 12 ms, Cst-1 KO tau �
147 � 19 ms, p 	 0.05; Fig. 6B), which may reflect a high expres-
sion of NMDA receptors containing the GluN2B subunit
(Monyer et al., 1994; Vicini et al., 1998; Tovar et al., 2000). In
contrast, the decay kinetics of AMPA receptor-mediated EPSC
was not modified (WT tau � 19.2 � 4.5 ms, Cst-1 KO tau �
15.4 � 2.4 ms, p 
 0.3; Fig. 6B). To determine whether the slower
NMDA receptor kinetics in the Cst-1 KO was indeed due to a

greater GluN2B-mediated component,
we compared the effects of a GluN2A sub-
unit antagonist, NVP-AAM (0.1 �M; Au-
berson et al., 2002; Bartlett et al., 2007),
and a GluN2B subunit antagonist, Ro25–
6981 (3 �M; Fischer et al., 1997) on evoked
NMDA EPSCs at �30 mV in the presence
of NBQX (25 �M) and picrotoxin (50
�M). The GluN2B subunit antagonist
induced a greater suppression of EPSCs
in Cst-1 KO neurons whereas the
GluN2A subunit antagonist was more ef-
fective in reducing EPSCs in WT neurons
(Fig. 6C). Thus, at Cst-1 KO synapses the
proportion of GluN2B subunit-containing
receptors was increased (WT � 20.6 �
6.9; Cst-1 KO � 40.6 � 3.7; p 	 0.05; Fig.
6C), whereas the proportion of GluN2A-
containing receptors was decreased
(WT � 68.9 � 5.8; Cst-1 KO � 44.5 �
8.2; p 	 0.05; Fig. 6C).

Western blots of whole hippocampi
from P17 mice also showed that GluN2B
levels are higher in Cst-1 KO compared
with WT mice (ratio GluN2B/GAPDH:
WT � 100 � 7.1, Cst-1 KO � 127.8 � 3.4,
p � 0.0246; Fig. 6D,E). No difference in
total tissue GluN2A levels was observed
(ratio GluN2A/GAPDH: WT � 100 �
9.7, Cst-1 KO � 107.4 � 11.4, p 
 0.05).
As calsyntenin-1 is associated with trans-

port vesicles, we were interested in whether these vesicles may
contain NMDA receptors. Calsyntenin-1-positive endosomes
were immuno-isolated from whole brains of juvenile mice using
the R140 antibody against the cytosolic segment of calsyntenin-1.
Western blots revealed the presence of the GluN1 subunit as well
as both of the main hippocampal subtypes of the GluN2 subunit,
GluN2A and GluN2B in calsyntenin-1 vesicles, which corre-
spond to early and recycling endosomes on the basis of the mark-
ers Stx13, TfR, and Rab11 (Fig. 6F). Thus, the above results are
consistent with a role for calsyntenin-1 as a transporter of NMDA
receptor subunits to dendritic targets.

NMDA receptor-dependent LTP is increased in juvenile Cst-1
KO mice
As GluN2A and GluN2B subunit-containing NMDA receptors
play distinct roles in LTP (Shipton and Paulsen, 2014), we exam-
ined whether the increase in GluN2B in Cst-1 KO mice affects
synaptic plasticity. We found that LTP induced at Schaffer collat-
eral–CA1 pyramidal cell synapses by HFS with one train or three
trains at 100 Hz was significantly increased in slices from Cst-1
KO mice (1 � 100 Hz: WT � 139.3 � 10.9%, Cst-1 KO � 172 �
7.4%, p 	 0.05; 3 � 100 Hz: WT � 142.4 � 14.7%, Cst-1 KO �
178.9 � 8.5%, p 	 0.05; Fig. 7A,E). This form of LTP is NMDA
receptor dependent as it was blocked by the specific antagonist
D-AP5 (50 �M): WT control � 142.4 � 14.7%, WT D-AP5 �
107.2 � 6.3%, p 	 0.05. We also induced LTP with a TBS, which
has been proposed as a more physiological protocol to study
synaptic plasticity (Staubli and Lynch, 1987). Again, LTP induced
by TBS was enhanced in Cst-1 KO compared with WT mice (TBS:
WT � 126.4 � 13.5%, Cst-1 KO � 162 � 7.7%, p 	 0.05; Fig.
7B,E). Moreover, PPF did not change after LTP induction, both
in WT and in Cst-1 KO slices (Fig. 7F). Although in the hip-
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pocampus calsyntenin-1 is expressed
most highly in CA1 pyramidal cells, it is
also present in CA3 pyramidal cells
(Hintsch et al., 2002). However, when we
compared LTP induced by HFS (1 � 100
Hz) in Cst-1 KO and WT mice at synapses
from commissural/associational fibers
onto CA3 pyramidal cells, we observed no
significant difference (WT � 150 � 10%,
n � 7, Cst-1 KO � 167.1 � 12.7%, n � 5,
p 
 0.05).

We also checked whether LTD might
be modulated by calsyntenin-1. However,
LTD at Schaffer collateral– CA1 pyrami-
dal cell synapses induced by LFS (1 Hz for
15 min) was not different in Cst-1 KO ver-
sus WT slices (WT � 88 � 5.8%, n � 4,
Cst-1 KO � 80.7 � 3.9%, n � 5, p 

0.5).Together, these results show that LTP
is enhanced in the hippocampus of juve-
nile Cst-1 KO mice at Schaffer collateral–
CA1 pyramidal cell synapses.

To determine whether the altered ex-
pression of NMDA receptor subunits at
Schaffer collateral synapses onto CA1 py-
ramidal cells is responsible for the en-
hanced LTP in Cst-1 KO mice, we tested
the effects of blocking GluN2A and
GluN2B subunits. Neither NVP-AAM
(0.1 �M) nor Ro25– 6981 (3 �M) had an
effect on baseline synaptic transmission.
In the presence of the GluN2B antagonist,
the enhancement of LTP (induced by
HFS, 1 � 100 Hz) was prevented in the
Cst-1 KO mouse. LTP attained similar
levels in both WT and Cst-1 KO (WT
Ro25– 6981 � 139.6 � 20%, Cst-1 KO Ro25– 6981 � 137.8 �
9.4%, p 
 0.5; Fig. 7C,G). In contrast, the enhancement of LTP in
the Cst-1 KO mouse was maintained with application of the
GluN2A antagonist (WT NVP-AAM � 134.9 � 8.1%; Cst-1 KO
NVP-AAM � 168 � 12%, p 	 0.05; Fig. 7D,G).

Morphological alterations in CA1 pyramidal cells in Cst-1
KO mice
The observed changes in synaptic properties correspond to a de-
lay in the maturation of CA1 pyramidal cells in Cst-1 KO mice. As
functional modifications are usually associated with structural
changes, we examined reconstructions of CA1 pyramidal cells
filled with biocytin during electrophysiological recordings from
juvenile Cst-1 KO mice. Images were rendered as Neurolucida
drawings from confocal imaging stacks. The dendritic tree exhib-
ited reduced complexity in Cst-1 KO neurons (Fig. 8A) reflected
as a reduction in dendritic intersections close to the cell body,
which was quantified using Sholl analysis (Fig. 8B). As synapses
mature, changes in receptor subtype expression occur in parallel
with remodeling of dendritic spines. We therefore compared
dendritic spines in juvenile Cst-1 KO versus WT mice to look for
structural changes that might correspond to our functional data.
The density of dendritic spines was analyzed and quantified using
confocal microscopy. In hippocampal slices prepared at P17,
CA1 pyramidal cells in the Cst-1 KO mice had fewer thin spines
(WT � 45.7 � 2%, Cst-1 KO � 36.9 � 3%, p � 0.0251) and more
filopodia-like structures (WT � 6.2 � 1%, Cst-1 KO � 15 � 3%,

p 	 0.01; Fig. 8C,D). The proportion of mushroom-shaped
spines was unchanged. Thus, the more immature state of the
dendritic tree, characterized by fewer thin spines and more filop-
odia (Matus, 2000), may explain the lower frequency of sponta-
neous EPSCs observed in juvenile Cst-1 KO mice. Furthermore,
smaller spines are known to exhibit a greater potential to undergo
LTP (Matsuzaki et al., 2004).

Recovery of synaptic function and structure in adult Cst-1
KO mice
As calsyntenin-1 expresses peak expression shortly after birth and
is important in kinesin-1-dependent fast transport of vesicular
proteins, it is possible that with time other transport mechanisms
can compensate for the absence of calsyntenin-1. Indeed, we
found no differences in synaptic function or structure between
adult Cst-1 KO and WT mice. In 2-month-old mice, basal syn-
aptic transmission was not significantly altered as shown in re-
cordings of spontaneous EPSC amplitude (WT � �13.5 � 2 pA,
Cst-1 KO � �15.9 � 1 pA, p � 0.31) and frequency (WT �
0.78 � 0.1 Hz, Cst-1 KO � 0.9 � 0.2 Hz, p � 0.72; Fig. 9A). In
addition, LTP (HFS) was not significantly changed (WT �
146.8 � 12.1%, Cst-1 KO � 167.4 � 13.7%, p 
 0.05; Fig. 9B).
Finally, the changes in the structure of the spines (Fig. 9C) and
the dendritic tree (Fig. 9D) were no longer observed in adult
Cst-1 KO neurons. Thus, the recovery of synaptic properties in
adult Cst-1 KO mice is accompanied by a parallel maturation
of dendrites.
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Discussion
In the absence of calsyntenin-1, we observed a disruption in the
ratio of GluN2B subunit to GluN2A subunit-containing NMDA
receptors expressed at the Schaffer collateral–CA1 pyramidal cell
synapse in the juvenile mouse. As a consequence, synaptic func-
tion was altered in association with structural modifications of
the dendritic tree and dendritic spines. These changes are consis-
tent with calsyntenin-1’s role in vesicular trafficking.

Calsyntenin-1 is a docking protein that couples vesicles to
kinesin-1 for fast transport along microtubules (Konecna et al.,
2006). It is present in the trans-Golgi network where calsyntenin-
1-positive organelles are part of the system of endosomal path-
ways (Ludwig et al., 2009; Steuble et al., 2010). Calsyntenin-1
vesicles are always found on plus end-directed trajectories, a

characteristic of replenishment vesicles that carry components
required for distal neuronal functions. Furthermore, calsyntenin-1-
directed traffic is one way and centrifugal, as it is subject to pro-
teolytic cleavage when the vesicles reach their distal destination
(Steuble et al., 2010, 2012). Because it acts as a docking protein for
distinct types of endosomal vesicles, a direct role of calsyntenin-1
in the process of cargo selection is unlikely. We therefore assume
that calsyntenin-1 vesicles generated in the trans-Golgi network
are loaded with both the GluN2A and the GluN2B subunits and
delivered to the trans-Golgi network without preference, consis-
tent with our coimmunoprecipitation data (Fig. 6F). However,
the peak expression of calsyntenin-1 overlaps with the time
window for a key postnatal switch in the expression of NMDA
receptors with distinct subunit composition. The GluN2B subunit-
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containing NMDA receptors prevail early during development
whereas levels of the GluN2A subunit-containing NMDA recep-
tor begin to rise in the second postnatal week. The switch from
GluN2B to GluN2A subunits is initiated at the transcriptional
level by the increased synthesis of mRNA encoding GluN2A sub-
units at the expense of mRNA encoding GluN2B subunits. After
translation in the endoplasmic reticulum, the new GluN2A sub-
units need to be transported to their synaptic destination through
the Golgi complex and along the dendrites. Based on its essential
role for fast, microtubule-dependent transport of vesicular cargo
from the Golgi complex to the dendrites, calsyntenin-1 allows for
the rapid implementation of the switch from GluN2B to GluN2A
subunits at the synaptic level. Without calsyntenin-1 the tran-
scriptionally controlled switch from the production of GluN2B
to GluN2A subunits is not faithfully reflected in a timely manner
at synapses. As a result, synapses of young Cst-1 KO mice exhibit
increased levels of GluN2B subunits, the default subunit in early
development. Conversely, for dendritically transported proteins
that do not undergo a developmental switch, such as AMPA re-
ceptors, we found no evidence for changes in synaptic expression
(Fig. 4A,B). As calsyntenin-1 is also expressed before the NMDA
receptor subunit switch occurs, one might expect additional deficits
that impact GluN2B trafficking. However, the GluN2B KO mouse is

neonatally lethal (Kutsuwada et al., 1996),
suggesting that additional mechanisms
must be present to traffic these subunits. In-
deed, KIF17, which is also a kinesin motor
protein, is one example of a protein critical
for the specific transport of GluN2B to the
synapse (Yin et al., 2011). In the adult, we no
longer observed a difference in synaptic
function between Cst-1 KO and WT mice.
The fact that the GluN2A subunit is not re-
quired for survival may explain the lack
of an additional fast transport system for
this subunit. Thus, without calsyntenin-1,
GluN2A and GluN2B subunit-containing
NMDA receptors still reach their synaptic
destination via other calsyntenin-negative
transport vesicles, albeit with a delay and
possibly with some losses due to partially in-
correct targeting.

Our data point to a postsynaptic site of
action for calsyntenin-1 in its regulation of
synaptic function. Accordingly, colocaliza-
tion experiments showed that calsyntenin-1,
as well as NMDA receptor subunits, are
present in dendrites (Fig. 5). Moreover, in
the absence of calsyntenin-1, postsynaptic
AMPA/NMDA receptor ratios were al-
tered as was the expression of NMDA
receptor subtypes. NMDA receptor-de-
pendent LTP, which is considered to in-
volve mainly postsynaptic mechanisms,
was enhanced. The delay in maturation
of functional synaptic properties was
also accompanied by structural changes in
the postsynaptic elements. The dendritic
spines exhibited altered profiles and the
dendritic arborization was less developed.
In contrast, presynaptic release properties
were not affected in the Cst-1 KO mouse.
In this respect it is of interest that the differ-

entiation of presynaptic terminals also does not depend on
calsyntenin-1, but rather requires calsyntenin-3 (Pettem et al., 2013).
Furthermore, this study showed that calsyntenin-3, which has much
lower affinity for kinesin-1 than calsyntenin-1, is essential for syn-
apse development through its interaction with �-neurexin.

Surprisingly, deletion of calsyntenin-1 resulted in one of the very
few known examples where lack of a synaptic protein enhances LTP.
As reported previously, GluN2B-containing NMDA receptors me-
diate EPSCs with greater amplitude and duration compared
withGluN2A-containing receptors (Monyer et al., 1994; Vicini et al.,
1998; Tovar et al., 2000; Barria and Malinow, 2002). Two distinct
mechanisms may account for the enhanced LTP mediated by
GluN2B subunit-containing NMDA receptors. First, the slower ki-
netics of GluN2B-mediated EPSPs allows more calcium influx, and
significantly enhances LTP, as shown previously in studies in the
CA1 region of the hippocampus in juvenile animals (Ito et al., 1996;
Köhr et al., 2003). This process depends on a high-affinity interac-
tion between CaMKII and the C-terminal segment of the GluN2B
subunit, whereas native GluN2A does not bind to CaMKII (Barria
and Malinow, 2005). Preventing this switch from GluN2B to
GluN2A subunit-containing NMDA receptors leads to excessive
spine motility and synaptogenesis (Gambrill and Barria, 2011). Sec-
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ond, a high expression of GluN2B subunit-
containing NMDA receptors delays the
maturation of synapses (Gray et al., 2011). A
greater proportion of weak or immature
synapses correlates strongly with a greater
capacity for LTP (Debanne et al., 1999;
Montgomery et al., 2001). The alterations in
dendritic spine morphology in Cst-1 KO
mice also support an increased ability to un-
dergo plasticity. Spine morphogenesis dur-
ing development proceeds from filopodia to
mature spines, as has been shown in CA1
pyramidal cells (Ziv and Smith, 1996; Fiala et
al., 1998), and smaller spines exhibit an inher-
ently greater propensity for LTP (Matsuzaki et
al., 2004).

NMDA receptors are important not
only for the induction of LTP, but also for
certain forms of LTD (Dudek and Bear,
1992). However, we found no difference
in NMDA receptor-dependent LTD in
Cst-1 KO compared with WT mice, which
is in agreement with the finding that
NMDA receptors containing the GluN2B
unit are not implicated in LTD in juvenile
animals (Bartlett et al., 2007).

Together, our results indicate that al-
tered synaptic properties in juvenile Cst-
1-KO mice lead to the persistence of a
developmentally immature neuronal cir-
cuitry with increased synaptic plasticity
and malleability. This developmental de-
lay in normal CA1 pyramidal cell function
recovers in the adult mouse. This finding
underlines the importance of the coordi-
nation between the transcriptional switch
in NMDA receptor subunit production
and the calsyntenin-1-dependent trans-
port mechanism that ensures the appro-
priately timed expression of receptor
subtypes at the synapse. The transient
perturbation of signaling in a restricted
domain may have long-term conse-
quences in other areas of the brain that
depend on hippocampal input. Numer-
ous studies have shown that disruption
of synaptic maturation and circuit for-
mation can contribute to the pathogen-
esis of neurodevelopmental disorders
(Kasai et al., 2010; Lai and Ip, 2013). Of
particular relevance to our investigation
is a recent study showing that the
NLR3 R451C mutation in neuroligin-3,
which is linked to autism spectrum dis-
order (Laumonnier et al., 2004), in-
duces an enhancement in LTP mediated
by excessive GluN2B expression (Ether-
ton et al., 2011) similar to what we
observe in Cst-1 KO mice. Thus, im-
pairment in the switch of predominantly GluN2B-containing
to GluN2A-containing NMDA receptors during the early postnatal
period may represent a common mechanism contributing to brain
disorders associated with developmental pathologies.
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Hoerndli FJ, Walser M, Fröhli Hoier E, de Quervain D, Papassotiropoulos A,
Hajnal A (2009) A conserved function of C. elegans CASY-1 calsyntenin
in associative learning. PLoS One 4:e4880. CrossRef Medline

Ito I, Sakimura K, Mishina M, Sugiyama H (1996) Age-dependent reduc-
tion of hippocampal LTP in mice lacking N-methyl-D-aspartate receptor
epsilon 1 subunit. Neurosci Lett 203:69 –71. CrossRef Medline

Kaech S, Banker G (2006) Culturing hippocampal neurons. Nat Protoc
1:2406 –2415. CrossRef Medline

Kasai H, Fukuda M, Watanabe S, Hayashi-Takagi A, Noguchi J (2010) Struc-
tural dynamics of dendritic spines in memory and cognition. Trends
Neurosci 33:121–129. CrossRef Medline

Kim BG, Dai HN, McAtee M, Bregman BS (2008) Modulation of dendritic
spine remodeling in the motor cortex following spinal cord injury: effects of
environmental enrichment and combinatorial treatment with transplants
and neurotrophin-3. J Comp Neurol 508:473–486. CrossRef Medline
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Briault S (2004) X-linked mental retardation and autism are associated
with a mutation in the NLGN4 gene, a member of the neuroligin family.
Am J Hum Genet 74:552–557. CrossRef Medline

Ludwig A, Blume J, Diep TM, Yuan J, Mateos JM, Leuthäuser K, Steuble M,
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