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Regulation of NMDA Receptor Transport: A KIF17-Cargo
Binding/Releasing Underlies Synaptic Plasticity and Memory
In Vivo

Xiling Yin,* Xue Feng,"* Yosuke Takei,' and Nobutaka Hirokawa'>

'Department of Cell Biology and Anatomy, Graduate School of Medicine, The University of Tokyo, Tokyo 113-0033, Japan, and 2Center of Excellence,
Genomic Medicine Research, King Abdulaziz University, Jeddah 21589, Saudi Arabia

Regulation of NMDA receptor trafficking is crucial to modulate neuronal communication. Ca**/calmodulin-dependent protein kinase
phosphorylates the tail domain of KIF17, a member of the kinesin superfamily, to control NMDA receptor subunit 2B (GluN2B) transport
by changing the KIF17- cargo interaction in vitro. However, the mechanisms of regulation of GluN2B transport in vivo and its physio-
logical significance are unknown. We generated transgenic mice carrying wild-type KIF17 (TgS), or KIF17 with S1029A (TgA) or $1029D
(TgD) phosphomimic mutations in kifl7 '~ background. TgA/kifl7 '~ and TgD/kifl7 '~ mice exhibited reductions in synaptic
NMDA receptors because of their inability to load/unload GluN2B onto/from KIF17, leading to impaired neuronal plasticity, CREB
activation, and spatial memory. Expression of GFP-KIF17 in TgS/kif17 ~' ~ mouse neurons rescued the synaptic and behavioral defects of
kifi7 ="~ mice. These results suggest that phosphorylation-based regulation of NMDA receptor transport is critical for learning and

memory in vivo.

Introduction
Trafficking of cargo to synapses is essential for establishment and
maintenance of synaptic specialization (Bredt and Nicoll, 2003;
Wenthold et al., 2003; Hirokawa and Takemura, 2005; Hirokawa
et al., 2010). In neurons, molecular motor proteins, such as my-
osin, dynein and the kinesin superfamily proteins (KIFs), are
required to transport synaptic cargos to their site of action (Hi-
rokawa, 1998; Vale, 2003). Trafficking of proteins is regulated at
multiple stages of transport; motor—cargo binding and motor
activation can be regulated during the early stage of transport,
microtubule-based translocation during the middle stage, and
cargo release and retention at the final destination during the late
stage. The molecular processes involved in this regulation are
only just beginning to be understood (Arimura and Kaibuchi,
2007; Guillaud et al., 2008; Wang et al., 2008; Arimura et al., 2009;
Wang and Schwarz, 2009).

We previously showed that KIF17 transports NMDA receptor
subunit 2B (GluN2B)-containing vesicles in dendrites (Setou et
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al., 2000; Guillaud et al., 2003), and KIF17-mediated GluN2B
transport has been implicated in learning and memory (Wong et
al., 2002; Yin et al., 2011). KIF17 interacts with the PDZ domain
of Mintl through its tail domain, and this complex in turn binds
the NMDA receptor GluN2B subunit through the intermediate
adaptor proteins CASK and Velis (Setou et al., 2000). We have
also demonstrated that CaMKII phosphorylates Ser1029 of the
C-terminal tail domain (CTD) of KIF17, and that this phosphor-
ylation attenuates the interaction between Mint1 and KIF17, pos-
sibly as a result of the release of GluN2B-containing vesicles from
the molecular motor (Guillaud et al., 2008). Recent findings
demonstrate that the number and subunit composition of syn-
aptic NMDA receptors changes dynamically in a cell-specific and
synapse-specific manner (Roche et al., 2001; Tovar and West-
brook, 2002; Washbourne et al., 2002; Kennedy and Ehlers, 2006;
Lau and Zukin, 2007). The trafficking of NMDA receptor sub-
units directly affects their recruitment to, and retention within,
synaptic compartments and, thus, the magnitude of the synaptic
potential.

Many aspects of the regulation of NMDA receptor transport
in neurons remain to be elucidated, including the functional im-
plications of such regulation on synaptic plasticity, as well as any
implications the dysregulation of NMDA receptor transport may
have in mammalian brain disease. Here, we focused on the sig-
nificance of the KIF17-cargo interaction in vivo by establishing
and analyzing various transgenic mouse lines. We demonstrate
that alteration of the KIF17-cargo interaction results in changes
in neuronal plasticity and spatial memory formation.

Materials and Methods

Site-directed mutagenesis. S1029A and S1029D point mutations were in-
troduced into the KIF17 CTD using the QuikChange Site-Directed Mu-
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Figure 1.  Generation and biochemical characterization of KIF17 transgenic mouse lines. A, Point mutation of the C-terminal domain KIF17 at Ser1029. The C-terminal domain of KIF17 is critical for cargo
binding. Ser1029 is phosphorylated by CaMKIl to regulate the KIF17—Mint1 interaction. $10295: wild-type KIF17. $1029A: substitution of Ser1029 by Ala, which mimics the unphosphorylated state. $1029D:
substitution of Ser1029 by Asp, which mimics the phosphorylated state. B, The construct for generation of KIF17 transgenic mice. KIF17 expression was restricted to the postnatal forebrain because of the use of
(aMKllee promoter. €, Expression of KIF17 in various tissues. KIF5B was used as a control. In transgenic mice, GFP-KIF17 was restricted to the postnatal forebrain (olfactory bulb, hippocampus, and cortex) by using
the CaMKllcx promoter. D, Immunohistochemistry to examine KIF17 localization in forebrain regions: hippocampal CAT (HIP) and cortex (CT) subregions. Scale bar, 100 m. E, Schematic illustration of the
procedure used to generate Tg ™ /kif17 ~/ ~ mice. KIF17 transgenic mice (TgS, TgA, and TgD) were bred with kif17 ~/ ~ mice to generate three new transgenic mouse lines with disrupted endogenous kif77
gene (TgS/kif17 —'~, TgA/kif17 ~ '~ ,and TgD/kif17 ~ ' ~).F,PCRscreening using primers for gf, neo, and endogenous kif17. G, Paraffin sections of the mouse brain stained with hematoxylin and eosin. Scale
bars, 500 um (top right) and 200 .m (bottom right). H, Western blot analysis and quantification of GFP-KIF17 in the hippocampi and cortices of Tg * /kif17 ~/ ~ mice. The lower bands indicate endogenous
KIF17,and the upper bands indicate GFP-KIF17 fusion proteins. /, Immunoprecipitation of mouse hippocampal extracts using anti-KIF 17 and anti-GFP antibodies; anti-lgGantibody was used as a negative control.
J, K, The levels of KIF17, GluN2B and other associated proteins in the hippocampus of transgenic mice. Data from three independent experiments are expressed as mean == SEM (*p << 0.01; one-way ANOVA and
post hoc comparison test).
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Performance in the Morris water maze task. 4, Escape latencies during non-spatial pretraining (four trials per day). B, Escape latencies during spatial training. €, D, Probe test performed

24 h after the last training sessions. The escape platform was removed, and mice were allowed to swim for 60 5. Target quadrant searching time () and platform crossings (D, the number of times
the mice cross the exact location of the platform) were calculated to evaluate the spatial learning ability of mice. TQ, Target quadrant; AL, adjacent left; OP, opposite; AR, adjacent right. The quadrant
time (percentage) in TQ was as follows: kif17+/", 44.8 + 7.4%; kifl7 ', 25.4 =+ 3.5%; TgS/kif17 ~' —, 40.6 = 3.8%; TgA/kif17 ~' ~,30.4 = 3.1%; TgD/kifl7 ~'~,27.9 + 4.4%. The
platform crossings were as follows: kif17 "+, 3.9 = 0.3%; kif17 ~/ ~, 2.1 + 0.3%; TgS/kif17 ~ ' ~,3.6 = 0.6%; TgA/kif17 ~'~,2.3 =+ 0.4%; TgD/kif17 ' ~, 2.1 = 0.3%. Values represent
mean = SEM (n = 8 mice/genotype, *p < 0.05; one-way ANOVA and post hoc test). E, Representative searching strategy during the probe test. Kif17*/* and TgS/kif17 ~ ' ~ mice focused their
search in the target quadrant, while kif17 ~/ ~, TgA/kif17 ~' —,and TgD/kif17 ~ '~ mice navigated over the entire area of the pool.

tagenesis Kit (Stratagene). PCR was performed under the following
conditions: denaturation at 95°C for 1 min, followed by 16 cycles at 95°C
for 30 s, 58°C for 1 min and 68°C for 12 min, and then a final extension
step at 68°C for 7 min. The primers used for mutagenesis were as follows:
for the S1029A mutation, (forward) 5'-GCC AAG CGT AAA AAA gcc
AAA AAC AGC TTC GG-3, (reverse) 5'-CGG TTC GCA TTT TTT cgg
TTT TTG TCG AAG CC-3’; for the S1029D mutation, (forward) 5'-
GCC AAG CGT AAA AAA gac AAA AAC AGC TTC GG-3', (reverse)
5'-CGG TTC GCA TTT TTT ctg TTT TTG TCG AAG CC-3'. Reaction
mixtures were cooled on ice and digested further with 1 ul of DpnI (10
U/ul) for 1 hat 37°C to cleave parental DNA. The PCR product was then
precipitated with ethanol, and the entire pellet was resuspended and
transformed into 100 ul of competent Escherichia coli cells. Plasmids
were isolated using a mini-prep, and positive mutants were selected by
sequencing.

Generation of transgenic mice. Genes encoding GFP and KIF17 with or
without mutations (GFP-KIF17, GFP-KIF17 S1029A, GFP-KIF17
S$1029D, 3.9 kb) were fused and subcloned into the Notl site of the
PNN279 vector, downstream of the CaMKII« promoter (8.5 kb) (May-
ford et al., 1996; Wong et al., 2002). For microinjection, the vector was
linearized by digestion with Sall and purified using a QIAEX gel extrac-
tion kit (Qiagen).

Transgenic founder mice were produced by microinjection of the lin-
earized DNA fragment into the pronuclei of BDF1-derived zygotes using
standard techniques (Krestel et al., 2001). The founder mice were back-
crossed to wild-type C57B/6] mice to generate the transgenic mouse
lines. Backcrossing was repeated >10 times to generate an almost pure
C57B/6] background.

To generate Tg " /kifl7 ~' ~ mice, mice expressing GFP-KIF17 (with or
without mutation) fusion proteins were bred with kif17 ~ /'~ mice (Yin et
al., 2011) to generate mice carrying the gfp-kifl7 gene on a kifl7 '~
background. The number of founders we made was 5, 6, and 6 for TgS,
TgA, and TgD transgenic mice. Then, three lines for each genotype were
selected to intercross with kifl7 /™ mice to generate TgS/kifl7 '~
TgA/kifl7~'~, and TgD/kifl7 '~ mice, respectively. The genotypes of
these mice were determined by PCR using the following primers: for the
gfp transgene, 5'-GCG GAG AGG GTG AAG GTG ATG C-3' and 5'-
CAG GGC CGT CGC CGA TTG G-3'; for the endogenous kifl7 gene,
5-CGG GACAAA GGAGGCACATTC-3"and 5'-TGG GAT TAT CAA
AGG CAG GAC C-3'; for the neo transgene, 5'-TGG GCA CAA CAG
ACA ATC GG-3" and 5'-ACT TCG CCC AAT AGC AGC CAG-3'.

Antibodies. KIF17 polyclonal antibody (pAb) (1:300, Yin et al., 2011),
KIF5B pAb (1:500, Kanai et al., 2000), GluN2A and GluN2B pAbs (1:200,
Invitrogen), GluR1 pAb (1:300, Millipore), Mint1 monoclonal antibody
(mAb) (1:100, Transduction Laboratories), PSD-95 mAb (1:500, BD
Transduction Laboratories), tubulin DM1A mAb (1:1000, Sigma), syn-
aptophysin mAb (1:300, Sigma), GFP pAb (1:200, Invitrogen), MAP2
mAb (1:200, Sigma), cAMP-response element-binding protein (CREB)
pAb (1:500, New England Biolabs), and phospho-CREB (pCREB) pAb
(1:1000, New England Biolabs). The Alexa Fluor 488 and Alexa Fluor 568
fluorescent secondary antibodies (1:300) were obtained from Invitrogen,
and horseradish peroxidase-conjugated secondary antibodies (1:10,000)
were obtained from GE Healthcare .

Immunoprecipitation and immunoblotting. Mouse hippocampi were
dissected on ice and placed in ice-cold RIPA buffer (50 mm Tris, pH 8.0,
1% Triton X-100, 0.1% SDS, 150 mm NaCl) containing Protease Inhib-
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Figure 3.  Synaptic NMDA receptor-mediated LTP and EPSCs. 4, B, LTP induced by a single train of tetanus (100 Hz for 1's, arrow) in hippocampal CA1 neurons of kif17+/*, kifi7 ~/~, and
Tg* /kif17 '~ mice. Sample traces show typical fEPSPs recorded 5 min before and 60 min after LTP induction. Expression of LTP was attenuated in kif17 ~/ —, TgA/kif17 '~ and TgD/kif17 ~ '~
slices. €, D, AMPA- and NMDA-mediated EPSCs recorded in CA1 pyramidal neurons of kif17/*, kif17 ~/~, and Tg™ /kif17 ~/~ mice. NMDA/AMPA ratios in neurons from kif17 ~/ ~, TgA/
kifi7 =~ and TgD/kif17 ~ /'~ mice were decreased, consistent with a decrease in NMDA-mediated currents (mean = SEM, *p << 0.01; one-way ANOVA and post hoc test). NMDA/AMPA ratios in
neurons of kif17*/* and TgS/kif17 ~/ ~ mice were not different. E, Input— output curves plotting the fEPSP slopes against their corresponding presynaptic fiber volley amplitudes. Each symbol
represents a set of experiments from a single slice. F, Paired-pulse facilitation of fEPSPs was measured using pairs of presynaptic fiber stimulation pulses separated by 20, 50, 100, and 200 ms. For
each group, the mean = SEM s indicated. G, Current—voltage relationship of NMDA receptor channel currents recorded in hippocampal slices. Current amplitudes were normalized to the values at

~+40 mV EPSC. Values are mean = SEM.

itor Cocktail tablets (Roche Applied Science). The tissue was homoge-
nized and centrifuged at 13,000 X g for 20 min at 4°C, and protein
concentration was determined by BCA protein assay (Pierce). Hip-
pocampal homogenate (500 ng) was incubated with 1 ug of anti-KIF17/
anti-GFP antibodies at 4°C for 2 h with agitation. Protein-G-coupled
Sepharose beads (Pharmacia) were added and the mixture was incubated
at 4°C for a further 2 h. The beads were spun down at 13,000 X g for 20,
washed three times in RIPA buffer, resuspended in 2X sample loading
buffer, and boiled for 5 min. Proteins were separated by SDS-PAGE, and
probed with specific primary antibodies and corresponding horseradish
peroxidase-conjugated secondary antibodies. Western blot signals were
detected using an enhanced chemiluminescence procedure (GE Healthcare).
Densitometry analysis was performed using Image] software (NIH).

Morris water maze task. Male mice (10—12 weeks old, n = 8 for each
genotype) were trained in a 120 cm diameter open field water maze
containing opaque water at 25 * 1°C. The escape platform (10 cm in
diameter) was placed 1 cm under the surface of the water. An overhead
camera- and computer-assisted tracking system recorded the navigation
of mice in the maze. After 4 d of non-spatial pretraining, animals were

subjected to 6 consecutive days of spatial training, with four trials per
day, followed by a probe trial 24 h later (Bannerman et al., 1995; Sa-
kimura et al., 1995; Yin et al., 2011). During the non-spatial pretraining
task, the pool was surrounded with white curtains to deprive mice of
visual cues beyond the maze. A fixed platform was hidden in a different
location during each trial and mice were trained to find the platform
using distal cues.

Electrophysiology. Transverse slices (400 um) of acutely dissected hip-
pocampi were prepared from mice of postnatal day 25-35. Slices were
incubated in an interface chamber at 34°C, superfused with oxygenated
artificial CSF (ACSF, containing, in mwm: 119 NaCl, 2.6 KCl, 1.3 MgSO,,
1.0 NaH,PO,, 26 NaHCO;, 2.5 CaCl,, and 11 p-glucose), and allowed to
equilibrate for at least 60 min.

To record field EPSPs (fEPSPs), both the stimulating and recording
electrodes were placed in the stratum radiatum of the CA1 area. Stimulus
intensity (test pulse duration of 0.1 ms) was set to evoke 35—-40% maxi-
mal fEPSP at a frequency of 0.1 Hz. After recording a stable 20 min
baseline of fEPSPs for 20 min, long-term potentiation (LTP) was induced
by tetanic stimulation (100 Hz, 1 s).
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Figure4.  Dynamics of GIuN2 subunits in live hippocampal neurons. A-D, Analysis of GIUN2B motility. A, Time-lapse images of movement of GIuN2B-RFP clusters in dendrites. Arrows point to
anterogradely moving clusters. Scale bar, 5 t.m. B, Kymograph showing the motility of GluN2B clusters. €, Classification of motility (p << 0.0001; x  test). D, Average velocities for anterograde and
retrograde movement of GIuN2B clusters. E~H, Analysis of GIuN2A motility. E, Time-lapse images of movement of GluN2A-RFP clusters in dendrites. Arrows point to anterogradely moving clusters.
Scale bar, 5 m. F, Kymograph showing the motility of GIuN2A clusters. G, Classification of motility (p = 0.90, x> test). H, Average velocities for anterograde and retrograde movement of GIuN2A
clusters. Data are expressed as mean = SEM (n = 48 neurons from three animals/genotype, *p << 0.05; one-way ANOVA and post hoc test).

EPSCs in CA1l pyramidal neurons were recorded using the whole-cell ~ mOsm). Stimulus intensity was set to evoke half-maximal AMPA re-
patch-clamp technique. Recording electrodes (3—5 M{}) were filled with  sponses (at —90 mV). To isolate NMDA-mediated EPSCs, neurons were
intracellular solution containing (in mm): 122.5 Cs gluconate, 17.5 CsCl,  voltage-clamped at +40 mV in the presence of 10 um NBQX (Tocris
10 HEPES, 0.2 EGTA, 8 NaCl, 2 Mg-ATP, 0.3 Na5-GTP, pH 7.2 (290-300 Bioscience), an AMPA receptor antagonist. Both NBQX and p-2-amino-
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5-phosphonovaleric acid (p-APV, Tocris Bioscience) were diluted in
ACSF and applied to the bath. All membrane potential values were cor-
rected for liquid junction potentials of —11 mV. Access resistance was
monitored throughout experiments, and ranged from 10 to 20 M().
Unstable recordings (access resistance changed by >10%) during exper-
iments were excluded from further analysis. Records were filtered at 2
kHz, digitized at 10 kHz, and analyzed using Clampfit 9.2 software (Mo-
lecular Devices).

Neuronal cultures, transfection, and live imaging. Primary cultures of
hippocampal neurons were prepared as described previously (Goslin et
al., 1991). Briefly, hippocampi were isolated from embryonic day 16 mice
and dissociated with 0.25% trypsin at 37°C for 15 min. Hippocampal
neurons were then plated on glass coverslips or plastic Petri dishes coated
with polyethyleneimine (Sigma) and poly-L-lysine (Sigma).

For live-cell imaging, hippocampal neurons were used at 7-10 d
in vitro (DIV). GluNl1-la (untagged)/GluN2B-RFP or GluN1-la
(untagged)/GluN2A-RFP vectors were introduced into cultured neurons
using a modified Ca**-phosphate transfection method (Jiang and Chen,
2006). Forty-eight to 72 h after transfection, living neurons were ob-
served under an LSM 5 Duo confocal laser-scanning microscope (Zeiss).
Cells were kept in minimal essential medium (Invitrogen) warmed to
37°C in the presence of 1 mMm kynurenate, 1 uM strychnine, and 1 um
tetrodotoxin. Movement of GIuN2B and GluN2A clusters along den-
drites was monitored over time, and images were acquired every 5 s.
Images were processed using Photoshop 7.0 (Adobe) and further edited
as a video file using After Effects (Adobe). The analysis and graphical
representation were performed using Image] and GraphPad Prism.

To visualize the dynamic post-Golgi release of GluN2B or GluN2A
vesicles, GluN1-1a (untagged)/GluN2B-RFP or GluN1-1la (untagged)/
GluN2A-RFP were initially expressed in hippocampal cells in the pres-
ence of brefeldin A (BFA; 10 pg/ml, Wako Pure Chemical Industries
Ltd.) and were observed using an LSM 5 Duo confocal laser-scanning
microscope (Zeiss) after extensive washing to remove BFA. Quantifica-
tion was performed at 1 h after BEA washout. Three regions of interest
were drawn at peripheral locations, and the corresponding mean fluo-
rescence values were averaged. This value represents an estimation of
GluN2B/2A-RFP at non-Golgi locations. Golgi-associated fluorescence
was determined from perinuclear regions. To ascertain the percentage of
post-Golgi release of GluN2B/2A-RFP, we divided fluorescence intensity
outside the Golgi area by that inside the total cell area. Background was
subtracted using the fluorescence intensity outside the Golgi area.

Immunocytochemistry. After 16—21 DIV, cultured hippocampal cells
were fixed in methanol for 10 min at —20°C and incubated with primary
antibodies in 3% bovine serum albumin overnight at 4°C, followed by
incubation with Alexa Fluor 568 and Alexa Fluor 647 secondary antibod-
ies for 1 h at room temperature. Images were acquired using an LSM510
confocal laser-scanning microscope (Zeiss) and were then analyzed using
Adobe Photoshop and Image] software.

Surface biotinylation assay. Biotinylation assay was performed using a
Pierce cell surface protein isolation kit (Pierce Biotechnology), as de-
scribed in the manufacturer’s protocol. Briefly, at 16-21 DIV, hip-
pocampal neuron cultures were washed twice with ice-cold PBS and
labeled with 0.25 mg/ml sulfo-NHS-SS-biotin in PBS for 30 min at 4°C
with gentle agitation. Cells were subsequently lysed with lysis buffer and
labeled proteins were isolated with NeutrAvidin Agarose. Bound pro-
teins were released in SDS-PAGE sample buffer containing 50 mm DTT
and immunoblotted with antibodies against GluN2B, GluN2A, and
GluRI.

Semiquantitative reverse transcriptase PCR. Total RNA was extracted
from hippocampi of four mice of each genotype using an Agilent Total
RNA Isolation Mini Kit (Agilent Technologies), and semiquantitative
reverse transcriptase PCR (RT-PCR) was performed as described previ-
ously (Yin et al., 2011). Briefly, mRNA (1 pg) was used to synthesize
first-strand complementary DNA with ReverTra Ace reverse transcrip-
tase (Toyobo). Diluted cDNA series were subjected to amplification with
AmpliTaq DNA Polymerase (Applied Biosystems) in a programmable
thermal cycler with denaturation performed at 94°C for 30 s, annealing at
60—-65°C for 30 s, and extension at 72°C for 30 s for 30 cycles. The
primers were as follows: for kif17, 5'-GTT CTT AGT GCG GGC TTC

J. Neurosci., April 18,2012 + 32(16):5486 —5499 + 5491

Movie1.  Movement of GIuN2B clusters in hippocampal neurons. GluN1-1a (untagged) and
GluN2B-RFP were coexpressed in hippocampal neurons and observed with an LSM-510 confocal
system. A 20 m area on the dendrite was monitored every 5 s for 5 min. Capture rates were 5
frames per second.

Movie2. Movement of GIuN2A clusters in hippocampal neurons. GIuN1-1a (untagged) and
GluN2A-RFP were coexpressed in hippocampal neurons and observed with an LSM-510 confocal
microscope. A 20 m area on the dendrite was monitored every 5 s for 5 min. Capture rates
were 5 frames per second.

CTATC-3"and 5'-GGA GTC CTT ATT CAT CAG GGT GTA GC-3'; for
GRIN2B,5"-GCGATTTGGTTACTCTGG GGT C-3" and 5'-GTCTCT
GGA ACT TCT TGT CAC TCA GG-3'; for GRIN2A, 5'-CGG GTC TCA
TTT CAG TCT CTT ACG-3' and 5'-GGT TGT CAT CTG GCT CAC
AGT CAG-3'; for GRIN1, 5'-GGA TAC CAG ATG TCC ACCAGA CTA
AAG-3" and 5'-AAC GCA GAA GCC ATA ACA GCA C-3'; and for
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ER-to-Golgi and post-Golgi transport of GIUN2 subunits in neurons. A—C, Dynamics of GIuN2B-RFP after BFA washout. A, Hippocampal cultures were cotransfected with untagged

GluN1-Ta together with GIuN2B-RFP vectors. After BFA washout, images were acquired at indicated time points. Scale bar, 20 wm. B, Fluorescence intensity of the Golgi and non-Golgi were
expressed as ratios at 1h after BFA washout (mean %= SEM, p > 0.05; one-way ANOVA and post hoc test). €, Percentage of released GluN2B-RFP signals from the Golgi region (mean == SEM, *p <
0.05; one-way ANOVA and post hoc test). For quantification, 15 neurons from three mice of each genotype were examined. D—F, Dynamics of GluN2A-RFP after BFA washout. D, Hippocampal cultures
were cotransfected with untagged GluN1—1a together with GIuN2A-RFP vectors. After BFA washout, images were acquired at indicated time points. Scale bar, 20 wm. E, Fluorescence intensity of
Golgi and non-Golgi were expressed as ratios at 1 h after BFA washout (mean == SEM, p > 0.05; one-way ANOVA and post hoc test). F, Percentage of released GIuN2A-RFP signals from the Golgi
region (mean == SEM, p > 0.05; one-way ANOVA and post hoc test). For quantification, 15 neurons from three mice of each genotype were examined.

tubulin, 5'-GGC CAG ATG CCA AGT-3" and 5'-AGC TGT GGA AAA
CCA AGA-3'.

Turnover assay. Cultured hippocampal neurons (7-10 DIV) were
treated with 20 ug/ml cycloheximide (CHX; Sigma) for 0, 10, 20, and
30 h. Cells were harvested and probed with anti-GluN2A, -GluN2B, and
-tubulin antibodies. Values are given as average signal intensities
(mean = SEM) for GIuN2A or GluN2B compared with that for tubulin,
and normalized to 100% at time 0.

Degradation analysis. Cultured hippocampal neurons (7-10 DIV)
were incubated with CHX (20 wg/ml) for 24 h, in the presence or absence
of lysosomal inhibitor (100 ug/ml leupeptin, 200 um chloroquine,
Sigma) or proteasomal inhibitor (10 uM lactacystin, 10 um MG132, Cal-
biochem). After treatment, cells were lysed and subjected to Western blot
analysis.

CREB activation. Adult mice (10—12 weeks old, n = 4 mice/genotype)
were trained in the water maze task with four trials/d for 10 d, including
4 d of non-spatial pretraining and 6 d of hidden platform training. After
a probe trial on day 11, the mice were killed immediately. Both hip-

pocampi were dissected and placed in ice-cold RIPA buffer containing
phosphatase and protease inhibitors (50 mwm Tris, pH 7.5, 1% NP-40,
0.5% SDS, 150 mm NaCl, 1 mm DTT, 1 mm NayVO,, 1 mm NaF, and
Complete protease inhibitor). The extracts were separated by SDS-PAGE
and probed with anti-pCREB, anti-CREB, anti-GluN2A, anti-GluN2B,
anti-KIF17 and anti-KIF5B antibodies.

Statistical analysis. Data were analyzed as indicated, and the statistical
significance was assessed using one-way ANOVA, two-tailed unpaired
Student’s  test, or the x? test.

Results

In vivo association of KIF17 with Mintl and GluN2B

Invitro, KIF17 transports GluN2B-containing vesicles by binding
to Mintl, and GluN2B release is triggered by CaMKII-dependent
phosphorylation of the Ser1029 residue of KIF17 (Setou et al.,
2000; Guillaud et al., 2008). To study the role of KIF17 phosphor-
ylation in vivo, two mutations (S1029A and S1029D) were intro-
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Intracellular localization of GIuN2B. A, B, Primary cultures of hippocampal neurons were double-stained with anti-GluN2B/synaptophysin (4) or anti-GluN2B/MAP2 (B) antibodies.

Transgenically expressed KIF17 (green) was present in TgS/kif17 ~/~, TgA/kif17 ~/ ~ and TgD/kif17 ~ '~ neurons. Arrows indicate colocalization of GFP-KIF17 and GIuN2B in dendritic shafts.
Scale bar, 10 rm. €, Quantification of the synaptic density of GluN2B-positive clusters (colabeled with anti-synaptophysin) in dendrites. D, Quantification of the density of GluN2B clusters in dendritic
shafts (colabeled with anti-MAP2). E, Comparison of the distribution of GIuN2B clusters in dendritic shafts and synapses. Twenty neurons from three animals were examined for each genotype. Data

are expressed as mean == SEM (*p << 0.01; one-way ANOVA and post hoc test).

duced at Ser1029 of the KIF17 CTD by PCR mutagenesis, to
mimic various phosphorylation states (Fig. 1A; Guillaud et al,,
2008). S1029A mimics an unphosphorylated form of KIF17,
which is able to bind to GluN2B-containing vesicles but prevents
GluN2B release. S1029D mimics a permanently phosphorylated
form of KIF17, which prevents KIF17 from binding and trans-
porting GluN2B-containing vesicles. Using these mutant and
wild-type KIF17 cDNAs, we generated three transgenic mouse
lines: TgS (carrying normal KIF17 cDNA), TgA (carrying KIF17
with the S1029A mutation) and TgD (carrying KIF17 with the
$1029D mutation). All mouse lines expressed GFP-fused KIF17
proteins in the postnatal forebrain under the control of the
CaMKIIa promoter (Fig. 1 B-D). Transgenic mice of each geno-
type were then intercrossed with kifl7 ~/~ mice to generate three
new transgenic mouse lines with a disrupted endogenous kifl7
gene: TgS/kif17 ' ~, TgA/kifl7 '~ and TgD/kif17 '~ (Fig. 1E).
PCR was used to detect gfp and endogenous kifI7 genes in
genomic DNA extracted from mouse tails (Fig. 1 F).

All Tg" /kif1 7'~ transgenic mice showed apparently normal
growth. Histological examinations of their brains revealed no
obvious morphological abnormalities (Fig. 1G). In the hip-
pocampi of Tg* /kif17 '~ mice, levels of GFP-KIF17 fusion pro-
teins were ~1.5- to 2-fold greater than levels of endogenous
KIF17 in wild-type hippocampus (Fig. 1 H). Immunoprecipita-
tion studies showed that both GluN2B and Mint1 associated with
GFP-KIF17 and GFP-KIF17 S1029A, but not with GFP-KIF17
$1029D, suggesting that Ser1029 is the critical site mediating the

KIF17-Mint1/GluN2B association in vivo (Fig. 1I). Western blot
analysis of hippocampal lysates from each mouse line revealed a
reduction in the level of GluN2B and GluN2A in kif17 ' ~, TgA/
kift7~'~ and TgD/kifl7~'~ mice, compared with wild-type
controls (Fig. 1],K). No significant difference was observed in
the hippocampal levels of GIluN2B and GIuN2A in kif17*"* and
TgS/kif17 '~ mice (Fig. 1],K).

Spatial memory in Tg " /kif17~'~ mice

We assessed the spatial learning abilities of transgenic, kif17 '~
and kif17*/* mice using the Morris water maze task (Bannerman
et al., 1995; Sakimura et al., 1995; Yin et al., 2011). All groups of
mice displayed similar escape latencies during non-spatial pre-
training (Fig. 2A), and learned to navigate to the platform over
the course of 6 spatial training days, as indicated by the progres-
sive decrease in escape latencies (Fig. 2 B). However, consistent
with our previous report (Yin et al., 2011), kifl7 /"~ mice were
deficient in learning this task compared with control mice. They
consistently exhibited longer mean daily escape latencies than
kifi7*"* mice (Fig. 2 B). In the probe trial, wild-type mice exhib-
ited a clear spatial preference for the target quadrant in which the
platform was previously located, whereas kifl7 '~ mice did not
display a preference for a particular quadrant, as measured by
either target quadrant searching time or platform crossings (Fig.
2C-E).In contrast to kifl 7'~ mice, TgS/kif17 '~ mice showed
no obvious defects during spatial training or probe testing (Fig.
2 B-E), suggesting that expression of GFP-KIF17 rescued the de-
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Figure 7.

Intracellular localization of GluN2A. 4, B, Primary cultures of hippocampal neurons were double-stained with anti-GluN2A/synaptophysin (4) or anti-GIuN2A/MAP2 (B) antibodies.

GFP-fused KIF17 (green) was present in TgS/kif17 ~/ —, TgA/kif17 ~'~ and TgD/kif17 ~ '~ neurons. Scale bar, 10 m. €, Quantification of the synaptic density of GIuN2A-positive clusters
(colabeled with anti-synaptophysin) in dendrites. D, Quantification of the density of GIuN2A clusters in dendritic shafts (colabeled with anti-MAP2). E, Comparison of the distribution of GIuN2A
clustersin dendritic shafts and synapses. Twenty neurons from three animals were examined for each genotype. Data are expressed as mean == SEM (*p << 0.01; one-way ANOVA and post hoc test).

fects in spatial memory observed in kifl7 '~ mice. TgA/
kift7~'~ and TgD/kifl7 '~ mice showed similar defects in
spatial memory as observed in kifl7~/~ mice. They exhibited
longer escape latencies than kifl7"/" mice and loss of spatial
preference for the target quadrant (Fig. 2 B—E). These results in-
dicate that the KIF17-Mint1/GluN2B interaction is required for
spatial memory formation.

NMDA-mediated synaptic activity and plasticity in
Tg' /kif17 ="~ mice
To gain insight into the function of NMDA receptors in Tg"/
kifi7~'~ mice, we studied LTP evoked at CA3-to-CA1 synapses
in acute hippocampal slices (Bliss and Collingridge, 1993; Shors
and Matzel, 1997). Tetanic stimulation (100 Hz, 1 s) of Schaffer
collateral/commissural fibers in stratum radiatum elicited almost
identical, robust, and lasting potentiation in slices prepared from
kifi7** and TgS/kifl7 '~ mice (LTP magnitude at 60 min,
kifi7*/*: 154.7 = 11.4% versus TgS/kif17 ' ~: 159.4 = 13.0%,
n = 10 slices/10 mice/group) (Fig. 3A). In contrast, in slices from
kift7~'~, TgA/kifi7 '~ and TgD/kifl7 '~ mice, field EPSP
(fEPSP) slopes revealed a continuous decline throughout the du-
ration of recording, compared with slices from wild-type mice
(LTP magnitude at 60 min, kifl7"/": 154.7 = 11.4%, kif17 '
111.2 * 14.0%, TgA/kifl7 ' ~: 119.5 = 9.0%, TgD/kifl7 '~
119.0 = 10.0%, n = 10 slices/10 mice/group) (Fig. 3A,B).
NMDA-mediated EPSCs recorded in CAl pyramidal cells
showed decreased NMDA/AMPA ratios in neurons of kifl7 =
TgA/kifl7~'~ and TgD/kifl7 '~ compared with kif17*/* mice
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Figure 8.  Surface expression of endogenous GluN2B and GIuN2A in hippocampal neurons.
Surface-expressed proteins in cultured neurons were labeled and isolated, and then resolved by
SDS-PAGE. A, Immunoblots of levels of GluN2B, GIuN2A, and GIuR1 in total extracts and surface
components. B, Quantification of surface expression experiments. The intensities of GluN2B and
GIuN2A (total and surface) were normalized to GIuR1. Data are expressed as mean = SEM from
three independent experiments. *p << 0.05; one-way ANOVA and post hoc test.

(Fig. 3C,D). The NMDA receptor-mediated currents of TgS/
kifi7~'~ mouse neurons were comparable to those in neurons
of kifi7*/" mice (percentage current in kifi7*/*: 71.5 +

4.8%, kifl7 ' "1 40.1 = 2.3%, TgS/kifl7 ' ~:69.3 * 4.6%, TgA/
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kif17""*:39 + 8%, TgS/kif17 ' ~:36 + 6%,
TgA/kif17~ ' ~:32 + 5%; anterograde trans-
port velocity, kifl7*/*: 0.69 = 0.18 um/s,
TeS/kifl7 '~ 0.67 = 0.17 wm/s, TgA/
kifl7~'7:0.62 + 0.21 um/s, n = 48 neu-
rons/three mice/genotype) (Fig. 4A-D;
Movie 1). In contrast, in neurons from
kifl7~'~ and TgD/kif17 ~'~ mice, GluN2B
clusters were much less mobile, traveling
anterogradely at a much slower velocity
compared with those in neurons from wild-
type mice (percentage of anterograde movement, kifl7 ~/ : 12 *
5%, TgD/kifl7~'~: 14 = 4%; anterograde transport velocity,
kifl7='7:0.24 = 0.1 um/s, TgD/kifl7~' ~:0.25 £ 0.12 pm/s, n =
48 neurons from three mice for each genotype) (Fig. 4 A—D; Movie
1). However, time-lapse recordings showed similar dynamic prop-
erties for GluN2A clusters in neurons from the mice of all five geno-
types (Fig. 4 E-H; Movie 2).

Figure 9.

Receptor degradation analysis in hippocampal neurons. A, B, RT-PCR analysis of NMDA receptors in hippocampal
extracts. Data are representative of three separate experiments. Values are expressed as mean = SEM (*p < 0.05; one-way
ANOVA and post hoc test). €, Representative immunoblots of levels of GluN2A and GIuN2B in neurons treated with CHX (20 wug/ml)
for0, 10, 20, and 30 h, respectively. D, E, Quantification of GluN2A/2B degradation. Data were obtained from three independent
experiments. Values are the average signal intensities (mean == SEM) for GluN2A and GluN2B standardized to the signal intensity
of tubulin and normalized to 100% at time 0 (*p << 0.05; one-way ANOVA and post hoc test). F, Representative immunoblots of
levels of GluN2 subunits in neurons incubated with CHX for 20 h, in the presence or absence of lysosomal inhibitors (Leu, leupeptin,
100 peg/ml; CLQ, chloroquine, 200 wum), or proteasomal inhibitors (Lac, lactacystin, 10 wm; MG132, 10 wm). G, H, Quantification of
changes in GluN2 subunits as shown in F, based on three independent experiments. Data are expressed as mean = SEM.

To further investigate the dynamic process of NMDA receptor
transport, we observed the ER-to-Golgi and post-Golgi dynamics
of NMDA receptors in neurons expressing GluN1/GluN2B-RFP
or GluN1/GIluN2A-RFP. GluN2B-RFP was diffusely distributed
in the somatodendritic area when expressed in the presence of
BFA (Fig. 5A). At 1 h after BFA washout, GluN2B-RFP accumu-
lated in the Golgi apparatus in neurons from mice of each geno-
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type (Fig. 5A,B), suggesting that ER-to-Golgi transport of
GluN2B was not affected and that KIF17-mediated GluN2B traf-
ficking is a post-Golgi event (Wenthold et al., 2003; Lau and
Zukin, 2007). Consistently and importantly, the release of
GluN2B-RFP from the Golgi apparatus was significantly im-
paired, and most GluN2B signals tended to be retained in the
Golgi region in neurons from kifl7 '~ and TgD/kifl7 '~ mice
(Fig. 5A,C). In contrast, our findings revealed no difference in
the post-Golgi release of GluN2A-RFP in neurons from the mice
of all five genotypes (Fig. 5D-F).

Next we focused on a possible change in the synaptic localiza-
tion of GluN2 subunits. Primary cultured hippocampal neurons
were double-stained with antibodies against GluN2B/synapto-
physin or GluN2B/microtubule-associated protein 2 (MAP2).
Signals for GFP-KIF17 were acquired concomitantly. In neurons
from kifl7**mice, GIluN2B clusters were mostly colocalized
with presynaptic terminals labeled by the anti-synaptophysin an-
tibody. The density of both synaptic GluN2B (which overlapped
with synaptophysin signal) and dendritic GluN2B (which over-
lapped with MAP2 signal) was significantly reduced in neurons
from kif17~' ~ and TgD/kif17~ '~ compared with wild-type mice
(Fig. 6A-E). Interestingly, in neurons from TgA/kif17 '~ mice,
the density of synaptic GluN2B clusters was selectively decreased,
whereas the density of dendritic GluN2B clusters was unchanged
(Fig. 6A-E). Notably, comparison of neurons from TgA/
kift7~'~ and TgD/kifl7 '~ mice revealed a marked difference
in the pattern of GluN2B expression. In the dendritic shafts of
TgA/kifl7~'~ neurons, GluN2B colocalized with GFP-KIF17
S1029A. However, in TgD/kif17 '~ neurons, it did not colocal-
ize with GFP-KIF17 S1029D (Fig. 6A). These data suggest that
GluN2B-containing vesicles are delivered into dendrites, and as-
sociate with GFP-KIF17 S1029A in the dendritic shafts of neu-
rons from TgA/kifl7 '~ mice. By contrast, in neurons from
TgD/kif17 ~'~ mice, most GluN2B-containing vesicles remained
in the Golgi apparatus because of the defective post-Golgi trans-
port of GluN2B (Fig. 5). Immunocytochemical analysis showed
that the density of GluN2A-positive clusters was decreased both
in synaptic regions and in dendritic shafts in neurons from
kift7='~, TgA/kifi7~'~ and TgD/kifl7 '~ compared with
kifi7*"* mice (Fig. 7A—FE). Neurons from TgS/kifl7 '~ mice
showed normal levels of GluN2B- and GluN2A-positive cluster
densities (Figs. 6, 7). Consistently, levels of surface-expressed en-
dogenous GluN2B and GluN2A were reduced in neurons from
kift7='~, TgA/kif17~'~ and TgD/kifl7 '~ mice, but not in
those from TgS/kifl7 ~'~ mice, compared with the levels in neu-
rons from wild-type mice (Fig. 8A, B).

Together, these experiments show that disruption of the
KIF17-Mint1 interaction accounts for reduced levels of func-
tional GluN2B and GluN2A in neurons from kifl7 ' ~, TgA/
kif17~'~ and TgD/kifl7 '~ mice.

NMDA receptor protein degradation in Tg" /kif17 '~ mice

Changes in NMDA receptor levels could arise because of modu-
lation of protein synthesis, trafficking, or degradation, and/or by
regulated removal/loss of synaptic proteins (Yashiro and Philpot,
2008). Previous studies have revealed that changes in the intra-
cellular dynamics of NMDA receptors affect the turnover of
NMDA receptors themselves (Monyer et al., 1994; Rezvani et al.,
2007; Yi and Ehlers, 2007; Tai and Schuman, 2008; Yin et al.,
2011). To address the possibility of an alteration in the turnover
of NMDA receptors in Tg"/kifl7 '~ mouse neurons, we first
measured the mRNA levels of NMDA receptors in the hippocam-
pus. The level of GRIN2B mRNA was decreased in the hip-
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Figure 10.  CREB activation. A, Inmunoblots of p-CREB, CREB, GIuN2B, GIuN2A, KIF17 and
KIF5B in hippocampal homogenates from kifi7 /™, kif17 —'~, TgS/kif17 ~'~, TgA/
kif17 =/~ and TgD/kif17 ~ '~ mice before and after water maze training. B, Quantification of
immunoblots and mean values normalized to control (KIF5B). Data (mean = SEM) were ob-
tained from four independent experiments (*p << 0.05; one-way ANOVA and post hoc test).

pocampi of kifl7~'~, TgA/kifi7~'~ and TgD/kifl7 '~ mice,
compared with that of control animals, but no difference was
observed in the level of GRIN2A mRNA in the hippocampi of
these mice (Fig. 94, B). We subsequently compared the half-life
of GluN2 subunits in primary hippocampal cultures treated with
CHX, a translational inhibitor (Hatanaka et al., 2006). This turn-
over assay revealed a robust, accelerated turnover of GluN2A
protein in neurons from kifl7~'~, TgA/kifi7 '~ and TgD/
kifi7 '~ mice, compared with that in neurons from wild-type
mice (Fig. 9C,D). Similar levels of turnover of GluN2A were ob-
served in neurons from kifl7"/" and TgS/kifl7 '~ mice (Fig.
9C,D). The rate of loss of GluN2B protein was similar in neurons
from all mouse lines (Fig. 9C,E).

We next sought to determine changes in GluN2A degradation
rates in the presence of proteasome inhibitors (lactacystin or
MG132) or lysosome inhibitors (leupeptin or chloroquine).
GluN2A degradation was efficiently blocked in kifl7~'~, TgA/
kifi7 '~ and TgD/kifl7~'~ neurons treated with proteasome
inhibitors, but not lysosome inhibitors (Fig. 9F-H ), thereby sug-
gesting that likein kif17 ~/ ~ mice, loss of GluN2A occurs through
the degradation dependent on ubiquitin-proteasome system in
TgA/kifl7 '~ and TgD/kifl7 '~ mice.
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Model for the regulation of KIF17-cargo interaction. 4, In wild-type neurons, KIF17 binds to the scaffolding Mint1 complex to transport GluN2B-containing vesicles from the cell body

to synaptic terminals in dendrites. CaMKIl-dependent phosphorylation of KIF17 releases the NMDA receptor, facilitating its insertion at synapses. Synaptic NMDA receptor-mediated Ca** influx
triggers LTP, activates signaling pathways and enhances CREB-dependent gene transcription. B, Inkif17 ~/ ~ neurons, lack of KIF17-mediated GluN2B transport leads to downregulation of GluN2B
and GluN2A via different pathways, contributing to defects in synaptic plasticity and memory in kif17 ~/ ~ mice. €, In TgS/kif17 ~ '~ neurons, GFP-KIF17 protein efficiently transports GluN2B-
containing vesicles along dendrites; thus, the deficienciesin kif17 ~/ ~ mice are rescued by the expression of GFP-KIF17 protein. D, In TgA/kif17 '~ neurons, GFP-KIF17 $1029A binds to Mint1 and
enables the transport of GIUN2B vesicles from cell body to dendrites, but inability of CaMKII to phosphorylate GFP-KIF17 S1029A prevents the unloading and further synaptic recruitment of GluN2B
vesicles. E, In TgD/kif17 ~ '~ neurons, GFP-KIF17 $1029D does not transport GIuN2B vesicles, resulting in the accumulation of GluN2B subunits in the Golgi apparatus. Collectively, the defective
transport of GluN2B, and the attenuated CREB responses result in a reduction in the level of synaptic GluN2B in both TgA/kif17 ~/ ~ and TgD/kif17 ' ~ neurons. The loss of GluN2B function appears
to be a triggering factor for the proteasomal control of GIuN2A degradation. In conclusion, TgA/kif17 ~/ ~ and TgD/kif17 ~ '~ mice show impairments in synaptic plasticity and spatial memory

because of insufficient levels of synaptic NMDA receptors.

CREB phosphorylation
CREB phosphorylation is considered a molecular marker of
memory processing for spatial learning in the hippocampus
(Mizuno et al., 2002; Colombo et al., 2003; Porte et al., 2008).
CREB-dependent upregulation of GRIN2B and kifl7 gene tran-
scription has also been reported (Wong et al., 2002; Yin et al.,
2011). Thus, we wanted to investigate whether CREB activation is
altered in Tg"/kif17 '~ mice. After training in the water maze,
the expression levels of pPCREB, CREB, GluN2A, GluN2B, KIF17,
and KIF5B in the hippocampi of all five genotypes of mice were
determined (Fig. 10). Significantly, water maze training induced
an increase in the levels of pCREB, GluN2A, and GluN2B in
kif17*"* and TgS/kifl7~'~ mice, whereas no increase was de-
tected in kif17 =/, TgA/kifl7 '~ and TgD/kifl7 '~ mice (Fig.
10A, B). Levels of total CREB and KIF5B were not affected by the
water maze training in mice of all genotypes (Fig. 10A, B). Inter-
estingly, the expression level of KIF17 was increased only in
kifl7*"* mice, reflecting that only endogenous kif17 had a CREB
binding site in its promoter region (Fig. 10A,B).

Together, these findings reveal that phosphorylation of CREB
and CREB-dependent gene activation (GRIN2B and kifl7) are
attenuated in kifl7 ~/~, TgA/kif17 '~ and TgD/kifl7 '~ mice.

Discussion

In the present study, we generated genetically modified mice in
which the KIF17-Mint1 interaction was disrupted in postnatal
forebrain. In TgA/kifl7 '~ mice, KIF17 was expressed with a

S1029A mutation, which mimics KIF17 in an unphosphorylated
state at Ser1029. In TgD/kifl7 ~'~ mice, KIF17 was expressed
with a S1029D mutation, which mimics KIF17 in a phosphory-
lated state at Ser1029. Immunoprecipitation experiments showed
that the KIF17 S1029A mutant bound to the Mintl/GluN2B
complex, but the KIF17 S1029D mutant did not (Fig. 11), sug-
gesting that Ser1029 is a pivotal site of regulation for the associa-
tion of KIF17 and Mint1/GIuN2B in vivo.

We previously suggested that the memory disturbance of the
kifi7~'~ mice might reflect changes in NMDA receptor channel
activity, synaptic plasticity and/or levels of synaptic NMDA re-
ceptors (Yin et al., 2011). The present study revealed impair-
ments in incrementally acquired spatial memory, but not in
performing nonspatial learning tasks, in both TgA/kif17 ~/~ and
TgD/kifl7 '~ mice (Fig. 2). Kifl7 ~'~ mice bear similar pheno-
typic profiles to TgA/kif17 '~ and TgD/kif17 '~ mice. The re-
duction of NMDA receptor-mediated currents, as well as the
impaired LTP magnitude observed in TgA/kifl7 ', TgD/
kifi7 '~ and kif17 '~ mice (Fig. 3) could potentially underlie
their behavioral phenotype. Notably, the expression of GFP-
KIF17in TgS/kifl7 '~ mouse brain rescued the deficits in spatial
performance and neuronal plasticity in kifl 7~/ ~ mice (Figs. 2, 3).

The mechanism by which KIF17 regulates NMDA receptor
transport through Mintl remains to be established. Neurons
from TgA/kifl7 '~ and TgD/kif17 '~ mice exhibited reduced
synaptic accumulation of GluN2B (Fig. 6) because of defective
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post-Golgi transport (Figs. 4 A-D, 5A-C; Movie 1). Importantly,
neurons from TgA/kifl7 '~ mice showed a selective decrease of
GluN2B clusters in synapses, but the density of GluN2B clusters
in dendritic shafts remained unchanged. In contrast, most
GluN2B clusters tended to aggregate in the Golgi apparatus in
neurons from TgD/kifl7 '~ mice instead of being transported
into dendritic shafts (Fig. 6). This distinct pattern of mislocaliza-
tion of GluN2B is considered to result from the different proper-
ties of GFP-KIF17 S1029Aand GFP-KIF17 S1029D: the former
retains the ability to transport GluN2B vesicles within dendritic
shafts, but the Ser to Ala substitution at residue 1029 inhibits the
release of GluN2B, and the latter is not capable of interacting with
Mintl to transport GluN2B vesicles in the post-Golgi pathway.
Together, we conclude that both binding of cargo to a molecular
motor protein and cargo release from this complex are essential
processes for GluN2B recruitment to the synaptic destination.

Our further analysis revealed that transcriptional regulation
by the KIF17-GluN2—CREB loop could contribute to the synap-
tic loss of GluN2B in neurons of TgA/kifl7~'~ and TgD/
kif17 "~ "~ mice (Figs. 9A,B, 10A,B) (Wong et al., 2002; Dhar and
Wong-Riley, 2011; Yin et al., 2011). Recent studies have begun to
identify the specific roles of some KIF members in cell signaling,
which is independent of the ATPase activity required for conven-
tional motor function. For instance, KIF4 controls the survival of
postmitotic neurons by regulating PARP-1 activity (Midorikawa
et al., 2006), and KIF26A represses GDNF-Ret signaling during
enteric nervous system development (Zhou et al., 2009). To-
gether with previous reports (Wong et al., 2002; Yin et al., 2011),
the findings described herein suggest that KIF17 regulates
NMDA-related memory processing through CREB activity.

Our findings also revealed that KIF17-Mint1/GluN2B regu-
lates the steady-state level of GluN2A at synapses. We showed a
decrease in the level of GIuN2A in neurons from TgA/kif17 '~
and TgD/kif17~ '~ mice (Figs. 7, 8), which was primarily due to
proteasomal-controlled degradation (Fig. 9C-H ). Based on the
data presented herein, together with our findings in kifl7-null
mice (Yin et al., 2011), this effect could result from the loss of
GluN2B function and altered neuronal activity (Barria and Ma-
linow, 2002; Ehlers, 2003; Lavezzari et al., 2004; Scott et al., 2004;
Kim et al., 2005; Yashiro and Philpot, 2008).

Based on our findings, we propose the following model for the
KIF17-mediated regulation of NMDA receptor trafficking (Fig.
11). In the case of TgS/kifl7~'~ mice, GFP-KIF17 could trans-
port GluN2B within dendrites, and release the cargo in the vicin-
ity of synapses after CaMKII-dependent phosphorylation,
maintaining normal learning-related synaptic plasticity. How-
ever,in TgA/kif17 '~ and TgD/kifl7 '~ mice, reduced synaptic
receptor abundance caused by impairments in binding and re-
lease of GluN2B to/from KIF17, and the degradation of GIuN2A
by proteasomal activity, would ultimately lead to impaired per-
formance in spatial information processing.

Recently, several in vitro studies have suggested that the mod-
ulation of synaptic cargo trafficking at the level of motor—cargo
binding can occur through changes in local Ca>™ levels (Chang et
al., 2006; Wang et al., 2008; Wang and Schwarz, 2009) or Rab
GTPase activity (Pfeffer and Aivazian, 2004; Niwa et al., 2008), or
alternatively, through CaMKII-dependent signaling (Hoogen-
raad et al., 2007; Guillaud et al., 2008). Here, for the first time, our
study demonstrates in vivo regulation of protein transport to
synapses through modulation of the loading/unloading of cargo
to/from a molecular motor using multidisciplinary systems anal-
ysis of genetically engineered mice.
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