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Sustained Structural Change of GABA , Receptor-Associated
Protein Underlies Long-Term Potentiation at Inhibitory
Synapses on a Cerebellar Purkinje Neuron

Shin-ya Kawaguchi'> and Tomoo Hirano'>
'Department of Biophysics, Graduate School of Science, Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan, and 2Core Research for Evolutional Science
and Technology, Japan Science and Technology Agency, Kawaguchi, Saitama 332-0012, Japan

Fast inhibitory synaptic transmission is predominantly mediated by GABA, receptor (GABA ,R) in the CNS. Although several types of
neuronal activity-dependent plasticity at GABAergic synapses have been reported, the detailed mechanism is elusive. Here we show that
binding of structurally altered GABA ;R-associated protein (GABARAP) to GABA 4R 72 subunit and to tubulin is critical for long-term
potentiation [called rebound potentiation (RP)] at inhibitory synapses on a cerebellar Purkinje neuron (PN). Either inhibition of
GABARAP association with GABA ;Ry2 or deletion of tubulin binding region of GABARAP impaired RP. Inhibition of tubulin polymer-
ization also suppressed RP. Thus, precise regulation of GABA ;R y2-GABARAP-microtubule interaction is critical for RP. Furthermore,
competitive inhibition of GABARAP binding to GABA ,Ry2 after the RP establishment attenuated the potentiated response, suggesting
that GABARAP is critical not only for the induction but also for the maintenance of RP. Fluorescence resonance energy transfer analysis
revealed that GABARAP underwent sustained structural alteration after brief depolarization of a PN depending on the activity of Ca>*/
calmodulin-dependent protein kinase II (CaMKII), which is required for the RP induction. The susceptibility of GABARAP to undergo
structural alteration was abolished by an amino acid replacement in GABARAP. Furthermore, RP was impaired by expression of the
mutant GABARAP with the replacement. Together, we conclude that GABA 4R association with structurally altered GABARAP down-

stream of CaMKII activation is essential for RP.
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Introduction

Precise regulation of inhibitory synaptic transmission is critical
for the proper function of CNS as well as that of excitatory syn-
aptic transmission. Neuronal activity-dependent plasticity of
synaptic transmission has been regarded as a cellular basis for
learning and memory (Bailey et al., 2000; Hansel et al., 2001;
Kandel, 2001). Various types of synaptic plasticity have been re-
ported at both excitatory and inhibitory synapses in the CNS
(Kano et al., 1992; Komatsu, 1996; Nusser et al., 1998; Oda et al.,
1998; Bailey et al., 2000; Hansel et al., 2001; Kandel, 2001; Gaiarsa
etal., 2002; Diana and Bregestovski, 2005). Extensive studies have
uncovered the regulatory molecular mechanism of excitatory
synaptic plasticity. Phosphorylation of glutamate receptors mod-
ulates their properties such as channel conductance and the af-
finity to scaffold proteins changing the number of receptors at the
postsynaptic density (Hayashi et al., 2000; Lee et al., 2000; Sheng
and Kim, 2002). Conversely, little is known about the molecular
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mechanism of plasticity at inhibitory synapses. Some forms of
inhibitory synaptic plasticity are mediated by the change in
postsynaptic responsiveness of GABA , receptor (GABA,R), ma-
jor receptors at inhibitory synapses (Kano et al., 1992; Nusser et
al., 1998). However, details of how GABA R changes its proper-
ties are unclear.

At GABAergic synapses on a cerebellar Purkinje neuron (PN),
postsynaptic depolarization caused by excitatory inputs, such as
those from a climbing fiber, potentiates the inhibitory synaptic
transmission mediated by GABA,R for a long time, which is
called rebound potentiation (RP) (Kano et al., 1992). The in-
crease in intracellular Ca>* concentration and resultant activa-
tion of Ca*"/calmodulin-dependent protein kinase IT (CaMKII)
are required for the induction of RP (Kano et al., 1996; Kawagu-
chi and Hirano, 2002). However, how CaMKII activation aug-
ments the GABA R function during the RP induction remains to
be clarified. In the synaptic plasticity at excitatory synapses, pro-
teins that directly bind to glutamate receptors, such as PICK1
(protein interacting with C kinase), GRIP (glutamate receptor
interacting protein), and TARP (transmembrane AMPA receptor
regulatory protein), play critical roles by regulating intracellular
trafficking of glutamate receptors (Hirbec et al., 2003; Rouach et
al., 2005; Tomita et al., 2005). We considered that binding pro-
teins for GABA,R might be involved in RP. Recently, several
GABA,R binding proteins have been identified (Wang et al.,
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1999; Bedford et al., 2001; Kanematsu et al., 2002; Chen and
Olsen, 2007). They are GABARAP (GABA,R-associated pro-
tein), PRIP (phospholipase C-related, catalytically inactive pro-
tein), Plic-1, GODZ (Golgi-specific DHHC zinc finger protein),
etc. Among them, we attended to GABARAP, a linker protein
between GABA R and tubulin (Wang et al., 1999). The number
and/or function of surface GABA,R can be regulated by
GABARAP in both heterologous expression systems and neurons
(Chen etal., 2000, 2005; Nymann-Andersen et al., 2002; Everitt et
al., 2004; Leil et al., 2004; Luu et al., 2006). However, implication
of GABARAP in synaptic plasticity has not been explored. Here,
we examined involvement of GABARAP in RP using cultured
PNs. Our results indicate that precise regulation of microtubule—
GABARAP-GABA R association is essential for the induction
and maintenance of RP.

Materials and Methods

Culture. The method for preparing primary culture of cerebellar neurons
was similar to a previous study (Kawaguchi and Hirano, 2006). Experi-
ments including whole-cell patch-clamp recordings, immunocytochem-
istry, and fluorescent imagings were performed 3—4 weeks after prepara-
tion of culture. Experimental procedures were performed in accordance
with the guideline regarding care and use of animals for experimental
procedures of National Institutes of Health (United States) and Kyoto
University and approved by the local committee for handling experimen-
tal animals in the Graduate School of Science, Kyoto University.

Electrophysiology. Methods of electrophysiological experiments were
similar to previous studies (Kawaguchi and Hirano, 2000, 2002, 2006).
Briefly, whole-cell patch-clamp recording from a cerebellar PN grown in
culture for 3—4 weeks was performed with an amplifier (EPC9; HEKA
Elektronik, Lambrecht/Pfalz, Germany) in the solution containing the
following (in mm): 145 NaCl, 5 KOH, 2 CaCl,, 1 MgCl,, 10 HEPES, and
10 glucose, pH 7.3, at room temperature (20—-24°C), unless otherwise
stated. The solution contained 6-cyano-7-nitroquinoxaline-2, 3-dione
disodium (10 um; Tocris Bioscience, Bristol, UK), tetrodotoxin (TTX; 1
uM; Wako, Osaka, Japan), and SCH50911 [(2S)(+)5,5-dimethyl-2-
morpholineacetic acid; 10 um; Tocris Bioscience] to inhibit glutamater-
gic EPSCs, action potentials, and GABA ;R activation, respectively, unless
otherwise stated. A PN was visually identified by a large cell body and
thick dendrites. A patch pipette used to record from a PN was filled with
an internal solution (pH 7.3) containing the following (in mm): 155 CsCl,
10.5 CsOH, 0.5 EGTA, 10 HEPES, 2 Mg-ATP (Sigma, St. Louis, MO),
and 0.2 Na-GTP (Sigma). Mg-ATP and Na-GTP were used to minimize
rundown of GABA 4 R. For recordings from a presynaptic inhibitory in-
terneuron, the following internal solution (pH 7.3) was used (in mm):
147 KCl, 15 KOH, 5 EGTA, 10 HEPES, 2 Mg-ATP, and 0.2 Na-GTP. The
membrane potential of a PN was corrected for the liquid junction poten-
tial (—3 mV) and was held at —70 mV. When GABA responses, minia-
ture IPSCs (mIPSCs), and evoked IPSCs were recorded for a long dura-
tion from a PN, only recordings with an input resistance of >100 M)
and series resistance of <25 M() were accepted. To minimize the voltage-
clamp error, the amplitude of GABA response at the beginning of exper-
iments was set to ~200 pA. Series resistance and input resistance were
monitored every 2 min, and experiments were terminated when a change
of >20% was detected. The Ba®" currents through voltage-gated Ca*™*
channels were measured by applying a 50 ms depolarizing pulse to —20
mV in the external solution containing 2 mm Ba 2* instead of Ca®*, 1 um
TTX, 1 mMm 4-aminopyridine, and 10 mM tetraethylammonium (the lat-
ter two are blockers for K* channels). In the Ba** current recording, the
series resistance was kept between 7 and 12 M) and compensated (40%,
10 s lag).

In the mIPSCs analysis, events larger than 6 pA with appropriate time
course were selected visually, and the amplitudes were measured with the
Mini Analysis software (Synaptsoft, Fort Lee, NJ). The mean amplitude
was calculated from 200—400 events. Time courses (10-90% rise time
and half-height width) were obtained by averaging 20 mIPSCs in each
cell. The method for iontophoretic application of GABA was similar to
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previous studies (Kawaguchi and Hirano, 2000, 2002, 2006). A glass
pipette containing 10 mm GABA was aimed at a proximal dendrite, and
20 ms positive voltage pulses were applied every 20 s. In some experi-
ments, the temperature was regulated by Thermo Plate (Tokai Hit, Shi-
zuoka, Japan). The 18 amino acids peptide of GABA,R 2 subunit (y2
peptide) or the scrambled control peptide (100 um, purity >95%; In-
vitrogen, Carlsbad, CA) was applied into a PN through a patch pipette.
Data are presented as mean = SEM, unless otherwise stated. Statistical
significance was assessed by unpaired Student’s ¢ test or by one-way
ANOVA when multiple groups were compared at the same time.

Immunocytochemistry. Cultured neurons were fixed with 4% parafor-
maldehyde, permeabilized in PBS containing 0.5% Tween 20 and 2%
skim milk, and labeled with primary antibodies followed by treatment
with secondary antibodies. Surface staining of GABA Ral was per-
formed after fixation under a nonpermeabilized condition without
Tween 20, followed by wash and subsequent staining of enhanced green
fluorescent protein (EGFP) or calbindin in a permeabilized condition
with Tween 20. Primary and secondary antibodies used were as follows: a
mouse monoclonal antibody (mAb) against calbindin D28 (1:1000;
Swant, Bellinzona, Switzerland), an mAb against a-tubulin (1:1000;
Santa Cruz Biotechnology, Santa Cruz, CA), a rabbit polyclonal antibody
(pAb) against GABA,R «al subunit (1:1000; Alomone Labs, Jerusalem,
Israel), a rabbit pAb against GABA 4R y2 subunit (1:300; Alomone Labs),
an mAb against GABA R 82/3 subunit (1:500; Upstate, Charlottesville,
VA), arabbit pAb against calbindin (1:1000; Chemicon, Temecula, CA),
a chick pAb against GFP (1:1000; Chemicon), and Alexa 568-conjugated
PADb against rabbit or mouse IgG and Alexa 488-conjugated pAb against
chick, rabbit, or mouse IgG (Invitrogen, Carlsbad, CA). Fluorescent im-
ages were recorded with a confocal laser microscope (CSU 10; Yokokawa
Electric, Tokyo, Japan) equipped to an upright microscope (Eclipse
E800; Nikon, Tokyo, Japan) and analyzed using IP Lab software (Solu-
tion Systems, Chiba, Japan). High K *-containing conditioning treat-
ment solution was made by replacing 50 mm Na ™ with K ¥ in the normal
external solution. The averaged fluorescent signal for surface GABA,R
divided by the area positive for EGFP or calbindin was compared.

DNA construction. Human GABARAP cDNA was a generous gift from
Drs. Kanematsu and Hirata (Kyushu University, Fukuoka, Japan). The
amino acid sequence of human GABARAP is identical to that of rat
GABARAP. The mutant GABARAP, such as A27, V33E, and P37A, was
produced by PCR-mediated introduction of each mutation. cDNA of
wild-type or mutant GABARAP were inserted into pCAGplay expression
vector (Kawaguchi and Hirano, 2006) at BglII/PstI site. Venus cDNA was
produced by PCR-mediated mutagenesis from enhanced yellow fluores-
cent protein cDNA (Invitrogen). Coding regions of enhanced cyan fluo-
rescent protein (ECFP) and Venus were inserted into pCAGplay at
EcoRI/BgIII site and at PstI/Xhol site, respectively. To avoid the possible
cleavage at GABARAP C-terminal L by Atg-family protease (Tanida et
al., 2004), two amino acids G116 and L117 were removed from CGV
probe. Coding region for GABARAP residues 1-115 was inserted in-
frame into the BgIII/PstI site between coding regions for ECFP and Venus
in pCAGplay vector. Expression plasmid encoding hemagglutinin (HA)—
GABARAP was constructed by in-frame insertion of double-strand DNA
primers encoding HA tag at EcoR1/BglII site of pCAGplay vector contain-
ing full-length GABARAP cDNA between Bg/II and PstI sites. The expres-
sion plasmid (50 ng/ul) encoding wild-type or mutant GABARAP or
CGV probe was injected into a nucleus of PN through a sharp glass
pipette. The electrophysiological, fluorescence resonance energy transfer
(FRET), or immunocytochemical experiments were performed 1-3 d
after the injection.

FRET imaging. FRET images were obtained from a PN transfected with
CGYV probe using an upright microscope IX71 equipped with FV1000
fluorescence imaging system (Olympus, Tokyo, Japan). CGV probe was
excited at 440 nm, and the emission between 460 and 500 nm (for CFP)
and that between 515 and 615 nm (for Venus) were recorded. The fluo-
rescence intensities of ECFP and Venus in a thick shaft of proximal
dendrite were measured. Then, the fluorescence ratio (Venus/ECFP) was
calculated.
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Results

RP impairment by competitive inhibition of GABARAP
binding to GABA,,Ry2

In a PN, most GABA ,Rs are composed of a1, 32/3, and y2 sub-
units (Laurie et al., 1992). This was confirmed by immunocyto-
chemistry showing that fluorescent signal for GABA,R a1 sub-
unit and that for y2 subunit almost completely overlapped with
that for 82/3 subunit (data not shown). GABARAP binds to both
GABA ,Rv2 subunits and tubulin (Wang et al., 1999). The bind-
ing site of 2 subunits to GABARAP lies at a region consisting of
18 amino acids RTGAWRHGRIHIRIAKMD in the intracellular
loop between third and fourth transmembrane segments (Wang
et al., 1999; Coyle et al., 2002; Nymann-Andersen et al., 2002).
We first examined whether GABARAP is involved in RP by com-
petitively inhibiting association of GABARAP with y2 subunit
using a fusion protein containing the 18 amino acids and Venus,
a variant of yellow fluorescent protein (Nagai et al., 2002).

An expression plasmid encoding the fusion protein was con-
structed (y2 peptide—Venus) and intranuclearly injected into a
PN. GABA,R responsiveness was monitored with the current
response to GABA applied iontophoretically to the proximal
dendrites of a PN (Kawaguchi and Hirano, 2000, 2002). In a
control PN transfected with EGFP, conditioning depolarization
(0 mV for 500 ms, 5 times at 0.5 Hz) potentiated the amplitude of
GABA response within 2 min after the conditioning (245 = 13%
at 2 min, mean * SEM), and the potentiation lasted for >30 min
(172 = 11% at 30 min) (Fig. 1 A, B). Thus, RP is rapidly induced
after depolarization of a PN and lasts for a long time. Conversely,
expression of y2 peptide—Venus in a PN suppressed the potenti-
ation of GABA response at 30 min (100 * 3%, p < 0.005, Stu-
dent’s  test), although the reduced potentiation at 2—-10 min after
the conditioning remained (183 * 21%, p < 0.05, 2 min) (Fig.
1A,B). Thus, inhibition of GABARAP binding to GABA,R y2
subunit completely suppressed the sustained phase (at 10-30
min) of RP, although the suppressive effect on the early phase (at
2—10 min) was limited.

To confirm the conclusion, we next applied the 18 amino
acids peptide (y2 peptide, RTGAWRHGRIHIRIAKMD) directly
into a PN through a patch pipette. The y2 peptide reduced the
extent of RP in the early phase (182 * 17%, 2 min) and almost
completely suppressed the late phase of RP (107 = 9%, 30 min),
whereas a control peptide with randomized amino acids se-
quence (AAKGHRIMWGRIRTDHI) did not (2 min, 255 % 15%,
p < 0.05; 30 min, 188 = 14%, p < 0.005) (Fig. 1C). These results
suggest that association of GABARAP with GABA ,R+y2 subunit is
critical for RP. We then examined whether the y2 peptide sup-
presses the RP induction at a near-physiological temperature. At
32-33°C, the early phase of RP attenuated faster than at room
temperature (199 = 16% at 2 min), followed by the gradual in-
crease of GABA R responsiveness (supplemental Fig. 1A, Con-
trol peptide, available at www.jneurosci.org as supplemental ma-
terial). The y2 peptide impaired the late phase of RP but not the
early phase (2 min, 230 = 7%, p > 0.12; 20 min, 96 * 9%, p <
0.05). These results suggest that association of GABARAP to
GABA R 72 subunit is critical for long-term induction of RP.

GABARAP plays a role in trafficking of GABA R toward the
postsynaptic membrane of dendritic inhibitory synapses and in
regulation of the GABA 4R number on the plasma membrane in
hippocampal neurons (Leil et al., 2004). Thus, we examined
whether inhibition of GABARAP and GABA ,Ry?2 association af-
fects the subcellular localization of GABA,R in a PN. Immuno-
cytochemical analysis showed that both GABA R a1 and y2 sub-
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Figure1. Involvement of GABARAPin RP.A, B, Representative traces (4) and time courses of
amplitudes (B) of current responses to GABA before and after the conditioning depolarization (0
mV for 500 ms, 5 times at 0.5 Hz) recorded from a PN transfected with EGFP or fusion protein of
18 amino acids peptide of GABA,R 2 subunit and Venus. n = 5 for each. (, Representative
traces and time courses of amplitudes of GABA responses before and after the conditioning
depolarization with 2 or control peptide applied through a patch pipette. n = 5 for each. D,
Immunocytochemical staining of GABA,R o subunit and EGFP transfected intoa PN. Dendrites
of PNs are shown.

units were located along the plasma membrane and that
expression of y2 peptide—Venus did not apparently affect the
localization pattern in a PN (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). To further exam-
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Figure 2.

ine the effect of y2 peptide—Venus on trafficking of GABA,R
toward the plasma membrane, we stained the surface GABA ,Ra1
on the plasma membrane in a nonpermeabilized condition, fol-
lowed by staining of intracellular EGFP or y2 peptide—Venus
after permeabilization. Expression of y2 peptide—Venus did not
affect the localization pattern and amount of GABA ,Ra1 on the
plasma membrane (Fig. 1 D). The surface GABA 4R signal in a PN
transfected with y2 peptide—Venus was 115 = 14% (n = 12) of
that in a PN transfected with EGFP (n = 25; p > 0.35). Thus, it is
suggested that competitive inhibition of GABARAP and
GABA ,Rv2 binding impairs RP without clear alteration in sub-
cellular localization of GABA R in a PN.

Next, we examined whether GABARAP localization changes
in response to depolarization in a PN. Because no good anti-
GABARAP antibody that can stain endogenous GABARAP was
available, we constructed an expression vector encoding HA-
tagged GABARAP. HA-GABARAP was diffusely distributed in
the basal condition, and hardly colocalized with GABA,R de-
tected by an antibody against (32/3 subunit (supplemental Fig.
2C, available at www.jneurosci.org as supplemental material).
The depolarizing conditioning treatment (for 30 s) with the ex-

Requirement of GABARAP association with GABA,R-y2 for RP at synapses. 4, Representative traces of mIPSCs before
and 30 min after the conditioning depolarization in the presence of control peptide or y2 peptide. B, Cumulative probability
histogram of amplitudes of mIPSCs (=400 events for each) before and 30 min after the conditioning depolarization in the
presence of control or y2 peptide. C, Time courses of amplitudes of mIPSCs with y2 or control peptide applied through a patch
pipette. n = 5 for each. Dep, Depolarization. D, Representative traces of presynaptic action potentials and postsynaptic IPSCs
before and 20 min after the conditioning depolarization in the presence of control or y2 peptide. IN, Inhibitory interneuron. Each
trace was obtained by averaging 15 events. £, Time courses of amplitudes of evoked IPSCs in the presence of control or y2 peptide.

20 30

I depolarization (supplemental Fig. 1B,

available at www.jneurosci.org as supple-
mental material). This phenomenon
might correspond to the depolarization-
induced potentiation of inhibition (DPI)
(Duguid and Smart, 2004). The extent of
changes in mIPSCs frequency by the de-
polarization was not affected by the y2
peptide in a postsynaptic PN (supplemen-
tal Fig. 1 B, available at www.jneurosci.org
as supplemental material), supporting the idea that presynaptic
DPI is distinct from postsynaptic RP.

We next examined whether the y2 peptide suppresses the RP
of evoked IPSCs. Paired recordings from a presynaptic inhibitory
interneuron and a postsynaptic PN were performed without
TTX. A presynaptic inhibitory interneuron was maintained in a
whole-cell voltage-clamp or current-clamp condition, and Na *
current or an action potential was evoked by a depolarization
pulse or by the positive current injection. The evoked IPSC was
recorded from a whole-cell voltage-clamped PN. The amplitude
of evoked IPSC was potentiated for >30 min after the condition-
ing depolarization with the control peptide (2 min, 153 * 23%;
20 min, 264 = 51%) (Fig. 2D, E). In contrast, the late phase of RP
was impaired with the y2 peptide (2 min, 132 = 21%, p > 0.52; 20
min, 90 = 3%, p < 0.05) (Fig. 2D, E). The potentiation of evoked
IPSC at 2 min after the depolarization was somewhat weak com-
pared with RP of GABA responses and mIPSCs, presumably at-
tributable to the depolarization-induced potentiation of suppres-
sion (DSI). DSI is the transient (~2 min) decrease of presynaptic
transmitter release mediated by endocannabinoid released from
adepolarized PN (Kreitzer and Regehr, 2001; Diana et al., 2002).
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e min, 171 = 17%, p < 0.05) (Fig. 3B). These results suggest that
association of GABA ,Ry2 and GABARAP lacking binding site to
C before Kk microtubule suppresses RP. Thus, the ability of GABARAP to
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Figure 3.  Binding of GABARAP to tubulin is critical for RP. A, The wild-type and mutant
GABARAP proteins. Deletion of N-terminal 27 amino acids abolishes tubulin binding. P37A point
mutation reduces the affinity to GABA,Ry2 subunit. B, Representative traces and time courses
of amplitudes of GABA responses in a PN transfected with either full-length or A27 GABARAP.
n =5 for each. C, Representative traces and time courses of amplitudes of mIPSCs in a PN
transfected with either full-length (n = 5) or A27 GABARAP (n = 8). D, Representative traces
and time courses of amplitudes of GABA responses in a PN transfected with either full-length
(n = 6) or A27 GABARAP (n = 5) containing P37A point mutation. E, Immunocytochemical
staining of EGFP and surface GABA,R a1 subunitin a PN transfected with either full-length or
A27 GABARAP together with EGFP.
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ECEFP increased (Fig. 4C). Thus, the fluo-
rescence ratio of the Venus signal (515—
615 nm) divided by the ECFP signal (460—
500 nm) decreased (Fig. 4 B). These results
suggest that the distance between ECFP
and Venus in the CGV probe was in-
creased or the angle between them was al-
tered by the conditioning depolarization

—— Ratio
—— ECFP R K]
Venus

(d4D3rsnuap) oney

1600
1400
1200
1000
800
600
400
200
0

&
N »
(o]

Venus/ [l
ECFP

Fluorescence intensity (A.U.)

Figure4.

Data obtained before (black) and 10 min after the conditioning depolarization (red) are shown.

tion of the P37A mutant with the endogenous GABARAP for
binding to tubulin might be limited because of the large amount
of tubulin in a PN.

Taking all above results together, we suggest that precise reg-
ulation of microtubule-GABARAP-GABA,Ry2 association is
essential for RP. The amount of GABA,R al subunit on the
plasma membrane and the localization pattern of GABA,R «al
and y2 subunits in a PN were not affected by expression of A27
GABARAP (Fig. 3E) (supplemental Fig. 2, available at www.jneu-
rosci.org as supplemental material). The surface GABA ,Ra1 sig-
nal in PNs transfected with the full-length GABARAP or A27
GABARAP were 102 * 7% (n = 16) and 108 = 7% (n = 16) of
that in EGFP-transfected PNs ( p > 0.53).

Sustained GABARAP structural alteration by depolarization
To obtain additional insight into the role of GABARAP in RP, we
developed a FRET-based probe protein that could be used for
sensing the conformational change of GABARAP in a living cell.
GABARAP was fused with ECFP and Venus at the N and C ter-
minals, respectively (named CGV probe). We expected that the
FRET efficiency of CGV probe might be changed by the structural
alteration of GABARAP in a similar manner to other FRET-based
probe proteins used for the analysis on synaptic plasticity at ex-
citatory synapses (Okamoto et al., 2004; Takao et al., 2005). CGV
probe was transfected into a PN, in which simultaneous FRET
imaging and a whole-cell patch-clamp recording were
performed.

When CGV probe in a PN was illuminated by 440 nm laser,
which preferentially excites ECFP, it emitted fluorescence with
the intensity peaks for both ECFP (~470 nm) and Venus (~520
nm), indicating that FRET occurred between ECFP and Venus
fused to each end of GABARAP (Fig. 4). The emission spectrum
of CGV probe changed after the conditioning depolarization.
The fluorescence intensity peak for Venus decreased and that for

-50 1] 50 100
seconds

460 480 500 520 540 560 580
Wave length (nm)

FRET decrease of CGV probe in response to depolarization of a PN. 4, Representative fluorescence images of ECFP and
Venus and the ratio images of Venus/ECFP before and immediately after the conditioning depolarization (Dep). B, Time courses of
fluorescence intensity of ECFP (blue) and Venus (green) and that of the fluorescence ratio (Venus/ECFP, black). The conditioning
depolarization was applied at 0 s. A.U., Arbitrary unit. C, Fluorescence emission spectrum of CGV probe excited by 440 nm laser.

0.8 ofa PN, implying occurrence of some con-
formational change in GABARAP. The
decrease of FRET efficiency in CGV probe
caused by the depolarization reached the
peak within 30 s and lasted for >15 min
(depolarization, 85 * 3% at 15 min; no
depolarization, 99 = 2%; p < 0.001) (Fig.
5A,B). Thus, it seems that GABARAP
conformation change induced by the tran-
sient depolarization of a PN lasts for along
time.

We next attempted to clarify how the
decrease in FRET efficiency of CGV probe
is brought about. Because CaMKII is crit-
ical for the RP induction, we examined
whether it is also involved in the FRET
decrease of CGV probe. Application of
KN62 (1-[N,O-bis(5-isoquinolinesul-
phonyl)-N-methyl-L-tyrosyl]-4-phenyl-
piperazine) (5 mM), an inhibitor of
CaMKI1I, suppressed the sustained FRET
decrease, although a transient decrease was observed (96 * 2%;
p < 0.005) (Fig. 5C,D). Thus, CaMKII activity seems to be nec-
essary for the sustained conformation change of CGV probe.
These results suggest that the sustained GABARAP structural al-
teration might be closely related to the RP induction.

150 200 250 300

—— Before
— After

Role of sustained GABARAP conformation change in RP

To obtain a molecular tool for analyzing the relation of
GABARAP conformation change and the RP induction, we
searched for a mutation in GABARAP that suppresses the FRET
decrease. We also intended to confirm that the FRET decrease of
CGV probe was attributable to structural alteration in
GABARAP. When V33 of GABARAP was replaced by E in the
CGV probe, the conditioning depolarization failed to induce the
sustained decrease of FRET efficiency (depolarization, 95 % 2%;
no depolarization, 98 = 1%; p > 0.3) (Fig. 6 A, B), suggesting that
V33 is important for the structural alteration of GABARAP. The
fact that a point mutation of GABARAP abolished the sustained
FRET decrease of CGV probe confirms that the FRET decrease of
CGV probe was attributable to the structural alteration of
GABARAP region but not to the change in linker regions or in
fluorophores.

We next examined whether the V33E GABARAP affects RP.
Transfection of V33E GABARAP in a PN impaired RP with slight
reduction in the early phase and almost complete suppression in
the sustained phase (2 min, 201 % 18%, p > 0.25; 30 min, 110 *
6%, p < 0.05) compared with the wild-type GABARAP transfec-
tion. This effect was cancelled by an additional point mutation
P37A reducing the affinity to GABA ,Ry2 subunit (2 min, 240 *
16%, p > 0.1; 30 min, 150 = 7%, p < 0.01) (Fig. 6C), suggesting
that direct binding of structurally unchangeable GABARAP to
GABA,RYy2 impaired RP. V33E GABARAP did not affect the
basal mIPSC amplitude, time course, frequency, or VGCC cur-
rent (supplemental Table 1, available at www.jneurosci.org as
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supplemental material). Together, struc- A
turally unchangeable GABARAP sup-
pressed RP through direct binding to
GABA ,RY2 subunit, indicating an essen-
tial role of structural alteration of
GABARAP in RP. A27 GABARAP with
V33E mutation also suppressed RP (2
min, 186 = 15%, p > 0.05; 30 min, 100 *=
2%, p < 0.05 compared with full-length
wild-type GABARAP) (supplemental Fig.
1C, available at www.jneurosci.org as sup-
plemental material), similar to A27
GABARAP without V33E mutation. The
suppressive effect of A27 GABARAP with
V33E mutation was also abolished by an
additional point mutation P37A reducing
the affinity to GABA,Ry2 (2 min, 224 *
14%, p > 0.12; 30 min, 154 * 7%, p <
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0.001) (supplemental Fig. 1C, available at
www.jneurosci.org as supplemental mate-
rial). We also examined whether V33E
mutated GABARAP affects the localiza-
tion of GABA,R in PNs. As shown in
Figure 6D and supplemental Figure 2
(available at www.jneurosci.org as supple-
mental material), V33E GABARAP did
not affect the amount of surface
GABA,Ral on the plasma membrane
(116 = 9%, n = 15, p > 0.15 compared
with wild-type GABARAP) and the overall
localization pattern of GABA R a1 and y2
subunits in PN dendrites. Taking above
results together, we suggest that structural
alteration of GABARARP is critical for RP.

Figure 5.
images (Venus/ECFP) before, during, and 15 min after the conditioning depolarization (Dep) in a PN. B, Time courses of the
normalized fluorescence ratio in a proximal dendrite of PNs. The conditioning depolarization was applied at 0 min. n = 13
(Depolarization) and n = 7 (No depolarization). C, Time courses of the normalized fluorescence ratio in the absence or presence of
KN62 (n = 8). The control data are same as the depolarization data in B. D, Representative images of the fluorescence ratio of CGV
probe before, during, and 15 min after the conditioning depolarization in the presence of KN62.

Binding of structurally altered
GABARAP to GABA ,R%y2 directly
mediates RP expression

How does binding of structurally altered
GABARAP to GABA,Ry2 subunit contribute to expression of
RP? To address this issue, we attempted to inhibit binding of
GABA,RY2 subunit to structurally altered GABARAP after the
induction of RP and examined the effect on established RP. To
this end, two patch pipettes were prepared: one contained the
normal internal solution for whole-cell recording, and the other
contained the 2 peptide (100 uMm) to competitively inhibit
GABARAP binding to y2 subunit. Both pipettes were placed on a
soma of PN, and gigaseals were formed. The membrane under
the former pipette was ruptured for whole-cell recording. The
GABA response was monitored, and RP was induced by the con-
ditioning depolarization (247 = 12% at 2 min) (Fig. 7B). Five
minutes after the depolarization, the membrane under the latter
pipette was ruptured, allowing entry of the y2 peptide into the PN
(Fig. 7A). As shown in Figure 7B, the potentiated GABA,R re-
sponsiveness started to decline after rupture of the membrane
with the second pipette containing the y2 peptide but not of that
containing the control peptide. The 2 peptide finally attenuated
the amplitude of GABA R response to the basal level at 30 min
(v2 peptide, 112 = 10%; control peptide, 161 % 11%; p < 0.05).
These results suggest that the once established RP was cancelled
by inhibition of binding between structurally altered GABARAP
and GABA 4R 2 subunit. Thus, it seems that the potentiation of

10 5 10 15
minutes

15 min

Long-lasting GABARAP structural alteration detected with FRET. A, Representative pseudocolor fluorescence ratio

GABA R responsiveness is maintained by direct binding of struc-
turally altered GABARAP to GABA \R2.

We next tried to examine whether association of GABARAP to
GABA ,Ry2 is important only in the maintenance of RP. The first
pipette containing only the normal internal solution and the sec-
ond pipette containing also the y2 peptide were kept in a whole-
cell recording condition from the start of experiment. Then the
second pipette was removed immediately after the conditioning
depolarization, expecting that the y2 peptide would be washed
out from the PN through the first pipette. The results (Fig. 7C)
were similar to those without washout of the y2 peptide (Fig. 1C).
The amplitude of GABA response did not increase after removal
of the y2 peptide-containing pipette (y2 peptide, 101 = 5%;
control peptide, 150 * 8% at 30 min; p < 0.005). These results
might suggest that the GABARAP association with GABA R y2
subunit during the induction phase is critical for establishment of
RP, although the possibility that the y2 peptide was not washed
out efficiently and remained bound with GABARAP in a PN
cannot be excluded.

Involvement of microtubule in RP

To evaluate the relevance of microtubule-GABARAP—
GABA,RY2 interaction to RP, we next examined the effect of
destruction of microtubule on RP. When tubulin polymerization
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tubulin polymerization by vincristine ap-
plied through a patch pipette did not affect
the FRET decrease caused by the condi-
tioning depolarization (84 = 2%, p > 0.8)
(Fig. 8 F,G), suggesting that the sustained
structural alteration of GABARAP is inde-
pendent of microtubule. Microtubule
might contribute to RP by working as a
scaffold for structurally altered GABARAP
to stably bind to GABA,R 72 subunit.

15 min

Discussion

Mo depolarization

We have shown that GABARAP is a critical
mediator of synaptic plasticity at inhibitory
synapses on a PN. GABARAP underwent
sustained structural alteration depending on
s the CaMKII activity. RP expression de-
V3E pended on binding of the structurally altered
GABARAP to GABA,R7y2 subunit. Binding
of GABARAP and tubulin was also required
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A critical role of GABARAP conformation change in RP. A, Representative ratio images (Venus/ECFP) before, during,

for RP. Together, it is suggested that regula-
tion of microtubule-GABARAP-GABA,R
association downstream of CaMKII acti-
vation is essential for potentiation of
GABA 4R responsiveness in a PN.

Role of GABARAP in RP

There are two possibilities how binding of
the structurally altered GABARAP to
GABA ,RY2 subunit potentiates GABA,R
function (supplemental Fig. 3, available at

and 15 min after the conditioning depolarization (Dep) in a PN transfected with the CGV probe containing V33E mutation. B, Time
courses of normalized fluorescent ratio (Venus/ECFP) in a PN transfected with the CGV probe containing V33E mutation.n = 9
(Depolarization) and n = 6 (No depolarization). C, Representative traces and time courses of amplitudes of GABA response before
and after the conditioning depolarization in PNs transfected either with the full-length GABARAP containing V33E mutation alone
(n = 6) or with both V33E and P37A mutations (n = 5). D, Immunocytochemical images for staining of EGFP and surface GABA,R
a1 subunit on the plasma membrane of PN dendrites. Either the full-length GABARAP (Wild type) or V33E GABARAP (V33E)

www.jneurosci.org as supplemental mate-
rial). GABARAP might increase the num-
ber of surface GABA,R by facilitating
transportation of intracellular GABA 4R to
the plasma membrane. Alternatively,
GABARAP binding to GABA ,Ry2 might

together with EGFP was transfected into a PN.

was inhibited by a pharmacological agent vincristine (5 uM) for
>2 h, microtubule structure was altered in a PN (Fig. 8 A). How-
ever, the localization pattern of GABA,R al subunit was not
apparently changed by the treatment in accordance with a previ-
ous report (Fig. 8 B) (Allison et al., 2000). In such a PN, the
conditioning depolarization failed to induce sustained potentia-
tion of GABA responses (30 min, 105 * 4%, p < 0.005), whereas
the early phase of RP was not affected (2 min, 229 = 13%, p >
0.7) (Fig. 8C). Similarly, acute inhibition of tubulin polymeriza-
tion by vincristine (2 uM) applied through a patch pipette sup-
pressed the sustained phase of RP in both GABA responses and
mIPSCs (GABA responses, 105 *= 4%, p < 0.0005; mIPSCs,
115 £ 10%, p < 0.001 at 30 min) but not the early phase (GABA
responses, 216 = 9%, p > 0.16; mIPSCs, 164 = 11%, p > 0.29 at
2 min) (Fig. 8 D,E). Thus, microtubule is involved in the sus-
tained phase but not in the early phase of RP. Vincristine appli-
cation through a patch pipette did not affect the basal mIPSC
amplitude, time course, frequency, or VGCC current (supple-
mental Table 1, available at www.jneurosci.org as supplemental
material).

Next, we examined whether tubulin polymerization is also
involved in the sustained conformation change of GABARAP
monitored with the FRET decrease of CGV probe. Inhibition of

change the channel property such as

single-channel conductance. Numerous

studies reported that GABARAP plays

roles in trafficking of GABA,R to the
plasma membrane (Kneussel et al., 2000; Kittler et al., 2001; Moss
and Smart, 2001; Kneussel, 2002; Nymann-Andersen et al., 2002;
Leil et al., 2004; Luscher and Keller, 2004; Chen and Olsen, 2007).
However, we showed that neither transfection of y2 peptide—
Venus nor that of wild-type or mutant GABARAP affected the
localization pattern or the amount of surface GABA,R in a PN.
GABA R trafficking might be mainly mediated by molecules
other than GABARAP in a PN. Preliminary data suggest that the
amount of surface GABA,R does not increase after depolariza-
tion of a PN (data not shown). Together, GABARAP might con-
tribute to RP not through facilitated transportation of intracellu-
lar GABA,R toward the plasma membrane, although this
possibility cannot be excluded. We speculate that functional
modulation of GABA,Rs by binding of structurally altered
GABARAP is responsible for the RP expression. When
GABARAP is expressed with GABA,R composed of «l, B2/3,
and y2 subunits in 1929 fibroblasts, both single-channel conduc-
tance and mean open time of GABA R are increased (Everitt et
al., 2004; Luu et al., 2006). Considering that the majority of
GABA R subunits expressed in a PN are a1, 82/3, and 2, inter-
action of GABARAP and GABA,Ry2 might upregulate func-
tional properties of GABA,R in a PN. We noticed GABARAP
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Figure 7.  Binding of GABARAP and GABA,Ry2 subunit is required for the maintenance of

RP. A4, Schematic diagram to show the experimental design. GABARAP binding to GABA,R~y2
subunit was inhibited by the y2 peptide (100 wum) from 5 min after the depolarization (B) or
until the end of conditioning depolarization (C). B, C, Representative traces and time courses of
amplitudes of GABA responses before and after the conditioning depolarization (Dep) with
either the y2 peptide or the control peptide introduced into a PN from 5 min (B) or until 0.5 min
(€) through the second patch pipette. n = 5 for each.
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translocation from the intracellular compartment to the
periplasma membrane regions and colocalization of GABARAP
with GABA R after depolarization of a PN. It is noteworthy that
CaMKII directly phosphorylates GABA,R B and <y subunits
(Moss and Smart, 2001; Kneussel, 2002; Luscher and Keller,
2004). CaMKII-mediated phosphorylation of GABA,R and
binding of structurally altered GABARAP to 72 subunit might
synergistically bring about potentiation of GABA,R function.

We demonstrated that neuronal activity altered GABARAP
conformation stably through the CaMKII activity. Thus,
GABARAP seems to have at least two structural states, and the
transition is controlled by the neuronal activity. Previous studies
using crystallographic analysis and nuclear magnetic resonance
analysis reported that GABARAP takes two conformations in the
N-terminal region (Coyle et al., 2002; Stangler et al., 2002), which
might correspond to the different conformations we reported
here. It remains to be elucidated how GABARAP structure is
altered by depolarization depending on the CaMKII activity.
GABARAP seems not to contain potential phosphorylation sites
by CaMKII. Thus, GABARAP conformation change might be
stabilized indirectly by the CaMKII activity through phosphory-
lation of other molecules.

We showed that the GABARAP conformation change caused
by the conditioning depolarization was sustained for >15 min
and that inhibition of GABARAP association with GABA,Ry2
after the induction cancelled once established RP. Thus, long-
term maintenance of RP might depend on the retention of
GABARAP conformation change. In addition, transient applica-
tion of the y2 peptide before and during the conditioning depo-
larization was sufficient to suppress the RP induction. Thus, the
binding of GABA,Ry2 and GABARAP may be critical for both
the induction and maintenance of RP, although the possibility
that the y2 peptide was not effectively washed out in the transient
application experiment cannot be excluded. Inhibition of
GABARAP binding to GABA,Ry2 subunit or expression of
GABARAP mutant unable to associate with tubulin or to un-
dergo conformational alteration not only completely suppressed
the sustained phases of RP but also depressed the early phase.
These results support the idea that GABARAP is essential for both
the expression and maintenance of RP. Conversely, destruction
of microtubule impaired only the sustained phase of RP but not
the early phase. Thus, microtubule might work as a scaffold for
sustained association of GABARAP with GABA ,Ry2 contribut-
ing to maintenance of RP.

We want to note that all of the present results were obtained
using cultured cerebellar neurons, which is clearly advantageous
for combined application of multiple techniques such as patch-
clamp recording, immunocytochemistry, gene expression, and
fluorescent protein imaging, including FRET measurement.
However, it is not confirmed presently that the RP regulation
mechanism revealed here using the culture preparation operates
in vivo. It should be also noted that GABARAP is a member of
microtubule-associated protein family. Another member GEC1
(GABARAP L1), which has 94% similarity in amino acids se-
quence to GABARAP and binds to both GABA ,Ry2 and tubulin,
is also expressed in the cerebellum (Mansuy-Schlick et al., 2006).
The y2 peptide and expression of mutant GABARAP used in this
study were likely to disturb functions of not only GABARAP but
also GEC1. Therefore, GEC1 might also play roles in RP syner-
gistically with GABARAP in a PN. Thus, knock-out of only
GABARAP might not affect RP. Indeed, it was reported that
GABARAP knock-out mice showed no apparent abnormality in
GABA R distribution at synapses in cortical neurons (O’Sullivan
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ing fiber to a PN (Kano et al., 1992). We
reported previously that presynaptic acti-
vation in conjunction with the postsynap-
tic depolarization suppresses the RP in-
duction through postsynaptic
metabotropic GABAy receptor activation
(Kawaguchi and Hirano, 2000). GABA,
receptor activation negatively regulates
the RP induction through reduction of
PKA activity. The reduced PKA activity al-
lows calcineurin to effectively dephos-
phorylate DARPP-32 (dopamine and
cAMP-regulated phosphoprotein-32), re-
sulting in release of protein phosphatase-1

(PP-1) from inhibition. PP-1 attenuates
_’“'._Ibim and counteracts the CaMKII activity
(Kawaguchi and Hirano, 2000, 2002). In
this way, the induction of RP is regulated
by the activities of both presynaptic and
postsynaptic neurons through interaction
v of intracellular signaling cascades. Balanc-
ing excitatory and inhibitory inputs is crit-
ical for proper function of the nervous sys-
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tem. Disturbance of the balance in
cerebellar circuits results in ataxia (Wa-
tanabe et al., 1998). One role of RP might
be to keep the adequate balance by regu-
lating GABA,R function, sensing fre-
quency and amplitudes of excitatory and
inhibitory synaptic inputs. It has also been
reported that RP is negatively regulated by
the activity of cell-adhesion molecule in-
tegrin o331 through Src tyrosine kinase
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of vincristine in the patch pipette.

et al., 2005), despite that there are many reports demonstrating
implication of GABARAP in GABA,R trafficking to the plasma
membrane.

RP and its regulation
RP is heterosynaptically induced by postsynaptic depolarization
caused by excitatory synaptic inputs such as those from a climb-

minutes

Involvement of microtubule in RP. A, B, Immunocytochemical staining of calbindin and ce-tubulin (4) or GABA,Rax1
(B) in dendrites of PNs with or without (control) vincristine treatment. Distribution of c-tubulin was changed by the vincristine
treatment from filamentous distribution along dendritic shafts to irregular distribution consisting of sparse and accumulated
regions (yellow arrowheads). Despite microtubule alteration, GABA,R distribution was not clearly affected by the treatment. C, D,
Representative traces and time courses of amplitudes of GABA responses before and after the conditioning depolarization (Dep) in
a PN. ¢, Neurons were treated with vincristine for longer than 2 h. n = 6 (Vincristine) and n = 5 (Control). D, Vincristine was
applied through a patch pipette. E, Representative traces and time courses of amplitudes of mIPSCs in a PN to which vincristine was
applied through a patch pipette. n = 5 (Vincristine) and n = 6 (Control). F, Time courses of the normalized fluorescence ratio
(Venus/ECFP) in the presence (Vincristine, n = 7) or absence (Control, n = 13) of vincristine applied through a patch pipette. G,
Fluorescence intensity ratioimages (Venus/ECFP) before, during, and 15 min after the conditioning depolarization in the presence

(Kawaguchi and Hirano, 2006).

Molecules involved in RP, such as
GABA ,Rvy2 subunit, GABARAP, tubulin,
and CaMKII, are widely expressed in the
CNS. Thus, a similar regulatory mecha-
nism might work at other inhibitory syn-
apses in the CNS. Previous studies re-
ported that Ca®"/calmodulin signaling
augments the GABAergic synaptic trans-
mission depending on the cytoskeleton in
hippocampal CAl pyramidal neurons
(Wei et al., 2004). Recently, Houston and
Smart (2006) reported that CaMKII aug-
ments function of GABA,R composed of
alPB3y2 subunits in cerebellar granule
cells and neuroblastoma NG108-15 cells.
Without y2 subunit expression, the extent
of augmentation was limited, suggesting
an important role of 2 subunits in the
CaMKII-mediated  upregulation  of
GABA,R function. The upregulation
might be mediated by GABARAP associa-
tion with 2 subunit.

Synaptic plasticity at inhibitory synapses on a PN

Two forms of synaptic plasticity other than RP occur at the
GABAergic synapses on a PN. One is DSI lasting for 1-2 min,
which is presynaptically expressed with the decreased transmitter
release probability caused by endocannabinoid release from a
postsynaptic PN (Kreitzer and Regehr, 2001; Diana et al., 2002).
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The other is DPI expressed as the increased release probability of
transmitter after the DSI (Duguid and Smart, 2004). DPI is in-
duced by activation of NMDA type of glutamate receptors on the
presynaptic terminals by retrograde release of glutamate from a
PN in a slice preparation. We also observed a DPI-like phenom-
enon, an increase in the mIPSC frequency after the conditioning
depolarization, although it lasted longer than the previous report.
The difference might be ascribed to the different neuronal con-
dition in the culture and in the slice or to the different condition-
ing depolarization. Compared with RP of GABA response or
mIPSC amplitude, the extent of potentiation of evoked-IPSC
amplitude, which reflects all of RP, DSI, and DPI, was limited at 2
min and clear at 20 min after the conditioning depolarization,
presumably attributable to DSI and DPI. Multiple synaptic regu-
lation mechanisms work at inhibitory synapses on a PN.
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