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Cognitive dysfunction is a common symptom in many neuropsychiatric disorders and directly correlates with poor patient outcomes.
The majority of prolonged inhibitory signaling in the brain is mediated via GABAB receptors (GABABRs), but the molecular function of
these receptors in cognition is ill defined. To explore the significance of GABABRs in neuronal activity and cognition, we created mice with
enhanced postsynaptic GABABR signaling by mutating the serine 783 in receptor R2 subunit (S783A), which decreased GABABR degradation. Enhanced GABABR activity reduced the expression of immediate-early gene-encoded protein Arc/Arg3.1, effectors that are
critical for long-lasting memory. Intriguingly, S783A mice exhibited increased numbers of excitatory synapses and surface AMPA
receptors, effects that are consistent with decreased Arc/Arg3.1 expression. These deficits in Arc/Arg3.1 and neuronal morphology lead
to a deficit in spatial memory consolidation. Collectively our results suggest a novel and unappreciated role for GABABR activity in
determining excitatory neuronal architecture and spatial memory via their ability to regulate Arc/Arg3.1.

Introduction
Cognitive dysfunction is an important diagnosis of many neurological and psychiatric disorders. Spatial and contextual learning
is largely dependent on the hippocampus and is mediated by
persistent changes in neuronal activity and structure.
Sustained inhibitory signaling in the brain is mediated by
GABAB receptors (GABABRs), which are members of the C-class
subfamily of G-protein-coupled receptors. GABABRs are obligate
heterodimers composed of two related subunits, GABABR1 and
GABABR2 (Kaupmann et al., 1997; Bowery et al., 2002). The
inhibitory effects of GABABRs on neuronal activity are mediated
by decreased neurotransmitter release via inhibition of N/P/Qtype Ca 2⫹ channels and by postsynaptic hyperpolarization via
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the activation of GIRK channels by G␤␥ dimer (Mott and Lewis,
1994; Takahashi et al., 1998; Couve et al., 2000). GABABRs localize to both the presynaptic and postsynaptic sites of glutamatergic
and GABAergic neurons. GABABRs are predominantly localized
to the perisynaptic sites of dendritic spines, where the receptors
enable rapid regulation of excitatory transmission. GABABRs are
also localized to the inhibitory synapses on the dendritic shafts
(Bettler and Tiao, 2006). Consistent with this, changes in the
efficacy of GABABRs are critical for the control of neuronal activity and cognitive performance (Bowery et al., 2002). GABABR
antagonists enhance cognition in mammals (Mondadori et al.,
1993; 1996; Brucato et al., 1996), while agonists suppress working
memory (DeSousa et al., 1994).
Modulation of GABABR signaling occurs at multiple levels,
including receptor assembly, trafficking, cell-surface stability,
and effector coupling. A number of studies have reported the
modulation of GABABRs by signal transduction pathways that
activate protein kinases and phosphatases (Terunuma et al.,
2010a). Protein kinase A decreases receptor rundown by phosphorylation of serine 892 in the cytoplasmic tail of the GABABR2
subunit, thereby enhancing GABABR activation of GIRKs
(Couve et al., 2002). In addition, the GABABR2 subunit is phosphorylated on S783 by 5⬘ AMP-dependent protein kinase
(AMPK), which also enhances receptor coupling to GIRKs
(Kuramoto et al., 2007). Phosphorylation of S783 is modulated
via the activity of NMDA receptors (NMDARs). Transient activation of NMDARs leads to enhanced phosphorylation, whereas
prolonged NMDAR activation results in dephosphorylation of
GABABRs by protein phosphatase 2A (PP2A), which in turn
selectively targets the receptors for lysozomal degradation.
Thus phosphorylation of S783 is likely to play a key role in
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regulating the efficacy of GABABR activity and signaling, but
its influence on cognition remains to be evaluated (Terunuma
et al., 2010b).
To test the role that phospho-dependent modulation of
GABABRs play in synaptic transmission and memory formation,
we generated a knock-in mouse in which S783 was mutated to
alanine (S783A). We found that GABABR degradation was necessary for hippocampal-dependent spatial memory by regulating
protein important for memory formation. Mutation of S783 increased the expression of postsynaptic GABABRs by blocking receptor degradation, which decreased levels of Arc/Arg3.1, a
protein necessary for memory consolidation (Plath et al., 2006).
In contrast, we found an increase in the number of excitatory
synapses and elevated surface AMPA receptors (AMPARs),
which correlates with reduced Arc/Arg3.1. Collectively these experiments demonstrate a critical role for GABABR modulation in
regulating neuronal architecture and cognition.

Materials and Methods
Generation of mice lacking phosphorylation site in
GABABR2 subunit
The construct was generated by PCR from C57BL/6 genomic DNA. Two
overlapping PCR products were generated. The first contained a 3.4 kb
left arm followed by exon 16. The second contained exon 16 followed by
a 2.2 kb right arm. These were cloned (5⬘–3⬘) into the NotI/EcoRI sites of
pBluescriptIIKS ⫹ (Stratagene). Exon 16 contains a unique BstBI site
upstream of serine 783.
The vector had been modified in the following ways. First, the KpnI
site was replaced by SpeI site and then the SalI polylinker site removed. In
addition, to stabilize the inserts and improve cloning efficiency, the vector was modified for low copy number by insertion of the rop gene from
pBR322 into the NgoMIV site in the plasmid backbone.
Site-directed mutagenesis (Stratagene) was used to mutate serine 783
in construct 2 to alanine and to create a SalI site 200 bp downstream of
exon 16. The full-length construct was created by cloning the BstBI/
EcoRI fragment of construct 2 into construct 1. A loxP-flanked
neomycin-positive selection cassette was cloned into the SalI site in reverse orientation with respect to exon 16. A thymidine kinase-negative
selection cassette was inserted at the 3⬘ end of the full-length construct in
reverse orientation between the SpeI and ClaI sites of pBluescript.
The construct was linearized with NotI and electroporated into 129Sv/
Pas ES cells. Positive clones were identified by PCR and confirmed by
Southerm blot using an outer probe. Two positive ES clones were injected into C57BL/6J blastocysts and the chimera were crossed to
C57BL/6J mice. These mice were crossed to CMV-Cre mice to remove
the neo cassette from the germ line. After confirmation of neo excision by
PCR, heterozygous mice were bred to produce homozygotes. All procedures have been approved by Tufts University’s Institutional Animal
Care of Use Committee.

Western blot
Standard Western blot protocol was used as previously described (Terunuma et al., 2004). Protein samples were subjected to SDS-PAGE gels
and transferred to supported nitrocellulose membrane. Membranes were
blocked with blocking buffer [5% bovine serum albumin (BSA) in
TBST]. Membranes were probed with primary antibodies against
GABABRs [GABABR1, University of California Davis/National Institutes
of Health (NIH) NeuroMab, N94A/49; GABABR2, University of California Davis/NIH NeuroMab, N81/37], phospho-S783 (Terunuma et al.,
2010b), tubulin (Sigma-Aldrich), GAPDH, ERK2 (Santa Cruz Biotechnology), synaptophysin, phospho-ERK, phosphocofilin, cofilin (Cell
Signaling Technology), Arc/Arg3.1, synapsin I (Synaptic Systems), and
PSD-95 ( postsynaptic density-95; Affinity BioReagents). Membranes
were then probed with HRP-conjugated secondary antibodies and visualized by ECL. Blots were then quantified using the CCD-based FujiFilm
LAS 3000 system.
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Immunoprecipitation
Tissue homogenates from adult mice hippocampus were prepared as
previously described (Terunuma et al., 2004). For immunoprecipitation,
200 g of homogenates were incubated for 2 h with 1 g of mouse
anti-GABABR1, anti-GABABR2, or purified mouse IgG (Santa Cruz Biotechnology). Mouse immunoprecipitation matrix (ImmunoCruz IP/WB
Optima, Santa Cruz Biotechnology) was added and the mixture was
incubated at 4°C for another 2 h. The beads were spun down at 12,000 ⫻
g for 15 s and then washed three times with lyses buffer containing 300
mM NaCl. The fourth and fifth wash was performed with normal lyses
buffer. The beads were eluted in 2⫻ sample loading buffer following the
same procedure as for immunoblotting except using mouse-ExtraCruzHRP (Santa Cruz Biotechnology) as a secondary antibody.

Immunohistochemistry
Eight-week-old male mice were deeply anesthetized and intracardially
perfused with saline solution followed by 4% of paraformaldehyde.
Brains were removed, postfixed overnight, and cryoprotected in 30%
sucrose. Free-floating sections were then cut at 40 m in a freezing microtome and kept at ⫺20°C in cryoprotective solution (30% sucrose,
30% ethylenglycol, 1% polyvinylpyrrolidone in PBS) until processing.
For immunostaining, sections were washed in PBS and incubated for 2 h
in blocking solution (2% normal horse serum, 0.5% BSA, and 0.5%
Triton X-100 in PBS) followed by incubation in blocking solution containing the following primary antibodies: guinea pig anti-GABABR2,
rabbit anti-PSD-95, and mouse anti-synaptophysin (all from Millipore),
for 72 h at 4°C. After rinsing in PBS, sections were incubated in blocking
solution containing secondary antibodies (anti-rabbit-Rhodamine
Red-X, anti-guinea pig-fluorescein, and anti-mouse-Cy5) for 2 h at room
temperature, then rinsed in PBS and mounted in slides. Sections were
visualized in a Nikon confocal microscope and the intensity was analyzed
using MetaMorph software (Universal Imaging).

Surface labeling of hippocampal slices and cultured neurons
Hippocampal slices were incubated in ACSF at 32°C for at least 1.5 h
recovery before experimentation. Slices were then incubated for 30 min
with 1 mg/ml N-hydroxysuccinimide-SS-biotin and lysed as described
previously (Terunuma et al., 2008, 2010b).

Field potential recording
Slices from 6 –12-week-old S783A and WT littermates were prepared as
described previously (Deng et al., 2011). Slices were transferred in a
recording chamber mounted to an upright microscope (BX51WI, Olympus) and continuously superfused (1.5–2 ml/min) with ACSF saturated
with 95% O2/5% CO2 at 32–35°C helped by an automatic temperature
controller (Warner Instruments). CA3 to CA1 connections were cut and
field potentials from the CA1 stratum radiatum were recorded with an
extracellular glass pipette (1–2 M⍀) filled with ACSF. Schaffer collaterals
were stimulated at 0.033 Hz with 100 s pulses though a concentric
stimulation electrode (FHC) placed in the stratum radiatum near the
CA1 border to stimulate the Schaffer collateral. Stimulation intensities
were chosen to produce a field EPSP with amplitude that was 40 –50% of
those obtained with maximal stimulation. LTP was electrically induced
by using two or five theta-burst stimulations at 0.033 Hz. One theta burst
consisted of 40 ms duration 100 Hz trains, repeated four times at 200 ms
intervals.

Electrophysiology in cultured hippocampal neurons
Mouse hippocampal neurons were dissected at embryonic day 17 and
plated onto glass coverslips at a density of 100,000 per 35 mm dish.
Neurons were incubated in Neurobasal A media for 14 –18 d before
recordings. Recordings were performed in bath saline containing the
following: 140 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM MgCl2, 10
mM HEPES, 11 mM glucose, pH 7.4 by NaOH. AP5 (50 M), DNQX (20
M), bicuculline (50 M), and TTX (500 nM) were added to the bath
saline to block NMDARs, AMPARs, and GABAARs and NaV channels,
respectively. Baclofen (10 M) was used for GABABR activation. The
patch pipette contained the following: 134 mM K-gluconate, 6 mM KCl,
0.1 mM CaCl2, 2 mM MgCl2, 1.1 mM EGTA, 10 mM HEPES, 2 mM ATP, 1
mM GTP, pH 7.4 by KOH. Recordings were performed at 34°C using an
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Axopatch 200B amplifier. Current density values were equivalent to the averaged current
amplitudes of three consecutive baclofen
pulses spaced 1 min apart, divided by the
whole-cell capacitance. Current recordings
were performed at ⫺50 mV with a calculated
EK value of ⫺90 mV, the resulting driving force
of ⬃⫹40 mV caused outward baclofen-activated
K ⫹ currents.

Electron microscopy
Animals were perfused intracardially with
2.5% glutaraldehyde, 2% paraformaldehyde.
Tissues were postfixed with 1% osmium tetroxide/1.5% potassium ferrocyanide and embedded in TAAB Epon. Ultrathin sections were
stained with lead citrate and examined in a
JEOL 1200EX or a Tecnai G 2 Spirit BioTWIN
transmission electron microscope. Images were
recorded with an Advanced Microscopy Techniques 2000-pixel CCD camera. PSD length was
measured using ImageJ software.

Behavioral analyses
All mice used were adult 2–3-month-old male
S783A mice and control littermates obtained
by crossing heterozygote mice. Experiments
were performed at the Center for Neuroscience
Research Animal Behavior Core, Tufts University. Animals were maintained in a controlled
environment under a reversed 12 h light/dark
cycle with lights off at 7 A.M. (lights on at 7
P.M.). All testing occurred during the dark
phase, when mice are most active, as described
previously (Tretter et al., 2009).
Fear-conditioning test. Fear conditioning
was performed in Coulboum test cages (Model
H10-11R-TC) equipped with grid shock floors.
On the training day, each mouse was placed in
the test cage for 5 min. After 3 min of exploration, animals received two pairings of a 30 s Figure 1. Generation of mice with mutated S783 phosphorylation site in GABABR2 subunit. A, Schematic representations of the
tone (80 dB) with a foot shock (0.5 mA, 2 s), structures of targeting vector, targeted and Neo-targeted (S783A) GABABR allele, and WT (Untargeted) allele. TK, thymidine kinase
with 30 s interval. The foot shock was pre- gene; Neo, neomycin resistance gene with loxP sequence at both sides. The probe is depicted as solid bar. B, Southern blot from
sented overlapping with the final 2 s of the mice tail samples. Two positive clones (7.2 kbp) were selected. C, PCR analysis of indicated samples. PCR for GABABR2 (top) and Cre
tone. Twenty-four hours later, each animal was (bottom). D, Nissl-stained representative sagittal sections from WT and S783A mice. No significant changes were observed in
placed back in the original test chamber for 5 hippocampal gross anatomy. Scale bar, 1 mm.
min without any stimulus (no shock, no tone)
later), one of the familiar objects was changed for another one (novel
to assess context-associated fear conditioning. A plastic container (17 cm
object), and the animals were left in the cage for 10 min. The exploration
height ⫻ 19 cm width ⫻ 28 cm length) with bedding on the floor and
time for the familiar or the novel object during the test phase was reblack-and-white patterns on the walls was placed within the test chamcorded. Control WT mice are expected to spend more time exploring the
ber, and mice were placed into the plastic container for a 6 min cued fear
novel object than the familiar object, indicating learning and memory
test. After 3 min of no stimulus (pretone), mice were subjected to three
retrieval.
evenly spaced 30 s tones (80 dB, no shock presented, identical to ones
Spatial object recognition. Mice were habituated to a Plexiglas rectanexperienced during the training session). Freezing behavior was used as
gular cage (22 cm height ⫻ 44 cm length ⫻ 22 cm width) for 10 min. On
index of fear memory, and was automatically detected with Actimetrics
the next day, mice were returned to the cage in which two identical
Freeze Frame 2.10 software, a video-based system. Percentage of time
objects (⬃15 cm height ⫻ 4 cm width ⫻ 4 cm length) had been placed in
each animal spent freezing was measured in all conditions (training,
the opposite corners. Mice were allowed to explore for 10 min, and the
context, and tone tests).
time of interaction with the objects was measured. Interaction consisted
Novel- object recognition. The novel-object recognition task is based on
of sniffing, touching, or entering an area within 1 cm around the object,
the innate tendency of rodents to differentially explore novel objects over
while orienting toward it. On next day (24 h after training), one of the
familiar ones. The test was performed as previously described (Ennaceur
objects was moved (displaced object) while the other one was left in the
and Delacour, 1988). Mice were placed into a Plexiglas rectangular cage
same spatial position (nondisplaced). Time exploring each object was
(22 cm height ⫻ 44 cm length ⫻ 22 cm width) for 10 min. In the training
recorded. Control, WT mice are expected to spend more time exploring
trial (familiarization phase), the animals were presented with a pair of
the displaced object than the familiar, nondisplaced object, indicating
identical objects (⬃15 cm height ⫻ 4 cm width ⫻ 4 cm length) that had
spatial learning and memory retrieval.
been placed in the opposite corners for 10 min. The exploration of the
Barnes maze task. Barnes circular maze was an acrylic disc 122 cm in
objects is considered when a mouse shows any investigative behavior
diameter, one-quarter inch thick that was painted with white epoxy
(head orientation or sniffing occurring), or entering an area within 1 cm
around the object. In the testing trial (testing phase, performed 24 h
paint. Forty holes, 5 cm diameter, were located 5 cm from the perimeter,
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Figure 2. Analysis of GABABR expression in S783A mice. A, Western blot analysis of hippocampus dissected from WT and S783A mice. Immunoblots were probed with antibodies using
phosphorylation site-specific antibody against S783 (p-S783), or antibodies recognizing total GABABR2 (R2) and GABABR1 (R1) subunits, or actin. B, Quantification of GABABR2 and GABABR1 subunits
in hippocampi of adult S783A mice. Integrated intensities were calculated by densitometry measurements of immunoblots in ImageJ, and were normalized to averages of actin levels. Data are
shown as a change relative to WT and represent mean ⫾ SEM. n ⫽ 9, *p ⬍ 0.05; Student’s t test. C, Representative confocal images of hippocampal CA1 region immunostained for GABABR2 subunit
in WT and S783A mice. D, Normalized quantification of GABABR2 subunit expression of CA1 region of the hippocampus in WT and S783A mice. Shown are mean ⫾ SEM from five independent
experiments. **p ⬍ 0.01; Student’s t test. E, Increased surface expression of GABABRs in S783A mice. Hippocampal slices prepared from WT and S783A mice were used for steady-stated biotinylation
of surface GABABRs. Total expressions are shown to the left, and the biotinylated surface GABABR1 and GABABR2 subunits are shown to the right. Tubulin was used as a control. F, Quantification of
surface GABABR levels in WT and S783A mice. Data are normalized to WT and represented mean ⫾ SEM. n ⫽ 9 –10, *p ⬍ 0.05; Student’s t test. G, Reduced steady-state surface expression of
GABABR2 subunit by glutamate (20 M) activated in WT hippocampal slices but not in S783A slices. H, Normalized quantification of GABABR2 subunit expression in WT and S783A hippocampal slices.
Shown are mean ⫾ SEM from five independent experiments. *p ⬍ 0.05; Student’s t test. I, Coimmunoprecipitation of GABABRs from adult mouse hippocampal extracts. Crude hippocampal lysates
were immunoprecipitated with antibodies that recognize GABABR1 and GABABR2 subunits. Precipitated materials were then immunoblotted with the indicated antibodies to detect GABABR
heterodimer. Total lysates (Input) were also analyzed. Sequence of coiled-coil domain in GABABR2 subunit is shown in blue. Serine 783 is marked in red.

and a black escape tunnel was placed under one hole. Distal cues were
placed around the room. On the first day (pretraining), mice were
trained to enter the escape box (target) by (1) placement into the escape
box for 2 min and (2) guidance to the escape box, where they remained
for 2 min. The following day, mice were briefly placed in the center of the
maze under a removable chamber and given 3 min to locate the escape
box. At the beginning of each session, mice were placed in the middle of
the maze in a 10-cm-high cylindrical black start chamber, and a buzzer
(80 dB) was sounded. After 10 s of a buzzer, the chamber was lifted and
the mice were free to explore the maze. The primary and total number of
errors (incorrect hole pokes), primary and total latency to locate and
enter the escape box, and the navigation patterns were recorded. Mice
that failed to enter the escape box within 3 min were guided to the box
and remained for 2 min before returning to their home cage. Mice received 2 trials/d, separated by 15 min, for 4 d. After each trial, the entire
maze was cleaned with ethanol.
One day after the acquisition phase, subjects performed a probe trial
for 90 s to check the retention memory on days 5 and 12. Mice were
allowed to explore the maze and the following parameters were evaluated
on days 5 and 12 with the target hole closed: primary latency, primary
error, primary path length, and visits to the target hole and the adjacent
holes. Mice were not trained between days 5 and 12.

Home cage activity. Animals were placed individually into standard
plastic home cages with food and water available ad libitum. Motor activity was monitored with the SmartFrame Cage Rack System (Kinder
Scientific). This system consists of 24 PC-interfaced horizontal photobeam frames. The frame (containing 12 photocells; 9 cm length ⫻ 4 cm
width) surrounds one home cage environment and continuously tracts
the animal’s movement. Using MotorMonitor software (Kinder Scientific), data were collected in the form of photobeam breaks as an indication of activity within different predetermined “zones” in the home cage.
The data were collected and analyzed every 10 min for 2 h.
Elevated plus maze test. Animals were placed individually into the center of a fully automated elevated plus maze (Kinder Scientific) consisting
of two open arms (38 cm length ⫻ 5 cm width) and two closed arms (38
cm length ⫻ 5 cm width ⫻ 15 cm height), with a central intersection (5
cm ⫻ 5 cm) elevated 75 cm above the floor. Movement through the maze
was detected by 48 equally spaced photocells. The test lasted 5 min. All
data were automatically collected and quantified using MotorMonitor
software (Kinder Scientific). The data were subsequently reduced to the
following parameters for each arm and the center: basic movements
(beam breaks), distance traveled (in centimeters), time spent (in seconds), number of full entries, number of pokes unto, number of head
dips over the side of the open arm.
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Results
Generation of GABABR2 S783A
knock-in mice
We generated mutant mice in which S783
was substituted with an alanine residue
using homologous recombination to directly examine the physiological role of
GABABR phosphorylation and dephosphorylation (Fig. 1A). Successful gene targeting was confirmed by Southern blot
and PCR analyses (Fig. 1 B, C). S783A
mice were born according to Mendelian genetics and appeared healthy. Histological
analysis by Nissl-staining of hippocampal
sections from S783A mice did not show
any gross abnormalities in cytoarchitecture
compared with WT (Fig. 1D). We then confirmed the absence of phosphorylated-S783
(pS783) in S783A mice by Western blot
analysis using an anti-pS783 antibody that
specifically recognizes the GABABR2 subunit only when phosphorylated at S783 (Fig.
2A; Kuramoto et al., 2007; Terunuma et al.,
2010a). Interestingly, the total expression of
GABABR2 subunit was significantly increased in S783A mice (p ⬍ 0.05). At hippocampal CA3-to-CA1 synapses, GABABRs
containing R1a subunits are components
of presynaptic receptors that inhibit glutamate release, whereas those containing
R1b largely mediate postsynaptic inhibition. In contrast, GABABRs, which control GABA release, contain both R1a and
R1b subunits (Vigot et al., 2006). We
therefore examined the expression of
GABABR1a and GABABR1b subunits and Figure 3. Enhanced postsynaptic GABABR activity in S783A mice. A–B, Normal basal excitatory synaptic transmission measured
found no differences between the geno- in S783A mice. A, Representative traces from WT and S783A animals show input– output measurements with increasing stimulus
intensities. Responses were measured in CA1 of mouse hippocampus. B, Average fEPSP slope plotted against various stimulus
types in the hippocampus ( p ⬎ 0.05; Fig. intensities are shown. Data are shown as a change relative to WT and represent mean ⫾ SEM (n ⫽ 8, p ⫽ 0.8256, 2-way ANOVA).
2 A, B). Immunohistochemical staining of C–E, Peak amplitudes and representative traces from WT mice (C) and S783A mice (D), and summary histogram of EPSC in
brain sections using anti-GABABR2 anti- hippocampus CA1 region (E). Baclofen suppresses the amplitude of EPSCs in both WT mice (78.44 ⫾ 2.63%) and S783A mice
body confirmed that the GABABR2 sub- (79.98 ⫾ 1.02%). Data are mean ⫾ SEM. Two-tailed t test, p ⫽ 0.61. F, G, The S783A mice exhibit higher current densities. F,
unit intensity was increased in the CA1 Recordings of baclofen-activated (10 M) currents were obtained from WT and S783A hippocampal neurons at a holding potential
hippocampal region of S783A mice ( p ⬍ of ⫺50 mV. Neurons were bathed in saline containing AP5, DNQX, TTX, and bicuculline. G, Data are shown as a change relative to
WT and represent mean ⫾ SEM (n ⫽ 5, *p ⬍ 0.05, unpaired t test).
0.01; Fig. 2C,D).
Phosphorylation of S783 increases
mice induced significant degradation of surface R2 subunits, an
the abundance of GABABRs at the plasma membrane and deeffect that was completely abrogated in S783A mice (Fig. 2G,H; Tercreases rundown of the GABABR-activated GIRK currents
unuma et al., 2010b). These data suggested that S783A mutation in
(Kuramoto et al., 2007). On the other hand, dephosphorylation
vivo
is resistant from degradation and, therefore, GABABRs are exof S783 by PP2A promotes lysozomal degradation of GABABRs
pressed
significantly higher in S783A mice.
(Terunuma et al., 2010b). Since studies in vitro have revealed that
As
S783
is found at the N terminus of the coiled-coil domain
mutation of S783A prevents the rundown of GABABR-mediated
(Kuramoto et al., 2007), we examined whether S783A mutant
currents and increases receptor stability (Kuramoto et al., 2007;
GABABR2 subunits are capable of dimerizing with GABABR1
Vargas et al., 2008; Terunuma et al., 2010b), we first examined the
(Fig. 2I ). As measured using coimmunoprecipitation followed by
steady-state levels of GABABRs on the plasma membrane of hipimmunoblotting, mutation of S783 did not appear to compropocampal slices (Terunuma et al., 2008). Biotinylation assays remise the formation of R1/R2 subunit dimers (Fig. 2I ). Together
vealed that mutation of S783 to an alanine increased the cellthe S783A mutation enhanced the cell-surface expression levels
surface levels of GABABR1b and GABABR2 subunits ( p ⬍ 0.05),
of GABABRs containing R1a/R2 subunits by prevented glutamatewhich are mostly postsynaptic, but not of the presynaptic
induced receptor degradation.
GABABR1a subunit (Fig. 2 E, F ). We then examined whether the
S783A mutation impacted glutamate-dependent downregulaEnhanced postsynaptic GABABR activity in S783A mice
tion of GABABRs (Vargas et al., 2008; Terunuma et al., 2010b).
Since S783A mice have elevated cell-surface accumulation of
Consistent with published studies, treatment of slices from WT
GABABRs, we examined whether the mutation of this residue
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S783A mice. At 14 –18 DIV, we measured
GABABR activation of GIRK channels using baclofen (Kuramoto et al., 2007;
Terunuma et al., 2010b). In agreement
with our biochemical analysis, S783A
mice exhibited significantly higher current density values compared with WT
( p ⫽ 0.0047; Fig. 3 F, G). Therefore, consistent with our biochemical experiments,
mutation of S783A leads to a selective increase in the expression levels and activity
of postsynaptic GABABRs.
Arc/Arg3.1 expression is regulated by
GABABR activity
Changes in the efficacy of GABABR activity and signaling are critical for the control
of neural activity and cognitive performance (Bowery et al., 2002). Recent studies have suggested that the immediateearly gene-encoded protein Arc/Arg3.1 is
broadly responsive to neuronal activation
by physiological stimuli and is an essential
requirement for memory consolidation
(Link et al., 1995; Guzowski et al., 2000).
Arc/Arg3.1 is upregulated by neural activity, such as activation of NMDARs and
Group 1 metabotropic glutamate receptors (Shepherd et al., 2006; Bloomer
et al., 2008; Waung et al., 2008). Because
GABABRs regulate neural activity, we analyzed the expression of Arc/Arg3.1 in
S783A mice. We found significant and roFigure 4. Expression of proteins important for memory formation in S783A mice. A–C, Measurement of proteins important for
memory consolidation. S783A decreased Arc/Arg3.1 (A), but not p-cofilin (B) and p-ERK (p42/p44) of ERK (C) levels. Data are bust reductions in the expression of Arc/
shown as a change relative to WT and represent mean ⫾ SEM. n ⫽ 6, *p ⬍ 0.05, **p ⬍ 0.01, unpaired t test. D, Prolonged Arg3.1 in S783A hippocampus (Fig. 4A).
CGP54626 (10 M) increase Arc/Arg3.1 expression in S783A mice. Data are shown as a change relative to control (0 h) and In contrast, the phosphorylation of the
represent mean ⫾ SEM. n ⫽ 4, **p ⬍ 0.01, one-way ANOVA. E, F, Baclofen treatment decreases Arc/Arg3.1 expression in WT actin-binding protein cofilin, which regumice. Hippocampal slices from WT mice were stimulated with baclofen or together with CGP54626 (E). The effect to lates the dynamics of the actin cytoskeleCGP54626 alone was shown in F. Data are shown as a change relative to control (Ctrl) and represent mean ⫾ SEM. n ⫽ 4, ton and modifies the size of dendritic
*p ⬍ 0.05, **p ⬍ 0.01, Student’s t test. G, Intraperitoneal injection of baclofen reduces Arc/Arg3.1 expression in WT mice. spines (Gu et al., 2010; Rust et al., 2010),
Baclofen (5 and 10 mg/kg) or saline vehicle were given for 60 min. Animals were immediately decapitated and the was unchanged in S783A mice (Fig. 4B).
expression of Arc/Arg3.1 was quantified by Western blotting. Data are normalized to saline (Ctrl) and represented mean ⫾
We also found no difference in ERK phosSEM. n ⫽ 4, *p ⬍ 0.05; one-way ANOVA.
phorylation (Fig. 4C), which is involved in
several protein syntheses important for
modifies GABABR function in hippocampal slices. We first exlong-term memory (Satoh et al., 2007). Collectively these results
amined basal synaptic transmission in CA1. We found that the
suggest a selective effect of enhanced GABABR signaling on Arc/
input– output coupling during stimulation of the Schaffer collatArg3.1 expression.
erals were identical in WT and S783A mice, indicating similar
To determine whether modified Arc/Arg3.1 expression in
levels of basal synaptic strength (Fig. 3 A, B). To examine whether
S783A mice result from elevated levels of GABABR activity, we
presynaptic GABABR function is altered in S783A mice, we stimtreated S783A hippocampal slices with the GABABR antagonist
ulated Schaffer collateral fibers and measured the amplitudes of
CGP54626 (10 M). Arc/Arg3.1 levels were increased after 1 h
EPSCs in CA1 pyramidal neurons, which can be reduced by actitreatment with CGP54626 (Fig. 4D). To further evaluate the role
vation of presynaptic GABABRs (Schuler et al., 2001). Baclofen
of GABABRs in mediating Arc/Arg3.1 expression, hippocampal
reduced the EPSC amplitude in both WT and S783A mice to
slices from WT mice were treated with baclofen, which decreased
similar extents ( p ⫽ 0.61), suggesting that the GABABR function
Arc/Arg3.1 expression, an effect prevented by the GABABR anon Schaffer collateral terminals was comparable between strains
tagonist CGP54646 (Fig. 4 E, F ).
(Fig. 3C–E). We did not observe differences in basal-evoked EPFinally, we performed systemic injection of baclofen (10 mg/
SCs between WT and S783A mice as well (WT: ⫺263 ⫾ 31 pA;
kg, i.p.) in WT mice and measured Arc/Arg3.1 level in the hipS783A: ⫺310 ⫾ 31 pA, p ⫽ 0.3889). Together these data suggested
pocampus. Arc/Arg3.1 expression was significantly decreased 1 h
that S783 phosphorylation does not significantly impact presynaptic
after administration of baclofen (Fig. 4G). Together these results
GABABR function at glutamatergic synapses.
indicated that elevated levels of GABABR activity in S783A mice
Next, using cultured hippocampal neurons, we examined
reduced the downstream activity and expression levels of prowhether the function of postsynaptic GABABRs was altered in
teins that are critical for memory formation.
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S783A mice exhibited enhanced
AMPAR surface expression and
synaptic density
Arc/Arg3.1 is believed to play a critical
role in cognition in part by its ability to
promote AMPAR endocytosis. Consistent
with this, Arc/Arg3.1-deficient mice have
increased levels of AMPAR expression
and increased density of mushroom
spines in the CA1 region of the hippocampus (Chowdhury et al., 2006; Plath et al.,
2006; Peebles et al., 2010). In agreement
with these studies, the surface expression
levels of the AMPAR subunits GluA1 and
GluA2 were significantly increased in the
hippocampal slices from S783A mice ( p ⬍
0.01; Fig. 5 A, B). We also performed
electrophysiological analysis to compare
AMPAR function between genotypes. A
robust increase in the density of glutamateactivated currents was evident in S783A Figure 5. Increased AMPAR surface expression in S783A mice. A, B, Increased surface expression of AMPARs in S783A mice.
compared with WT mice ( p ⬍ 0.05; Fig. Hippocampal slices prepared from WT and S783A mice were used for steady-stated biotinylation of surface GluA1 and GluA2
subunits. A, Total GluA1 and GluA2 subunits are shown to the left, and the biotinylated surface GluA1 and GluA2 subunits are shown
5C,D).
We then compared synapse number to the right. Tubulin was used as a control. B, Quantification of surface AMPAR levels (ratio of surface to total) in WT and S783A
and structure in CA1 stratum radiatum mice. Data are normalized to WT and represented mean ⫾ SEM. n ⫽ 4 –5, **p ⬍ 0.01; Student’s t test. C, Representative traces
using electron microscopy (Fig. 6A–E). of glutamate-activated currents from WT and S783A hippocampal neurons. D, Graph depicts the average glutamate current
The total number of excitatory synapses density values of WT and S783A neurons, data represent mean ⫾ SEM (WT, n ⫽ 3; S783A, n ⫽ 4, *p ⬍ 0.05, unpaired t test).
was significantly increased in S783A mice
guish between the object that remained in place and the object
(Fig. 6 A, C). Surprisingly, the length of PSDs in CA1 excitatory
that was moved. Their WT counterparts, meanwhile, preferensynapses was larger in S783A mice compared with WT controls
tially investigated the displaced object (Fig. 7G,H ). These behav(Fig. 6 B, D,E). Consistent with the above, the expression of
ioral tests suggested that S783A mice have selective deficits in
PSD-95 was enhanced in S783A mice, but not the synaptic vesicle
long-term spatial memory.
protein synaptophysin or synaptic marker synapsin I (Fig. 6F–I ).
To further assess spatial learning and memory, we used the
These data strongly suggested that the enhanced postsynaptic
Barnes
maze (Barnes, 1979) over a training period of 4 d (two
GABABR activity in S783A mice led to a pronounced modificatrials per day). WT mice improved performance over 4 d, as
tion in the architecture of excitatory synapses.
indicated by a progressive reduction in total latency to enter into
S783A exhibited impaired long-term spatial memory
the target hole ( p ⬍ 0.0001) and in total errors ( p ⬍ 0.01) across
Our results suggest that potentiation in the activity of postsynaptrials. In contrast, S783A mice showed a significant decrease in
tic GABABRs results in deficits in Arc/Arg3.1 expression and
total latency ( p ⬍ 0.0001) but did not exhibit improvements in
profound alterations in neuronal morphology. Therefore we pertotal errors ( p ⫽ 0.5517; Fig. 8 A, B). We corroborated our findformed behavioral analyses to compare specific aspects of cogniings by analyzing primary parameters. Spatial learning in S783A
tion in S783A and WT mice. We first examined contextual and
mice was evident by a significant reduction in the primary latency
cued memory 24 h after fear conditioning. The S783A mice
( p ⬍ 0.0001; Fig. 8C) but no improvements were observed in
showed a significant deficit in hippocampal contextual fear, as
primary errors ( p ⫽ 0.0784; Fig. 8D), indicating that S783A mice
evidenced by reduced freezing behavior (Fig. 7 A, B), but not in
reached the target hole with reduced latency just as WT mice did
auditory cued behavior (Fig. 7A). Deficits in contextual fear
but persisted in choosing a wrong hole before reaching the target
memory are correlated with decreased hippocampal-dependent
hole. After the 4 d training period, we performed a probe trial to
spatial memory (Bach et al., 1995). We then examined object
test memory retention on day 5 (1 d after the last day of training)
recognition to further evaluate the role of the S783A mutation in
and day 12. On day 5, no difference was observed in the primary
memory formation (Ennaceur and Delacour, 1988). After habitlatency (Fig. 8E), primary error (Fig. 8F ), and distance traveled
uation to the context, mice were exposed to an identical pair of
(Fig. 8G) between genotypes. However S783A mice showed a
objects for 10 min (training period) and, 24 h later, a 5 min test
statistically
significant difference in all three parameters between
was conducted in which mice were allowed to explore the previdays
5
and
12 ( p ⬍ 0.05), indicating that S783A mice have re7C).
Both
ously exposed (familiar) object and a novel object (Fig.
duced memory retention compared with WT (Fig. 8E–G). Colgroups of mice demonstrated greater exploration of the novel
lectively, these behavioral tests independently confirmed that
object over the familiar object (Fig. 7 D, E). We also examined
S783A mice exhibited impaired long-term spatial memory. ImS738A mice in the spatial object recognition task (Haettig et al.,
portantly, S783A mice showed normal performance in batteries
2011). In this version, all animals were exposed to two identical
of home cage activity (Fig. 9A) and anxiety-like behavior (Fig.
objects for 10 min and, 24 h later, one of the objects was moved to
9 B, C). Together, our study clearly demonstrated that the efficacy
a novel position (Fig. 7F ). During the training sessions, both
of postsynaptic GABABR signaling is a critical determinant of
genotypes spent the same amount of time exploring the two idenspatial memory consolidation.
tical objects ( p ⫽ 0.8241). However S783A mice failed to distin-
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Figure 6. Synapse density and PSD-95 expression are increased in S783A mice. A, Electron microscopy images of CA1 stratum radiatum region in WT and S783A mice. Representative excitatory
synapses are indicated (yellow arrow). Scale bars, 500 nm. B, Micrograph showing an asymmetric excitatory synapse identified by electron-dense PSD. Scale bars, 250 nm. C, Synapse density
expressed as mean ⫾ SEM per 100 m 2 in CA1 stratum radiatum region. **p ⬍ 0.01; unpaired t test. D, Mean PSD length determined by analyses of electron microscopy images. Shown are
mean ⫾ SEM from four WT and three S783A mice. n ⫽ 180 –200 per genotype; ****p ⬍ 0.0001; unpaired t test. E, Histogram of frequency distribution of PSD length observed in electron
microscopy analysis from WT and S783A mice, analyzed as in D. F, G, Expression of synaptic markers in CA1 region of hippocampus. F, Representative confocal images of GABABR2 subunit (green),
PSD-95 (red), and synaptophysin (blue) in WT and S783A mice. G, Normalized quantification of PSD-95 and synaptophysin expression in CA1 region of hippocampus. (Figure legend continues.)
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Figure 7. Disrupted spatial memory consolidation during fear conditioning and object recognition. A, B, Contextual and cued fear-conditioning test. A, Average of conditioned freezing during
contextual and cued test. Percentage of time freezing during the conditioned context (Context), before conditioning (Pre-tone), and during the tone presentation (Cued) is shown (n ⫽ 11 each). p ⫽
0.369; two-tailed t test. B, Percentage time freezing during the 3 min of the conditioned context without foot-shock stimulus (n ⫽ 11 each). S783A mice spent significantly less time freezing than
did WT mice. *p ⬍ 0.05; one-way ANOVA. C–E, Novel-object recognition test. C, Diagram of the object recognition task. D, Novel-object recognition 24 h after acquisition. The graph shows the object
exploration during the 5 min test phase of the object recognition task (n ⫽ 10 each). E, The times spent exploring a novel object is shown as a ratio of the total time spent exploring both objects. Both
WT and S783A mice spent more time exploring a novel object ( p ⬎ 0.05, 2-tailed t test). F–H, Spatial object recognition test. F, Diagram of the spatial object recognition task. G, Spatial object
recognition 24 h after acquisition. The graph shows the object exploration during the 5 min test phase of the object recognition task (n ⫽ 10 each). H, The times spent exploring object in a novel
position is shown as a ratio of the total time spent exploring both objects. S783A mice did not display any preference for an object placed to a novel position (WT, 63.11 ⫾ 5.0%; S783A, 46.46 ⫾
4.75%, *p ⬍ 0.05, 2-tailed t test). All data represent mean ⫾ SEM.

S783A mice exhibited enhanced synaptic plasticity
S783A mice exhibited deficits in long-term spatial memory and
activation of Arc/Arg3.1 expression. We therefore tested whether
S783A mice have altered hippocampal LTP. We used two different protocols for LTP induction: two theta-burst stimulation (2
TBS; four pulses at 100 Hz with an interburst interval of 0.2 s) and
five theta-burst stimulation (5 TBS). Two TBS increased the magnitude of LTP in S783A mice immediately after induction com4
(Figure legend continued.) Shown are mean ⫾ SEM from five independent experiments.
*p ⬍ 0.05; Student’s t test. H, Western blot analysis of hippocampus dissected from WT and
S783A mice. Immunoblots were probed with antibodies for PSD-95, synapsin I, and tubulin. I,
Quantification of PSD-95 and synapsin I in hippocampi of S783A mice (ratio to tubulin). Data are
shown as a change relative to WT and represent mean ⫾ SEM. n ⫽ 6; *p ⬍ 0.05; Student’s t
test.

pared with WT (S783A, 3.96 ⫾ 0.389 of baseline; WT, 2.109 ⫾
0.289 of baseline; Fig. 10A) and remained significantly larger 50
min after induction (S783A, 1.87 ⫾ 0.16 of baseline; WT, 1.4 ⫾
0.05 of baseline; p ⬍ 0.05; Fig. 10A). Interestingly, LTP induced
by the 5 TBS protocol was similar in S783A and WT mice (S783A,
2.34 ⫾ 0.089 of baseline at 50 min postinduction; WT, 2.09 ⫾
0.165 of baseline at 50 min postinduction, p ⫽ 0.21; Fig. 10B).
Importantly, when we compared the magnitude of LTP between the 2 TBS and 5 TBS protocol, S783A slices showed only
a small increase in 5 TBS compared with 2 TBS; however, in
WT slices, 5 TBS largely increased the levels of LTP (Fig.
10 A, B). These results suggested that 2 TBS saturated the levels
of LTP in S783A mice but not in WT, which is likely to reflect
the higher number of AMPARs in the mutant mouse. Together
our results strongly demonstrated that the enhanced activity
of postsynaptic GABABRs leads to changes in key proteins that
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Figure 8. Impaired spatial memory consolidation in the Barnes maze in S783A mice. A, B, Results of WT and S783A mice subjected to Barnes maze test during 4 d of training. A, Total latency (in
seconds) by trials (days) to find the target hole. Both WT and S783A mice improved to find a target ( p ⬍ 0.0001, repeated-measurements ANOVA, n ⫽ 10). No difference was found between
genotypes ( p ⫽ 0.8142, 2-way ANOVA). B, Total error by trials. Only WT showed significant improvement in total error (WT, p ⬍ 0.01; S783A, p ⫽ 0.5517, repeated-measurements ANOVA, n ⫽
10). No difference was found between genotypes ( p ⫽ 0.3264, 2-way ANOVA). C, Primary latency (in seconds) by trials (days) to find the target hole. Both WT and S783A mice improved to find a
target ( p ⬍ 0.0001, repeated-measurements ANOVA. n ⫽ 10). No difference was found between genotypes ( p ⫽ 0.9746, 2-way ANOVA). D, Primary error by trials. WT mice, but not S783A mice,
showed significant improvement in primary error (WT, p ⬍ 0.05; S783A, p ⫽ 0.0784, repeated-measurements ANOVA, n ⫽ 10). All data represent mean ⫾ SEM. E–G, Probe trial for memory
retention test. E, Primary latency (in seconds). S783A mice spent more time searching target hole (day 5 vs 12: WT, p ⫽ 0.3048; S783A, *p ⬍ 0.05, paired Student’s t test). F, Primary error. S783A
mice made more errors in attempting to reach to the target hole (day 5 vs 12: WT, p ⫽ 0.4244; S783A, *p ⬍ 0.05, paired Student’s t test). G, Primary path length (in meters) traveled. S783A mice
showed an increase in primary path length (day 5 vs 12: WT, p ⫽ 0.323; S783A, *p ⬍ 0.05, paired Student’s t test). All data represent mean ⫾ SEM.

mediate excitatory synaptic transmission and alter synaptic
plasticity.

Discussion
Our work demonstrated for the first time a direct connection
between the postsynaptic GABABR activity and long-term spatial
memory. Using mice in which the GABABR subunit degradation
had been abolished by mutation (S783A mice), we revealed a key
role for GABABR activity in regulating the molecular mechanisms that underlie specific aspects of memory formation.
Studies in expression systems and cultured neurons have
established that phosphorylation and dephosphorylation of
GABABRs regulate their activity and trafficking (Terunuma et al.,
2010a,b). Phosphorylation of S783 in the GABABR2 subunit by
AMPK increases coupling to GIRKs, but also prevents receptor
internalization and lysozomal degradation (Kuramoto et al.,
2007; Terunuma et al., 2010b), effects that can be mimicked by
mutation to alanine residues. Meanwhile, the S783A mutants are
stable on the cell surface and GABABR-mediated GIRK rundown
is abraded (Kuramoto et al., 2007; Terunuma et al., 2010b). We
therefore created S783A mice to begin to assess the physiological
significance of GABABR phosphorylation. S783A mice had

higher cell-surface expression levels of the GABABR1b/R2 heterodimer, which is consistent with the role of this residue in
stabilizing surface receptors and limiting endocytosis and subsequent lysozomal degradation (Terunuma et al., 2010b). Our
functional assays determined that there were no differences in
excitatory presynaptic GABABR activity. By contrast, postsynaptic GABABR activity was significantly enhanced in S783A mice as
measured by their ability to activate GIRKs. The selective effect of
the S783A mutation on postsynaptic GABABR activity indicates
that presynaptic receptors are very stable and do not exhibit significant rates of endocytosis, whereas their postsynaptic counterparts show higher rates of phospho-dependent internalization
(Vargas et al., 2008; Terunuma et al., 2010b). It is possible that
this selective effect is due to low AMPK and PP2A activity in
presynaptic terminals of the hippocampal neurons or to differential binding complexes of presynaptic versus postsynaptic
GABABRs.
Given the enhanced GABABR activity in S783A mice, we examined Arc/Arg3.1 expression. Arc/Arg3.1 expression is regulated by neural activity and is a key regulator of long-term
memory formation (Bourtchuladze et al., 1994; Guzowski et al.,
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2000; Athos et al., 2002; Plath et al., 2006).
Total Arc/Arg3.1 expression levels were
significantly reduced in S783A mice. Furthermore, treatment with the highly potent and selective GABABR antagonist
CGP54626 restored Arc/Arg3.1 expression levels in S783A mice while activation
of GABABRs in WT mice dramatically reduced Arc/Arg3.1 expression. It is therefore possible that the enhancement of
cognitive performance by GABABR antagonists and the suppression of working
memory by agonists in rodents and monkeys may be due to the modulation of Arc/
Arg3.1 expression through GABABRs
(Mondadori et al., 1993; DeSousa et al.,
1994; Froestl et al., 2004).
It has been reported that Arc/Arg3.1
knock-out mice express high levels of surface AMPARs due to blockade of endocy- Figure 9. Behavioral tests in S783A mice. A, Home cage activity test. Normal behavioral activity in S783A mice. Shown is
number of beam breaks per 10 min. n ⫽ 10, p ⫽ 0.2253, unpaired t test. All data represent mean ⫾ SEM. B–C, Elevated plus maze
tosis (Chowdhury et al., 2006; Shepherd et
test. Anxiety-like behavior does not differ between WT and S783A mice as measured by the time spent in the open and closed arms
al., 2006). Furthermore, Arc/Arg3.1 divided by the time in all arms (B, unpaired t test: open arms, p ⫽ 0.1774; closed arms, p ⫽ 0.1773), or as measured by the number
knock-out neurons exhibit increased of entries into each arm (C, unpaired t test: open arms, p ⫽ 0.105, closed arms, p ⫽ 0.3905; intersection, p ⫽ 0.094). n ⫽ 11
spine width in AMPAR-containing spines littermate pairs. All data represent the mean ⫾ SEM.
(Peebles et al., 2010; Okuno et al., 2012).
These observations are similar to our electrophysiological and biochemical analyses, which revealed increased levels of
AMPARs, density of excitatory synapses,
and PSD length in S783A mice. Consistent
with an increase in the density of excitatory synapses, PSD-95 expression was
significantly elevated in S783A mice.
Given the increase in GABABR activity in
S783A mice, this increase in excitatory
synapse number and PSD length may reflect an adaptive compensatory mecha- Figure 10. Enhanced hippocampal LTP with impaired GABABR phosphorylation in S783A mice. A, LTP induced by 2 TBS at the
nism to maintain excitatory–inhibitory CA1 pyramidal neuron was shown. Average normalized (against baseline) fEPSP rise slope in the WT (black) and S783A (red) slices.
balance, since we did not observe changes Error bars represent ⫾ SEM from four independent experiments. Two-tailed t test. B, LTP induced by 5 TBS decayed more slowly
in basal synaptic transmission. Alterna- than the potentiation elicited by 2 TBS. There was no significant difference between the mean fEPSP slopes measured in WT and
tively, the effects of the S783A mutation S783A mice 50 min after stimulation. Error bars represent ⫾ SEM from four independent experiments. p ⫽ 0.21, two-tailed t test.
on excitatory synapses could be a direct
PSD-95 mutant mice (Migaud et al., 1998), CaMKK ␣ knock-out
consequence of enhancing GABABR-mediated downregulation
mice (Blaeser et al., 2006), and Arc/Arg3.1 knock-out mice (Plath
of Arc/Arg3.1 expression, which in turn elevated AMPAR surface
et al., 2006).
expression. Indeed, PSD-95 overexpression increases AMPAR
Our behavioral characterization of S783A mice revealed no
clustering and enhances the size and number of spines (Eldifference in basal activity or anxiety-like behaviors. However,
Husseini et al., 2000) and AMPAR overexpression in cultured
these mice exhibited a deficit in contextual fear memory, which is
neurons increases the length and number of excitatory synapses
associated with hippocampal-dependent spatial memory (Bach
(Chen et al., 2009). It is possible that the dysregulated accumulaet al., 1995). Furthermore, the probe test using the Barnes maze
tion of AMPARs at the surface of spines in S783A mice caused the
demonstrated
that S783A mice exhibited impaired memory reincrease of PSD-95. However, we did not detect differences in
tention, which is also connected with hippocampal function
basic synaptic transmission and evoked EPSCs in S783A mice,
(Barnes, 1979). These results match what has been observed in
but we did observe larger glutamate-activated whole-cell curArc/Arg3.1 knock-out mice, which express enhanced surface
rents, which indicate that the additional AMPARs only become
AMPAR levels but are impaired in long-term spatial memory
activated under specific conditions. Supporting this observation,
(Plath et al., 2006). It is noteworthy that S783A mice were able to
we found LTP induced by the 2 TBS protocol was higher in S783A
learn during the training periods of tasks designed to test spatial
mice compared with WT mice but not in the 5 TBS protocol. It is
memory and our results did not rule out the possibility of impairstill possible that the additional AMPARs are preferentially tarment in hippocampal-independent forms of long-term memory.
geted to or form silent synapses (Okuno et al., 2012). This ratioCollectively, our study demonstrated an unacknowledged
nale implies that GABABR signaling directly influences the levels
postsynaptic mechanism by which GABABRs regulate long-term
of both excitation and inhibition. Significantly, enhanced LTP
spatial memory. Mutation of S783 had numerous consequences
and loss of spatial memory seen in S783A mice has been previon the downstream targets. These consequences were ultimately
ously reported in several genetically altered mice, including
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manifested as deficits in long-term spatial memory and memory
consolidation. These results highlight the potential role of compounds that alter GABABR signaling to enhance cognitive
function.
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