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Functional synapse formation is critical for the wiring of neural circuits in the developing brain. The cell adhesion molecule N-cadherin
plays important roles in target recognition and synaptogenesis. However, the molecular mechanisms that regulate the localization
of N-cadherin and the subsequent effects remain poorly understood. Here, we show that protein kinase D1 (PKD1) directly binds to
N-cadherin at amino acid residues 836 – 871 and phosphorylates it at Ser 869, 871, and 872, thereby increasing the surface localization of
N-cadherin and promoting functional synapse formation in primary cultured hippocampal neurons obtained from embryonic day 18 rat
embryos of either sex. Intriguingly, neuronal activity enhances the interactions between N-cadherin and PKD1, which are critical for the
activity-dependent growth of dendritic spines. Accordingly, either disruption the binding between N-cadherin and PKD1 or preventing
the phosphorylation of N-cadherin by PKD1 in the hippocampal CA1 region of male rat leads to the reduction in synapse number and
impairment of LTP. Together, this study demonstrates a novel mechanism of PKD1 regulating the surface localization of N-cadherin and
suggests that the PKD1-N-cadherin interaction is critical for synapse formation and function.
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Introduction
Brain function relies on the establishment and organization of
proper neuronal circuitry consisting of a vast but sophisticated
interconnected network of synapses. Synapses are specialized

asymmetrical connections between neurons that function in
information processing and integration. Synapse formation,
elimination, and remodeling are essential for the development of
neural circuits and cognitive functions, such as learning and
memory (Kandel et al., 2014). Cell adhesion molecules, which
can align the presynaptic active zone and the PSD across the
synaptic cleft, have been intensively studied for their important
roles in neurite outgrowth, neuronal polarity, neuronal migra-
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Significance Statement

Defects in synapse formation and function lead to various neurological diseases, although the mechanisms underlying the regu-
lation of synapse development are far from clear. Our results suggest that protein kinase D1 (PKD1) functions upstream of
N-cadherin, a classical synaptic adhesion molecule, to promote functional synapse formation. Notably, we identified a crucial
binding fragment to PKD1 at C terminus of N-cadherin, and this fragment also contains PKD1 phosphorylation sites. Through this
interaction, PKD1 enhances the stability of N-cadherin on cell membrane and promotes synapse morphogenesis and synaptic
plasticity in an activity-dependent manner. Our study reveals the role of PKD1 and the potential downstream mechanism in
synapse development, and contributes to the research for neurodevelopment and the therapy for neurological diseases.
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tion, synapse formation, and synaptic plasticity both in the devel-
oping and mature brain (Togashi et al., 2002; Arikkath and
Reichardt, 2008; Seong et al., 2015).

N-cadherin, one of the important cell adhesion molecules in
the nervous system, is a Type I classical cadherin that is widely
expressed in both presynaptic and postsynaptic membranes of
excitatory neurons in mammals (Arikkath and Reichardt, 2008).
N-cadherin mediates calcium-dependent, homophilic interac-
tions across the synaptic cleft and plays crucial roles in dendrite
morphogenesis, synapse formation, synaptic plasticity, and neu-
ral disorders associated with autism, bipolar disease, schizophre-
nia, and Alzheimer’s disease (Schrick et al., 2007; Bacchelli et al.,
2014; Tucci et al., 2014; Uribe-Arias et al., 2016). Although the
functions of N-cadherin in neurons have been extensively inves-
tigated, the post-translational modification and regulation of the
membrane localization of N-cadherin have been rarely studied.

Protein kinase D (PKD) is a serine/threonine protein kinase
family that includes three kinase isoforms: PKD1, PKD2, and
PKD3 (Johannes et al., 1994). PKDs are activated by a novel PKC
family and are recruited to the plasma membrane or to intracel-
lular membranes through binding DAG to achieve full activation
(Valverde et al., 1994; Iglesias and Rozengurt, 1998; Iglesias et al.,
1998). PKDs have been studied for their roles in diverse cellular
functions, including cell proliferation and migration, gene ex-
pression, cell motility, and adhesion (Rozengurt, 2011). In the
nervous system, PKDs have been shown to regulate Golgi func-
tions, neuronal polarity, dendrite development, synaptic plastic-
ity, and memory formation (Bisbal et al., 2008; Yin et al., 2008;
Czöndör et al., 2009; Avriyanti et al., 2015; Bencsik et al., 2015). It
has been reported that PKD1 can bind to and phosphorylate
epithelial-type cadherin (E-cadherin) and thus regulate the adhe-
sion of cancer cells (Jaggi et al., 2005). Based on the observations
that N-cadherin shares a similar structure and a highly conserved
cytoplasmic domain with E-cadherin (Gumbiner, 2005), we pro-
posed that N-cadherin might contribute to the “cell– cell adhe-
sion” between neurons under regulation of PKD1.

In this work, we used morphological and electrophysiological
studies of cultured hippocampal neurons to demonstrate that
PKD1 promotes functional synapse formation by acting up-
stream of N-cadherin. We found that PKD1 directly binds to
N-cadherin at amino acid residues 836 – 871 and phosphorylates
N-cadherin at Ser 869, 871, and 872, leading to increased mem-
brane localization of N-cadherin. Furthermore, we demonstrated
that disruption of the interaction between PKD1 and N-cadherin
reduces the surface localization of N-cadherin and thus inhibits
functional synapse formation and LTP. We also demonstrated
that neural activity enhances the interaction between N-cadherin
and PKD1 and that neural activity-driven spine growth requires
the kinase activity of PKD1. This study identifies N-cadherin
as a novel synaptic substrate of PKD1 and demonstrates the
pivotal roles of these proteins in synaptogenesis and in synap-
tic plasticity.

Materials and Methods
Animals. Sprague Dawley rats were housed in a temperature-controlled
(23 � 2°C) and humidity-controlled (50 � 5%) environment. The ani-
mals were maintained on a 12 h light and dark cycle with food and water
ad libitum. All animal studies were approved by the Animal Center of the
Peking University Health Science Center, and the experiments were per-
formed in accordance with the relevant guidelines, including any rele-
vant details.

DNA constructs and chemicals. Human PKD1 (h-PKD1) cDNA was
cloned into the mammalian expression vector pcDNA3.1 to produce a
his-myc-tagged expression plasmid. DN-hPKD1 (D727A-hPKD1) and

rat-hPKD1 were generated by site-directed mutagenesis using PCR. Rat
N-cadherin plasmid with myc tag (N-cad) was kindly provided by Prof.
Tanaka (Osaka University, Osaka, Japan). N-cad�836 – 871 (N-cadherin
with a deletion of amino acids of 836 – 871) and N-cad mut (N-cadherin
with S869A, S871A, and S872A) were generated by PCR. GFP-hPKD1
and related mutants were constructed as previously described (Wang et
al., 2004; Yin et al., 2008). shRNAs coexpressing EGFP against rat PKD1
and N-cadherin (shPKD1 and shN-cad) were purchased from Shanghai
Genechem. The target mRNA sequences were as follows: for PKD1, 5�-
GGUUCUGGACAGUUCGGAA-3�; and for N-cadherin, 5�-GACUGG
AUUUCCUGAAGAU-3� (Zhang et al., 2010; Lewallen et al., 2011).
shRNA targeting a nonspecific sequence (shGFP) was used as a control.
Endogenous rat PKD1 and transfected rat-hPKD1 can be knocked down
by shPKD1, whereas transfected hPKD1 resists shPKD1.

To prepare constructs for protein purification, PKD1, cytoplasmic
N-cadherin, and various constructs were cloned into the pGEX-5X-1
vector with an N-terminal GST tag or into the pET-28a(�) vector with
an N-terminal His6 tag.

Two pairs of interfering peptides were created and used in the exper-
iments. Fusion with the TAT protein sequence (RKKRRQRRR) renders
the peptides cell-permeable. TAT-836 – 871, which was used to disrupt
the binding of PKD1 to N-cadherin, consists of the TAT sequence
and amino acids 836 – 871 of N-cadherin, the region through which
N-cadherin binds to PKD1 (the sequence was RKKRRQRRR-INEGLKAA
DNDPTAPPYDSLLVFDYEGSGSTAGSLS). As a control peptide, amino
acids 836 – 871 of N-cadherin were replaced with a scrambled sequence
of the same 36 amino acids (termed TAT-scramble, the sequence was
RKKRRQRRR-LPTALGLSLYKSFPGEYDGSVISDGEDAPDAASNNT).
TAT-S3, which was used to disrupt the phosphorylation of N-cadherin
by PKD1, consists of the TAT sequence and amino acids 865– 878 of
N-cadherin, including the three phosphorylation sites, Ser 869, 871, and
872 (the sequence was RKKRRQRRR-STAGSLSSLNSSSS). As a control
peptide, Ser 869, 871, and 872 were replaced with alanine in the peptide
TAT-S3A (the sequence was RKKRRQRRR-STAGALAALNSSSS). For
neuronal morphology analysis, 3 �M peptide was added to the medium at
DIV 10 after GFP transfection at DIV 8. For electrophysiological record-
ing, 3 �M peptides were added to the medium without transfection. The
TAT fusion peptides were synthesized by GL Biochem. The mass and
purity of the peptides were verified by HPLC.

To study the role of PKD1 in neural activity-induced spine growth, 12
mM KCl (Sigma-Aldrich) was added to the culture medium to increase
neural activity. For biochemical experiments, KCl was added at DIV 6 or
7, and cortical neurons were harvested 12 h later. For morphological
experiments, KCl was added at DIV 10 (2 d after transfection) and main-
tained until hippocampal neurons were fixed at DIV 15.

Gö6976 (Calbiochem), Bim (Calbiochem), and PMA (Sigma-Aldrich)
were diluted in DMSO (Sigma-Aldrich) for use.

Cell culture and transfection. Hippocampal and cortical neurons were
obtained from embryonic day 18 rat embryos of either sex and plated
onto 35 mm dishes coated with poly-D-lysine (Sigma-Aldrich) at an
appropriate density. After 4 h in plating media (10% FBS in DMEM), the
cultures were transferred to neurobasal medium supplemented with 2%
B27 and 0.5 mM GlutaMAX-I (Invitrogen). Half of the medium was
replaced with fresh medium every 3 d. At DIV 3, cytosine arabinoside was
added to the maintenance medium at a final concentration of 10 �M to
inhibit glial proliferation. For most morphological and electrophysiolog-
ical experiments, hippocampal neurons at DIV 8 were transfected with 3
�g of the indicated PKD1/N-cadherin constructs together with 1 �g
GFP-expressing plasmid (pEGFP-N1) or shRNAs coexpressing EGFP to
label entire neurons using Lipofectamine-2000 (Invitrogen) following
the manufacturer’s guidelines. For the biochemical experiments, cortical
neurons were primarily used.

Mouse N2a and rat C6 cells were maintained in DMEM supplemented
with 10% FBS. The cells were transfected with Lipofectamine-2000 (In-
vitrogen) according to the manufacturer’s instructions.

Western blots. Western blotting experiments were performed accord-
ing to previously described protocols (Xing et al., 2012). The antibodies
used in Western blots were rabbit polyclonal anti-PKD1 (sc-639; Santa
Cruz Biotechnology), rat monoclonal anti-N-cadherin MNCD2 (Devel-
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opmental Studies Hybridoma Bank), mouse monoclonal anti-N-
cadherin 3B9 (Invitrogen), mouse monoclonal anti-myc (TA-01; Origene),
mouse monoclonal anti-�-catenin (BD Biosciences), mouse monoclonal
anti-GST (Applygen), mouse monoclonal anti-His (Applygen), mouse
monoclonal anti-human Tfr (Invitrogen), mouse monoclonal anti-GFP
(Santa Cruz Biotechnology), mouse monoclonal anti-�-actin (TA-09;
Origene) followed by HRP-conjugated secondary antibodies (Sigma-
Aldrich and Origene), mouse anti-Synaptophysin (BD Biosciences), and
mouse anti-PSD95 (BD Biosciences).

Pulldown assay. GST-fusion proteins were expressed in Escherichia coli
BL21 (DE3) cells and purified using Glutathione Sepharose 4 Fast Flow
(GE Healthcare Pharmacia) according to the manufacturer’s instruc-
tions; His6-fusion proteins were purified using Ni-NTA agarose beads
(QIAGEN) following the manufacturer’s instructions. For binding as-
says, eluted His6-fusion protein was incubated with immobilized GST
(as a control) or with GST-fusion protein for 2 h at 4°C. The mixture was
then washed, eluted, and subjected to Western blot analysis.

Immunoprecipitation. Protein extracts from transfected cells, neurons,
or rat hippocampal tissues were prepared as for Western blots. Extracts
containing 400 –500 �g of protein were incubated with antibodies
against PKD1 (1:50) or N-cadherin 3B9 (1:50) at 4°C for 3 h before
incubation with protein A-Sepharose CL-4B resin (GE Healthcare) over-
night. The immunoprecipitates were washed six times with 0.1% Triton
X-100 in TBS. The final pellets were boiled in SDS-PAGE sample buffer
and subjected to Western blot analysis.

Cell surface biotinylation assay. Cell cultures were washed with ice-
cold PBS, pH 8.0, and then incubated for 45 min at 4°C with EZ-Link
Sulfo-NHS-SS-biotin (Pierce) to biotinylate surface proteins. After
quenching with PBS containing 100 mM glycine and washing with
PBS, pH 7.4, the cells were lysed with RIPA lysis buffer (1% Triton
X-100 and 0.1% SDS in TBS). The supernatants from the cell lysates
were incubated with Ultralink Plus immobilized streptavidin beads
(Pierce) overnight at 4°C to capture biotinylated surface proteins.
After washing the beads six times with RIPA buffer, the bound pro-
teins were eluted by boiling for 5 min with SDS-PAGE sample buffer
and were analyzed by Western blot.

In vitro kinase assay. The phosphorylation of N-cadherin by PKD1
under various treatments was assessed following immunoprecipitation.
Extracts containing 150 �g of protein obtained from lysates of young
hippocampal neurons treated with Gö6976, Bim, PMA, or control sol-
vent (DMSO) were incubated with an antibody against PKD1 (1:100) or
with normal rabbit IgG (sc-2027, Santa Cruz Biotechnology) as a control
to immunoprecipitate PKD1 at 4°C for 3 h before overnight incubation
with protein A-Sepharose CL-4B resin. After successively washing with
lysis buffer and assay buffer (30 mM Tris, pH 7.6, 10 mM MgCl2, and 1 mM

dithiothreitol), the final pellets were resuspended to a final volume of
25 �l in assay buffer. To initiate the phosphorylation reaction, 10 �l of
phosphorylation mix (assay buffer containing 5 �Ci [�- 32P]ATP) was
added. The mixture was incubated at 30°C for 30 min, and the reaction
was terminated by the addition of SDS-PAGE sample buffer. After boil-
ing for 5 min, the samples were subjected to SDS-PAGE. The gels were
stained with Coomassie Brilliant Blue, dried, and exposed to x-ray film
for autoradiography.

To detect the potential sites of phosphorylation in N-cadherin by
PKD1, purified His6-N-cadherin c-ter protein and various constructs
were respectively mixed with commercial purified PKD1 (Merck Milli-
pore) in assay buffer in a final volume of 25 �l, and kinase assays were
conducted as described above.

Immunostaining. For analysis of PKD1 distribution in neurons, cul-
tured hippocampal neurons were fixed at DIV 15 by 4% PFA and 4%
sucrose in PBS for 20 min at room temperature, followed by 1 h blocking
solution with 3% BSA and 0.3% Triton X-100 in PBS. Incubation with
primary antibodies and secondary antibodies was done in the blocking
buffer (1% BSA and 0.3% Triton X-100 in PBS) at 4°C overnight, respec-
tively. Finally, the cells were mounted on slides, and the stained sections
were examined using a Leica SP8 confocal laser scanning microscope at
63� (NA 1.4) objective at 0.75� and 4� zoom. Antibodies used in
immunostaining are rabbit polyclonal anti-PKD1 (sc-639; Santa Cruz
Biotechnology) and mouse monoclonal anti-N-cadherin 3B9 (Invitro-

gen) followed by AlexaFluor-488 goat anti-rabbit IgG (Invitrogen) and
AlexaFluor-594 donkey anti-mouse IgG (Invitrogen).

PSD preparations. Cytosol, synaptosome, synaptosomal membrane,
and PSD fractions from the hippocampal CA1 region of rat brain were
prepared using the previously described procedure with slight modifica-
tions (Carlin et al., 1980; Cho et al., 1992; Yang et al., 2015). In brief, the
CA1 region of hippocampus was homogenized on ice using 20 strokes of
a Teflon-glass homogenizer in 1 ml of HEPES-buffered sucrose (0.32 M

sucrose, 4 mM HEPES, pH 7.4) containing freshly added protease inhib-
itors, then centrifuged at 800 –1000 � g at 4°C to remove the pelleted
nuclear fraction (P1). Supernatant (S1) was centrifuged at 10,000 � g for
15 min to yield the crude synaptosomal pellet (P2), and the pellet was
washed once in 1 ml HEPES-buffered sucrose. P2 was lysed by hypoos-
motic shock in 900 �l ice-cold 4 mM HEPES, pH 7.4, plus protease
inhibitors, homogenized by pipetting and mixed for 30 min at 4°C. The
lysate was centrifuged at 25,000 � g for 20 min to yield supernatant (S3,
crude synaptic vesicle fraction) and pellet (P3, lysed synaptosomal mem-
brane fraction). To prepare the PSD fraction, P3 was resuspended in 900
�l of ice-cold 50 mM HEPES, pH 7.4, 2 mM EDTA, plus protease inhibi-
tors and 0.5% Triton X-100, rotated for 15 min at 4°C and centrifuged at
32,000 � g for 20 min to obtain the PSD pellet. PSD pellets were resus-
pended in 50 �l ice-cold 50 mM HEPES, pH 7.4, 2 mM EDTA plus pro-
tease inhibitors.

Analysis of neuronal morphology. Dissociated hippocampal neurons
grown at low density were used to determine the morphological charac-
teristics of the neurons. Hippocampal neurons were fixed at DIV 15 in
4% PFA and 4% sucrose in PBS for 20 min at room temperature,
mounted on slides, and imaged using an Olympus confocal laser scan-
ning microscope (FV1000) with a 60� (NA 1.42) objective at 3� zoom.
Spine stacks were acquired at 0.35 �m z intervals to image the entire
thickness of the dendrite. Measurement and analysis of the images were
performed using Image Pro Plus (Media Cybernetics). Protrusions
whose length exceeds twice the value of its width are considered as filop-
odia, and the rest are spines. Spine density, protrusion density, and filop-
odia density are presented as average numbers per 10 �m of dendrites.
For spine area, protrusion area, protrusion width, and protrusion length,
the experimental groups were normalized to the control groups. Repre-
sentative images were imaged using a Leica SP8 confocal laser scanning
microscope with a 63� (NA 1.4) objective at 0.75� and 4� zoom.

Whole-cell recordings on cultured neurons. E18 rat hippocampal neu-
rons were cultured in vitro for 10 –12 d. Whole-cell patch-clamp record-
ings were performed at room temperature using an EPC9 amplifier
(HEKA Elektronik) and low-resistance pipettes (3–5 M�). The pipettes
for whole-cell recordings were pulled (P-97, Sutter Instruments) using
borosilicate glass capillaries (1.5 mm OD, 0.84 mm ID; VitalSense Scien-
tific Instruments). The intracellular solutions contained the following (in
mM): 110 K-gluconate, 20 KCl, 5 MgCl2, 20 HEPES, 0.6 EGTA, 2 Mg-
ATP, and 0.2 Na-GTP, pH 7.3, 300 mOsm. The extracellular solution
contained the following (in mM): 129 NaCl, 5 KCl, 30 glucose, 25 HEPES,
2 CaCl2, 1 MgCl2, 0.001 TTX, 0.001 strychnine, and 0.02 bicuculline, pH
7.3, 315 mOsm. For mEPSC recordings, neurons were voltage-clamped
at �60 mV, and data were sampled at 10 kHz and filtered at 2 kHz.
Neurons with a resting potential of at least �60 mV and an Rseries that
fluctuated within 15% of the initial value (	20 M�) were analyzed. The
total recording duration for each neuron was 250 s. Data analysis was
performed blind using MiniAnalysis software (Synaptosoft) offline. The
frequency and amplitude of mEPSCs were compared using Student’s t
test or one-way ANOVA with Bonferroni’s post hoc test. p 	 0.05 was
considered to be statistically significant. Data are presented as mean � SEM.

Stereotactic injection (intrahippocampal injection). Stereotaxic surgery
was performed under anesthesia with 10% chloral hydrate (m/v, i.p.).
Peptides were bilaterally injected into the hippocampal CA1 region of rats
using a microinfusion pump (CMA 100; CMA Microdialysis). The coordi-
nates used to target the CA1 region of hippocampus were based on the
stereotaxic atlas of Paxinos and Watson (1986): anteroposterior �3.8 mm,
mediolateral �2.5 mm, and dorsoventral �2.8 mm. Peptides were dissolved
in saline to a concentration of 20 �g/�l, and 0.5 �l peptide per side was
infused over 3 min followed by 2 additional min to allow diffusion before
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withdrawal. The injection of peptides was per-
formed 12 h before slice preparation and electro-
physiological recording.

Brain slice preparation and electrophysiologi-
cal recording. Three- to four-week-old rats
were anesthetized with 10% chloral hydrate
(m/v, i.p.). Brains were quickly removed and
submerged in ice-cold sucrose-replaced ACSF
dissection solution containing the following
(in mM): 10 glucose, 213 sucrose, 3 KCl, 1
NaH2PO4, 26 NaHCO3, 0.5 CaCl2, 5 MgCl2,
pH 7.4, 315 mOsm (saturated with 95% O2-5%
CO2). Acute hippocampal slices (300 �m)
were prepared using a Leica VT1000S vi-
bratome. After dissection, slices were in-
cubated at 33°C for at least 1 h in ACSF
containing the following (in mM): 10 glucose,
125 NaCl, 5 KCl, 1.2 NaH2PO4, 26 NaHCO3,
2.6 CaCl2, 1.3 MgCl2 (saturated with 95%
O2-5% CO2) and 100 �M picrotoxin, pH 7.4,
315 mOsm. A single slice was then transferred
to a recording chamber and submerged be-
neath continuously perfusing oxygenated
ACSF. The chamber was perfused at a speed
of 2 ml/min.

fEPSPs were recorded in the stratum radia-
tum of CA1 with a patch pipette (1–2 M�)
filled with ACSF. A bipolar tungsten stimulat-
ing electrode (FHC) was placed in the Schaffer
collaterals to deliver test and conditioning
stimuli. Test stimuli were delivered at 0.05 Hz
with an intensity adjusted to elicit a fEPSP am-
plitude 40%–50% of maximum as the baseline.
After obtaining a stable baseline for 20 min,
LTP was induced by 4 consecutive trains (1 s)
of stimuli at 100 Hz (high-frequency stimula-
tion) separated by 20 s using the same stimulus
strength as in baseline recording. LTP values
were recorded for another 60 min at 0.05 Hz
after high-frequency stimulation induction.
The initial slope of the response was used to
assess changes in synaptic strength. Paired-
pulse responses were recorded at 50, 100, 150,
200, 250, and 300 ms interstimulus intervals.
The facilitation ratio was calculated as fEPSP2
slope/fEPSP1 slope.

The fEPSP was recorded using an EPC10 am-
plifier (HEKA Elektronik) and PatchMaster soft-
ware (HEKA Elektronik). The data were sampled
at 10 kHz and filtered at 2 kHz. Statistical analysis
was performed using Igor software (Wavemet-
rics) and Prism 5.0 (GraphPad Software). Two-
way ANOVA with Bonferroni’s post hoc test and
Student’s t test were used to determine the statis-
tical significance of the data. p 	 0.05 was consid-
ered to be statistically significant. Data are
presented as mean � SEM.

Experimental design and statistical analysis.
Morphological and electrophysiological stud-
ies on primary cultured hippocampal neurons
or brain slices were conducted to explore the
function of PKD1 and PKD1-N-cadherin in-
teraction. Biochemical studies on primary cul-
tured cortical neurons, etc., were conducted to
explore the detailed mechanism.

Statistical analysis was performed using Prism 5.0 (GraphPad Software).
Comparisons between groups were performed using Student’s t test, one-
way ANOVA followed by Bonferroni’s post hoc test, or two-way ANOVA
followed by Bonferroni’s post hoc test. All data are presented as mean�SEM.

Results
N-cadherin directly interacts with PKD1
Considering that PKD1 binds to and phosphorylates E-cadherin
in LNCaP prostate cancer cells (Jaggi et al., 2005), we speculated

Figure 1. N-cadherin is directly associated with PKD1. A, IB of His-N-cad-c-ter pulldown by GST-PKD1 in vitro. Top, Probed for His-N-
cad-c-ter binding to GST-PKD1. Bottom, Probed for total GST fusion protein present within each pulldown reaction. IB, Immunoblot.
B, In vitro kinaseassayshowedthatN-cadherinc-ter(N-cad747–906)wasphosphorylatedbyimmunoprecipitatedPKD1(left) fromtherat
brain. The amount of the immunoprecipitated PKD1 was represented by the Coomassie staining IgG bands and indicated treatments were
shown (right). Gö6976, a PKD1 inhibitor; Bim, a PKC inhibitor; and PMA, a PKC activator. C, Hippocampal CA1 region of rat brain
lysates were fractionated by differential centrifugation, and subcellular fractions were analyzed by immunoblotting with antibod-
ies to PKD1. S1, homogenates; S2, supernatant after P2 precipitation; P2, crude synaptosomes; S3, cytosol; P3, light membranes;
S4, supernatant after PSD precipitation. SYP, synaptophysin; PSD95, post-synaptic density protein 95. D, Immunofluorescence
staining for showing the colocalization of endogenous PKD1 and N-cadherin in DIV 15 hippocampal neurons. Arrows indicate the
PKD1 puncta overlapping with N-cadherin. Scale bars: Top, 50 �m; Bottom, 5 �m.
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Figure 2. PKD1 is essential for synapse formation and function. A, Representative images and quantification of spine density and area in DIV 15 hippocampal neurons cotransfected GFP with
his-myc-tagged Vector, hPKD1, or DN-hPKD1 at DIV 8 (n 
 20, 16, 16 cells, respectively, in columns shown in the graphs). Scale bars: Top, 50 �m; Bottom, 5 �m. One-way ANOVA with Bonferroni’s
post hoc test: ***p 	 0.001, compared with Vector. ###p 	 0.001, compared with hPKD1. B, Representative traces (B1) and plots (B2) of mEPSC frequencies and amplitudes in hippocampal neurons
cotransfected GFP with Vector, hPKD1, or DN-hPKD1 (n 
 10, 10, 11 cells, respectively). Calibration: 10 pA, 500 ms. One-way ANOVA with Bonferroni’s post hoc test: *p 	 0.05, compared with
Vector. **p 	 0.01, compared with Vector. ###p 	 0.001, compared with hPKD1. No significant differences in mEPSC amplitude were detected. C, Knockdown effect of myc-tagged rat PKD1
(rat-hPKD1) by shPKD1 in N2a cells. Rat-hPKD1 is an analog of hPKD1 with the rat target sequence of shPKD1 replacing the homologous domain in hPKD1 by site-directed mutagenesis.
D, Representative images and quantification of spine density and area of DIV 15 hippocampal neurons transfected with shGFP�Vector, shPKD1�Vector, shPKD1�hPKD1, or shPKD1�DN-hPKD1
at DIV 8 (n 
 18, 17, 15, and 16 cells, respectively). Scale bar, 2.5 �m. One-way ANOVA with Bonferroni’s post hoc test: *p 	 0.05, compared with shGFP�Vector. **p 	 0.01, compared with
shGFP�Vector. ***p 	 0.001 compared with shGFP�Vector. ###p 	 0.001, compared with shPKD1�Vector. E, Representative traces (E1) and plots (E2) of the mEPSCs in hippocampal neurons
transfected with shGFP�Vector, shPKD1�Vector, shPKD1�hPKD1, or shPKD1�DN-hPKD1 (n 
 10, 11, 7, and 7 cells, respectively). Calibration: 10 pA, 500 ms. One-way ANOVA with Bonferroni’s
post hoc test: **p 	0.01, compared with shGFP�Vector. ***p 	0.001, compared with shGFP�Vector. #p 	0.05 compared with shPKD1�Vector. No significant differences in mEPSC amplitude
were detected among the groups. Data are mean � SEM.
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that there might be a comparable link between PKD1 and
N-cadherin in the nervous system. The GST pulldown assay ver-
ified our speculation that PKD1 could directly interact with
N-cadherin (Fig. 1A). The immunoprecipitated PKD1 from the
rat brain with PKD1 antibody was used in the in vitro kinase

assay, and N-cad-C-ter was phosphorylated by the immunopre-
cipitated PKD1 (Fig. 1B, left). This phosphorylation level of
N-cad-C-ter was reduced in the presence of the PKD1 inhibitor
Gö6976 and the PKC inhibitor BIM, and increased by the appli-
cation of the PKC activator PMA (Fig. 1B, right). The amount of

Figure 3. PKD1 promotes synapse formation and function by acting upstream of N-cadherin. A, Surface biotinylation assay for membrane location of N-cadherin in C6 cells overexpressing
GFP-Vector, GFP-hPKD1, or GFP-DN-hPKD1; n 
 4. Tfr, Transferrin receptor. One-way ANOVA with Bonferroni’s post hoc test: *p 	 0.05, compared with GFP-Vector. ###p 	 0.001, compared with
hPKD1. B, Representative images and quantification of spine density and area of DIV 15 hippocampal neurons transfected with shGFP�Vector, shPKD1�Vector, shPKD1�N-cad (myc-N-cadherin),
shN-cad�Vector, or shN-cad�hPKD1 at DIV 8 (n 
 18, 17, 20, 16, 16 cells, respectively). Scale bar, 2.5 �m. Same shGFP�Vector and shPKD1�Vector data as in Figure 2D. One-way ANOVA with
Bonferroni’s post hoc test: *p 	 0.05, compared with shGFP�Vector. ***p 	 0.001, compared with shGFP�Vector. ###p 	 0.001, compared with shPKD1�Vector. C, Representative traces (C1)
and plots (C2) of mEPSC frequencies and amplitudes in hippocampal neurons transfected with shGFP�Vector, shPKD1�Vector, shPKD1�N-cad, shN-cad�Vector, or shN-cad�hPKD1 (n 
 10,
11, 8, 13, 13 cells, respectively). Calibration: 10 pA, 500 ms. Same shGFP�Vector and shPKD1�Vector data as in Figure 2E. One-way ANOVA with Bonferroni’s post hoc test: ***p 	0.001, compared
with shGFP�Vector. ##p 	 0.01, compared with shPKD1�Vector. No significant differences in mEPSC amplitude were detected. Data are mean � SEM.
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the immunoprecipitated PKD1 was represented by IgG bands
(the Coomassie staining IgG bands; Fig. 1B, right). These results
support our hypothesis that PKD1 can bind to and phosphorylate
N-cadherin. To determine the subcellular distribution of PKD1,

we performed the PSD preparation experiments on hippocampal
CA1 region of postnatal 3- to 4-week-old rats. Subcellular frac-
tionation assays revealed that a significant amount of PKD1 was
distributed in the PSD fraction (Fig. 1C), which suggested that

Figure 4. PKD1 binds to N-cadherin at amino acid residues 836 – 871 and promotes functional synapse formation. A, Immunoblot of His-PKD1 pulldown by the indicated constructs of cytoplasmic
N-cadherin. Top, Probed for His-PKD1 binding to cytoplasmic N-cadherin fused to GST. Bottom, Probed for total GST fusion protein present within each pulldown reaction. IB, Immunoblot. B,
Membrane location of N-cadherin in N2a cells transfected with N-cad or N-cad�836 – 871 (N-cadherin with a deletion of amino acids 836 – 871); n 
 3. **p 	 0.01 (paired t test). C, Representative
images and quantification of spine density and area of DIV 15 hippocampal neurons cotransfected GFP with Vector, N-cad, or N-cad�836 – 871 at DIV 8 (n 
 16, 15, and 17 cells, respectively). Scale
bars: Top, 50 �m; Bottom, 5 �m. One-way ANOVA with Bonferroni’s post hoc test: ***p	0.001, compared with Vector. ###p	0.001, compared with N-cad. D, Representative traces (D1) and plots
(D2) of mEPSC frequencies and amplitudes in hippocampal neurons cotransfected GFP with Vector, N-cad, or N-cad�836 – 871 (n 
 14, 22, and 15 cells, respectively). Calibration: 10 pA, 500 ms.
One-way ANOVA with Bonferroni’s post hoc test: ***p 	 0.001, compared with Vector. ###p 	 0.001, compared with N-cad. E, Representative traces (E1) and plots (E2) of frequencies and
amplitudes of the mEPSCs in hippocampal neurons transfected with shGFP�Vector, shPKD1�Vector, shPKD1�N-cad, or shPKD1�N-cad�836 – 871 (n 
 10, 14, 18, and 11 cells, respectively).
Calibration: 10 pA, 500 ms. One-way ANOVA with Bonferroni’s post hoc test: **p 	 0.01, compared with shGFP�Vector. #p 	 0.05, compared with shPKD1�Vector. ##p 	 0.01, compared with
shPKD1�Vector. No significant differences in mEPSC amplitude were detected among the groups. Data are mean � SEM.
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Figure 5. PKD1 phosphorylates N-cadherin at Ser 869, 871, and 872 and promotes functional synapse formation. A, Schematic depiction of cytoplasmic N-cadherin constructs illustrating the
approximate localization of serine and threonine residues (black lines) that represent potential sites of phosphorylation by PKD1. B, His-747–906 and His-747– 872 containing the potential
phosphorylation sites Ser 869, 871, and 872 were phosphorylated by PKD1. C, N-cadherin c-ter (His-N-cad-747–906) phosphorylation by purified (Figure legend continues.)
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PKD1 is mainly presented and interacts with N-cadherin in the
postsynaptic compartment. Moreover, immunofluorescence stain-
ing showed that PKD1 colocalized with N-cadherin partially at
dendritic spines of hippocampal neurons (Fig. 1D). These results
demonstrated that PKD1 colocalizes with N-cadherin at den-
dritic spines mainly in the postsynaptic compartment and might
regulate N-cadherin in the nervous system.

PKD1 promotes synapse formation and function by acting
upstream of N-cadherin
N-cadherin has been shown to play important roles in synapse
formation and synaptic plasticity (Bozdagi et al., 2000; Friedman
et al., 2015; Seong et al., 2015). Combined with the observations
above, we first used in vitro cultured hippocampal neurons to
examine the potential functions of PKD1 in synapse formation
and function. The cultured neurons were transfected at DIV 8
with various PKD1 constructs along with GFP to show the mor-
phology of dendritic spines where most excitatory synapses are
formed. The density and morphology of spines were analyzed at
DIV 15, the time at which the majority of the protrusions have
developed into mature spines (Yoshimura et al., 2006; Tahirovic
and Bradke, 2009). Overexpression of wild-type human PKD1
(hPKD1) increased the spine density (p 	 0.0001, F(2,49) 
 47.25,
one-way ANOVA) and spine area (p 	 0.0001, F(2,49) 
 149.8,
one-way ANOVA) compared with the empty vector, suggesting
that PKD1 promotes spine formation (Fig. 2A). To confirm
whether a correlation exists between the observed changes in
spine morphology and synaptic transmission, we performed whole-
cell patch-clamp recordings of mEPSCs in neurons to measure their
basal synaptic properties. We found that overexpression of
hPKD1 significantly increased mEPSC frequency (p 	 0.0001,
F(2,28) 
 20.53, one-way ANOVA) but did not affect mEPSC
amplitude (p 
 0.6167, F(2,28) 
 0.4918, one-way ANOVA) (Fig.
2B), indicating that a greater number of functional synapses were
formed after hPKD1 overexpression.

As a serine/threonine kinase, the activity of endogenous PKD1
changes in parallel with neuronal maturation. By using an anti-
body recognizing autophosphorylated human PKD1, Czöndör et
al. (2009) reported that the relative amount of activated PKD1

decreases since DIV 2 and maintains at a certain level since DIV 7
in the mouse hippocampal cultures. To examine whether the
effects of PKD1 on spine development rely on its kinase activity
or not, a kinase-dead version of hPKD1 (dominant-negative
hPKD1, DN-hPKD1) was overexpressed and it decreased the
spine density, spine area, and mEPSC frequency compared with
the empty vector (Fig. 2A,B), suggesting that the kinase activity is
indispensable for synapse formation and function.

To investigate whether endogenous PKD1 is required for
spine development, we constructed a short hairpin RNA of rat
PKD1 (hereafter referred to as shPKD1) and examined its silenc-
ing efficiency by Western blot. The expression of myc-tagged rat
PKD1 (rat-hPKD1) was significantly decreased in shPKD1-trans-
fected N2a cells compared with that of control shRNA (shGFP)-
transfected cells. In addition, shPKD1 had no effect on hPKD1,
and hPKD1 rescued the knockdown effects of shPKD1, excluding
off-target effects of the shRNA (Fig. 2C). Knockdown of PKD1
significantly decreased the spine density, spine area, and mEPSC
frequency in cultured neurons, and these could be rescued by
overexpression of hPKD1. However, DN-hPKD1 failed to rescue
the spine phenotypes and synaptic transmission defects caused by
PKD1 knockdown (Fig. 2D,E; for spine density, p 	 0.0001,
F(3,62) 
 31.52, one-way ANOVA; for spine area, p 	 0.0001,
F(3,57) 
 51.76, one-way ANOVA; for mEPSC frequency, p 	
0.0001, F(3,31) 
 14.88, one-way ANOVA; for mEPSC amplitude,
p 
 0.0307, F(3,31) 
 3.374, one-way ANOVA). These results
indicate that PKD1 is both necessary and sufficient to promote
functional synapses formation in cultured hippocampal neurons.

Because membrane N-cadherin promotes synapse formation
during development (Benson and Tanaka, 1998; Togashi et al.,
2002), PKD1 might exert its effects by regulating the localization
of N-cadherin on neuronal membrane. We did biotinylation
assays on N-cadherin in C6 cells transfected with wild-type or
dominant-negative hPKD1 to evaluate their effects on the mem-
brane distribution of N-cadherin. The results showed that over-
expression of GFP-hPKD1 promoted the surface localization of
N-cadherin, whereas GFP-DN-hPKD1 reduced the amount of
N-cadherin on the cell surface (Fig. 3A; p 
 0.0002; F(2,9) 
 25.77;
one-way ANOVA), demonstrating that the kinase activity of
PKD1 is responsible for its regulation of the cell surface localiza-
tion of N-cadherin.

The results above suggest that PKD1 very likely functions up-
stream of N-cadherin. If so, the reduced spine density, spine area,
and synaptic strength caused by PKD1 knockdown should be
rescued by overexpression of N-cadherin. Indeed, morphological
and electrophysiological studies showed that overexpression of
N-cadherin rescued the phenotypes caused by knocking down
PKD1, whereas overexpression of PKD1 failed to rescue the
knockdown effect of N-cadherin (Fig. 3B,C; for spine density,
p 	 0.0001, F(4,82) 
 21.29, one-way ANOVA; for spine area, p 	
0.0001, F(4,67) 
 93.26, one-way ANOVA; for mEPSC frequency,
p 	 0.0001, F(4,50) 
 14.72, one-way ANOVA; for mEPSC ampli-
tude, p 
 0.0915, F(4,51) 
 2.122, one-way ANOVA). Together,
these results show that PKD1 regulates the membrane localiza-
tion of N-cadherin to promote synapse formation and function.

PKD1 binds directly to the C terminus of N-cadherin at
amino acid residues 836 – 871
The results described above demonstrate that PKD1 interacts
with N-cadherin in vitro and in cultured hippocampal neurons
(Fig. 1A,C). To identify the critical amino acids in N-cadherin
that are responsible for its binding with PKD1, we generated a
series of GST-tagged constructs expressing various portions of

4

(Figure legend continued.) PKD1 was reduced by the triple mutation (His-N-cad-747–906 mut)
as shown by in vitro kinase assay. D, Membrane location of N-cadherin in N2a cells transfected
with N-cad or �-cad mut (N-cadherin with Ser 869, 871, and 872 mutated to alanine); n 
 4.
**p 	 0.01 (paired t test). E, Coimmunoprecipitation of N-cadherin with PKD1 in N2a cells
transfected with N-cad or N-cad mut; n 
 3. *p 	 0.05 (unpaired t test). IP, Immunoprecipi-
tation. F, Representative images and quantification of spine density and area of DIV 15 hip-
pocampal neurons cotransfected GFP with Vector, N-cad, or N-cad mut at DIV 8 (n 
 16, 15, 18
cells, respectively). Same Vector and N-cad data as in Figure 4C. Scale bars: Top, 50 �m; Bottom,
5 �m. One-way ANOVA with Bonferroni’s post hoc test: **p 	 0.01, compared with Vector.
***p 	 0.001, compared with Vector. ###p 	 0.001, compared with N-cad. G, Representative
mEPSC traces (G1) and plots (G2) of the frequencies and amplitudes of hippocampal neurons
cotransfected GFP with Vector, N-cad, or �-cad mut (n 
 14, 22, 12 cells, respectively). Same
Vector and N-cad data as in Figure 4D. Calibration: 10 pA, 500 ms. One-way ANOVA with Bon-
ferroni’s post hoc test: **p 	 0.01, compared with Vector. ***p 	 0.001, compared with
Vector. ###p 	 0.001, compared with N-cad. H, Representative traces (H1) and plots (H2) of
frequencies and amplitudes of the mEPSCs in hippocampal neurons transfected with
shGFP�Vector, shPKD1�Vector, shPKD1�N-cad, or shPKD1�N-cad mut (n 
 10, 14, 18,
and 17 cells, respectively). Same shGFP�Vector, shPKD1�Vector, and shPKD1�N-cad data as
in Figure 4E. Calibration: 10 pA, 500 ms. One-way ANOVA with Bonferroni’s post hoc test:
**p 	 0.01, compared with shGFP�Vector. ***p 	 0.001, compared with
shGFP�Vector. ##p 	 0.01, compared with shPKD1�Vector. ###p 	 0.001, compared
with shPKD1�Vector. No significant differences in mEPSC amplitude were detected
among the groups. Data are mean � SEM.
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Figure 6. The effects of interfering peptides disrupting PKD1-N-cadherin interactions in cultured neurons. A, Effect of 3 �M TAT-836 – 871 on the binding of endogenous PKD1 and N-cadherin
in cortical neurons shown by IP; n 
 6. ***p 	 0.001 (paired t test). B, Surface N-cadherin in cortical neurons treated with TAT-scramble (3 �M) or TAT-836 – 871 (3 �M); n 
 3. *p 	 0.05 (paired
t test). C, Representative images and quantification of spine density and area in DIV 15 hippocampal neurons transfected with GFP at DIV 8 and treated with TAT-scramble (3 �M) or TAT-836 – 871
(3 �M) at DIV 10 (n 
 16, 17 cells). Scale bars: Top, 50 �m; Bottom, 5 �m. **p 	 0.01 (unpaired t test). ***p 	 0.001 (unpaired t test). D, Representative (Figure legend continues.)
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the C terminus of N-cadherin (N-cad-C-ter) and tested them
with His-PKD1. We found that the fragment of 836 – 871 amino
acids had the highest affinity for binding with PKD1 (Fig. 4A, lane
5 compared with lanes 4 and 6), suggesting that amino acid resi-
dues 836 – 871 of N-cadherin are necessary and sufficient for its
binding with PKD1.

We further explored the function of PKD1 binding with
N-cadherin through an analog of N-cadherin with a deletion of
the PKD1 binding motif (N-cad�836 – 871). The results of sur-
face biotinylation assays showed that a much lower proportion of
N-cad�836 – 871 was present on the cell membrane compared
with full-length N-cadherin (Fig. 4B; p 
 0.0022, t(2) 
 21.40,
paired t test). Overexpression of full-length N-cadherin increased
the spine density, spine area, and mEPSC frequency, whereas
overexpression of N-cad�836 – 871 caused a reduction in these
parameters (Fig. 4C,D; for spine density, p 	 0.0001, F(2,45) 

38.83, one-way ANOVA; for spine area, p 	 0.0001, F(2,41) 

56.16, one-way ANOVA; for mEPSC frequency, p 	 0.0001,
F(2,48) 
 36.78, one-way ANOVA; for mEPSC amplitude, p 

0.0808, F(2,48) 
 2.653, one-way ANOVA). Furthermore,
N-cad�836–871 failed to rescue the reduced mEPSC frequency
caused by PKD1 knockdown (Fig. 4E; for mEPSC frequency, p 

0.0003, F(3,49) 
 7.695, one-way ANOVA; for mEPSC amplitude,
p 
 0.0461, F(3,49) 
 2.865, one-way ANOVA). These results suggest
that deletion of amino acids 836–871 of N-cadherin blocks the ef-
fects of PKD1 on synapse formation and function.

To disrupt the binding of endogenous PKD1 and N-cadherin,
we created an interfering peptide of which the sequence corre-
sponds to amino acids 836 – 871 of N-cadherin, and made it cell-
permeable by fusing it to the HIV TAT protein (RKKRRQRRR)
(Brooks et al., 2005; Wang et al., 2014). This peptide is referred to
as TAT-836 – 871. A peptide corresponding to a randomly scram-
bled version of residues 836 – 871 of N-cadherin fused to the TAT
protein was used as a control (TAT-scramble). TAT-836 – 871
efficiently disrupted the binding of PKD1 and N-cadherin in cul-
tured neurons (see Fig. 6A; p 
 0.0006, t(5) 
 7.602, paired t test).
It also led to a significant reduction in the surface localization of
N-cadherin (see Fig. 6B; p 
 0.0075, t(2) 
 11.44, paired t test).
Moreover, TAT-836 – 871 treatment of cultured neurons caused
a reduction in the spine density and spine area, as well as an
inhibition of synaptic transmission, compared with treatment
with TAT-scramble (see Fig. 6C,D; for spine density, p 
 0.0016,
t(23) 
 3.576, unpaired t test; for spine area, p 	 0.0001, t(24) 

6.243, unpaired t test; for mEPSC frequency, p 
 0.0077, t(18) 
 3.002,
unpaired t test; for mEPSC amplitude, p 
 0.3826, t(18) 
 0.8949,
unpaired t test). These results confirm that the direct binding of
PKD1 to amino acid residues 836 – 871 of N-cadherin is critical
for functional synapse formation.

N-cadherin is a novel substrate of PKD1
PKD1 participates in a variety of cellular processes through its
phosphorylation of downstream substrates (Cabrera-Poch et al.,
2004; Döppler et al., 2005; Krueger et al., 2010; Rozengurt, 2011).
Based on our discoveries that PKD1 phosphorylates N-cadherin
(Fig. 1B) and that the kinase activity of PKD1 is essential for
functional synapse formation and the membrane distribution of
N-cadherin (Figs. 2, 3), we sought to identify the critical sites at
which PKD1 phosphorylates N-cadherin and explore the subse-
quent effects of the phosphorylation.

First, we generated a series of His-tagged constructs encoding
successively longer fragments of N-cad-C-ter; each longer construct
encodes several additional serines or threonines that might possibly
be phosphorylated (Fig. 5A). Phosphorylation assays showed that
PKD1 phosphorylated His-747–872 (Fig. 5B), which contains Ser
869, 871, and 872. Because these three serines have leucines in their 5
positions, which match the consensus phosphorylation sequence of
PKD1 (Nishikawa et al., 1998), we speculated that Ser 869, 871, and
872 in N-cadherin might be PKD1 phosphorylation sites. The mu-
tation of these three serine residues to alanines decreased the phos-
phorylation of N-cadherin by PKD1 (Fig. 5C). These results suggest
that N-cadherin is a novel substrate of PKD1 in the nervous system
and can be phosphorylated at Ser 869, 871, and 872.

We next mutated the three serines to alanines to generate an
analog of N-cadherin (N-cad mut) for further study. Biotinyla-
tion assays showed that much less N-cad mut was distributed
on the membrane compared with wild-type N-cadherin (Fig. 5D;
p 
 0.0026, t(3) 
 9.283, paired t test). Overexpression of
N-cadherin increased the spine density, spine area, and mEPSC
frequency, whereas N-cad mut lost the ability to promote synapse
formation or function (Fig. 5F,G; for spine density, p 	 0.0001,
F(2,46) 
 46.09, one-way ANOVA; for spine area, p 	 0.0001,
F(2,40) 
 28.12, one-way ANOVA; for mEPSC frequency, p 	
0.0001, F(2,45) 
 46.86, one-way ANOVA; for mEPSC amplitude,
p 
 0.0968, F(2,45) 
 2.461, one-way ANOVA). Like N-cad�836–
871, N-cad mut also failed to rescue the reduced mEPSC frequency
caused by PKD1 knockdown (Fig. 5H; for mEPSC frequency, p 	
0.0001, F(3,55) 
 15.09, one-way ANOVA; for mEPSC amplitude,
p 
 0.1346, F(3,55) 
 1.935, one-way ANOVA). These results suggest
that phosphorylation of N-cadherin by PKD1 is necessary for func-
tional synapse formation.

To further investigate the roles of N-cadherin phosphoryla-
tion by endogenous PKD1, we created an interfering peptide,
TAT-N-cad S3, containing the three identified serine phosphor-
ylation sites, to compete with endogenous N-cadherin for the
phosphorylation by PKD1. TAT-N-cad S3A, in which the three
serines were mutated to alanines, was used as a control. TAT-N-
cad S3 reduced the amount of N-cadherin on cell surface as ex-
pected (Fig. 6F; p 
 0.0066, t(2) 
 12.25, paired t test). Likewise,
TAT-N-cad S3 led to a significant reduction in the spine density,
spine area, mEPSC frequency, and amplitude (Fig. 6G,H; for
spine density, p 
 0.0017, t(32) 
 3.425, unpaired t test; for spine
area, p 	 0.0001, t(32) 
 4.837, unpaired t test; for mEPSC fre-
quency, p 	 0.0001, t(27) 
 9.636, unpaired t test; for mEPSC
amplitude, p 
 0.0172, t(27) 
 2.538, unpaired t test). Addition-
ally, we found that interference with PKD1 phosphorylating
N-cadherin also affected the physical association between them
(Figs. 5E, 6E; in Fig. 5E, p 
 0.0365, t(4) 
 3.093, unpaired t test;
in Fig. 6E, p 
 0.0120, t(3) 
 5.472, paired t test).

Thus far, we have demonstrated that N-cadherin is a novel
substrate of PKD1, and we have shown that PKD1 phosphory-
lates N-cadherin at Ser 869, 871, and 872, which are essential for
the effects of PKD1 on synapse formation and function.

4

(Figure legend continued.) mEPSC traces (D1) and plots (D2) of the frequencies and amplitudes of
hippocampal neurons treated with TAT-scramble (3 �M) or TAT-836 – 871 (3 �M) (n 
 11, 9
cells). Calibration: 10 pA, 500 ms. **p 	 0.01 (unpaired t test). E, Coimmunoprecipitation of
PKD1 with N-cadherin from cortical neurons under TAT-N-cad S3A (3 �M) or TAT-N-cad S3
(3 �M) treatments; n 
 4. *p 	 0.05 (paired t test). F, Surface N-cadherin in cortical neurons
treated with TAT-N-cad S3A (3 �M) or TAT-N-cad S3 (3 �M); n 
 3. **p 	 0.01 (paired t test).
G, Representative images and quantification of spine density and area of DIV 15 hippocampal
neurons transfected with GFP at DIV 8 and treated with TAT-N-cad S3A (3 �M) or TAT-N-cad S3
(3 �M) at DIV 10 (n 
 17, 17 cells). Scale bars: Top, 50 �m; Bottom, 5 �m. **p 	 0.01
(unpaired t test). ***p 	0.001 (unpaired t test). H, Representative mEPSC traces (H1) and plots
(H2) of the frequencies and amplitudes of hippocampal neurons treated with TAT-N-cad S3A
(3 �M) or TAT-N-cad S3 (3 �M) (n 
 15, 14 cells). Calibration: 10 pA, 500 ms. *p 	 0.05
(unpaired t test). ***p 	 0.001 (unpaired t test). Data are mean � SEM.
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Interaction of PKD1 and N-cadherin
promotes the binding of N-cadherin
to �-catenin
It has been reported that the C-terminal
domain of N-cadherin interacts with �-
catenin, which interacts with �-catenin
and F-actin to stabilize the membrane lo-
calization of N-cadherin (Arikkath and
Reichardt, 2008). This prompted the idea
that the increased cell surface abundance
of N-cadherin regulated by PKD1 might
be due to enhanced binding of N-cadherin
to �-catenin. Overexpression of hPKD1
increased the binding of N-cadherin to
�-catenin, whereas overexpression of DN-
hPKD1 curtailed their interaction (Fig. 7A;
p 	 0.0001, F(2,12) 
 35.64, one-way
ANOVA), suggesting that the kinase activity
of PKD1 is critical for the binding of
N-cadherin to �-catenin. Furthermore,
overexpression of N-cad�836 – 871 or
N-cad mut decreased the binding of N-
cadherin to �-catenin compared with wild-
type N-cadherin (Fig. 7B,C; in Fig. 7B, p 

0.0181, t(4) 
 3.865, unpaired t test; in Fig.
7C; p 
 0.0017, t(3) 
 10.90, paired t test).
These results provide a possible mechanism
for the regulation of the membrane localiza-
tion of N-cadherin by PKD1: the interac-
tions between PKD1 and N-cadherin,
including the binding and phosphoryla-
tion of N-cadherin by PKD1, promote
the association between N-cadherin and
�-catenin, leading to increased mem-
brane localization of N-cadherin.

PKD1 is a mediator of the activity-
dependent dendritic spine development
External environments can reshape neu-
ral circuits through the dynamic changes
of synapses (Bozdagi et al., 2000; Johans-
son and Belichenko, 2002). Additionally,
PKD1 has been demonstrated to translo-
cate to dendritic spines during synaptic
development (Czöndör et al., 2009). For
these reasons, we postulated that PKD1
might regulate the effects of neural activ-
ity on synapse formation. KCl treatment
has been widely used to mimic increased
neural activity during maturation and to
examine the activity-dependent effects on
neuronal morphology (Sin et al., 2002;
Peng et al., 2009; Qi et al., 2014). In our
experiments, the extracellular K� con-
centration was increased to 16 mM. Immu-
noprecipitation showed an activity-driven
increase in the binding of PKD1 to N-cadherin (Fig. 8A; p 

0.0076, t(6) 
 3.940, unpaired t test). In agreement with previous
reports that the function of N-cadherin in synapse formation is
regulated by neural activity (Sugiura et al., 2009; Mendez et al.,
2010), the surface localization of N-cadherin also increased
after KCl stimulation (Fig. 8B; p 
 0.0090, t(4) 
 4.747, un-
paired t test). These results reveal a neuronal activity-depen-

dent association between PKD1 and N-cadherin, suggesting
that the activity-dependent spine growth may partially rely on
the PKD1-N-cadherin signaling pathway. As for the effects on
neuronal morphology, increased neural activity led to signifi-
cant increase in protrusion density, spine density, filopodia
density (Fig. 8C2; left, group effect: KCl, F(1,184) 
 21.64, p 	
0.0001, group effect: hPKD1, F(2,184) 
 38.63, p 	 0.0001;
middle, group effect: KCl, F(1,184) 
 9.331, p 
 0.0026, group

Figure 7. Interaction of PKD1 and N-cadherin promotes the binding of N-cadherin and �-catenin. A, Coimmunoprecipitation of
N-cadherin with �-catenin in N2a cells cotransfected N-cadherin with vector, hPKD1, or DN-hPKD1. n 
 5. **p 	 0.01 (one-way
ANOVA with Bonferroni’s post hoc). B, C, N-cadherin 836 – 871aa deletion or Ser869, 871, and 872Ala mutation decreased its
binding intensity with �-catenin in N2a cells. B, n 
 3. C, n 
 4. B. *p 	 0.05 (unpaired t test). **p 	 0.01 (unpaired t test).
C. *p 	 0.05 (paired t test). **p 	 0.01 (paired t test). Data are mean � SEM.
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effect: hPKD1, F(2,184) 
 39.60, p 	 0.0001; right, group effect:
KCl, F(1,184) 
 43.07, p 	 0.0001, group effect: hPKD1, F(2,184) 

15.87, p 	 0.0001), protrusion area and protrusion length, along
with mild enlargement of protrusion width (Fig. 8C3; left, group
effect: KCl, F(1,124) 
 146.2, p 	 0.0001, group effect: hPKD1,
F(2,124) 
 85.10, p 	 0.0001; middle, group effect: KCl, F(1,124) 

13.21, p 
 0.0004, group effect: hPKD1, F(2,124) 
 66.31, p 	
0.0001; right, group effect: KCl, F(1,124) 
 128.7, p 	 0.0001,
group effect: hPKD1, F(2,124) 
 43.58, p 	 0.0001), and these
changes were maintained by overexpression of hPKD1 but pre-

vented by overexpression of DN-hPKD1. We also noted that KCl
stimulation did not cause significant changes in protrusion den-
sity, spine density, and filopodia density for neurons transfected
with hPKD1 (Fig. 8C2), which might be due to the saturation
effects of hPKD1 overexpressing leading to a limited extent of
protrusion growth. These data demonstrate that the kinase activ-
ity of PKD1 is indispensable for activity-dependent spine growth
in cultured neurons and that the interaction between PKD1 and
N-cadherin partially regulates the spine growth induced by KCl
stimulation in vitro.

Figure 8. Neural activity promotes spine growth in a manner that depends on the kinase activity of PKD1. A, Activity-driven increase in N-cadherin binding to PKD1 in cultured cortical
neurons treated with KCl (12 mM) for 12 h; n 
 4. **p 	 0.01 (unpaired t test). B, Activity-driven increase in the amount of membrane-associated N-cadherin in cortical neurons treated
with KCl (12 mM) for 12 h; n 
 3. *p 	 0.05 (unpaired t test). C1, Representative images of DIV 15 hippocampal neurons transfected with GFP plus Vector, hPKD1, or DN-hPKD1 at DIV
8 and treated without or with KCl (12 mM) at DIV 10. Scale bars: Top, 50 �m; Bottom, 5 �m. C2, Quantification of protrusion density, spine density, and filopodia density in neurons from
the experiment shown in C1 (n 
 15, 15, 15, 14, 13, and 18 cells, respectively). ***p 	 0.001 (two-way ANOVA with Bonferroni’s post hoc test). C3, Quantification of protrusion area,
protrusion width, and protrusion length in neurons from the experiment shown in C1 (n 
 15, 15, 15, 14, 13, and 18 cells, respectively). ***p 	 0.001 (two-way ANOVA with Bonferroni’s
post hoc test). Data are mean � SEM.
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PKD1-N-cadherin interaction is critical for LTP induction
and regulates synaptic plasticity
To investigate the effects of interfering peptides on synaptic plas-
ticity, electrophysiological recordings were performed in rat

hippocampal slices to measure LTP after a bilateral injection of
TAT-836 – 871, TAT-N-cad S3, or respective control peptides
into the CA1 region of the hippocampus (Fig. 9A,B). Immuno-
precipitation assays showed that TAT-836 – 871 injection did de-

Figure 9. Disruption of the interaction of PKD1 and N-cadherin inhibits LTP and increases the PPR in the stratum radiatum of CA1. A, Column showing cannula tip placement in rats that received
hippocampal injection of interfering peptides or control peptides. B, Representative coronal section showing the hippocampal injection site. Scale bar, 500 �m. C, Schematic of field recording
configuration in CA1. The stimulating electrode was placed in the CA3 region, and the recording electrode was placed in the stratum radiatum of the CA1 region to measure the field response of the
Schaffer collaterals. D, Effect of TAT-836 – 871 on the binding of PKD1 to N-cadherin in vivo measured by IP. Hippocampal tissues obtained from rats 12 h after peptide injection, respectively (10 �g);
n 
 3. *p 	 0.05 (paired t test). E, Injection of TAT-836 – 871 (10 �g) to CA1 region of hippocampus suppressed LTP induction (blue circles, n 
 8 slices/from 7 rats) compared with the injection
of TAT-scramble (gray circles, n 
 9/8). F, Injection of TAT-N-cad S3 (10 �g) to CA1 region of hippocampus suppressed LTP induction (red diamonds, n 
 8 slices/from 7 rats) compared with
TAT-N-cad S3A (gray diamonds, n 
 7/7). G, H, Representative traces of fEPSPs evoked by paired pulses at six interstimulus intervals (interstimulation interval; 50, 100, 150, 200, 250, and 300 ms).
The PPR in the hippocampal CA1 region was increased by TAT-836 – 871 (10 �g) and TAT-N-cad S3 (10 �g) injections compared with the injections of their control peptides, respectively. *p 	 0.05
(unpaired t test). Data are mean � SEM.
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crease PKD1 binding to N-cadherin in the hippocampus in vivo
(Fig. 9D; p 
 0.0299, t(2) 
 5.649, paired t test). LTP is critically
involved not only in learning and memory but also in the activity-
dependent development of neural circuits and synaptic plasticity
(Bliss and Collingridge, 1993; Engert and Bonhoeffer, 1999). We
obtained hippocampal slices 12 h after peptide injection and induced
LTP in Schaffer collaterals using high-frequency stimulation (Fig.
9C). In slices from rats injected with interfering peptides, the initial
strength of LTP was decreased and the fEPSP slope diminished
to baseline by �30 min after induction, whereas in slices from
control animals significant and robust LTP was maintained
for the entire recording period (Fig. 9 E, F ).

The paired-pulse ratio (PPR) is primarily associated with
changes in presynaptic transmitter release (Hessler et al., 1993).
We measured the PPR after peptide injection and calculated it at
every interstimulation interval (50 –300 ms) (Fig. 9G,H; in Fig.
9G, p 
 0.0498, t(23) 
 2.071, unpaired t test; in Fig. 9H, p 

0.0481, t(30) 
 2.061, unpaired t test). The increased PPR ob-
served in the slices injected with the interfering peptides indi-

cated a reduced probability of transmitter release, although no
significant differences at each interstimulation interval time
point between groups were detected. These results demonstrate
that synaptic plasticity is directly modulated by the interaction of
PKD1 and N-cadherin and that their interaction may have po-
tential effects on learning and memory.

Discussion
The results of this study indicate a direct functional interaction
between PKD1 and N-cadherin and identify N-cadherin as a
novel substrate of PKD1 in the nervous system. Our work dem-
onstrates that the interaction between PKD1 and N-cadherin
increases the surface localization of N-cadherin, leading to in-
creases in spine density, spine area, and transmission efficacy that
are correlated with synaptic potentiation (Fig. 10). These activity-
dependent PKD1-N-cadherin interactions provide new molecu-
lar mechanisms for synapse formation and function.

Kinase activity and possible substrates are often first taken
into account when exploring how a protein kinase works. Previ-

Figure 10. Working model. PKD1 binds to N-cadherin at amino acid residues 836 – 871 and phosphorylates it at Ser 869, 871, and 872. Disruption of the modification of N-cadherin by PKD1
impairs the binding of N-cadherin to �-catenin and the membrane localization of N-cadherin, thereby inhibiting synapse formation and synaptic plasticity.
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ous study showed that PKD1 phosphorylates E-cadherin, but it
remains unknown which amino acid residues in cadherins are
phosphorylated by PKD1 (Jaggi et al., 2005). In this study, we
identified the sites in N-cadherin phosphorylated by PKD1 as Ser
869, 871, and 872. Further functional studies revealed that the
three phosphorylation sites are crucial for the membrane local-
ization of N-cadherin and synapse development, indicating that
PKD1 promotes synapse formation and function not only through
its physical binding to N-cadherin but also by phosphorylation of
N-cadherin. It is of interest that two of the observed phosphory-
lation sites, Ser 869 and Ser 871, are located within the PKD1
binding motif (amino acids 836 – 871) of N-cadherin. This over-
lap may underlie the decreased binding of PKD1 to N-cadherin
that occurs when the phosphorylation of N-cadherin by PKD1 is
disrupted (Figs. 5E, 6E). We also found that increasing neuronal
activity promoted the binding of PKD1 and N-cadherin, and the
surface localization of N-cadherin (Fig. 8A,B). From the mor-
phological studies, KCl treatment failed to promote spine forma-
tion in DN-hPKD1-expressing neurons (Fig. 8C). Combined
with these results, we speculated that neuronal activity induced
surface localization of N-cadherin is dependent on PKD1 kinase
activity.

Subcellular fractionation assay of hippocampal CA1 region of
postnatal 3- to 4-week-old rats showed that PKD1 was signifi-
cantly enriched in the PSD fraction (Fig. 1C), which suggested
that PKD1 is mainly presented in the postsynaptic compartment.
Our results clearly demonstrated the localization of PKD1 in
adolescent rat CA1 region during the late phase of neural devel-
opment. Consequently, PKD1 interacts with N-cadherin post-
synaptically in dendritic spines. In the electrophysiological
studies, we observed a significant increase in mEPSC frequency
but not in mEPSC amplitude after overexpression of PKD1 (Fig.
2B) or N-cadherin (Figs. 4D, 5G). Alterations in mEPSC fre-
quency generally reflect changes in the number of synapses and
the probability of presynaptic neurotransmitter release. Com-
bined with the subcellular fractionation assay that PKD1 was
presented in postsynaptic compartment, the increase of mEPSC
frequency was much more likely caused by the increase in synapse
number rather than the presynaptic changes. However, we can-
not rule out the possibility that these manipulations might also
change the presynaptic neurotransmitter release probability at
existing synapses. Previous studies have demonstrated that N-cadherin
trans-synaptically regulates presynaptic function in a retrograde
manner and that knockdown of N-cadherin results in impair-
ment of vesicle exocytosis and replenishment of the readily re-
leasable vesicle pool (Bamji et al., 2003; Saglietti et al., 2007). We
also observed increased PPR after disrupting PKD1-N-cadherin
interaction in CA1 regions (Fig. 9G,H ), which suggested that
this impaired transmitter release was regulated by postsynap-
tic manipulations on PKD1-N-cadherin interactions. There-
fore, postsynaptic manipulation of PKD1 may also regulate
presynaptic vesicle release through retrograde control of pre-
synaptic N-cadherin.

PKD has been implicated in salt taste-induced learning in
Caenorhabditis elegans (Fu et al., 2009) and in cocaine-induced
locomotor hyperactivity (Wang et al., 2014). A study has re-
ported that actin stabilization needed for the enlargement of den-
dritic spines is dependent on PKD activity; thus, impaired PKD
functions attenuate LTP formation and spatial memory forma-
tion (Bencsik et al., 2015). The authors performed the Morris
water maze using the kdPKD-EGFP-expressing mice during the
9 –10th weeks of DOX treatment. In our experiments, we specif-
ically conducted the electrophysiological studies on adolescent

animals at the age of postnatal 3– 4 weeks, which corresponds to
the late phase of neuronal development. We observed that dis-
rupting PKD1-N-cadherin interaction in rat hippocampus 12 h
before obtaining the acute brain slices inhibited LTP induction
and maintenance (Fig. 9E,F), confirming the correlated changes
in spine morphology and in synaptic plasticity in vitro.

Overall, our study demonstrates one of the multiregulatory
mechanisms of PKD1 in the late phase of neuronal development:
the precise regulation of membrane N-cadherin by PKD1 is crit-
ical for synapse formation and synaptic plasticity, as shown in our
working hypothesis (Fig. 10). Our study also provides a possible
therapeutic target for the clinical treatment of neurodevelop-
mental diseases, such as schizophrenia, and neurodegenerative
diseases, such as Alzheimer’s disease.
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