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SUMMARY

KIF5 (also known as kinesin-1) family members, con-
sisting of KIF5A, KIF5B, and KIF5C, are microtubule-
dependent molecular motors that are important for
neuronal function. Among the KIF5s, KIF5A is neuron
specific and highly expressed in the central nervous
system. However, the specific roles of KIF5A remain
unknown. Here, we established conditional Kif5a-
knockout mice in which KIF5A protein expression
was postnatally suppressed in neurons. Epileptic
phenotypes were observed by electroencephalo-
gram abnormalities in knockout mice because of
impaired GABAA receptor (GABAAR)-mediated syn-
aptic transmission. We also identified reduced cell
surface expression of GABAAR in knockout neu-
rons. Importantly, we identified that KIF5A specifi-
cally interacted with GABAAR-associated protein
(GABARAP) that is known to be involved in
GABAAR trafficking. KIF5A regulated neuronal sur-
face expression of GABAARs via an interaction with
GABARAP. These results provide an insight into the
molecular mechanisms of KIF5A, which regulate
inhibitory neural transmission.

INTRODUCTION

Kinesin superfamily proteins (KIFs) are microtubule-dependent

molecular motors for intracellular transport and have been

reported to transport various types of cargo, including organ-

elles, synaptic vesicle precursors, neurotransmitter receptors,

cell signaling molecules, cell adhesion molecules, and mRNAs,

in the neurons of mammalian nervous systems (Hirokawa and

Noda, 2008; Schliwa, 2002). Thus, KIFs are one of the important

molecular components that manage fundamental neuronal

functions, such as viability, morphogenesis, and plasticity, as

well as the pathogenesis of neurological disorders (Hirokawa

et al., 2010).

KIF5s, also known as kinesin-1 family members (Lawrence

et al., 2004; Miki et al., 2005), consist of KIF5A, KIF5B, and

KIF5C, each of which is encoded by a different gene and
possess a similar motor domain containing an ATP-binding motif

at the N terminus and a different cargo-binding domain (BD) at

the C terminus. Several studies have reported the functions of

KIF5A, KIF5B, and KIF5C. Kif5b-knockout (KO) mice are embry-

onic lethal and show abnormal localization of mitochondria in

their extraembryonic cells (Tanaka et al., 1998). Kif5c-KO mice

are normal in their appearance but show a smaller brain size

and relative loss of motor neurons compared with sensory

neurons (Kanai et al., 2000). Kif5a-KO mice are neonatal lethal

but show no apparent histological abnormalities in their brains

except that the nuclei and cell bodies of spinal cord motor

neurons appear to be larger than the wild-type (WT) (Xia et al.,

2003). More than 75% of conditional Kif5a-KO mice die within

3 weeks and undergo seizures, whereas the remaining mice

survive for up to 3 months or even longer and show abnormal

neurofilament (NF) accumulation (Xia et al., 2003). Although

this study describes various phenotypes caused by the absence

of KIF5A, there has been no explanation for the premature death

and seizures caused by postnatal loss of KIF5A (Hirokawa and

Takeda, 1998; Lariviere and Julien, 2004). In addition, although

numerous types of cargoes common to KIF5A, KIF5B, and

KIF5C have been reported, KIF5A-specific cargo has not been

reported. Thus, we searched for KIF5A-specific binding partners

and examined its relationships with the phenotypes of Kif5a-

KO mice.

RESULTS

Electroencephalographic Recording Identifies
Spontaneous Epileptic Seizure and Impaired Neuronal
Network Activity Caused by Postnatal Loss of KIF5A
We generated conditional Kif5a-KO (Kif5a�/�) mice using the

Cre/loxP gene-targeting strategy (Figures S1A–S1C available

online). Immunoblotting of whole-brain lysates using an anti-

KIF5A polyclonal antibody confirmed the complete absence of

KIF5A in the Kif5a�/� mouse (Figure S1D). These Kif5a�/� mice

died shortly after birth. To circumvent lethality and postnatally

analyze the gene function of Kif5a, we used a rat synapsin

promoter-driven Cre transgenic line (Syn-Cretg/d) (Zhu et al.,

2001) and crossed Kif5a+/�;Syn-Cretg/d mice with Kif5afl/fl mice

to obtain conditional KO mice (Kif5afl/�;Syn-Cretg/d). We consid-

ered the other three genotypes of mice (Kif5afl/+, Kif5afl/+;

Syn-Cretg/d, and Kif5afl/�) as controls because their general
Neuron 76, 945–961, December 6, 2012 ª2012 Elsevier Inc. 945

mailto:hirokawa@m.u-tokyo.ac.jp
http://dx.doi.org/10.1016/j.neuron.2012.10.012


Neuron

KIF5A Transports GABAARs to the Neuronal Surface
appearance and body sizes were normal. In addition, we did not

find any structural abnormalities in their brains or observe behav-

ioral abnormalities. Postnatal growth of Kif5a-conditional KO

mice was indistinguishable from that of control mice for up to

1 week. However, after the first week, conditional Kif5a-KO

mice showed growth retardation and died at approximately

3 weeks postnatally. We did not find any Kif5a-conditional KO

mice that survived for 4 weeks after birth in all litters used in

this study (more than 50 litters). Immunoblotting of whole-brain

lysates showed that KIF5A protein expression levels in Kif5a-

conditional KO mouse brains ranged from 14% to 47% of those

in control mouse brains (Figure 1A). There were no apparent

histological abnormalities in the brains of Kif5a-KO and condi-

tional KO mice (Figures S1E and S1F).

Although postnatal loss of KIF5A has been reported to cause

seizures (Xia et al., 2003), the observation was limited to the

general appearance of mice. In this study, we performed

electroencephalographic (EEG) recording of control and Kif5a-

conditional KO mice. The electrode was implanted into the

hippocampus of the brain (Figures 1B–1H). In the Kif5a-

conditional KO mouse brain, paroxysmal sharp waves were

often observed in rest and locomotive states (Figures 1F and

1G; Movies S1 and S2). Long-term recording during night

periods identified repetitive spike-wave discharges that are

known to represent a classical epileptic EEG (McCormick and

Contreras, 2001) (Figure 1H). After these epileptic seizure events,

Kif5a-conditional KO mice occasionally did not recover normal

legmovement for up to 2 hr (Figure 1I; Movie S3). A small number

of mice repeated this epileptic episode several times during the

night. To analyze the baseline EEG (Figures 1B–1E), we per-

formed a power analysis by fast Fourier transform (Otnes,

1978) of raw EEG data (Figures 1J and 1K). The profile of EEG

power of Kif5a-conditional KO mice showed a significant power

reduction in both rest and locomotive states, suggesting that

neuronal network activity is impaired by postnatal loss of

KIF5A. All procedures were approved by the Graduate School

of Medicine, The University of Tokyo.

Loss of KIF5A Causes an Impairment of GABAAR-
Mediated Neurotransmission in the Hippocampus
Because it is known that disturbance of inhibitory synaptic

transmission is involved in epileptic seizure generation (Jacob

et al., 2008; Rudolph and Möhler, 2004), we speculated that

GABAergic synaptic transmission may be impaired in the hippo-

campus of Kif5a-conditional KO mice. We performed whole-cell

patch-clamp recordings to investigate the miniature inhibitory

postsynaptic currents (mIPSCs) in the CA1 region of hippo-

campal slices (Figure 2A). We observed a significantly reduced

mean amplitude of mIPSCs in the slices of Kif5a-conditional

KO mice compared with those of controls (control, 16.5 ±

0.7 pA; conditional KO, 8.5 ± 0.4 pA). A cumulative probability

curve also indicated a leftward shift to smaller amplitudes in

Kif5a-conditional KO mice (Figure 2F). However, the frequency,

rise time, and decay time, although slightly reduced, were

not statistically different between genotypes (Figures 2C–2E

and 2G). Furthermore, the ratio of evoked (e)IPSC (upward traces

in Figure 2H) to 2-amino-3-(5-methyl-3-oxo-1, 2-oxazol-4-yl)

propanoic acid (AMPA)-mediated evoked EPSC (downward
946 Neuron 76, 945–961, December 6, 2012 ª2012 Elsevier Inc.
traces in Figure 2H) was reduced in Kif5a-conditional KO mouse

slices, compared with that in control mouse slices (Figure 2H),

showing a relative reduction in eIPSC amplitudes in Kif5a-KO

neurons. Taken together, these results suggest that GABAA

receptor (GABAAR)-mediated synaptic transmission is impaired

in the hippocampus ofKif5a-conditional KOmice. Next, to inves-

tigate network excitability, we measured stimulus-evoked popu-

lation spikes in hippocampal slices of Kif5a-conditional KO and

control slices. Epileptiform activities were more frequently

observed in Kif5a-conditional KO slices in both standard and

Mg2+-depleted artificial cerebrospinal fluid (ACSF), indicating

increased excitability in these tissues (Figures 2J–2O).

To investigate the cause of impairment in inhibitory

synaptic transmission, we compared cell surface expression of

GABAARs in primary hippocampal neurons derived from Kif5a-

KO and WT embryos. Most GABAARs at synapses are thought

to be composed of two a1, a2, or a3 subunits together with

two b2 or b3 subunits and a single g2 subunit. Using the surface

biotinylation method, the cell surface expression level of

GABAARb2 was assessed. In KO neurons, cell surface expres-

sion of GABAARb2 was significantly reduced (52.6% ± 4.9%

versus WT), whereas that of GluR2/3 was unchanged (Figures

3A and 3B). Immunofluorescence staining of cell surface

GABAARb2/3 revealed that the cell surface receptor density

was significantly reduced in KO cells (15.6 ± 2.1 versus 28.5 ±

2.0 in WT) (Figures 3C and 3D). We further investigated the

amount of GABAARs in the intracellular fraction by immunopre-

cipitation using the remaining cell lysate after the cell surface

fraction was removed by the surface biotinylation method. In

Kif5a-KO neurons, the amount of GABAARb2 probed with an

anti-GABAARb2 antibody was increased compared with that of

the WT (Figures 3E and 3F), suggesting that a larger amount of

GABAARb2 protein was retained in the cytoplasm of Kif5a-

KO neurons. To assess the possible alteration of endocytotic

dynamics in KO neurons, we performed an endocytosis

assay of GABAARs. The fluorescent signal of endocytosed

GABAARb2/3 was not significantly different between WT and

Kif5a-KO neurons (Figures 3G and 3H). These results suggest

that the reduced cell surface expression of GABAARs in KO

neurons is caused by impaired trafficking of GABAARs from

the intracellular pool to the cell surface, and not by accelerated

removal of GABAARs from the cell surface. On the other hand,

immunoblotting showed that the total expression level of

GABAARs did not significantly change in KO (Figure 3I) and

Kif5a-conditional KO brain lysates (Figure 3J). Together, these

data suggest that ablation of KIF5A does not affect overall

expression of GABAARs but alters the subcellular localization

of GABAARs. The abnormal localization of GABAARs observed

in Kif5a-KO neurons raised the possibility that KIF5A has

a specific role in the trafficking of GABAARs among KIF5

members (KIF5A/KIF5B/KIF5C).

To test this possibility, we conducted rescue experiments

(Figures 3K and 3L). We transfected Kif5a-KO neurons with

a full-length KIF5A, KIF5B, or KIF5C construct. Neurons trans-

fected with KIF5A recovered cell surface expression of

GABAARs; number of puncta/50 mm dendrite (WT, 13.6 ± 0.5;

KO, 6.4 ± 0.3; KO + KIF5A, rescued, 11.8 ± 0.4) (mean ± SEM,

n = 15 neurons from three mice). However, neurons transfected
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Figure 1. Abnormal EEG of Kif5a-Conditional

KO Mouse Brain

(A) Left view is an immunoblot showing a significant

loss of KIF5A protein in the whole-brain lysate of

a conditional KO mouse (postnatal day 14). In this

immunoblot, a 70% decrease of KIF5A protein

expression was observed, compared with that of the

control. Tubulin was used as a loading control. Right

view shows statistics of KIF5A protein expression

levels (normalized to tubulin expression, n = 5 inde-

pendent experiments; **p < 0.001, Welch’s t test).

Error bar represents mean ± SD. EEG recordings

were obtained from threemice for each genotype, and

representative waveforms are shown.

(B–E) Baseline waveforms.

(F–H) Paroxysmal waveforms observed in conditional

KO mice.

(I) Appearance of a conditional KO mouse that occa-

sionally fell after repetitive epileptic spike-wave dis-

charges as shown in (G) and could not recover for

a few hours during the night.

(J and K) Power spectra obtained from fast Fourier

analysis of the baseline EEG. Intervals of 4.5 s

(for conditional KO, at least 10 s apart from parox-

ysmal EEG) were selected for each measurement and

analysis. Three independent experiments, n = 3 mice

for each frequency; Rest, p = 0.0037; Locomotive,

p = 0.0011; Repeated-measure ANOVA. Error bars

represent mean ± SEM.

Related to Figure S1 and Movies S1, S2, and S3.
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Figure 2. GABAAR-Mediated IPSCs and Stimulus-Evoked Population Spikes in Conditional Kif5a-KO Hippocampal Slices

(A) Representative traces showing mIPSCs recorded from CA1 pyramidal cells of control and conditional Kif5a-KO (cKO) mice.
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with KIF5B or KIF5C did not show a rescued phenotype. These

data suggest that KIF5A is involved in GABAAR transport.

Next, we performed knockdown of KIF5A, KIF5B, or KIF5C in

neurons using miRNA vectors (Figures 3M and 3N). Specificity

of the knockdown effect of each vector is shown in Figure S2.

Knockdown of KIF5A specifically reduced the cell surface

expression of GABAARs, whereas that of KIF5B or KIF5C did

not; number of puncta/50 mm dendrite (nontransfected, 12.2 ±

0.5; miRNA for KIF5A, 6.1 ± 0.3; KIF5B, 10.5 ± 0.3; KIF5C,

12.1 ± 0.4) (mean ± SEM, n = 15 neurons from three mice). These

results further suggest that KIF5A is a molecular motor involved

in GABAAR trafficking in neurons and that this function of KIF5A

is not compensated by KIF5B or KIF5C.

Because a previous report showed late-onset accumulation

of NF proteins in the dorsal root ganglion sensory neurons of

Kif5a-KO mice (Xia et al., 2003), we examined the level of NFs

in Kif5a-KO mouse neurons. We did not find any significant

increase of NF-H or NF-M protein expression or accumulation

of dephosphorylated NF-H protein in Kif5a-KO neurons (Figures

S3A and S3B). These results indicate that the observed GABAAR

phenotypes are not due to an intracellular transport defect

caused by impaired NF transport.

In addition, we performed immunocytochemistry of the Kv3.1b

channel in hippocampal neurons because KIF5s are involved

in axonal transport of the Kv3.1b channel by direct binding

(Xu et al., 2010). The distribution of Kv3.1b was indistinguishable

between genotypes in both axons and dendrites (Figures S4A

and S4B).

KIF5A Directly Interacts with GABAAR-Associated
Protein and Facilitates GABAAR Trafficking
to the Neuronal Surface
Recently, KIF5s have been reported to interact with huntingtin-

associated protein 1 (HAP1; known to be involved in GABAAR

trafficking) via domains common to KIF5A, KIF5B, and KIF5C

(Twelvetrees et al., 2010). However, among Kif5a-, Kif5b-, and

Kif5c-KO mice (Kanai et al., 2000; Tanaka et al., 1998; Xia

et al., 2003), only Kif5a-KO mice show phenotypes related

to an impairment of GABAAR trafficking in neurons. Kif5c-KO

mice (Kanai et al., 2000) and brain-specific Kif5b-KO mice

(Y. Tanaka and N. Hirokawa, unpublished data) do not show

epileptic seizure. These data suggest a specific role of KIF5A
(B) mIPSC amplitude.

(C) mIPSC frequency.

(D) mIPSC 10%–90% rise time.

(E) mIPSC decay time.

(F) Cumulative probability curves for mIPSC amplitudes.

(G) Cumulative probability curves for mIPSC frequency.

(H) eIPSCs from pyramidal cells in the hippocampal CA1 region. Upward traces sh

responses of AMPA receptors.

(I) Ratio of eIPSC amplitude to AMPA receptor-mediated eEPSCs. For all experi

t test). Error bars represent mean ± SEM.

(J and K) Epileptiform activity in response to stimulation in standard ACSF. (J) Pop

stimulation. (K) Number of population spikes.

(L) Amplitude for the first population spike.

(M and N) Epileptiform activity elicited by omission of Mg2+ from the ACSF. (M) Po

stimulation. (N) Number of population spikes.

(O) Amplitude for the first, second, third, and fourth population spike. Twelve slice

bars represent mean ± SEM.
in GABAAR transport, which cannot be compensated by KIF5B

or KIF5C. Thus, to gain an insight into the KIF5A-specific

GABAAR-trafficking mechanism, we carried out yeast two-

hybrid screening to identify proteins that interacted with KIF5A.

KIF5A has 73 amino acids that have no homology with KIF5B

or KIF5C (Figure 4A). Using this region as bait, we identified

a clone that encoded GABAAR-associated protein (GABARAP)

(Wang et al., 1999) as a binding partner for KIF5A (Figure 4B).

Yeast two-hybrid experiments using deletion constructs of

KIF5A, KIF5B, or KIF5C revealed that the C-terminal 73 amino

acids of KIF5A were sufficient for the interaction. KIF5B/KIF5C

did not bind to GABARAP (Figure 4B). Interactions were also

detected between KIF5A and other GABARAP family members,

namely GABARAP-L1 andGABARAP-L2 (Figure 4C). The KIF5A-

GABARAP interaction was further confirmed by a direct binding

assay with purified recombinant proteins (Figure 4D). Recombi-

nant KIF5A showed an interaction with GABARAP, whereas

recombinant KIF5B/KIF5C did not.

The binding between KIF5A and GABARAP in vivo was further

assessed by coimmunoprecipitation experiments using brain

lysates (Figure 4E). Endogenous KIF5A was coimmunopreci-

pitated with endogenous GABARAP and GABAAR. Interestingly,

HAP1 was not immunoprecipitated by an anti-GABARAP anti-

body (Figure 4E) but was coimmunoprecipitated with GABAAR

(Figure 4F) as reported previously by Twelvetrees et al. (2010).

GABARAP was not immunoprecipitated with an anti-HAP1

antibody (Figure 4G). These data suggest that the KIF5A-

GABARAP complex is distinct from the KIF5-HAP1 complex

(Twelvetrees et al., 2010).

To examine the relationship of KIF5A with GABARAP, we

studied the subcellular localization of KIF5A and GABARAP in

cortical neurons by immunocytochemistry. Cells were briefly

treated with saponin before fixation to reduce background

signals (Nakata and Hirokawa, 1995). Significant colocalization

of KIF5A puncta with GABARAP puncta was revealed by double

immunolabeling (Figures 4H–4O). These data suggest that KIF5A

interacts with GABARAP in WT neurons.

Next, the localization ofGABARAP in the dendrites ofKif5a-KO

neurons was analyzed. The total signal density did not vary

between WT and Kif5a-KO neurons (<100 mm from the cell

body) (genotype, density [arbitrary unit, a.u.]; WT, 52.4 ± 4.9;

KO, 45.0 ± 5.0) (n = 30 neurons from three mice, mean ± SEM)
ow eIPSCs recorded at a holding potential of 0mV, and downward traces show

ments, 15 slices from five mice per genotype were used (*p < 0.01, Student’s

ulation spikes in the CA1 stratum pyramidale in response to Schaffer collateral

pulation spikes in the CA1 stratum pyramidale in response to Schaffer collateral

s from four mice per genotype were evaluated (*p < 0.01, Student’s t test). Error
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Figure 3. Reduced Cell Surface Expression of GABAARs in Kif5a-KO Hippocampal Neurons

(A) Cell surface expression of proteins inWT andKif5a-KO hippocampal neurons. The amount of cell surface GABAARb2was significantly reduced in KO neurons,

whereas that of GluR2/3 was unchanged.
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(Figures 5A and 5B). However, the distribution of GABARAP was

significantly different between genotypes. In WT cortical neu-

rons, a punctate staining pattern of GABARAP was observed

throughout dendritic processes, as reported previously by

Wanget al. (1999). InKif5a-KOneurons, punctate staining tended

to localize in the proximal region of dendrites, comparedwith that

in theWT; distance from the cell body, 50–75mm (12.8 ± 0.6; 6.5 ±

0.5); 75–100 mm (11.6 ± 0.8; 5.9 ± 0.4) (p < 0.05; Mann-Whitney

U test) (Figures 5A and 5B). These data indicate that KIF5A is

involved in determining the localization ofGABARAP indendrites.

Because GABARAP was first identified as a direct binding

partner for the GABAARg2 subunit (Wang et al., 1999), we

observed g2 subunit distribution in hippocampal neurons by

immunocytochemistry. In WT neurons, many of the g2 subunit

signals colocalized with those of glutamic acid decarboxylase

(GAD), an inhibitory synapse marker (Figure 5C, left panel). The

number and size of synaptic g2 subunit-positive puncta were

reduced in Kif5a-KO neurons compared with that in WT neurons

(Figure 5C, arrows in right panel). The localization of excitatory

synapse markers, N-Methyl-D-aspartic acid (NMDA) receptor

subunit (NR2B) and PSD95, showed no significant differences

between genotypes (Figures 5E and 5F). Localization of inhibi-

tory synapse marker gephyrin (Maas et al., 2009) and presyn-

aptic marker synaptophysin was also indistinguishable between

genotypes (Figures 5G and 5H). These data suggest that,

although KIF5A acts at inhibitory synapses, it is not involved in

gephyrin trafficking.

To investigate the possible alteration of GABAAR transport in

Kif5a-KO neurons, we carried out live imaging of neurons trans-

fected with GABAARg2 subunits tagged with green fluorescent

protein (GFP) (Twelvetrees et al., 2010) (Figure 6; Movie S4).

Time-lapse recordings revealed that many fluorescent particles

(>50%) were moving in WT neurons (Figure 6C). The velocity of

anterogradely transported particles was 0.33 ± 0.02 mm/s

(Figure 6D). Conversely, in Kif5a-KO neurons, fewer particles

were moving (�25%; p < 0.001, chi-square test), and the

velocity of anterogradely transported particles was decreased
(B) Statistics of the cell surface expression in (A) (normalized to total protein for

Welch’s t test). An absence of intracellular protein (actin) signals verified the puri

(C) Immunofluorescence staining of hippocampal neurons showed a decrease o

(D) Statistics of immunofluorescence staining in (C) (n = 8 neurons from three mi

(E) The intracellular amount of GABAARs was increased in Kif5a-KO neurons, su

pools in Kif5a-KO neurons.

(F) Statistics in (E) (n = 3 independent experiments, *p < 0.05; Welch’s t test).

(G and H) Endocytosis assay of cell surface GABAARs. Cell surface GABAARb2/3

endocytosed GABAARwas labeled with an Alexa Fluor 568-conjugated secondary

and Kif5a-KO hippocampal neurons (n = 6 neurons from three mice for each gen

(I and J) Western blot analysis of proteins. (I) WT and Kif5a-KOmouse brain lysate

(postnatal day 16). Error bars, mean ± SEM (n = 3).

(K and L) Rescue of reduced cell surface GABAAR expression in Kif5a-KO neuro

expression vectors for KIF5A, KIF5B, or KIF5C. At 48 hr posttransfection, neuron

surface GABAAR expression in the dendrites of Kif5a-KO neurons was reduced.

was not by those for KIF5B or KIF5C. (L) Statistics of immunofluorescent signals in

Student’s t test).

(M and N) Knockdown of KIF5s. (M) Hippocampal neurons were cotransfected wi

expressionmarker. At 72 hr posttransfection, neurons were fixed and stainedwith

miRNA with an miRNA-resistant KIF5A cDNA, restored GABAARb2/3 localization

that of nontransfected cells [minus], n = 15 neurons for each miRNA construct, *

Related to Figures S2–S4.
(0.11 ± 0.01 mm/s, p < 0.05; one-way ANOVA and post hoc

test) (Figures 6B–6D). These results suggest that KIF5A is

involved in active transport of GABAARs in neurons. We

observed transport of the NR2B subunit tagged with enhanced

(E)GFP. The movement of NR2B-EGFP was unchanged in

Kif5a-KO neurons compared with that in WT neurons (Figure S5;

Movie S5). We examined localization of dynein, a major minus-

end-directed molecular motor on microtubules. Major changes

in dynein localization were not observed between WT and

Kif5a-KO neurons (Figures S4C and S4D).

Next, to examine the role of GABARAP in GABAAR transport,

we performed knockdown of GABARAP in WT neurons with an

miRNA vector (Figure 6; Movie S4). Specificity and efficiency of

the knockdown effect of the vector are summarized in Fig-

ure S2C. Knockdown of GABARAP had a significant effect on

the number of moving particles (Figure 6C), and the velocities

of anterogradely transported GABAAR particles were greatly

reduced (Figure 6D). These results suggest a role of GABARAP

in active transport of GABAARs in neurons.

To further investigate a link between KIF5A and GABARAP, we

examined the effect of GABARAP knockdown on complex

formation of KIF5A with GABAARs by immunoprecipitation. The

amount of KIF5A immunoprecipitated by an anti-GABAARb2/3

antibody was significantly reduced when GABARAP was

knocked down in neurons (Figures 7A and 7B).

To examine whether the KIF5A-GABARAP interaction was

involved in GABAAR trafficking, we introduced a KIF5A domi-

nant-negative construct, KIF5A955-1027-EGFP, which corre-

sponded toD2 (GABARAP-BD in Figure 4B)-EGFP, into neurons.

This construct contained the GABARAP-binding site but lacked

the motor domain and HAP1-BD. After transfection of the

construct, surface biotinylation experiments were carried out,

and a significant reduction of cell surface GABAARb2/3 expres-

sion was observed in neurons transfected with GABARAP-BD-

EGFP (Figures 7C and 7D). These data suggest that the KIF5A-

GABARAP interaction is important for GABAAR trafficking to

the neuronal surface.
each receptor, n = 4 independent experiments for each genotype, **p < 0.01;

ty of the cell surface protein fraction.

f cell surface GABAARb2/3 expression. Scale bar represents 10 mm.

ce for each genotype, **p < 0.01; Student’s t test).

ggesting that a higher amount of GABAAR protein remained in the intracellular

was labeled with an Alexa Fluor 488-conjugated secondary antibody, whereas

antibody. Kinetics of GABAAR endocytosis was indistinguishable betweenWT

otype). Scale bar represents 10 mm. Error bars represent mean ± SEM.

s (embryonic day 18). (J) Control and Kif5a-conditional KOmouse brain lysates

ns. (K) Hippocampal neurons were transfected with EGFP-tagged full-length

s were fixed and stained with antibodies against GABAARb2/3 and MAP2. Cell

This reduction was rescued by transfection of the KIF5A expression vector but

(K) (compared with that of theWT, n = 15 neurons for each construct, *p < 0.05;

th miRNAs against each KIF5 and an EGFP expression vector that served as an

antibodies against GABAARb2/3 andMAP2. KIF5A-re, coexpression of a KIF5A

in dendrites. (N) Statistics of immunofluorescent signals in (M) (compared with

p < 0.05; Student’s t test). Scale bars represent 10 mm.
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Figure 4. KIF5A Specifically Binds to GABARAP in Neurons

(A) Schematic diagram of KIF5s. Three KIF5s show a very high degree of homology in their entire length, but each KIF5 has a short sequence with very few

similarities at their C-terminal cargo-BD (red for KIF5A, blue for KIF5B, and yellow for KIF5C). Bars represent regions for each binding protein. LC, kinesin

light chain.
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Next, to examine the role of the KIF5A-GABARAP pathway

and the previously reported KIF5-HAP1 pathway (Twelvetrees

et al., 2010) in surface expression of GABAARs, we tested the

effect of knockdown of GABARAP or HAP1 on cell surface

expression of GABAARb2/3 in hippocampal neurons. Knock-

down levels were similar between the two miRNAs (Figures

S2C and S2D). Both miRNA vectors reduced total, synaptic

(overlapped with synaptophysin signals), and extrasynaptic

(not overlapped with synaptophysin signals) cell surface

GABAARb2/3 levels (Figures 7E and 7F). In HAP1-knockdown

neurons, the reduction tended to be more evident in the levels

of extrasynaptic GABAARb2/3 (Figures 7E and 7F). These results

suggest that both KIF5A/GABARAP and KIF5/HAP1 complexes

are important for surface and synaptic localization of GABAARs.

Involvement of KIF5A in Post-Golgi Trafficking
of GABAARs in Neurons
To further investigate the dynamic process of GABAAR transport,

we observed the endoplasmic reticulum (ER)-to-Golgi and post-

Golgi dynamics of GABAARg2-GFP in neurons. GABAARg2-GFP

was diffusely distributed in the somatodendritic area when ex-

pressed in the presence of brefeldin A (BFA) (Figure 8A). At

1 hr after BFA washout, GABAARg2-GFP accumulated in the

Golgi apparatus in neurons frommice of each genotype (Figures

8A and 8C), suggesting that ER-to-Golgi transport of GABAARs

was unaffected. Importantly, less GABAARg2-GFP clusters

tended to be distributed in the dendrites of neurons from

KIF5A-KO mice at 2, 2.5, and 3 hr after the washout, which

was possibly because of the impairment of post-Golgi transport

of GABAARg2-GFP (Figures 8A and 8D).

Next, we compared surface expression of GABAAR-GFP in

dendrites after BFA treatment and washout between Kif5a-KO

and WT mouse neurons. We visualized surface-expressed

GABAAR-GFP by immunocytochemistry. After washout of BFA,

cells were fixed and incubatedwith an anti-GFP antibodywithout

permeabilization. Because the GFP tag of the GABAAR-GFP

construct is located at the outer surface after membrane inser-

tion (Kittler et al., 2000), we could detect the surface receptor

using this procedure. As a result, we observed a significant delay

in surface expression of GABAAR-GFP in Kif5a-KO neurons

(Figures 8B and 8E).

We tried to further characterize the alteration of GABAAR

transport in Kif5a-KO mouse neurons by comparing the glyco-

sylation state of GABAARs between genotypes. GABAARs are

known to be heavily glycosylated in neurons, and some muta-

tions of GABAAR subunits have been reported to be involved in

the receptor glycosylation state that can affect the intracellular

fate of GABAARs (Lo et al., 2010; Tanaka et al., 2008). We per-

formed a glycosylation assay of conditionalKif5a-KO and control
(B and C) Yeast two-hybrid assay. (B) KIF5A binds to GABARAP, whereas KIF5B a

KIF5B or KIF5C, binds to GABARAP, GABARAP-L1, and GABARAP-L2.

(D) Direct binding assay with purified recombinant KIF5s and GABARAPs.

(E–G) Immunoprecipitation of amouse brain lysate. KIF5A coimmunoprecipitates

(F), but not with GABARAP (E and G). GABAAR is coimmunoprecipitated with an

2000) (G).

(H–O) Immunofluorescence staining of KIF5A and GABARAP shows colocalizat

colocalize in neuronal processes. Images shown in (I)–(K) are magnifications of th

Arrows in (K) and (N) indicate colocalized puncta of KIF5A and GABARAP. (O) S
mouse brain lysates using two enzymes; endoglycosidase H

(EndoH), which only digests immature high-mannose sugar,

and peptide N-glycosidase F (PNGaseF), which removes all

N-linked carbohydrates (Tomita et al., 2003). As a result,

digested band patterns of GABAARb2/3 and GluR2/3 were

similar between genotypes (Figure 8F), indicating that the

glycosylation state of these receptors was not significantly

different between genotypes and that the GABAARs were fully

glycosylated in conditional Kif5a-KO cells. Considering that de

novo synthesized proteins are glycosylated in the ER and Golgi

apparatus, this result suggests that KIF5A is involved in the

post-Golgi trafficking of GABAARs, but not in pre-Golgi and

intra-Golgi pathways of GABAAR transport.

DISCUSSION

KIF5A and Inhibitory Neural Transmission
We found an abnormal EEG in the hippocampus of KIF5A-

deficient mice. The waveforms represented paroxysms, and

spikes and waves were considered to be a typical epileptic

discharge (Figures 1F–1H). Such abnormal waveforms are

caused by impairment of GABAAR-mediated neurotransmission

(Jacob et al., 2008). Consistently, we found an impairment of

mIPSCs and eIPSCs together with increased neuronal excit-

ability (Figure 2) and reduced cell surface expression of

GABAARs in KIF5A-deficient mice (Figure 3). These results

emphasize the role of KIF5A protein in GABAAR trafficking. On

the other hand, a static pattern with low amplitudes was

observed in the baseline EEG of KIF5A-deficient mice (Figures

1B–1E). This observation is paradoxical because, in the simplest

interpretation, impairment of GABAergic neurotransmission is

considered to increase excitatory signals and cause higher

amplitudes of the EEG (Elsen et al., 2006). In the mammalian

central nervous system, inhibitory neurotransmission is medi-

ated mainly via GABAARs that are responsible for maintaining

EEG power by synchronizing neural network activity. Indeed,

a blockade of GABAARs results in the loss of synchronization

of EEG power (Porjesz et al., 2002; Tobler et al., 2001). We spec-

ulate that the baseline EEGwith low amplitudes inKif5a-KOmice

(Figures 1J and 1K) was a result of reduced synchronism due to

a defect in the inhibitory neural network. In conclusion, our

results demonstrate that KIF5A is an important molecular

component in maintaining neuronal network activity via the

transport of GABAARs.

Specific Role of KIF5A in GABAAR Transport
Our data indicate that GABARAP is a link between KIF5A and

GABAAR. This link was specific for KIF5A, whereas KIF5B and

KIF5C did not bind to GABARAP (Figure 4). Among proteins
nd KIF5C do not. (C) The KIF5A C-terminal region, which has no homology with

with GABARAP (E) andGABAAR (F). HAP1 coimmunoprecipitateswith GABAAR

antibody against all KIF5s (SUK4), which mainly binds to KIF5A (Kanai et al.,

ion of both molecules in cortical neurons. KIF5A (green) and GABARAP (red)

e boxed region in (H). Scale bars represent 20 mm (H), 5 mm (I), and 10 mm (L).

tatistics of the colocalization. Error bars represent mean ± SEM (n = 12).
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Figure 5. Immunofluorescence Analysis of KIF5A-KO Neurons

(A) Immunofluorescence staining of GABARAP in KIF5A WT and Kif5a-KO cortical neurons. Scale bar represents 10 mm.

(B) Statistics of the distribution of GABARAP signals (three experiments, n = 30 neurons, *p < 0.05; Mann-Whitney U test). Error bars represent mean ± SEM.
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Figure 6. Analysis of GFP-Tagged GABAAR Dynamics in Neurons

(A) Time-lapse images of GFP-tagged GABAAR vesicles in dendrites. Yellow arrows indicate anterogradely moving vesicles. Scale bar represents 5 mm.

(B) Kymograph showing the motility of GABAAR vesicles. x axis, 30 mm; y axis, 100 s.

(C) Classification of motility (p < 0.001; chi-square test).

(D) Average velocities for anterograde and retrograde movement of vesicles. Error bars represent mean ± SEM (n = 38 neurons from three mice/genotype,

*p < 0.05; one-way ANOVA and post hoc test).

Related to Figures S2, S4, and S5, and Movies S4 and S5.
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KIF5A Transports GABAARs to the Neuronal Surface
reported to bind directly to KIF5s, Myo5A is specific for KIF5B

(Huang et al., 1999). However, there has been no report of

a specific binding partner for KIF5A or KIF5C. GABARAP is an

example of a protein that specifically interacts with KIF5A.

GABARAP was originally identified as a direct binding protein
(C) GABAARg2 and GAD staining in hippocampal neurons. Arrows indicate co

arrowheads show GAD signals without GABAARg2.

(D) Statistics in (C).

(E) NR2B and PSD95 staining in hippocampal neurons.

(F) Statistics in (E).

(G) Gephyrin and synaptophysin staining in hippocampal neurons.

(H) Statistics in (G). (n = 10, *p < 0.05; Student’s t test).
of the GABAARg2 subunit (Wang et al., 1999) and is involved in

GABAAR trafficking in neurons (Kittler et al., 2001; Leil et al.,

2004; Marsden et al., 2007). However, the mechanism by which

GABARAP controls GABAAR trafficking in association with

the microtubule cytoskeleton has been unclear (Wang and
localized puncta. Solid arrowheads denote extrasynaptic GABAARg2. Open

Neuron 76, 945–961, December 6, 2012 ª2012 Elsevier Inc. 955
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Figure 7. KIF5A-GABARAP Pathway Is Involved in GABAAR Trafficking to the Neuronal Surface, which Is Distinct from the KIF5-HAP1

Pathway

(A and B) Reduced coimmunoprecipitation of GABAARb2/3 and KIF5A in GABARAP knocked down (KD) cortical neurons. Control, only EGFPwas transfected. (A)

Western blots. (B) Statistics of the amount of immunoprecipitated KIF5A (normalized to the amount of input) in (A) (n = 3 independent experiments, *p < 0.05;

Student’s t test).

(C and D) Overexpression of the KIF5AC-terminal fragment (D2 in Figure 4B, whichwas bound toGABARAP) resulted in reduced cell surfaceGABAAR expression

in WT cortical neurons. (C) Western blot analysis of cell surface proteins. (D) Statistics of cell surface expression in (C) (normalized to total amount, n = 3

independent experiments, *p < 0.05; Student’s t test). Error bars represent mean ± SEM.

(E and F) Knockdown of GABARAP or HAP1 in neurons. (E) Hippocampal neurons were cotransfected with miRNAs against GABARAP or HAP1, and an EGFP

expression vector that served as an expression marker. At 72 hr posttransfection, neurons were fixed and stained with antibodies against GABAARb2/3 and

synaptophysin. Scale bar represents 10 mm. (F) Statistics of immunofluorescent signals in (E) (compared with that of nontransfected cells, n = 15 neurons from

three independent cultures for each miRNA construct, **p < 0.01; Student’s t test).

Related to Figure S2.
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Olsen, 2000). In this study, we clarified that microtubule-

dependent mechanisms via KIF5A are important for GABARAP

to function in GABAAR transport in neurons. KIF5A binds to

and transports GABARAP, and the interaction regulates the
956 Neuron 76, 945–961, December 6, 2012 ª2012 Elsevier Inc.
trafficking of GABAARs in neurons (Figures 4, 5, 6, 7, and 8).

KIF5A appropriately arranges GABARAP throughout dendrites,

and GABAAR complexes may be transported to the plasma

membrane via anchorage to distribute GABARAP. Alternatively,
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KIF5A may transport GABARAP/GABAAR as a complex to

an appropriate intracellular compartment, which facilitates

GABAAR trafficking to the plasma membrane. We propose that

these two possibilities are compatible with each other.

It should be noted that simple diffusion would be involved in

the intracellular translocation of GABARAP considering its small

molecular weight (less than 20 kDa). Therefore, it is possible that

a proportion of GABARAP can move into dendrites even when

KIF5A-mediated active transport is disrupted. However, it

would be insufficient to support the long-distance delivery of

GABAARs, leading to the significant GABAAR-related pheno-

types in Kif5a-KO mice. It is also possible that the phenotypes

in Kif5a-KO neurons would be partly because the GABARAP

molecules are not properly arranged or anchored for efficient

trafficking of GABAARs to the neuronal surface.

Multiple Roles of KIF5s in GABAAR Trafficking
The KIF5-HAP1 complex has been reported to be involved in the

transport of GABAARs (Twelvetrees et al., 2010). The KIF5A-

GABARAP complex does not contain HAP1 (Figures 4E and

4G). HAP1 resides in early endosomes containing GABAARs

(Twelvetrees et al., 2010). In contrast, GABARAP is localized to

the Golgi apparatus and somatodendritic membrane compart-

ments, except at synapses (Luscher et al., 2011). Knockdown

of GABARAP or HAP1 greatly reduced the surface GABAAR

clusters both in synaptic and extrasynaptic regions (Figures 7E

and 7F). Accordingly, we showed that the KIF5A-GABARAP

pathway participated in post-Golgi transport to distal dendrites

(Figures 8A and 8B), whereas the KIF5-HAP1 complex facilitates

trafficking of GABAARs from early endosomes to the plasma

membrane (Twelvetrees et al., 2010). Thus, the twomechanisms

may cooperatively constitute an orchestrated mechanism of

GABAAR transport in neurons.

On the other hand, microtubule tracks as well as actin

filaments would be important for synaptic delivery of GABAARs

because actin cytoskeletons are major structural components

of the juxtamembrane region. Recently, multidomain protein

Muskelin has been identified as an essential factor for cell

surface GABAAR expression and has been shown to intercon-

nect with actin- and microtubule-based transport of GABAARs

(Heisler et al., 2011). Thus, GABARAP, HAP1, and Muskelin

should work as trafficking factors together with molecular

motors for transport of GABAARs to the neuronal surface and

synapses. Interestingly, GABARAP-KO mice do not show

phenotypes related to GABAAR dysfunction (O’Sullivan et al.,

2005). This observation is probably due to functional compensa-

tion by its homolog GABARAP-L1, because both proteins are

capable of binding to the GABAAR g2 subunit (Mansuy et al.,

2004) and mRNA expression levels of GABARAP-L1 are higher

than those of GABARAP in some areas of rat brain (Mansuy-

Schlick et al., 2006). Our results show that KIF5A interacts with

both proteins (Figure 4C), and the loss of KIF5A protein results

in severe GABAAR-related phenotypes.

KIF5A and Human Hereditary Spastic Paraplegia
Spastic paraplegia (SPG) is a diverse group of inherited disorders

characterized by progressive lower-extremity spasticity and

weakness. Several mutations in the KIF5A gene have been iden-
tified in the genomic DNA of affected families (Fichera et al.,

2004; Reid et al., 2002). SPGs with KIF5A mutations are classi-

fied as SPG10 that is characterized by sensory-motor neurop-

athy, presumably because of abnormal accumulation of NFs.

Importantly, patients with SPG10 do not show epileptic symp-

toms (Fichera et al., 2004; Musumeci et al., 2011). In striking

contrast, the central feature of the conditional Kif5a-KO mouse

is severe epilepsy, and neither axonopathy nor NF accumulation

is observed in their nervous system. This discrepancy can be

partly explained by the death of conditional Kif5a-KO mice at

an early stage (�3 weeks old), in which no significant accumula-

tion of NF proteins is observed (Figure S3). In another Kif5a-KO

mouse line, one-fourth survived until 5.5 months and showed

abnormal NF transport (Xia et al., 2003). Thus, our Kif5a mutant

mouse may be useful to study presymptomatic states of SPG10.

In summary, we characterized epileptic seizures observed in

conditional Kif5a-KO mice by EEG recording and found that

GABAAR trafficking to the neuronal surface is impaired in the

KIF5A-deficient neurons, which was confirmed by electrophysi-

ology. We identified GABARAP as a direct and specific binding

partner of KIF5A. The KIF5A-GABARAP interaction was shown

to be involved in abnormal trafficking of GABAARs, which may

provide a molecular mechanism that explains the phenotypes

observed in Kif5a-KO mice and an insight into the role of

KIF5A in inhibitory synaptic transmission (Figures 8G and 8H).

EXPERIMENTAL PROCEDURES

Detailed procedures are provided in the Supplemental Experimental

Procedures.

Gene Targeting of the Kif5a Gene

A 3loxP-type targeting vector was constructed using a genomic clone

obtained from a lEMBL3 genomic library and genomic fragments amplified

from the 129/Sv-derived embryonic stem cell (ESC) line CMT1-1 (Chemicon/

Millipore, Billerica, MA, USA) with an LA-PCR kit (Takara, Japan) as schemat-

ically shown in Figure S1A. Electroporation was carried out as described

elsewhere (Joyner, 1993; Nakajima et al., 2002). By crossing 3loxP/+ male

mice with female CAG-Cretg/d transgenic mice (Sakai and Miyazaki, 1997),

the selection cassette and exons, flanked by loxP sequences, were removed

to obtain 1loxP/+ mice (Kif5a+/� allele). Kif5a-KO mice (Kif5a�/� allele) were

generated by intercrossing these mice. For conditional gene targeting,

3loxP/+ ESCs were electroporated with a pCre-Pac plasmid (Taniguchi

et al., 1998) to remove the selection cassette flanked by loxP sequences.

2loxP/+ ESCs were injected into blastocysts to obtain 2loxP/+ mice (Kif5afl/+

allele) that were intercrossed to produce Kif5afl/fl mice. Synapsin promoter-

driven Cre transgenic mice (Syn-Cretg/d) (Zhu et al., 2001) were used to

conditionally delete exons flanked by loxP. The detailed procedure is provided

in the Supplemental Experimental Procedures.

EEG Recording

Control and conditional KO mice (postnatal days 14–20) were anesthetized

with ketamine/xylazine and surgically implanted with a set of electrodes; two

0.1-mm-diameter silver wires were bonded; one was a 1.2-mm-long reference

electrode, and the other was a 2.0-mm-long working electrode with a hard

epoxy resin coat except for the 0.2-mm-long exposed tip to electrically

insulate from the reference electrode. The detailed procedure is provided in

the Supplemental Experimental Procedures.

Electrophysiology of Brain Slice Cultures

Hippocampal slices were prepared as described previously (Yin et al., 2012).

Mice at postnatal days 15–20 were anesthetized, decapitated, and their brains

were rapidly transferred to cold oxygenated ACSF consisting of 119 mMNaCl,
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10

20

  0

   
   

  P
os

t-
G

ol
gi

 
re

le
as

e 
of

 G
A

B
A

A
R

 

1.0
Time (h)

0.5 2.0

WT
KO

*

*

3.0

30
*

1.5 2.5

D

0.0

1.0

2.0

3.0

4.0

KOWT

C

G
ol

gi
 /n

on
-G

ol
gi

   
   

   
   

D
en

si
ty

 o
f 

su
rf

ac
e 

 G
A

B
A

A
R

 p
un

ct
a 

E

1.0

Time (h)

0.5 2.0 3.01.5 2.5

  0

  2

  4

  6

10

  8

*
*

*

(N
um

be
r/

 5
0∝

m
 d

en
dr

ite
)

WT
KO

GABAARβ2/3

GluR2/3

N
o 

en
zy

m
e

E
nd

oH

P
N

G
as

eF

E
nd

oH

P
N

G
as

eF

N
o 

en
zy

m
e

Control cKOF

WT

KO

BFA wash 1h wash 2.5hwash 2h wash 3h
A

KO

WT
B

KIF5A GABARAP

Microtubule

GABAARs

   Early endosome

KIF5s HAP1

Golgi 
 complex

Neuronal surface

Wild-type
Distal

Golgi 
 complex

KIF5A-knockout KIF5A

 surface expression 

Inhibitory synaptic transmission 

Desynchronization of 
 neuronal network

EEG power

Epilepsy

GABAARs

G

 HAP1 
pathway

GABARAP
  pathway

H

BFA wash 1h wash 2.5hwash 2h wash 3hproximal distal

Figure 8. KIF5A Is Involved in Post-Golgi Trafficking of GABAAR

(A–E) ER-to-Golgi and post-Golgi transport of GFP-tagged GABAAR in neurons. (A) Dynamics of GFP-tagged GABAAR after BFA washout (wash). Hippocampal

cultures were cotransfected with a1, b3, and GFP-g2 constructs. Images were acquired at the indicated time points after BFA washout. Scale bar represents

20 mm for whole-cell images and 10 mm for neurite images. (B) Immunocytochemistry of surface-expressed GFP-tagged GABAAR. Scale bar, 10 mm. (C) The

fluorescent intensities of the Golgi and non-Golgi were expressed as ratios at 1 hr after BFA washout (mean ± SEM., p > 0.05; Student’s t test). (D) Percentage of
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2.6mMKCl, 1.3 mMMgSO4, 1mMNaH2PO4, 26mMNaHCO3, 2.5 mMCaCl2,

and 11 mM D-glucose. Slices (400 mm) were cut transversely with a Leica

VT1200S and kept at 34�C for at least 1 hr before recording.

Field potentials were recorded extracellularly in the CA1 area of slices. For

each slice, a bipolar electrode was placed in the stratum radiatum, and the

Schaffer collateral pathway was stimulated at a frequency of 0.1 Hz using

constant current pulses of 0.1 ms. Stimulus-evoked population spikes were

recorded using a borosilicate glass microelectrode (filled with 1 M NaCl)

positioned in the stratum pyramidale. To examine hyperexcitability, epilepti-

form activity was recorded in Mg2+-free ACSF.

Whole-cell patch-clamp recordings in CA1 pyramidal neurons were per-

formed at room temperature with an Axopatch 1D amplifier (Axon Instruments,

Union City, CA, USA). Patch pipettes (3–5 MU) were filled with 122.5 mM Cs

gluconate, 17.5 mM CsCl, 10 mM HEPES, 0.2 mM EGTA, 8 mM NaCl, 2 mM

Mg-ATP, and 0.3 Na3-GTP (pH 7.2, 290–300 mM mOsm). All GABAAR-

mediated currents were recorded in the presence of 50 mM D-2-amino-5-

phosphonovaleric acid (Tocris, Bristol, UK) and 10 mM 2,3-dioxo-6-nitro-

1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide (Tocris, Bristol, UK). For

eIPSC recording, a bipolar-stimulating electrode was used to stimulate afferent

fibers. IPSCs evoked by current pulses (0.1 ms duration) at 0.05 Hz were re-

corded at a holding potential of 0mV. mIPSCs were collected in the presence

of 0.5 mM tetrodotoxin (Sigma-Aldrich, St. Louis, MO, USA) to block action

potentials. All membrane potential values were corrected for liquid junction

potentials of �11mV. Access resistance was continuously monitored through-

out the experiment. Recordings were included for analysis when the series

resistance was less than 20 MU and rejected if the series resistance changed

bymore than 20%.Datawere filtered at 2 kHz, digitized at 10 kHz, and analyzed

using the Mini Analysis Program (version 6.0; Synaptosoft, Decatur, GA, USA).

Immunofluorescence Analysis

Hippocampal and cortical neurons from embryonic day 16.5 mouse embryos

were prepared and cultured as described elsewhere by Brewer (1995) and

Kaech and Banker (2006). For cell surface GABAAR staining, cells were fixed

with 4% paraformaldehyde without permeabilization, blocked with 5% BSA

in PBS, and incubated with a primary antibody against GABAARb2/3 subunits

(62-3G1), which bound to the extracellular domain of the subunits, at 4�C
overnight. For colocalization analysis of KIF5A and GABARAP, cortical

neurons were permeabilized with 0.02% saponin in HEPES-buffered Hank’s

solution for 5 min at room temperature, followed by fixation with 4% parafor-

maldehyde and permeabilization with 0.1% Triton X-100, and then stained

with an anti-KIF5A rabbit polyclonal antibody and anti-GABARAP goat

polyclonal antibody (C-19). For staining of GABARAP in cortical neurons, an

anti-GABARAP rabbit polyclonal antibody (FL-117) was used. Immunohisto-

chemistry was carried out as described elsewhere by Takayama and Inoue

(2003) and Xia et al. (2003). Imaging was carried out under a Zeiss LSM510

confocal laser-scanning microscope. Quantification of fluorescence images

was performed using Scion Image and ImageJ software.

Endocytosis Assay

For the endocytosis assay, internalization of GABAAR was monitored as

described elsewhere by Goodkin et al. (2005) and Heisler et al. (2011). Cultures

of hippocampal neurons (14–18 days in vitro) were incubated at 4�C for 1 hr in

the presence of an anti-GABAARb2/3 antibody (clone 62-3G1). After incuba-

tion, the neurons were washed with PBS and then incubated in antibody-

free medium to allow antibody-bound receptors to undergo internalization at

37�C for 90 min (GABAAR internalization was maximal at this time point),

followed by fixation for 15 min with 4% paraformaldehyde. After fixation,

neurons were blocked with 5% BSA for 30 min, exposed to the first of two

secondary antibodies (20 mg/ml Alexa Fluor 488-conjugated goat anti-mouse)
released GFP-tagged GABAAR signals from the Golgi region. (E) Statistical analy

shown in (B). Error bars represent mean ± SEM, *p < 0.05; Student’s t test. For q

(F) Glycosylation assay.

(G) Models of GABAAR transport by KIF5A. The KIF5A-GABARAP pathway par

trafficking of GABAARs from early endosomes to the plasma membrane (Twelve

(H) Summary of predicted pathophysiology of Kif5a-KO mouse phenotypes.
for 2 hr under a nonpermeabilized condition, and then permeabilized by treat-

ment with 0.25% Triton X-100 for 10min, followed by incubation with the other

secondary antibody (10 mg/ml Alexa Fluor 568-conjugated goat anti-mouse)

for 1 hr. Observation was carried out under a Zeiss LSM510 confocal laser-

scanning microscope. Red signals represented internalized surface receptor,

and green signals represented receptors that remained on the cell surface.

Molecular Biology

Full-length cDNA clones of KIF5s had been previously obtained by Kanai et al.

(2000). Yeast two-hybrid assays were performed as described elsewhere by

Setou et al. (2000). The detailed procedure is provided in the Supplemental

Experimental Procedures.

Live Imaging

To perform live imaging of GFP-tagged GABAAR transport, after 7 days of

culture, hippocampal neurons were transfected with a1, b3, and GFP-g2

constructs (Twelvetrees et al., 2010). At 36–48 hr posttransfection, live

neurons were observed under a Zeiss LSM710 Duo confocal laser-scanning

microscope. Movement of GABAAR vesicles along dendrites was monitored

over time, and images were acquired every second. Determination of the

velocities was performed for 30 s. The path of individual vesicles was traced,

and distances were evaluated using LSM710 software. Analysis and graphical

representation were performed using ImageJ software and GraphPad Prism

(GraphPad Software, San Diego, CA, USA).

Post-Golgi Release of GABAAR

To monitor post-Golgi release of GABAAR vesicles, GABAAR a1, b3, and GFP-

g2 constructs were initially expressed in hippocampal cells in the presence of

10 mg/ml BFA (Wako Pure Chemical Industries, Osaka, Japan). After extensive

BFA washout, cells were observed under an LSM710 confocal laser-scanning

microscope. Quantification was performed as described elsewhere (Yin et al.,

2012). At 1 hr after BFA washout, three regions of interest were drawn at

peripheral locations, and the corresponding mean fluorescence represented

an estimation of GFP-g2 at non-Golgi locations. Golgi-associated fluores-

cence was determined from perinuclear regions. To ascertain the percentage

of post-Golgi release of GABAAR vesicles, we divided the fluorescence inten-

sity outside of the Golgi area by that of the total cell area. The background was

subtracted using the fluorescence intensity outside of the Golgi area. Immuno-

cytochemistry of surface GFP-tagged receptors was performed using an

anti-GFP antibody under a nonpermeabilized condition.

Glycosylation Assay

Glycosylation assays were performed as described previously by Standley

et al. (1998). Briefly, mouse whole brain (postnatal day 16) was homogenized

with 1 ml homogenizing buffer (50 mM Tris-HCl [pH 7.6], 5 mM EDTA, and

10% sucrose) including a Protease Inhibitor Cocktail (Roche). Homogenates

were first centrifuged at 1,000 3 g for 10 min to yield the nuclear fraction

(P1), and then the supernatant (S1) was centrifuged at 10,000 3 g for 20 min

to yield the mitochondrial fraction (P2). After resuspending the P2 fraction

with the same volume of homogenizing buffer, the lysates were subjected to

enzyme digestion for more than 12 hr according to the manufacturer’s instruc-

tions. Both EndoH and PNGaseF were purchased from New England BioLabs

(Ipswich, MA, USA).

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures, fivemovies, and Supplemental

Experimental Procedures and can be found with this article online at http://dx.

doi.org/10.1016/j.neuron.2012.10.012.
sis of the signal intensity of surface-expressed GFP-tagged GABAAR signals

uantification, 20 neurons from three mice of each genotype were examined.

ticipates in post-Golgi transport, whereas the KIF5-HAP1 complex facilitates

trees et al., 2010).
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