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N-Methyl-D-aspartate (NMDA) receptors (NMDARs),
which play a key role in synaptic plasticity, are dynam-
ically regulated by many signaling molecules and scaf-
folding proteins. Although actin cytoskeleton has been
implicated in regulating NMDAR stability in synaptic
membrane, the role of microtubules in regulating
NMDAR trafficking and function is largely unclear.
Here we show that microtubule-depolymerizing agents
inhibited NMDA receptor-mediated ionic and synaptic
currents in cortical pyramidal neurons. This effect was
Ca2�-independent, required GTP, and was more promi-
nent in the presence of high NMDA concentrations. The
NR2B subunit-containing NMDA receptor was the pri-
mary target of microtubules. The effect of microtubule
depolymerizers on NMDAR currents was blocked by cel-
lular knockdown of the kinesin motor protein KIF17,
which transports NR2B-containing vesicles along mi-
crotubule in neuronal dendrites. Neuromodulators that
can stabilize microtubules, such as brain-derived neuro-
trophic factor, significantly attenuated the microtubule
depolymerizer-induced reduction of NMDAR currents.
Moreover, immunocytochemical studies show that mi-
crotubule depolymerizers decreased the number of sur-
face NR2B subunits on dendrites, which was prevented
by the microtubule stabilizer. Taken together, these re-
sults suggest that interfering with microtubule assem-
bly suppresses NMDAR function through a mechanism
dependent on kinesin-based dendritic transport of
NMDA receptors.

Emerging evidence has suggested that the trafficking of
NMDA1 receptors plays a key role in regulating the function of
these channels at the cell membrane (1, 2). NMDA receptors
are found both in the cytoplasm of neurons and at excitatory
synapses (3). After NR1 and NR2 subunits assemble together
to form a functional complex, NMDA receptors overcome the
endoplasmic reticulum retention and are released from the
endoplasmic reticulum (4, 5). After being further processed in
the cell body, NMDA receptors are rapidly transported along

microtubule tracks in dendritic shafts (6), followed by the de-
livery to actin-rich dendritic spines.

NMDA receptors undergo regulated transport to and from
the cell surface and lateral diffusion at synaptic and extrasyn-
aptic sites in the plasma membrane (7, 8). The PDZ domain-
mediated interactions between NR2 subunits and the synaptic
scaffolding protein PSD-95 has been proposed to be important
for stabilizing and/or promoting surface NMDA receptor ex-
pression (7, 9). Tyrosine dephosphorylation of NR1/2A recep-
tors has also been found to be critical for triggering clathrin-
dependent endocytosis (10). Moreover, NR2A and NR2B have
distinct endocytic motifs and endocytic sorting, with NR2B
undergoing more robust endocytosis than NR2A in mature
cultures (11). Despite these findings on NMDA receptor traf-
ficking at synapses, much remains unknown about the factors
regulating the long range transport of NMDA receptors along
microtubules in dendrites.

Microtubules, a polymer of �- and �-tubulins, are highly
dynamic structures (12), serving as rails along which cargoes
can be transported (13). They have been implicated in regulat-
ing nerve growth and dendrite formation (14, 15). Biochemical
studies have identified the dynamic interaction between tubu-
lin and C-terminal domains of NMDAR subunits (16). One
class of microtubule-binding proteins that bind to tubulin poly-
mers and regulate microtubule functions is motor proteins
(kinesins and dyneins). They mediate anterograde and retro-
grade intracellular transport of membranous organelles, vesi-
cles, and protein complexes along microtubules (13, 17). Bio-
chemical and immunocytochemical studies have shown that
the kinesin motor protein KIF17 is linked to NR2B-containing
vesicles via a scaffolding protein complex (18) and involved in
the dendritic transport of NMDA receptors (19). Because of the
lack of functional studies showing the interaction between mi-
crotubule/KIF17 and NMDA receptors, we have used electro-
physiological approaches to examine whether NMDA receptor-
mediated currents are affected by interfering with microtubule
stability and the function of motor protein KIF17.

EXPERIMENTAL PROCEDURES

Acute Dissociation Procedure—Prefrontal cortical neurons from
young adult (3–4-week-postnatal) rats were acutely dissociated using
procedures similar to those described previously (20, 21). All experi-
ments were carried out with the approval of the State University of New
York at Buffalo Animal Care Committee. After incubation of brain
slices in a NaHCO3-buffered saline, prefrontal cortex was dissected and
placed in an oxygenated chamber containing papain (0.8 mg/ml; Sigma)
in HEPES-buffered Hanks’ balanced salt solution (Sigma) at room
temperature. After 40 min of enzyme digestion, tissue was rinsed three
times in the low Ca2�, HEPES-buffered saline and mechanically disso-
ciated with a graded series of fire-polished Pasteur pipettes. The cell
suspension was then plated into a 35-mm Lux Petri dish, which was
then placed on the stage of a Nikon inverted microscope.

Primary Neuronal Culture—Rat prefrontal cortex cultures were pre-
pared by a modification of previously described methods (22). Briefly,
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prefrontal cortex was dissected from 18-day rat embryos, and cells were
dissociated using trypsin and trituration through a Pasteur pipette.
The neurons were plated on coverslips coated with poly-L-lysine in
Dulbecco’s modified Eagle’s medium with 10% fetal calf serum at a
density of 3000 cells/cm2. When neurons attached to the coverslip
within 24 h, the medium was changed to Neurobasal with B27 supple-
ment. Neurons were maintained for 3 weeks before being used
for recordings.

Whole Cell Recordings—Whole cell recordings of whole cell ion chan-
nel currents employed standard voltage clamp techniques (22, 23). The
internal solution consisted of 180 mM N-methyl-D-glucamine, 40 mM

HEPES, 4 mM MgCl2, 0.1 mM BAPTA, 12 mM phosphocreatine, 3 mM

Na2ATP, 0.5 mM Na2GTP, 0.1 mM leupeptin, pH 7.2–7.3, 265–270
mosM. The external solution consisted of 127 mM NaCl, 20 mM CsCl, 10
mM HEPES, 1 mM CaCl2, 5 mM BaCl2, 12 mM glucose, 0.001 mM

tetrodotoxin (TTX), 0.02 mM glycine, pH 7.3–7.4, 300–305 mosM. Re-
cordings were obtained with an Axon Instruments 200B patch clamp
amplifier that was controlled and monitored with an IBM PC running
pCLAMP (version 8) with a DigiData 1320 series interface (Axon in-
struments). Electrode resistances were typically 2–4 megaohms in the
bath. After seal rupture, series resistance (4–10 megaohms) was com-
pensated (70–90%) and periodically monitored. The cell membrane
potential was held at �60 mV. The application of NMDA (100 �M)
evoked a partially desensitizing inward current that could be blocked by
the NMDA receptor antagonist D-2-amino-5-phosphonovaleric acid (50
�M). NMDA was applied for 2 s every 30 s to minimize desensitization-
induced decrease of current amplitude. Drugs were applied with a
gravity-fed “sewer pipe” system. The array of application capillaries
(�150-�m inner diameter) was positioned a few hundred �m from the
cell under study. Solution changes were effected by the SF-77B fast step
solution stimulus delivery device (Warner Instruments).

Data analyses were performed with AxoGraph (Axon instruments),
Kaleidagraph (Albeck Software), Origin 6 (OriginLab), and Statview
(Abacus Concepts). For analysis of statistical significance, Mann-Whit-
ney U tests were performed to compare the current amplitudes in the
presence or absence of various agents. ANOVA tests were performed to
compare the differential degrees of current modulation between groups
subjected to different treatment. The dose-response data were fitted
with the equation, Y � Y0/(1 � (C/�)S), where C represents the concen-
tration, � is the EC50, and S is the slope factor.

Electrophysiological Recordings in Slices—To evaluate the regula-
tion of NMDAR-mediated excitatory postsynaptic currents by microtu-
bules in prefrontal cortex (PFC) slices, the whole cell voltage clamp
recording technique was used (22). Electrodes (5–9 megaohms) were
filled with the following internal solution: 130 mM Cs-methanesulfon-
ate, 10 mM CsCl, 4 mM NaCl, 10 mM HEPES, 1 mM MgCl2, 5 mM EGTA,
2.2 mM QX-314, 12 mM phosphocreatine, 5 mM MgATP, 0.2 mM Na3GTP,
0.1 mM leupeptin, pH 7.2–7.3, 265–270 mosM. The slice (300 �m) was
placed in a perfusion chamber attached to the fixed stage of an upright
microscope (Olympus) and submerged in continuously flowing oxygen-
ated artificial cerebrospinal fluid. Cells were visualized with a �40
water immersion lens and illuminated with near IR light, and the
image was detected with an IR-sensitive CCD camera. A Multiclamp
700A amplifier was used for these recordings. Tight seals (2–10 gigao-
hms) from visualized pyramidal neurons were obtained by applying
negative pressure. The membrane was disrupted with additional suc-
tion, and the whole cell configuration was obtained. The access resist-
ances ranged from 13–18 megaohms and were compensated 50–70%.
For the recording of NMDAR-mediated EPSCs, cells were bathed in
artificial cerebrospinal fluid containing 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX) (20 �M) and bicuculline (10 �M) to block �-amino-3-
hydroxy-5-methyl-4-isoxazoleproprionic acid/kainate receptors and
GABAA receptors. Evoked currents were generated with a 50-�s pulse
from a stimulation isolation unit controlled by a S48 pulse generator
(Astro-Med). A bipolar stimulating electrode (Fredrick Haer Company,
Bowdoinham, ME) was positioned �100 �m from the neuron under
recording. Before stimulation, cells (voltage-clamped at �70 mV) were
depolarized to �60 mV for 3 s to fully relieve the voltage-dependent
Mg2� block of NMDAR channels. The Clampfit program (Axon Instru-
ments) was used to analyze evoked synaptic activity. The amplitude of
EPSC was calculated by taking the mean of a 2–4-ms window around
the peak and comparing with the mean of a 4–8-ms window immedi-
ately before the stimulation artifact.

Antisense—To knock down the expression of KIF17 in cultured cortical
neurons, we used the antisense oligonucleotide approach as previously
described (19). The antisense oligonucleotide against KIF17 cDNA was
5�-CAGAGGCTCACCACCGAA-3�, and the corresponding sense oligonu-
cleotide was 5�-TTCGGTGGTGAGCCTCTG-3�. After 8–11 days of cul-

ture, 1 �M oligonucleotides was added directly to the culture medium. 2–3
days after being exposed to these oligonucleotides, electrophysiological
recordings were performed on the cultured neurons.

Determination of Microtubule Stability—Free tubulin was extracted
as previously described (24). Cultured cortical neurons (14 days in vitro)
in 3.5-cm dishes were washed twice with 1 ml of microtubule-stabilizing
buffer (0.1 M MES (pH 6.75), 1 mM MgSO4, 2 mM EGTA, 0.1 mM EDTA,
4 M glycerol). Cells were then incubated at 37 °C for 5 min in 600 �l of
soluble tubulin extraction buffer (0.1 M MES (pH 6.75), 1 mM MgSO4, 2
mM EGTA, 0.1 mM EDTA, 4 M glycerol, 0.1% Triton X-100) with the
addition of protease inhibitor mixture tablets (Roche Applied Science).
The soluble extract was centrifuged at 37 °C for 2 min, and the super-
natant was saved. An equal amount of protein was separated by a 10%
SDS-polyacrylamide gel. Western blot was performed using anti-�-
tubulin (1:2000; Sigma) as the primary antibody. After Western
blot, the tubulin bands were scanned and quantitatively analyzed with
NIH Image.

Immunocytochemical Staining—For the detection of GFP-NR2B
(25) on the cell surface, cultured neurons were treated with different
agents following transfection, and then they were fixed in 4%
paraformaldehyde but not permeabilized. After background blocking
in bovine serum albumin, the cells were incubated with the anti-GFP
antibody (1:100; Chemicon) at room temperature for 1 h. After wash-
ing off the primary antibodies, the cells were incubated with a rho-
damine-conjugated secondary antibody (1:200; Sigma) for 50 min at
room temperature. After washing in phosphate-buffered saline three
times, the coverslips were mounted on slides with VECTASHIELD
mounting medium (Vector Laboratories). Fluorescent images were
obtained using a �60 objective with a cooled CCD camera mounted on
a Nikon microscope.

The surface GFP-NR2B clusters were measured using the Image J
software. All specimens were imaged under identical conditions and
analyzed using identical parameters. To define dendritic clusters, a
single threshold was chosen manually, so that clusters corresponded
to puncta of 2-fold greater intensity than the diffuse fluorescence on
the dendritic shaft. 3–4 independent experiments for each of the
treatments were performed. On each coverslip, the cluster density,
size, and fluorescence intensity of 4–6 neurons (2–3 dendritic seg-
ments of at least 50 �m length per neuron) were measured. Quanti-
tative analyses were conducted blindly (without knowledge of exper-
imental treatment).

RESULTS

Depolymerizing Microtubule Causes a Potent Reduction of
NMDAR Currents—To test the hypothesis that interference of
NMDA receptor transport along microtubules in dendrites
could affect NMDAR currents, we examined the effect of agents
that depolymerize microtubules on whole cell NMDAR-medi-
ated currents in cultured or acutely dissociated pyramidal neu-
rons from PFC. As shown in Fig. 1, A and B, application of the
microtubule-depolymerizing agent nocodazole (30 �M) caused a
gradual decline of NMDAR currents. This effect had slow onset
kinetics, taking 10–20 min to stabilize. Colchicine (30 �M),
another microtubule-depolymerizing agent, induced a similar
inhibition of NMDAR currents (Fig. 1C). Without these agents,
the amplitude of NMDAR currents was stable throughout the
recording (Fig. 1, A and C). As summarized in Fig. 1D, in a
sample of cultured PFC pyramidal neurons we tested, both
nocodazole and colchicine significantly reduced NMDAR cur-
rents (nocodazole: 27.1 � 1.5%, n � 38; colchicine: 29.0 � 2.8%,
n � 5; p � 0.001, Mann-Whitney). Similar effects were found
in acutely dissociated neurons we tested (nocodazole: 22.6 �
1.4%, n � 19; colchicine: 19.4 � 1.5%, n � 19; p � 0.001,
Mann-Whitney).

Because the NMDA-evoked current in isolated neurons is
mediated by both synaptic and extrasynaptic NMDA receptors,
we further examined the effect of microtubule-depolymerizing
agents on NMDAR-EPSCs evoked by stimulation of synaptic
NMDA receptors in PFC slices. As shown in Fig. 1, E and F,
application of colchicine (30 �M) induced a significant reduction
in the amplitude of NMDAR-EPSCs. In parallel control meas-
urements, NMDAR-EPSCs remained stable throughout the re-
cording. In a sample of PFC pyramidal neurons we examined,
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colchicine decreased the mean amplitude of NMDAR-EPSCs by
33.1 � 3.3% (n � 7, p � 0.001, Mann-Whitney).

To confirm the microtubule dependence of the effect of no-
codazole or colchicine on NMDAR currents, we applied taxol, a
microtubule-stabilizing agent. As shown in Fig. 2, A and B,
bath application of taxol (10 �M) caused little change on
NMDAR currents, but it abolished the effect of nocodazole or
colchicine on NMDAR currents. Washing off taxol led to the
recovery of the inhibitory effect of nocodazole or colchicine.
Similarly, intracellular injection of taxol (40 �M) also blocked
the effect of nocodazole on NMDAR currents (Fig. 2C). As
summarized in Fig. 2D, in the presence of taxol, the effect of
nocodazole or colchicine on NMDAR currents was significantly
attenuated (nocodazole: 22.8 � 3.4%, n � 6; nocodazole � taxol:
2.2 � 1.0%, n � 6; p � 0.005, ANOVA; colchicine: 21 � 1.7%,
n � 6; colchicine � taxol: 5.9 � 1.4%, n � 6; p � 0.005,
ANOVA). Taxol itself had little effect on NMDAR currents
(4.8 � 0.9%, n � 13; p 	 0.05, Mann-Whitney).

The Microtubule Regulation of NMDAR Currents Is Ca2�-
independent but Depends on GTP and the Concentration of
NMDA—Previous studies have shown that NMDA receptors
are affected by the integrity of F-actin (26). Thus, we compared
the effect of actin or microtubule depolymerizing agents on
NMDAR currents. As shown in Fig. 3A, application of the

potent actin depolymerizer latrunculin B (5 �M) resulted in a
gradual decrease of NMDAR current, similar to the effect of
microtubule-depolymerizing agents (Fig. 1). However, when
cells were injected with a high concentration of BAPTA (10 mM)
to prevent the elevation of intracellular Ca2�, latrunculin B
lost the capability to inhibit NMDAR currents, whereas the
effect of nocodazole was intact (Fig. 3B). As summarized in Fig.
3C, latrunculin B and nocodazole produced a similar reduction
of NMDAR currents in the absence of intracellular Ca2� che-
lator (nocodazole: 29.8 � 1.2%, n � 5; latrunculin B: 25.3 �
2.8%, n � 6; p � 0.001, Mann-Whitney), but the effect of
latrunculin B was almost abolished by high BAPTA (6.4 �
1.1%, n � 5, p 	 0.05, Mann-Whitney), whereas the effect of
nocodazole was not affected by high BAPTA (28.8 � 2.8%, n �
4, p � 0.001, Mann-Whitney). These results suggest that actin
regulates NMDA receptors through a Ca2�-dependent mecha-
nism, whereas the microtubule-based regulation of NMDA re-
ceptors is Ca2�-independent.

The effect of microtubule-depolymerizing agents on NMDAR
currents found in this study was in contrast with the previous
finding showing the lack of effect with colchicine (26). Several
reasons may explain the discrepancy. First, we found that the
effect of microtubule-depolymerizing agents on NMDAR cur-
rents required the presence of GTP, which plays a crucial role

FIG. 1. Application of microtubule
depolymerizers reduced NMDAR-me-
diated currents. A and C, plot of nor-
malized peak NMDAR currents showing
that the microtubule-depolymerizing
agent nocodazole (Noc; 30 �M) (A) or col-
chicine (30 �M (C) decreased NMDA (100
�M)-evoked currents in cultured PFC py-
ramidal neurons. B, representative cur-
rent traces taken from the records used to
construct A (at time points denoted by #).
Inset (C), representative current traces
(at time points denoted by #). Scale bars,
100 pA, 1 s. D, cumulative data (mean �
S.E.) showing the percentage reduction of
NMDAR currents by nocodazole or colchi-
cine in a sample of cultured or acutely
dissociated neurons. The number of cells
tested is shown in parentheses. E, plot of
normalized peak evoked NMDAR-EPSCs
in pyramidal neurons from PFC slices
with or without exposure to colchicine
(30 �M). Each point represents the aver-
age peak (mean � S.E.) of three consecu-
tive NMDAR-EPSCs. F, representative
current traces (average of 10 trials) taken
from the records used to construct E (at
time points denoted by #). Scale bars, 100
pA, 100 ms. ctl, control.
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in regulating microtubule dynamics (12). When neurons were
dialyzed with a GTP-free solution as previously described (26),
NMDAR currents showed a fast decline, and subsequent appli-
cation of nocodazole failed to produce any further effect (n � 5,
Fig. 4A). Second, we found that the effect of microtubule-depo-
lymerizing agents on NMDAR currents was dependent on the
concentration of NMDA (Fig. 4B). When a low concentration
(10 �M) of NMDA was applied to elicit NMDAR currents as
previously described (26), nocodazole had little effect (2.0 �
1.2%, n � 5, p 	 0.05, Mann-Whitney), but nocodazole caused
a potent reduction of the current evoked by high concentrations
(100–500 �M) of NMDA (100 �M: 22.8 � 2.5%, n � 8; 500 �M:
26.2 � 2.5%, n � 5; p � 0.001, Mann-Whitney). As shown in the
full concentration response curve (Fig. 4C), nocodazole pro-
duced a half-maximal effect at 36.6 �M NMDA. Comparing the
dose responses of NMDAR currents in cells treated with or
without nocodazole (Fig. 4D), we found that the EC50 was not
significantly changed (nontreated: 45.5 �M; nocodazole-treated:
38.1 �M), but the current amplitude was significantly reduced
by nocodazole at high concentrations of NMDA, suggesting that
the surface NMDAR numbers are decreased after nocodazole
treatment. These results indicate that the regulatory effect of
microtubule dynamics is more prominent only when a large
pool of NMDA receptors on the membrane is activated by high
concentrations of NMDA.

The Microtubule Regulation of NMDAR Currents Primarily
Targets NR2B-containing NMDA Receptor Channels—The pri-
mary NMDA receptors in mature cortical synapses, which are
composed of NR1/NR2A or NR1/NR2B, have different subcel-
lular localization (27, 28). NR2A-containing NMDA receptors
are mainly concentrated at postsynaptic densities of dendritic
spines, whereas NR2B-containing NMDA receptors are located
at synaptic and extrasynaptic sites of dentritic shafts and

spines (29, 30). To determine which subpopulation(s) of
NMDARs is modulated by microtubules, we applied the selec-
tive inhibitor of the NR2B subunit, ifenprodil (31). Blocking
NR2B subunit-containing NMDARs with ifenprodil (3 �M) re-
duced the amplitude of NMDAR currents by 53.3 � 2.0% in
acutely isolated PFC pyramidal neurons (n � 14). In the pres-
ence of ifenprodil, nocodazole had almost no effect on the re-
maining NMDAR currents (Fig. 5, A and B). In a sample of
dissociated neurons we tested (Fig. 5C), ifenprodil significantly
blocked the effect of nocodazole on NMDAR currents (nocoda-
zole: 24 � 2.5%, n � 7; nocodazole � ifenprodil: 2.4 � 1.3%, n �
8; p � 0.005, ANOVA). Moreover, ifenprodil (3 �M) reduced the
amplitude of NMDAR-EPSCs by 34.0 � 2.0% in PFC pyramidal
neurons from slices (n � 6). In the presence of ifenprodil,
colchicine (30 �M) had much less effect on the remaining
NMDAR-EPSCs (Fig. 5, D–F, colchicine: 33.1 � 3.3%, n � 7;
colchicine � ifenprodil: 9.3 � 0.7%, n � 5; p � 0.01, ANOVA).
These data suggest that NR2B subunit-containing NMDA re-
ceptors are the primary targets of microtubule regulation.

The Microtubule Regulation of NMDAR Currents Involves the
Transport of NR2B-containing Vesicles by the Kinesin Motor Pro-
tein KIF17—KIF17, a kinesin motor protein, is linked to NR2B-
containing vesicles (18). To test whether the KIF17-mediated
transport of NMDA receptors is involved in the microtubule
regulation of NMDAR currents, we performed cellular knock-
down of KIF17 by treatment of cortical cultures with antisense
oligonucleotides (1 �M) and examined the effect of nocodazole on
NMDAR currents in these cultures. KIF17 sense oligonucleotides
(1 �M) were used as a control. It has been shown that KIF17
antisense oligonucleotides totally inhibited KIF17 expression in
hippocampal cultures (19). We found that in cultured PFC neu-
rons treated with KIF17 antisense oligonucleotides, the basal
whole cell NMDAR currents were reduced (nontreated: 1122.2 �

FIG. 2. The microtubule stabilizer
prevented the suppression of
NMDAR currents by microtubule de-
polymerizers. A and B, plot of peak
NMDAR currents showing that the micro-
tubule-stabilizing agent taxol (10 �M)
blocked the effect of nocodazole (Noc; 30
�M) (A) or colchicine (30 �M) (B). C, plot of
normalized peak NMDAR currents show-
ing the effect of nocodazole in cells dia-
lyzed with or without taxol (40 �M). D,
cumulative data (mean � S.E.) showing
the percentage reduction of NMDAR cur-
rents by various agents. The number of
cells tested is shown in parentheses. *, p �
0.005, ANOVA. ctl, control.
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92.8 pA, n � 10; KIF antisense: 546.7 � 36.7 pA, n � 23; KIF
sense: 1380 � 355.6 pA, n � 6), but the selective NR2B inhibitor
ifenprodil (3 �M) reduced the whole cell NMDAR currents by
63.8 � 3.5% (n � 11), suggesting that a significant portion of
NR2B-containing channels remained in the KIF17 antisense-
treated neurons. Application of nocodazole had little effect on
NMDAR currents in neurons exposed to KIF17 antisense oligo-
nucleotides, whereas the effect of nocodazole was intact in neu-
rons exposed to KIF17 sense oligonucleotides (Fig. 6, A and B). As
summarized in Fig. 6C, nocodazole produced little reduction of
NMDAR currents in KIF17 antisense-treated neurons (3.5 �
1.0%, n � 13, p 	 0.05, Mann-Whitney), which was significantly
different from the effect of nocodazole in cultured neurons treated
with KIF17 sense oligonucleotides (26.6 � 1.9%, n � 5, p � 0.001,
Mann-Whitney). These results suggest that the microtubule

regulation of NMDAR currents involves the transport of
NR2B-containing NMDA receptors in dendrites by the motor
protein KIF17.

Neurotrophins Stabilize the Microtubule Network and Pre-
vent the Suppression of NMDAR Currents by Microtubule De-
polymerizers—The electrophysiological evidence has suggested
that microtubule regulates NMDAR currents through a trans-
port-dependent mechanism; we further tested whether some
neuromodulators could alter microtubule stability, leading to
the change of microtubule regulation of NMDA receptors. Bio-
chemical measurements were used to compare the level of free
(depolymerized) tubulin in cultured PFC neurons subjected to
treatment with nocodazole in the absence or presence of BDNF.
As shown in Fig. 7, A and B, application of nocodazole (10 �M)
caused a potent increase in free tubulin (2.2 � 0.15-fold in-
crease, n � 3, p � 0.001, ANOVA); however, this effect was
significantly blocked by BDNF (20 ng/ml) treatment (0.3 �
0.18-fold increase, n � 3), indicating that BDNF could increase
microtubule stability and prevent nocodazole-induced microtu-
bule depolymerization.

We then examined the effect of microtubule depolymerizers on
NMDAR currents in cells treated with BDNF. As shown in Fig. 7,
C and D, in the presence of BDNF (10 ng/ml), nocodazole mark-
edly lost the capability to reduce NMDAR currents. In a sample
of neurons we tested (Fig. 7E), nocodazole produced a little effect
on NMDAR currents in neurons treated with BDNF (6.7 � 1.4%,
n � 11, p 	 0.05, Mann-Whitney), which was significantly
smaller than the effect of nocodazole in the absence of BDNF

FIG. 3. The regulation of NMDAR currents by microtubule or
actin had different Ca2� dependence. A, plot of normalized peak
NMDAR currents showing the effect of the actin-depolymerizing agent
latrunculin B (Lat; 5 �M). Inset, representative current traces (at time
points denoted by #). Scale bars, 100 pA, 1 s. B, plot of normalized peak
NMDAR currents showing that dialysis with a high concentration of
BAPTA (10 mM) blocked the effect of latrunculin B but not nocodazole
(Noc; 30 �M). C, cumulative data (mean � S.E.) showing the percentage
reduction of NMDAR currents by latrunculin B or nocodazole in the
absence or presence of high BAPTA. The number of cells tested is shown
in parentheses. *, p � 0.005, ANOVA. ctl, control.

FIG. 4. The microtubule regulation of NMDAR currents re-
quired GTP and depended on the concentration of NMDA. A, plot
of peak NMDA (100 �M)-evoked currents in a PFC pyramidal neuron
dialyzed with the GTP-free internal solution. Note that without GTP,
the current amplitude gradually declined, and subsequent application
of the microtubule-depolymerizing agent nocodazole (30 �M) had no
further effect on the current. B, representative recordings in dissociated
PFC pyramidal neurons showing that nocodazole (Noc; 30 �M) had little
effect on the current evoked by a low concentration of NMDA (10 �M)
but caused a potent reduction of the current evoked by a high concen-
tration of NMDA (500 �M). Scale bars, 100 pA, 1 s. C, full concentration
response curve showing the percentage reduction by nocodazole of the
current evoked by different concentrations of NMDA. Each point is the
mean � S.E. of 5–8 cells. D, dose-response curves of peak NMDAR
currents in cells treated with (n � 6) or without (n � 4) nocodazole (30
�M, 30 min). ctl, control.
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(22.7 � 2.0%, n � 7, p � 0.001, Mann-Whitney). To test whether
BDNF treatment alone may increase NMDAR currents and is
simply offsetting the effect of nocodazole, we also examined the
effect of BDNF on NMDAR currents. As shown in Fig. 7F, bath
application of BDNF (10 ng/ml) had little effect on NMDAR
currents (2.3 � 1.4%, n � 4, p 	 0.05, Mann-Whitney). These
data suggest that the microtubule regulation of NMDA receptors
can be altered by neuromodulators that are capable of affecting
the stability of the microtubule network.

Microtubule Depolymerizers Reduce the Number of Surface
NR2B Subunits on Neuronal Dendrites—To provide morpho-
logical evidence of the changes of NMDAR distribution in-
duced by microtubule depolymerizers, we performed the
quantitative surface immunostaining assay in cortical cul-
tures. Neurons were transfected with a GFP-tagged NR2B
subunit (the GFP tag is placed at the extracellular N termi-
nus of NR2B). The GFP-NR2B has been shown to exhibit

similar properties and localization as endogenous NR2B sub-
unit (25). Surface distribution of the recombinant NR2B was
assessed by immunostaining with anti-GFP primary anti-
body followed by rhodamine-conjugated secondary antibody
in nonpermeabilized conditions.

Punctate red fluorescence was clearly visible on dendritic
branches of the GFP-NR2B transfected cells under control
conditions (Fig. 8A), whereas in neurons treated with nocoda-
zole (30 �M, 40 min), the fluorescent GFP-NR2B surface
clusters on dendrites were markedly reduced (Fig. 8B). The
microtubule stabilizer taxol (10 �M, 15-min pretreatment)
blocked the capability of nocodazole to reduce NR2B surface
clusters on dendrites (Fig. 8C). Quantitative analyses (Fig.
8D) show that the surface NR2B cluster density on dendrites
was significantly decreased by nocodazole (32.6 � 0.7 clus-
ters/30 �m in controls versus 19.0 � 0.9 clusters/30 �m in
nocodazole-treated neurons; p � 0.01, ANOVA), which was

FIG. 5. Microtubule targeted NR2B-
containing NMDAR channels. A, plot
of peak NMDAR currents showing the ef-
fect of nocodazole (Noc; 30 �M) in the ab-
sence or presence of ifenprodil (3 �M), the
selective inhibitor of NR2B subunit. B,
representative current traces taken from
the records used to construct A (at time
points denoted by #). Scale bars, 200 pA,
1 s. C, cumulative data (mean � S.E.)
showing the percentage reduction of
NMDAR currents by nocodazole in the
absence or presence of ifenprodil (Ife). The
number of cells tested is shown in paren-
theses. *, p � 0.005, ANOVA. D, plot of
peak NMDAR-EPSCs showing the effect
of colchicine (30 �M) in the presence of
ifenprodil (3 �M). Each point represents
the average peak (mean � S.E.) of three
consecutive NMDAR-EPSCs. E, repre-
sentative current traces (average of 10
trials) taken from the records used to con-
struct D (at time points denoted by #).
Scale bars, 100 pA, 100 ms. F, cumulative
data (mean � S.E.) showing the percent-
age reduction of NMDAR-EPSCs by col-
chicine in the absence or presence of ifen-
prodil. The number of cells tested is
shown in parentheses. *, p � 0.01,
ANOVA. ctl, control.

FIG. 6. The microtubule modulation of NMDAR currents involved the transport of NR2B-containing vesicles by the kinesin motor
protein KIF17. A, plot of normalized peak NMDAR currents showing the effect of nocodazole (30 �M) in neurons treated with KIF17 antisense
or sense oligonucleotides. B, representative current traces taken from the records used to construct A (at time points denoted by #). Scale bars, 100
pA, 1 s. C, cumulative data (mean � S.E.) showing the percentage reduction of NMDAR currents by nocodazole in a sample of cultured neurons
treated with KIF17 antisense (AS) or sense oligonucleotides. The number of cells tested is shown in parentheses. *, p � 0.005, ANOVA. ctl, control;
Noc, nocodazole.
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blocked by taxol (31.2 � 1.3 clusters/30 �m in neurons
treated with taxol versus 33.8 � 1.0 clusters/30 �m in neu-
rons treated with taxol � nocodazole). The average size of
surface NR2B clusters on dendrites was also significantly
decreased by nocodazole (0.33 � 0.01 �m2 in controls versus
0.16 � 0.01 �m2 in nocodazole-treated neurons; p � 0.01,
ANOVA) (Fig. 8D), and this effect was blocked by taxol
(0.32 � 0.01 �m2 in neurons treated with taxol versus 0.29 �
0.01 �m2 in neurons treated with taxol � nocodazole). The
fluorescence intensity of surface NR2B clusters was largely
unchanged (Fig. 8D). The total amount of NR2B receptor
(GFP channel) was not altered by nocodazole treatment (data
not shown). These data suggest that interfering with micro-
tubule assembly reduces the number of surface NR2B sub-
units on neuronal dendrites.

DISCUSSION

In this study, we provide direct physiological evidence show-
ing that the NMDAR response is regulated by microtubule
dynamics. Agents that depolymerize microtubules cause a po-
tent suppression of NMDAR-mediated currents. Unlike the
actin regulation of NMDA channel activity (26), which occurs
via Ca2�/calmodulin-dependent release of NMDA receptors
from the actin cytoskeleton (32), the microtubule regulation of
NMDA channel activity is through a Ca2�-independent process
involving the motor protein-mediated dendritic transport of
NR2B-containing NMDA receptors.

The trafficking of NMDA receptors has been an object of
intense research effort recently, and most findings are concen-
trated in the subunit assembly, synaptic delivery, and inter-
nalization of NMDA receptors (2, 4, 7, 10). Much less is known
about the dendritic transport of NMDA receptors before reach-
ing synapses. Because microtubules are highly dynamic struc-
tures, undergoing rapid, GTP-dependent transitions between
growth and shrinkage states (12), the regulatory effect of mi-
crotubule destabilizers could not be observed in GTP-free con-
ditions (26). Moreover, our data suggest that only when a large
pool of NMDA receptors on the membrane is activated by high
concentrations of NMDA does the repression of microtubule-
dependent transport of NMDA receptors on the dendrites have
a significant impact on the NMDAR-mediated response.

The finding that KIF17, a member of the kinesin superfamily
of microtubule motor proteins, indirectly associates with
NR2B-containing vesicles (18) suggests that functional NMDA
receptors on the plasma membrane can be regulated by micro-
tubule-based transport (19). About 45 members of the kinesin
protein superfamily (KIF proteins) have been identified, and
they participate in selective transport of different cargoes to
specific destinations in a microtubule- and ATP-dependent
manner (33). The earlier identified KIF5 (originally called
kinesin I) transports �-amino-3-hydroxy-5-methyl-4-isox-
azoleproprionic acid receptor-containing vesicles (34), and it
has been found that the �-amino-3-hydroxy-5-methyl-4-isox-
azoleproprionic acid receptor-mediated, but not the NMDA re-
ceptor-mediated, transmission is affected by injection with an
antibody against the kinesin I heavy chain (35). KIF17 trans-
ports NMDA receptor-containing vesicles by interacting
through the LIN complex (18) and delivers at least 30% of
NR2B in dendrites (19). Our present data show that specific
suppression of KIF17 expression with antisense treatment pre-
vents the regulation of NMDAR currents by interfering with
microtubule dynamics, suggesting that the KIF17-mediated
transport of NMDA receptors along microtubules plays an im-
portant role in the cellular response to NMDA.

In addition to motor proteins, another class of microtubule-
binding proteins, such as microtubule-associated proteins
(MAPs), can also modulate polymerization and stability of mi-
crotubules (36, 37). MAP2, a particular family of MAPs that is
highly expressed in neuronal dendrites (38, 39), is an excellent
in vitro substrate for several protein kinases (40). Phosphoryl-
ation of MAP2 affects the ability of MAP2 to bind and stabilize
microtubules (41, 42). Neurotrophins, such as BDNF, prevent
the destabilization of microtubule network and suppression of
NMDAR currents by microtubule depolymerizers. One possible
mechanism underlying this event is that BDNF treatment
changes the phosphorylation state of MAP2, therefore altering
the association of MAP2 with microtubules and subsequent
microtubule stability (43, 44), leading to the change of micro-
tubule-dependent transport of NMDA receptors.

To provide more direct evidence on the changes in the distri-
bution of NMDARs in response to microtubule depolymerization,
we performed surface labeling of GFP-tagged NR2B subunits

FIG. 7. BDNF treatment blocked the microtubule depolymer-
izer-induced decrease of microtubule stability and suppression
of NMDAR currents. A, Western blot analysis of free tubulin in
lysates of cultured PFC neurons treated without (�) or with nocodazole
(Noc; 10 �M, 12 min) in the absence or presence of BDNF treatment (20
ng/ml, 60 min). Blotting (WB) of actin was used as a loading control. B,
quantification of free tubulin assay. Free tubulin level was normalized
to control (�), based on the intensity of the free tubulin band from
Western blot analyses. *, p � 0.001, ANOVA. C, plot of normalized peak
NMDAR currents showing the effect of nocodazole (30 �M) in the ab-
sence or presence of BDNF (10 ng/ml). D, representative current traces
taken from the records used to construct C (at time points denoted by #).
Scale bars, 100 pA, 1 s. E, cumulative data (mean � S.E.) showing the
percentage reduction of NMDAR currents by nocodazole in the absence
or presence of BDNF. The number of cells tested is shown in parenthe-
ses. *, p � 0.005, ANOVA. F, plot of peak NMDAR currents showing the
effect of BDNF (10 ng/ml) in a freshly dissociated PFC pyramidal
neuron. Inset, representative current traces (at time points denoted
by #). Scale bars, 100 pA, 1 s. ctl, control.
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(25) in transfected cortical neurons. Microtubule depolymerizers
significantly decreased the density and size of surface NR2B
clusters on dendritic shafts, an effect blocked by the microtubule
stabilizer taxol. These immunocytochemical results further prove
that the inhibitory effect of microtubule depolymerizers on
NMDAR currents is probably due to the reduction of the trans-
port of NMDA receptors to dendritic membrane.

Taken together, this study shows that NMDAR function is
regulated by microtubule dynamics. Emerging evidence has
suggested that neurons require microtubule-based transport
systems to ferry vital cellular cargoes to support their functions
(45). Thus, the microtubule/kinesin-based transport system
that is responsible for NMDA receptor trafficking provides a
potentially important mechanism for regulating synaptic plas-
ticity and associated learning and memory.
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FIG. 8. Microtubule depolymerizer treatment decreases the number of surface NR2B clusters on dendrites. A–C, immunocytochem-
ical images of surface NR2B in transfected cortical cultures treated without (ctl) or with nocodazole (Noc; 30 �M, 40 min) in the absence or presence
of taxol (10 �M). Enlarged versions of the boxed regions of dendrites are shown under each of the images. D, quantitative analysis of surface NR2B
clusters (cluster density, cluster size, and cluster intensity) along dendrites under different treatment. *, p � 0.01, ANOVA.
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