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Background: It is important to understand the pathophysiology of Huntington disease (HD).
Results: Huntingtin altered AMPAR-mediated synaptic transmission via a mechanism depending on the microtubule (MT)
motor KIF5. The AMPAR/KIF5/MT complex was disrupted in a HD mouse model.
Conclusion: AMPAR trafficking and function is impaired by mutant huntingtin.
Significance: It could underlie the deficits in movement control and cognitive processes in HD conditions.

Emerging evidence from studies of Huntington disease (HD)
pathophysiology suggests that huntingtin (htt) and its associ-
ated protein HAP1 participate in intracellular trafficking and
synaptic function. However, it is largely unknown whether
AMPA receptor trafficking, which is crucial for controlling the
efficacy of synaptic excitation, is affected by the mutant hun-
tingtin with polyglutamine expansion (polyQ-htt). In this study,
we found that expressing polyQ-htt in neuronal cultures signif-
icantly decreased the amplitude and frequency of AMPAR-me-
diated miniature excitatory postsynaptic current (mEPSC),
while expressing wild-type huntingtin (WT-htt) increased
mEPSC. AMPAR-mediated synaptic transmission was also
impaired in a transgenic mousemodel of HD expressing polyQ-
htt. The effect of polyQ-htt on mEPSC was mimicked by knock-
down of HAP1 and occluded by the dominant negative HAP1.
Moreover, we found that huntingtin affectedmESPC via amecha-
nism depending on the kinesin motor protein, KIF5, which con-
trols the transport of GluR2-containing AMPARs along microtu-
bules indendrites. TheGluR2/KIF5/HAP1complexwasdisrupted
and dissociated from microtubules in the HD mouse model.
Together, these data suggest thatAMPAR trafficking and function
is impaired bymutant huntingtin, presumably due to the interfer-
ence of KIF5-mediated microtubule-based transport of AMPA
receptors. The diminished strength of glutamatergic transmission
could contribute to the deficits inmovement control and cognitive
processes in HD conditions.

Because the discovery that Huntington disease (HD)2 is
caused by an abnormally elongated polyglutamine (polyQ)

repeat in the N-terminal region of the large protein hunting-
tin (htt) (1), extensive studies have been performed to
explore the normal function of huntingtin in neurons and
the molecular mechanism by which polyQ-htt causes selec-
tive neuronal dysfunction and degeneration. It is thought
that huntingtin is a scaffold protein that facilitates the
assembly of various protein complexes (2). Huntingtin-asso-
ciated protein 1 (HAP1) is the first identified htt-binding
partner (3). HAP1 is enriched in the brain and it interacts
more tightly with polyQ-htt than WT-htt (3). It has been
suggested that huntingtin and HAP1 participate in intracel-
lular trafficking and synaptic function, and polyglutamine
expansion affects vesicular transport (4, 5).
HAP1 associates with kinesin or dynein microtubule motor

proteins (6–9), which play a critical role in the anterograde or
retrograde transport of neuronal cargos between cell bodies
and dendritic/axonal terminals (10, 11). Growing evidence sug-
gests that deficits in these neuronal transport systems underlie
the pathogenesis of a number of neurodegenerative diseases
(12). It has been found that mutant huntingtin impairs the
HAP1-dependent vesicular transport of brain-derived neu-
rotrophic factor (BDNF) alongmicrotubules, which is concom-
itant with its altered interactions with HAP1 and the dynein-
associated protein dynactin p150 (8). Mutant huntingtin also
reduces the association of HAP1 with dynactin p150 and kine-
sin light chain and thereby decreases the intracellular level of
receptor tyrosine kinase (TrkA), a nerve growth factor receptor
whose internalization and trafficking are required for neurite
outgrowth (13).Moreover, suppressing the expression ofHAP1
inhibits the kinesin-dependentGABAAR trafficking and synap-
tic inhibition (14, 15). These findings suggest that HD may be
associated with disrupted HAP1 transport of cargos along
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microtubules that are critical for maintaining neuronal
functions.
AMPA receptor, the major mediator of excitatory transmis-

sion in the CNS, is highly involved in synaptic plasticity and
cognitive functions. Biochemical studies have found that the
kinesin motor protein 5 (KIF5) is important for the microtu-
bule-based transport of GluR2-containing AMPA receptors
(16). BecauseHAP1 interacts with KIF5 (9, 15), it prompts us to
speculate that the abnormal interaction between mutant hun-
tingtin and HAP1 will cause the disruption of the HAP1/KIF5/
GluR2 complex, leading to impaired transport of AMPA recep-
tors along dendritic microtubules. The loss of glutamatergic
synaptic transmission could underlie some of the defects in
information processing occurring in HD.

MATERIALS AND METHODS

Primary Neuronal Culture and Transfection—Rat cortical or
striatal cultures were prepared as described previously (17, 18).
Briefly, cells from 18d rat embryos were dissociated using tryp-
sin and trituration through a Pasteur pipette. When neurons
were attached to the coverslip within 24 h, the medium was
changed to Neurobasal with B27 supplement. Cultured neu-
rons (12–14 DIV) were transfected with various constructs or
siRNA using Lipofectamine 2000 method, which included
EGFP-tagged N-terminal fragment of huntingtin containing
the first 480 amino acids with 17Q (WT-htt) or 68Q (polyQ-
htt), HAP1 siRNA (15), and KLC1 (Kinesin Light Chain 1)
siRNA (Santa Cruz Biotechnology). To knockdown the expres-
sion of KIF17, the antisense oligonucleotide (1 �M) (19, 20) was
added directly to the culture medium. Electrophysiological
recordings were performed 2–3 days after transfection.
Electrophysiological Recording of Synaptic AMPAR Currents—

Recording of miniature excitatory postsynaptic currents
(mEPSC) in cultured neurons used the whole-cell patch clamp
technique (18). Electrodes (5–9M�) were filled with the inter-
nal solution (in mM): 130 Cs-methanesulfonate, 10 CsCl, 4
NaCl, 10 HEPES, 1 MgCl2, 5 EGTA, 2.2 QX-314, 12 phospho-
creatine, 5 MgATP, 0.2 Na2GTP, 0.1 leupeptin, pH 7.2–7.3,
265–270 mOsm. The external solution consisted of (in mM):
127 NaCl, 5 KCl, 10 HEPES, 2 MgCl2, 2 CaCl2, 2 glucose, pH
7.3–7.4, 300–305 mOsm. TTX (0.5 �M), bicuculline (10 �M)
and D-APV (25 �M) were added to block action potentials,
GABAA receptors and NMDA receptors, respectively. The cell
membrane potential was held at �70 mV and all recordings
were performed at room temperature.
For evoked EPSC recording (21) in striatal slices, the internal

solution contained: 130 Cs-methanesulfonate, 10 CsCl, 4 NaCl,
10 HEPES, 1MgCl2, 5 EGTA, 2.2 QX-314, 12 phosphocreatine,
5MgATP, 0.2Na3GTP, and 0.1 leupeptin, pH 7.2–7.3, 265–270
mOsm. Slices (300 �m) were placed in a perfusion chamber
attached to the fixed stage of an upright microscope (Olympus)
and submerged in continuously flowing oxygenated artificial
CSF (ACSF) containing bicuculline (10 �M) and D-APV (25
�M). Cells were visualized with a 40X water-immersion lens
and illuminated with near infrared (IR) light, and the image was
detectedwith an IR-sensitive CCDcamera. AMulticlamp 700A
amplifier was used for these recordings. Tight seals (2–10 G�)
from visualized pyramidal neurons were obtained by applying

negative pressure. The membrane was disrupted with addi-
tional suction, and the whole-cell configuration was obtained.
The access resistances ranged from 13–18 M�. Evoked cur-
rents were generated with a pulse from a stimulation isolation
unit controlled by a S48 pulse generator (Astro Med, West
Warwick, RI). A bipolar stimulating electrode (FHC, Bowdoin-
ham, ME) was positioned �100 �m from the neuron under
recording. Membrane potential was held at �70mV during the
recording.
Mini Analysis Program (Synaptosoft, Leonia, NJ) was used to

analyze the spontaneous synaptic events. Statistical compari-
sons of mEPSC were made using Kolmogorov-Smirnov (K-S)
test. Clampfit (Axon instruments) was used to analyze evoked
synaptic currents. ANOVA, followed by post hoc Tukey tests,
was performed to detect statistical significance between groups
subjected to different treatments.
Knockdown Measurement—The full-length open reading

frame of KLC1was amplified from rat brain cDNAby PCR, and
a Flag tagwas added to theN-terminal in frame. The PCRprod-
uct was cloned to T/A vector, and then subcloned to pcDNA3.1
expression vector. The constructwas verified byDNA sequenc-
ing. To test the knockdown effect of siRNA, the plasmid
FlagKLC1 was transfected to HEK293 cells with a KLC1 siRNA
(Santa Cruz Biotechnology, 20 nM) or a scrambled control
siRNA. Two days after transfection, the cells were harvested
and subjected to Western blotting with anti-Flag. Actin was
used as a loading control.
Co-immunoprecipitation—Slices were homogenized in 0.5%

Nonidet P-40 or 1% Triton X-100 lysis buffer, then lysates were
ultracentrifuged (200,000 � g) at 4 °C for 60 min. Supernatant
fractions were incubated with anti-�-tubulin (15 �g; Sigma,
T6199) or anti-GluR2 (15 �g, Millipore, MAB397) for over-
night at 4 °C, followed by incubation with 50 �l of protein A/G
plus agarose (Santa Cruz Biotechnology) for 1 h at 4 °C. Immu-
noprecipitates were washed three times with lysis buffer con-
taining 0.2 M NaCl, then boiled in 2� SDS loading buffer for 5
min, and separated on 7.5% SDS-polyacrylamide gels. Western
blotting experiments were performed with anti-KIF5 heavy
chain (1:500, SUK4) (15), anti-GluR2 (1:500, Millipore,
MAB397) or anti-HAP1 (1:200, Santa Cruz Biotechnology,
sc-30125). To compare GluR1 and GluR2 in KIF5 immunopre-
cipitates, the antibody (4 �g) against KIF5 (SUK4), GluR1
(Santa Cruz Biotechnology, sc-13152) or GluR2 (Millipore,
MAB397) was used.
Biochemical Measurement of Surface-expressed Receptors—

The surface AMPA receptors were detected as previously
described (18, 21). Briefly, striatal slices were incubated with
ACSF containing 1mg/ml Sulfo-NHS-LC-Biotin (Pierce) for 20
min on ice. The slices were then rinsed three times in TBS to
quench the biotin reaction, followed by homogenization in 300
�l of modified radioimmunoprecipitation assay (RIPA) buffer
(1% Triton X-100, 0.1% SDS, 0.5% deoxycholic acid, 50 mM

NaPO4, 150mMNaCl, 2mM EDTA, 50mMNaF, 10mM sodium
pyrophosphate, 1 mM sodium orthovanadate, 1 mM PMSF, and
1 mg/ml leupeptin). The homogenates were centrifuged at
14,000� g for 15min at 4 °C. Tomeasure total protein, 15�g of
protein were removed. For surface protein, 150 �g of protein
were incubated with 100 �l 50% Neutravidin-agarose (Pierce)
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for 2 h at 4 °C, and bound proteins were resuspended in 25�l of
SDS sample buffer and boiled. QuantitativeWestern blots were
performed on both total and biotinylated (surface) proteins
using antibody against GluR1 (1:200, Santa Cruz Biotechnol-
ogy) and GluR2 (1:500, Millipore).

RESULTS

Huntingtin Regulates Synaptic AMPAR Responses—To
determine the role of huntingtin in the regulation of AMPARs,
we examined the effect of WT-htt and polyQ-htt on miniature
EPSC (mEPSC), a synaptic response to the quantal release of
single glutamate vesicles, in cultured neurons. As shown in Fig.
1,A andC, expression ofWT-htt in cortical pyramidal neurons
caused a significant increase in the mEPSC amplitude (indi-
cated by a rightward shift in the cumulative distribution plot of
amplitudes), while expression of polyQ-htt caused a significant
decrease in the mEPSC amplitude (GFP: 20.2 � 0.8 pA, n � 32;
WT-htt: 24.3 � 0.8 pA, n � 20; polyQ-htt: 16.4 � 0.9 pA, n �

20, p � 0.05, ANOVA, Fig. 1D). The frequency of mEPSC was
also significantly increased inWT-htt-expressing cortical neu-
rons (indicated by a leftward shift in the cumulative distribution
plot of inter-event intervals), and decreased in polyQ-htt-ex-
pressing cortical neurons (Fig. 1, B and C, GFP: 2.8 � 0.5 Hz,
n � 32; WT-htt: 4.6 � 0.6 Hz, n � 20; polyQ-htt: 1.4 � 0.3 Hz,
n � 20, p � 0.05, ANOVA, Fig. 1D). Similar effects were
observed in cultured striatal medium spiny neurons (GFP:
20.5 � 1.4 pA, 5.6 � 0.8 Hz, n � 9; polyQ-htt: 17.0 � 0.6 pA,
3.0 � 0.6 Hz, n � 15; WT-htt: 24.7 � 0.7 pA, 9.6 � 1.1 Hz,
n � 24, p � 0.05, ANOVA, Fig. 1E). These results indicate
that AMPAR-mediated synaptic responses is enhanced by
WT-htt, and impaired by the mutant htt containing polyQ
expansion.
To verify results from the cellular model of HD, we also

examined AMPAR-mediated synaptic transmission in an ani-
mal model of HD. Transgenic mice, N171–82Q, which express

FIGURE 1. Synaptic AMPAR responses are enhanced by WT-htt and impaired by polyQ-htt. A and B, cumulative distribution plot of the mEPSC amplitude
and inter-event interval in cortical neurons transfected with GFP, WT-htt (17Q) or polyQ-htt (68Q). C, representative mEPSC traces. Scale bar: 25 pA, 2 s. D and
E, summary data (mean � S.E.) of mEPSC amplitude and frequency in cortical or striatal neurons with different transfections. *: p � 0.05, ANOVA. F, summarized
input-output curves of AMPAR-EPSC evoked by a series of stimulus intensities in striatal MSNs taken from WT versus N171– 82Q mice (4.5-month-old). Inset,
representative AMPAR-EPSC traces. Scale bars: 50 pA, 20 ms. **, p � 0.01, ANOVA.
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a mutant N-terminal fragment of huntingtin (the first 171
amino acids of human htt with 82Q), develop behavioral abnor-
malities resembling HD, including loss of coordination, trem-
ors, hypokinesis, and abnormal gait (22).We compared the syn-
aptic strength by measuring input/output curves of evoked
AMPAR-EPSC in striatal medium spiny neurons (MSNs) from
WT versus N171–82Q mice. As shown in Fig. 1F, AMPAR-
mediated excitatory synaptic responses induced by a series of
stimulus intensities were markedly reduced in striatal MSNs
from N171–82Q mice (8V: WT: 219.9 � 27.2 pA, n � 15, HD:
100.4 � 19.6 pA, n � 11; 10V: WT: 368.9 � 47.7 pA, HD:
164.2 � 29.6 pA; 12V: WT: 443.2 � 53.0 pA, HD: 185.3 � 30.6
pA, p� 0.01, ANOVA). It suggests that AMPAR-mediated cor-
ticostriatal synaptic transmission is significantly compromised
in the HD model.
The PolyQ-htt-induced Impairment of Synaptic AMPAR

Responses Requires HAP1—Next, we examined whether the
effect of polyQ-htt on AMPARs involved Huntingtin-associ-
ated protein-1 (HAP1). HAP1 binds to htt in a glutamine repeat
length-dependent manner (3, 6). HAP1 is enriched in the brain
(23, 24) and transports together with htt bidirectionally in neu-
rons (25).We first usedRNA interference to knock downHAP1
expression, and examined its impact on mEPSC. A small inter-
fering RNA (siRNA) that has been proven to be highly effective
in suppressingHAP1 expression (15)was used.As shown in Fig.
2,A–D, themEPSC amplitude and frequency were significantly
smaller in HAP1 siRNA-transfected neurons, compared with
neurons transfected with a control siRNA (control siRNA:
21.0� 1.2 pA, 3.5� 0.6 Hz, n� 8; HAP1 siRNA: 15.3� 1.1 pA,

1.7� 0.4 Hz, n� 10, p� 0.05, ANOVA), similar to the effect of
polyQ-htt.
To confirm that polyQ-htt affects AMPARs via aHAP1-dep-

denent mechanism, we transfected neurons with the dominant
negativeHAP1 (DN-HAP1) (15) in conjugationwith polyQ-htt.
As shown in Fig. 3,A–D, DN-HAP1 caused a significant reduc-
tion of mEPSC amplitude and frequency, mimicking the effect
of polyQ-htt (GFP: 21.3 � 1.4 pA, 4.0 � 0.6 Hz, n � 9; polyQ-
htt: 16.6 � 1.1 pA, 1.6 � 0.3 Hz, n � 10; DN-HAP1: 17.2 � 1.1
pA, 1.7� 0.3 Hz, n� 10, p� 0.05, ANOVA). In the presence of
DN-HAP1, the effect of polyQ-htt on mEPSC was occluded
(17.5 � 1.2 pA, 1.5 � 0.3 Hz, n � 10). Taken together, these
results suggest that HAP1 is required for the polyQ-htt-in-
duced loss of synaptic AMPAR responses.
KIF5-mediated Microtubule-based Transport of GluR2-con-

taining AMPARs Is Involved inHuntingtin Regulation of Synap-
tic AMPARResponses—Howdoes polyQ-htt decrease andWT-
htt increase mEPSC? One possibility is through the regulation
ofAMPAR trafficking. Biochemical evidence shows thatKIF5 is
the kinesin motor protein to transport GluR2-containing
AMPARs along microtubule tracks in dendrites (16). The con-
ventional kinesin complex consists of two heavy chains (KHC,
110–120 kDa) and two light chains (KLC1 and KLC2, 60–70
kDa) (26). Kinesin heavy chain has a conserved N-terminal
motor domain, which is responsible for microtubule binding,
and a diverse C-terminal non-motor domain containing KLC
binding domain and cargo binding domain. It has been found
thatHAP1 directly interacts withKIF5 light chain (9) and heavy
chain (15).We hypothesize that htt/HAP1might alter glutama-

FIGURE 2. Knockdown of HAP1 causes a loss of synaptic AMPAR responses. A and B, cumulative distribution plot of the mEPSC amplitude and inter-event
interval in cortical neurons transfected with GFP, HAP1 siRNA, or a scrambled control siRNA. C, representative mEPSC traces. Scale bar: 25 pA, 2 s. D, summary
data (mean � S.E.) of mEPSC amplitude and frequency in cortical neurons with different transfections. *, p � 0.05, ANOVA.
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tergic transmission by interfering with KIF5-dependent
AMPAR transport along microtubules.
To test this, we knocked down KIF5 light chain, which is

essential for the proper function of KIF5 heavy chains (27),
and examined its impact on mEPSC. As illustrated in Fig. 4A,
the KLC1 siRNA, but not a control siRNA, caused an effec-
tive suppression of KLC1 expression. KLC1 knockdown
resulted in a significant decrease in the mEPSC amplitude
and frequency (Fig. 4, B–F, control siRNA: 20.7 � 1.2 pA,
2.6 � 0.5 Hz, n � 11; KLC1 siRNA, 13.7 � 0.6 pA, 1.0 � 0.3
Hz, n� 11, p� 0.05, ANOVA), similar to the effect of polyQ-
htt (14.8 � 0.9 pA, 1.4 � 0.4 Hz, n � 10). Moreover, in
neurons with KLC1 knockdown, the effect of polyQ-htt on
mEPSCwas occluded (14.3 � 0.8 pA, 1.4 � 0.5 Hz, n � 9). To
test the specificity of KIF5 involvement, we also examined
the potential involvement of another kinesin motor protein,
KIF17, which transports NMDA receptors along microtu-
bules (19, 28). As shown in Fig. 4, E and F, cellular knock-
down of KIF17 with antisense oligonucleotides did not
induce any significant changes in mEPSC (20.8 � 1.0 pA,
2.5 � 0.6 Hz, n � 9).

We further tested whether the WT-htt-induced enhance-
ment of mEPSC also requires KIF5 motor protein. Neurons
were transfected with KLC1 siRNA and WT-htt together. As
shown in Fig. 5, A–E, the enhancing effect of WT-htt on
mEPSC was prevented by KLC1 knockdown (KLC1 siRNA:
13.1 � 0.6 pA, 1.7 � 0.3 Hz, n � 11; KLC1 siRNA�WT-htt:
12.6 � 0.5 pA, 2.0 � 0.4 Hz, n � 12). Taken together, these
results suggest that polyQ-htt-induced impairment and WT-

htt-induced facilitation of synaptic AMPAR responses are both
mediated by a KIF5-dependent mechanism.
Because GABAA receptors are also affected by HAP1, KIF5

and polyQ-htt (15, 29), we examined whether the results seen
here could be a direct effect on AMPARs or an indirect effect
caused by the homeostatic changes following the loss of GABA
receptors. To do so, we blocked GABAARs in cultures with
bicuculline throughout the polyQ-htt experssion, and then
examined the impact of polyQ-htt onmEPSC. As shown in Fig.
6, A and B, polyQ-htt produced a significant reduction of
mEPSC in the presence of bicuculline (GFP: 22.9 � 1.0 pA,
6.7� 1.6Hz,n� 11; polyQ-htt: 16.4� 1.1 pA, 2.5� 0.7Hz,n�
6, p� 0.05). It suggests that the effect of polyQ-htt onAMPARs
is independent of its effect on GABAARs.

To determine the subunit of AMPARs that is affected by
polyQ-htt, we applied Naspm (10 �M), a selective blocker of
GluR2-lacking AMPARs. As shown in Fig. 6, C–E, polyQ-htt
decreased mEPSC amplitude to a bigger extent in the presence
of Naspm when only GluR2-containing channels remained
(GFP: 22.6 � 1.4 pA, n � 8; polyQ-htt: 16.6 � 0.8 pA, n � 8,
�27% decrease, p � 0.005), compared with the control condi-
tion when all AMPAR channels were present (GFP: 24.2 � 1.5
pA, n� 8; polyQ-htt: 18.7� 1.0 pA, n� 8,�23% decrease, p�
0.05). Moreover, polyQ-htt-transfected neurons had more
Naspm-sensitive component (GluR1/1) than GFP-transfected
neurons (GFP: 6.3� 1.5%, n� 8; polyQ-htt: 10.9� 1.4%, n� 8,
p � 0.05). These results suggest that the majority of AMPARs
contain theGluR2 subunit, andGluR2 is themajor target that is
suppressed by polyQ-htt.

FIGURE 3. Dominant negative HAP1 (DN-HAP1) occludes the reducing effect of polyQ-htt on synaptic AMPAR responses. A and B, cumulative distribu-
tion plot of the mEPSC amplitude and inter-event interval in cortical neurons transfected with GFP, polyQ-htt, DN-HAP1, or DN-HAP1 plus polyQ-htt.
C, representative mEPSC traces. Scale bar: 25 pA, 2 s. D, summary data (mean � S.E.) of mEPSC amplitude and frequency in cortical neurons with different
transfections. *, p � 0.05, ANOVA.
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The HAP1/GluR2/KIF5/Microtubule Complex Is Disrupted
in HD—Previous biochemical studies have found that polyQ-
htt binds to HAP1 with a higher affinity than WT-htt (3), and
this abnormal interaction impairs anterograde transport of car-
gos (5). We hypothesize that the HAP1/KIF5/GluR2 complex
may be altered in HD, which underlies the polyQ-htt-induced
impairment of synaptic AMPAR responses. To test this, co-
immunoprecipitation assays fromWT versusN171–82Qmice
were carried out to compare theHAP1/KIF5/GluR2 complex in
vivo. As shown in Fig. 7A, the association of KIF5 heavy chain
(HC) to microtubules was severely compromised in HD mice.
Furthermore, a strong decrease was found with the GluR2
bound to KIF5 molecular motors or microtubules in HD mice
(Fig. 7B). The GluR2/HAP1 complex was also significantly
reduced in HD mice (Fig. 7C). None of these proteins show

significant changes in their expression. It suggests that polyQ-
htt causes a dissociation of the KIF5/GluR2 complex from
microtubules, and a dissociation of the cargo GluR2 from KIF5
motor proteins. These changes in the HAP1/KIF5/GluR2 mul-
tiprotein complex are likely to cause the disrupted transport of
AMPARs along microtubules in HD.
The loss of MT-based transport of GluR2 suggests that

GluR2-containing AMPARs at the plasma membrane are
reduced inHDmice. To test this, surface biotinylation assays in
striatal slices fromWT versusN171–82Qmicewere performed
to detect the surface and total level of AMPAR subunits. As
shown in Fig. 7D, HDmice showed a significant decrease in the
surface GluR2 subunit (46.2 � 7.1% of control, n � 7, p � 0.01,
ANOVA), while the surface GluR1 subunit was largely
unchanged (115.9 � 14.8% of control, n � 4). The total level of

FIGURE 4. The polyQ-htt-induced impairment of synaptic AMPAR responses is occluded by knockdown of KIF5, but not KIF-17. A, representative
Western blots in HEK293 cells transfected with FLAG-tagged rat KLC1 in the absence or presence of a control siRNA or a KLC1 siRNA. B–D, representative mEPSC
traces (B) and cumulative distribution plot of the mEPSC amplitude (C) and inter-event interval (D) from cortical neurons transfected with control siRNA,
polyQ-htt, KLC1 siRNA, or KLC1 siRNA plus polyQ-htt. Scale bar: 25 pA, 1 s. E and F, summary data (mean � S.E.) of mEPSC amplitude and frequency in cortical
neurons with different transfections. *, p � 0.05, ANOVA. NS, no significance.
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these receptor subunits remained similar in WT versus HD
mice. These results suggest that the polyQ-htt-induced impair-
ment of glutamatergic transmission could be attributable to the
diminished surface delivery of GluR2-containing AMPARs.
Because GluR1/2 heteromers account for a major portion of

synaptic AMPAR channels in cortical neurons, the specific
impairment of GluR2 transport and not GluR1 in HD mice is
surprising. To explain it, we compared GluR1 and GluR2 in
KIF5 immunoprecipitates. As shown in Fig. 7E, while the
majority of GluR2 bound to KIF5, much less GluR1 was found
in the KIF5 complex. It suggests that a big portion of GluR1/2
heteromers is independent of the microtubule motor KIF5.
Consistently, whole-cell recordings have found that blocking
KIF5 function only leads to 35–40% reduction of AMPAR-
EPSC (30, 31), which may attributable to the loss of GluR2/3
channel transport on microtubules. The lack of effect on sur-
face GluR1 in HD mice may be due to the small portion of

GluR1 (inGluR1/2 andGluR1/1 channels) that is dependent on
the MT/KIF5-based transport.

DISCUSSION

The cellular function of WT-htt and the pathogenic mecha-
nisms induced by polyQ-htt are hot topics in the HD field. Wt-
htt, together with HAP1, is known to affect vital cellular func-
tion like vesicular transport (6, 8, 25) and neurite outgrowth
(13, 32). Several studies have identified an altered microtubule
(MT)-dependent axonal transport of organelles in Drosophila
or mammalian neurons of HD (8, 33–36), which is thought to
contribute to the neuronal toxicity. There is also evidence sug-
gesting that the neuronal damage in HD arises as a result of
excessive activation of NMDA receptors (37–42), which may
be due to the increased numbers of surface NMDARs resulting
from their accelerated forward trafficking (43).

FIGURE 5. The WT-htt-induced enhancement of synaptic AMPAR responses is blocked by knockdown of KIF5. A–C, representative mEPSC traces (A) and
cumulative distribution plot of the mEPSC amplitude (B) and inter-event interval (C) from cortical neurons transfected with control siRNA, WT-htt, KLC1 siRNA,
or KLC1 siRNA plus WT-htt. Scale bar: 25 pA, 1 s. D and E, summary data (mean � S.E.) of mEPSC amplitude and frequency in cortical neurons with different
transfections. *, p � 0.05, ANOVA. NS, no significance.
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In this study, we have provided evidence showing that
htt/HAP1 plays a critical role in regulating dendritic trans-
port of AMPARs and excitatory synaptic transmission. In
cultured neurons, overexpression of WT-htt causes a strong
facilitation, while polyQ-htt causes a significant impairment,
of AMPAR-mediated synaptic currents, an effect dependent
on HAP1. In the transgenic mouse model of HD expressing
an 82Q-containing N-terminal fragment of htt, the AMPAR-
mediated synaptic strength is also markedly reduced, with a
concomitant decrease of surface GluR2 subunits. Consis-
tently, AMPA currents are smaller in isolated cortical
pyramidal neurons from the R6/2 transgenic mice that
express exon 1 of the human HD gene with �150 CAG
repeats (44). Moreover, the evoked and spontaneous AMPAR-
EPSC have smaller amplitudes in striatal MSNs from the most
severe model of HD, the YAC transgenic mice expressing full-
length human HD gene with 128 CAG repeats (YAC128) (45). In
addition, spontaneous EPSC frequency in striatalMSNs is signifi-
cantly decreased in symptomatic R6/2mice (46).Decreased gluta-
mate transmission is also foundspecifically indopamineD1recep-
tor-containingMSNs from the fully symptomatic YAC128mice
(47). The compromised glutamatergic transmission could con-
tribute to the loss ofmovement control and cognitive processes
in HD conditions (48, 49). Interestingly, a recent study has
found that treatment with ampakine, a positive modulator of
AMPARs, rescues synaptic plasticity and memory in HD mice
(50).

FIGURE 6. PolyQ-htt impairs synaptic AMPAR responses independent of GABAARs, and mainly targets GluR2-containing AMPARs. A and B, represent-
ative mEPSC traces and summary data (mean � S.E.) of mEPSC amplitude and frequency from bicuculline-treated cortical neurons transfected with GFP versus
polyQ-htt. Bicuculline (10 �M) was added 2 h before transfection and remained throughout the course of expressing polyQ-htt. Scale bar: 10 pA, 2 s. *, p � 0.05,
t test. C and D, representative mEPSC traces and summary data (mean � S.E.) of mEPSC amplitude from cortical neurons transfected with GFP versus polyQ-htt
in the absence or presence of Naspm. *, p � 0.05; **, p � 0.005, t test. Scale bar: 10 pA, 10 s. E, summary data (mean � S.E.) of the percentage block of mEPSC
amplitude by Naspm in GFP- versus polyQ-htt-transfected cortical neurons. *, p � 0.05; t test.

FIGURE 7. HAP1/GluR2/KIF5/microtubule complex is disrupted in the
mouse model of HD. A–C, co-immunoprecipitation assays showing the asso-
ciation between tubulin and KIF5 (A), GluR2 and KIF5 (B), tubulin and GluR2
(B), GluR2 and HAP1 (C) from striatal slices of WT versus HD mice (4-month-
old). Each experiment was repeated in 3–5 pairs of mice. D, immunoblots and
quantification analysis showing the surface and total GluR2 and GluR1 sub-
units in lysates of striatal slices taken from WT versus HD mice (4-month-old).
*, p � 0.01, ANOVA. E, co-immunoprecipitation assays showing the associa-
tion between KIF5 and GluR1 or GluR2 in brain lysates.
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While presynaptic dysfunction (45–47) could contribute to
the diminished mEPSC or sEPSC frequency and eEPSC ampli-
tude in neurons expressing polyQ-htt, the significantly altered
mEPSC amplitude by wild-type ormutant htt suggests that htt/
HAP1 may also regulate AMPAR function by changing post-
synaptic AMPAR trafficking. The polyQ-htt-induced decrease
in mEPSC frequency can be explained, at least partially, by a
reduction of the number of postsynaptic AMPA receptors,
which leads to fewer synaptic events beyond the detection
threshold. AMPA receptors are transported along microtu-
bules on dendrites before being delivered to synapses via actin
cytoskeletons. This MT-based transport of AMPARs is con-
trolled by the kinesin motor protein KIF5, which binds to
GluR2-containing vesicles via the adaptor protein GRIP1 (16).
Because HAP1 also interacts with KIF5 (9, 15), the HAP1/htt
complex could potentially influence the association of
AMPARs with KIF5 motors, therefore affecting the MT-based
transport of AMPARs. Consistently, we show that inhibiting
KIF5 function by knocking down its light chain prevents the
impairing effect of polyQ-htt and the facilitating effect of WT-
htt on AMPAR synaptic currents. It suggests that WT-htt
enhances the KIF5-mediated transport of AMPAR-containing
vesicles along MTs on dendrites. This function is altered when
htt contains the polyQ expansion.
In agreement with an important role of KIF5 and HAP1 in

regulating AMPAR trafficking and function, we show that the
association of the kinesin motor complex to microtubules is
diminished in the HD mouse model. It could be due to the
reduced tubulin acetylation (51) or caused by the polyQ-htt-
induced activation of JNK3 and phosphorylation of KIF5 (52).
The AMPAR/KIF5/HAP1 complex is also disrupted in HD
mice, suggesting that polyQ-httmay impairmicrotubule-based
AMPAR trafficking by sequestering HAP1 and KIF5 motors
away from AMPAR-containing vesicles.
Based on these findings, we propose a model (Fig. 8) that

schematically represents the potential mechanism by which htt
influences AMPAR trafficking and function. In normal condi-
tions, HAP1, which is complexed with wild-type htt, interacts
with the kinesin motor protein KIF5, and facilitates the trans-
port of GluR2-containing vesicles along microtubule tracks. In

HD conditions, the HAP1 binding to htt is enhanced by
expanded polyQ tracts (3). When this happens, KIF5/GluR2
complex falls apart and KIF5 motor loses the binding to micro-
tubules. Thus, KIF5 is unable to transport GluR2-containing
vesicles along themicrotubule rails. Since the delivery of GluR2
subunits is an important factor to determine the number of
functional heteromeric AMPA receptors at the synaptic mem-
brane (53), the polyQ-htt-induced impairment of GluR2 trans-
port causes the loss of AMPAR synaptic responses. The selec-
tive impairment of GluR2 transport and surface expression by
polyQ-htt found in this study also suggests that remaining
AMPARs in HD has a bigger portion of the Ca2�-permeable
GluR1 homomers, thus the calciumpermeabilitymay be higher
than normal in HD.
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