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a5GABA , Receptor Activity Sets the Threshold
for Long-Term Potentiation and Constrains
Hippocampus-Dependent Memory
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Synaptic plasticity, which is the neuronal substrate for many forms of hippocampus-dependent learning, is attenuated by GABA type A
receptor (GABA,R)-mediated inhibition. The prevailing notion is that a synaptic or phasic form of GABAergic inhibition regulates
synaptic plasticity; however, little is known about the role of GABA , R subtypes that generate a tonic or persistent inhibitory conductance.
We studied the regulation of synaptic plasticity by a5 subunit-containing GABA ,Rs (a5GABA 4Rs), which generate a tonic inhibitory
conductance in CA1 pyramidal neurons using electrophysiological recordings of field and whole-cell potentials in hippocampal slices
from both wild-type and null mutant mice for the 5 subunit of the GABA,R (Gabra5 ™'~ mice). In addition, the strength of fear-
associated memory was studied. The results showed that «5GABA R activity raises the threshold for induction of long-term potentiation
in a highly specific band of stimulation frequencies (10 -20 Hz) through mechanisms that are predominantly independent of inhibitory
synaptic transmission. The deletion or pharmacological inhibition of «5GABA ,Rs caused no change in baseline membrane potential or
inputresistance butincreased depolarization during 10 Hz stimulation. The encoding of hippocampus-dependent memory was regulated
by a5GABA ,Rs but only under specific conditions that generate moderate but not robust forms of fear-associated learning. Thus, under
specific conditions, «5GABA 4R activity predominates over synaptic inhibition in modifying the strength of both synaptic plasticity in

vitro and certain forms of memory in vivo.

Introduction

Information processing in the mammalian brain is governed by a
dynamic interplay between excitatory and inhibitory neurotrans-
mission. In the hippocampus, the encoding of episodic behav-
ioral memory is highly dependent on the activation of glutamate
receptors but can be attenuated by increasing GABAergic inhibi-
tion (Steckler et al., 1998). The neural correlate for learning and
memory is thought to be long-term alterations in the efficacy of
excitatory postsynaptic neurotransmission (Malenka and Bear,
2004; Whitlock et al., 2006). At CA1 synapses in the hippocam-
pus, the long-term potentiation (LTP) of excitatory potentials
occurs after brief periods of high-frequency stimulation, whereas
low-frequency stimulation typically causes long-term depression
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(LTD) (Collingridge et al., 1983; Dudek and Bear, 1992). Al-
though considerable progress has been made in understanding
the role of excitatory neurotransmission in LTP and LTD, little is
known about the contribution of various forms of GABAergic
inhibition. In this regard, the attenuation of synaptic plasticity by
GABA type A receptors (GABA,Rs) in CAl pyramidal neurons
has been generally attributed to phasic inhibitory currents gener-
ated by synaptically expressed receptors (Wigstrém and Gustafsson,
1983; Chapman et al., 1998; Grover and Yan, 1999; Levkovitz et
al., 1999; Lu et al., 2000; Yoshiike et al., 2008). The role of
GABA ,Rs, which generate a tonic inhibitory conductance, con-
tain mainly a5 or & subunits, and are activated by ambient GABA
or spillover of transmitter from the synaptic cleft (Bai et al., 2001;
Caraiscos et al., 2004; Semyanov et al., 2004; Glykys and Mody,
2007), remains poorly understood. Indeed, the potential impor-
tance of extrasynaptic GABA \Rs may have been primarily over-
looked because of the challenge of resolving and selectively
modifying the low-amplitude, persistent GABAergic conduc-
tance that they generate (Semyanov et al., 2004; Farrant and
Nusser, 2005; Kullmann et al., 2005).

In the hippocampus, a5 subunit-containing GABA,Rs
(a5GABARs) primarily populate the extrasynaptic regions of
CAL1 pyramidal neurons (Sur et al., 1999; Pirker et al., 2000), in
which they generate a tonic inhibitory conductance (Caraiscos et
al., 2004; Scimemi et al., 2005; Glykys and Mody, 2006; Glykys et



5270 - J. Neurosci., April 14,2010 - 30(15):5269 -5282

al., 2008). These receptors are targets for memory-blocking drugs
(Cheng et al., 2006; Martin et al., 2009); however, their physio-
logical relevance requires additional clarification. Notably,
a5GABA R null mutant mice (Gabra5~’") exhibit a normal be-
havioral phenotype for fear-associated contextual learning
(Cheng et al., 2006). Also, electrophysiological experiments in
hippocampal slices from wild-type (WT) and Gabra5~’~ mice
have revealed no differences in LTP (Collinson et al., 2002),
whereas an a5GABA ,R-selective inverse agonist increases LTP
and the power of gamma frequency oscillations (Towers et al.,
2004; Atack et al., 2006a).

In the current study, we sought to determine whether
a5GABA,Rs modify synaptic plasticity in CAl pyramidal
neurons in vitro, particularly when slices were stimulated in
the theta frequency range, which is associated with explor-
atory and memory behavior (Buzsdki, 2005). Next, we asked
whether a5GABA,Rs influence the induction or maintenance
phase of plasticity and whether a5GABA R activity regulates the
membrane potential, before, during, and after the induction of
plasticity. Finally, we investigated whether enhanced synaptic
plasticity correlated with improved memory performance in vivo.
The results show that genetic deletion or pharmacological inhi-
bition of «5GABA,Rs markedly reduces the threshold for the
induction of LTP via mechanisms that are predominantly inde-
pendent of synaptic inhibition, and this action correlates with
improved memory performance.

Materials and Methods

Experimental animals. The Animal Care Committee of the University of
Toronto approved all experiments. The generation of Gabra5~ /™ mice
on a C57BL/6] and Sv129Ev background has been previously described
(Collinson et al., 2002). These mice do not display an overt behavioral
phenotype, they breed normally, and they have a normal lifespan. In
addition, they exhibit normal motor coordination, with no overt com-
pensatory changes in the expression of other GABA,R subunits. Male
offspring from homozygous breeding pairs were used for most of the
experiments. In some studies, male offspring from heterozygous breed-
ing pairs were used to confirm that the phenotype resulted from deletion
of the a5 subunit gene rather than differences in the genetic background
of the inbred parental breeding strains (Nguyen et al., 2000a,b).
Electrophysiology in hippocampal tissue slices. The LTP of field EPSPs
(fEPSPs) was studied with hippocampal slices prepared from WT and
Gabra5~'~ mice that ranged in age from postnatal days 21-36. After
administration of isoflurane anesthesia, the mice were decapitated, and
their brains were quickly removed and placed in ice-cold, oxygenated
(95% O,, 5% CO,) artificial CSF (aCSF) (composition in mmol/L: 124
NaCl, 3 KCl, 1.3 MgCl,, 2.6 CaCl,, 1.25 NaH,PO,, 26 NaHCOj3, and 10
D-glucose) with osmolarity adjusted to 300—310 mOsm. Brain slices (350
um) containing transverse sections of the hippocampus were prepared
with a VT1000E tissue slicer (Leica). After a recovery period of 1 h in the
oxygenated aCSF, the slices were transferred to a submersion recording
chamber. The CA1 region was isolated from the CA3 region by a surgical
cut, and the slices were continually perfused with aCSF. The fEPSPs were
recorded from CA1 stratum radiatum neurons using electrodes that con-
tained aCSF. Synaptic responses were evoked by stimulating the Schaffer
collateral pathway with 0.1 ms pulses delivered by concentric bipolar
stimulating electrodes (Rhodes Medical Instruments). To ensure that the
baseline recordings were stable, responses were evoked at 0.05 Hz at an
intensity that yielded a half-maximal field potential slope and were mon-
itored in each slice for 20 min. To examine the role of «a5GABA,Rs in
synaptic plasticity, the induction threshold for LTP was investigated by
varying the degree of presynaptic stimulation, which was achieved by
altering the frequency of tetanic stimulation. Slices were stimulated at
frequencies of 1, 5, 10, 20, 50, and 100 Hz. The number of stimulation
pulses was kept constant (600 pulses per stimulation frequency), with the
exception of the protocol for 100 Hz, in which we stimulated each slice
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three times for a period of 1 s, separated by 20 s intervals. The potentia-
tion or depression of fEPSPs remained stable and persisted over the
duration of the recordings (70—80 min) and is reported as a percentage
of the baseline response.

For the pharmacological studies, L-655,708 [ethyl (13aS)-7-
methoxy-9-ox0-11,12,13,13a-tetrahydro-9H-imidazo[1,5-a]pyrrolo[2,1-
c][1,4]benzodiazepine-1-carboxylate], bicuculline (8 um), or SR-95531
[2-(3-carboxypropyl)-3-amino-6-(4-methoxyphenyl) pyridazinium bro-
mide] (5 um) was used to inhibit «5GABA,Rs, all GABA ,Rs, or synap-
tically expressed GABA,Rs, respectively. L-655,708 was used in the
current study because it is the most extensively characterized selective
inverse agonist for a5GABA,Rs. The affinity of L-655,708 for
a5GABA ,Rs is 50- to 100-fold greater than its affinity for a1, a2, and o3
subunit-containing GABA, receptors (Quirk et al., 1996). All available
inverse agonists for «®5GABA ,Rs bind to other benzodiazepine-sensitive
GABA, receptor subtypes, albeit at lower affinity, and modify receptor
function at higher concentrations. The subtype selectivity of L-655,708 is
attributed to a higher affinity for «5GABA 4 Rs, because the efficacy of this
compound is similar at the other GABA, receptor subtypes to which it
binds (Quirk et al., 1996). Consequently, to ascribe an effect of L-655,708
to «5GABA ,Rs, a careful selection of the concentration is required. The
concentrations of L-655,708 used in the current study were selected on
the basis of in vivo binding data, pharmacokinetic analyses, and previous
memory studies. It has been estimated that L-655,708 (10 nm) would
produce a highly selective inhibition of «5GABA sRs, whereas selectivity
may be reduced at concentrations >50-100 nm (Atack et al., 2006a;
Vargas-Caballero et al., 2010). The drugs were applied for at least 10 min
before 10 or 100 Hz stimulation. In some experiments, L-655,708 was
also applied immediately after 10 Hz stimulation, as described below.
The concentration of bicuculline was selected to minimize epileptiform
bursting in the CA1 region, which is known to influence LTP (Wigstrom
and Gustafsson, 1983; Grover and Yan, 1999). In some recordings, THIP
(4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol) (Tocris Bioscience)
was applied 10 min before, during, and after 10 Hz stimulation.

Voltage-clamp recordings. In a separate set of experiments, a tight seal
(>1 G)) was formed on the cell body of each visually identified CAl
pyramidal neuron, and whole-cell voltage-clamp recordings were ob-
tained after the membrane was ruptured with negative pressure. Record-
ing electrodes with resistances of 3-5 M() were constructed from
borosilicate glass (1.5 mm diameter; WPI) using a two-stage puller
(PP83; Narishige). Only recordings with stable holding current and series
resistance maintained below 25 M{) were considered for analysis. EPSCs
were recorded from WT and Gabra5 /" neurons at holding poten-
tials of —80 mV (AMPA component) and +40 mV (NMDA compo-
nent). The AMPA and NMDA currents were further isolated by
application of (2 R)-amino-5-phosphonovaleric acid (APV) (10 um) and
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (20 uMm), respectively,
in the presence of bicuculline (10 um). The stimulation intensity used to
evoke AMPA and NMDA currents ranged from 5 to 10 V for each cell,
with six sweeps recorded at each intensity. Current traces were recorded
using a Multiclamp 700A amplifier (Molecular Devices), low-pass fil-
tered at 2 kHz, and digitized at 1020 kHz with Clamplex (version 9.2;
Molecular Devices). Recording electrodes were filled with an internal
solution that contained the following (in mmol/L): 132.5 Cs-gluconate,
17.5 KCl, 0.2 EGTA, 10 HEPES, 2 MgATP, 0.3 GTP, and 5 QX-314
[2(triethylamino)-N-(2,6-dimethylphenyl) acetamine], pH 7.2-7.3. The
tonic current, miniature IPSCs (mIPSCs), and spontaneous IPSCs were
recorded from Gabra5 /" neurons at a holding potential of —60 mV.
Spontaneous IPSCs and mIPSCs were analyzed using Minianalysis soft-
ware (version 6.0.3; Synaptosoft). The intracellular solution for these
recordings consisted of the following (in mmol/L): 140 CsCl, 10 HEPES,
10 EGTA, 4 Mg-ATP, 1 CaCl,, and 5 QX-314, pH 7.2-7.3. These record-
ings were performed with CNQX (20 um) and APV (10 um) in the aCSF.

Current-clamp recordings. Studies were performed to determine
whether the GABA ,R-mediated IPSPs were completely blocked by SR-
95531 at the same concentration as used for field recordings (5 um) and
whether potentials were also blocked after 10 Hz stimulation. Whole-cell
patch-clamp recordings were obtained from visually identified hip-
pocampal CA1 pyramidal neurons. The GABA ,R-mediated IPSPs were
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recorded in CA1 pyramidal neurons, and CNQX (20 um), APV (10 um),
and CGP 55845 [(2S)-3-[(15)-1-(3,4-dichlorophenyl)ethyl]amino-2-
hydroxypropyl) (phenylmethyl)phosphinic acid] (10 um), respectively,
were used to block AMPA, NMDA, and GABA; responses. A stable
GABA ,-mediated IPSP baseline response was recorded, and SR-95531
was then added to the extracellular solution. Slices were stimulated at 10
Hz to determine whether the GABA ,-mediated IPSPs remained blocked
by SR-95531 during and after 10 Hz stimulation.

Current-clamp recordings were obtained to determine whether
a5GABA R activity modulated the input resistance and membrane
potential of CA1 pyramidal neurons during LTP induced by 10 Hz stim-
ulation. To monitor the input resistance of the cells, a small hyperpolar-
izing current pulse (10 pA intensity, 400 ms duration) was injected 500
ms before EPSPs were evoked from CA1 pyramidal neurons. EPSPs were
evoked every 60 s to allow for recovery between sweeps. After a stable
baseline period (in terms of both current pulse and EPSP amplitude),
slices were stimulated with the same 10 Hz protocol as was used for the
field recordings. EPSP amplitude, input resistance, and membrane po-
tential were measured before and after 10 Hz stimulation. To calculate
the input resistance, the steady-state membrane potential was divided by
the amount of injected current (10 pA). In addition, the “depolarizing
envelope” and membrane potential were analyzed before, during, and
after the period of 10 Hz stimulation. The membrane potential was sam-
pled for 15 ms every second before the stimulation artifact (60 samples in
total). The depolarizing envelope was analyzed by measuring the total
integrated area under the EPSPs for the entire 60 s of stimulation. For
these experiments, SR-95531 (5 um) and CGP 55845 (5 um) were added
to the bath solution to inhibit synaptically expressed GABA , and GABA
receptors, respectively. Patch pipettes had open tip resistances of 3—5 M{)
when filled with an intracellular solution that contained the following (in
mmol/L): 132.5 K-gluconate, 10.3 KMeSO,, 7.2 KCI, 10 HEPES, 0.2
EGTA, 2 Mg-ATP, and 0.3 GTP, with the pH adjusted to 7.3 with KOH.

Paired-pulse facilitation protocol. LTP may include a presynaptic as well
as a postsynaptic component (Debanne et al., 1996). We sought to deter-
mine whether the genetic deletion of ®5GABA ,Rs altered a presynapti-
cally mediated form of synaptic potentiation, which might have
confounded the results. Paired-pulse facilitation (PPF), which involves
eliciting two fEPSPs in quick succession, is taken to be a model of pre-
synaptic plasticity. A single pulse was delivered to the Schaffer collateral
pathway, and then, after a specified interstimulus interval, a second pulse
was delivered; recordings were obtained from the stratum radiatum. The
interstimulus intervals used for the current PPF experiment were 50, 100,
150, 200, and 300 ms.

Modified coastline index analysis. To determine whether deletion of
a5GABA,Rs increased excitability within the hippocampus, we at-
tempted to quantify overall epileptiform activity. Population spikes were
recorded in the CA1 pyramidal layer before and after application of
bicuculline (8 um). The degree of bursting was quantified using a mod-
ified coastline bursting index (Korn et al., 1987; Wang and Thompson,
2008). The coastline index was calculated as the sum of the point-to-
point voltage differences measured during an epoch of the evoked re-
sponse, beginning 5 ms after the stimulation artifact, until the trace
returned to the baseline level. Because the coastline index depends on the
initial stimulation intensity, the coastline response measured in
bicuculline-treated slices was normalized by dividing the value by the
control coastline value. Results are expressed as percentage of control.
Minianalysis software (version 6.0.3; Synaptosoft) was used to analyze
the coastline of the population spikes.

Preparation of protein samples, SDS-PAGE, and Western blot analysis.
Biochemical experiments were performed to determine whether the ex-
pression of glutamate receptors was different in WT and Gabra5~"~
mice. Whole hippocampi (six per group) from 3-month-old male mice
were isolated rapidly and placed in ice-cold PBS containing complete
Mini protease inhibitors (Roche Diagnostics). Each group of hip-
pocampi was homogenized separately in 0.75 ml of radioimmunopre-
cipitation assay buffer (150 mmol/L NaCl, 50 mmol/L Tris, pH 8.0, 5
mmol/L EDTA, 1% v/v Nonidet P-40, 0.5% w/v sodium deoxycholate,
and 0.1% w/v SDS) containing 5 ug/ml aprotinin, 20 ug/ml leupeptin,
and 1 X Mini protease inhibitor cocktails using 1 ml Dounce glass—glass
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homogenizers. The homogenates were then centrifuged at 1000 X g for 5
min at 4°C to pellet any debris and nuclei. The supernatant was used for
determining the protein concentration (BCA Protein Assay; Pierce
Chemical). Tissue homogenates were then resolved on discontinuous
10% SDS-PAGE gels before transfer onto nitrocellulose membranes. Ap-
proximately 25-30 ug of protein was loaded per lane. The membranes
were then washed in a mixture of Tris-buffered saline and 0.1% Tween 20
(TBS-T) and blocked for 1 h with 5% nonfat skim milk powder in TBS-T
(BLOTTO) before overnight incubation at 4°C with the appropriate an-
tibody: mouse anti-NR1, 1:1000 (BD Biosciences); rabbit anti-NR2A,
1:1000 (Covance); rabbit anti-NR2B, 1:1000 (Santa Cruz Biotechnol-
ogy); rabbit anti-GluR1, 1:1000 (Millipore/Cedarlane Laboratories); rab-
bit anti-a5, 1:1000 (Millipore/Cedarlane Laboratories). The membranes
were then washed in TBS-T and incubated for 1 h in HRP-conjugated
anti-mouse (Santa Cruz Biotechnologies) or anti-rabbit (Invitrogen)
secondary antibodies (diluted 1:5000 in BLOTTO) at room temperature.
Membranes were taken through a final series of three to five washes in
TBS-T before incubation in substrate. Size-specific bands were visualized
by applying enzyme chemiluminescent substrates (SuperSignal West
Pico ECL substrate; Pierce Chemical) and exposing the labeled mem-
branes on a Kodak Image Station 2000R for 5-18 min. Specifically la-
beled bands at the appropriate molecular weights were analyzed for
signal intensity using Kodak Image Station 2000R software and either the
automated band label function or the edge-detection function to deter-
mine net band intensity. Specific band intensities from Gabra5~'~ sam-
ples were normalized against control WT intensities. In some
experiments, blots were stripped and probed with anti-B-actin antibody
(1:5000; Sigma) to confirm equal loading of samples.

Fear conditioning. We sought to determine whether the pharmaco-
logical inhibition of a5GABA,Rs influenced performance for fear-
associated memory behavior. On day 1, individual animals were allowed
to explore the test chamber for 180 s. An 800 Hz tone, created by a
frequency generator, amplified to 70 dB, and lasting 20 s, was then pre-
sented. For cued fear conditioning, the last 2 s of each auditory tone was
paired with an electric footshock (2 s, 0.7 mA); for trace fear learning, the
auditory stimulus and footshock (2 s, 0.7 mA) were separated by 20 s.
Each of these sequences was presented three times, separated by 60 s (for
cued fear) or 240 s (for trace fear). For the drug studies, vehicle (10%
dimethylsulfoxide) or L-655,708 (0.7 mg/kg) was administered intra-
peritoneally 30 min before or immediately after the conditioning trial.
According to previous studies (Quirk et al., 1996; Chambers et al., 2004;
Atack et al., 2006a; Dawson et al., 2006), it was estimated that, at 30 min
after injection, L-655,708 (0.7 mg/kg, i.p.) would produce 60-70% oc-
cupancy of a5GABA \Rs in vivo with limited binding to a1, a2, and a3
subunit-containing GABA,Rs and no significant off-target behavioral
effects such as sedation or motor impairment (Atack et al., 2006b).

On day 2, 24 h after the conditioning session, each mouse was assessed
for a freezing response every 8 s for a total of 8 min (contextual fear). On
day 3, the conditioning chamber was modified to measure the freezing
response to the tone (either cued or trace fear learning), without any
contextual influence. Mice were monitored for 180 s for a freezing re-
sponse to the modified context, to rule out contextual influences. After
the monitoring period, the auditory tone was presented continuously for
300 s, and the freezing response was recorded every 8 s.

Statistical analysis. In the plots illustrating LTP and LTD, the data
points (slope of fEPSP) were binned in 1 min increments to facilitate
readability. The extent of LTP and LTD was quantified for statistical
comparisons by averaging the slope of the fEPSPs during the final 5 min
of each experiment and normalized to baseline values. Results are pre-
sented as percentage of the control response. Statistical comparisons
were completed using unpaired Student’s ¢ tests with Bonferroni’s cor-
rection or a one- or two-way ANOVA. Post hoc analyses, when required,
were conducted using Tukey’s honestly significant difference (HSD) test.
For some of our datasets, testing for normality was problematic because
of the small sample sizes (1 < 5). For these datasets, we performed either
a nonparametric Mann—-Whitney U test or a nonparametric analysis us-
ing the Kruskal-Wallis rank sum test followed by the Bonferroni-Dunn
test for multiple comparisons as indicated in Results.
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Results

a5GABA 4Rs regulate

synaptic plasticity

To characterize the influence of ®5GABA  Rs
on synaptic plasticity, the effects of deliv-
ering a wide range of input stimulation
frequencies (1-100 Hz) on the fEPSPs
were studied in slices from WT and
Gabra5~'~ mice. When slices were stimu-
lated at a low frequency (1 or 5 Hz), LTD
of excitatory synaptic transmission was
observed in both genotypes (n = 8 slices
per group, Student’s ¢ test, p = 0.43) (Fig.
1A). Conversely, after high-frequency
stimulation (50 and 100 Hz), LTP was ob-
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served in WT and Gabra5~"" slices (n = 8
slices per group, Student’s ¢ test, p = 0.56)
(Fig. 1B). After stimulation at submaxi-
mal frequency (10 Hz), the plasticity in
WT and Gabra5 /" slices was opposite in
polarity: LTD was observed in WT slices,
whereas LTP was observed in Gabra5™/~
slices (WT, 80.61 =+ 6.08%; Gabra5 ",
120.8 * 8.26%; n = 8 slices per group;
Student’s ¢ test, p = 0.01) (Fig. 1C). Ac-
cordingly, the frequency-response plot
was shifted to the left for recordings
from Gabra5 '~ slices compared with
recordings from WT slices, with the
greatest differences observed at 10 and 20
Hz (two-way ANOVA, effect of genotype,
F60) = 6.95, p = 0.01; effect of stimu-
lation frequency, Fs4 = 54.22, p =
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0.0001; effect of interaction, F s 49, = 3.49,
p = 0.007; Tukey’s HSD, p < 0.01 for WT
vs Gabra5 /" slices stimulated at 10 and
20 Hz) (Fig. 1D). It is noteworthy that
the stimulation frequencies in which
a5GABA \R activity had the greatest influ-
ence were those commonly associated
with large-scale theta-frequency synchro-
nization, which is coupled with some
forms of hippocampus-dependent learn-
ing (Buzsaki, 2005).

Because the genetic background of inbred parent strains can
influence the strength of synaptic plasticity (Nguyen et al.,
2000a,b) and the brain slices used for these experiments were
prepared from the male offspring of homozygous parents, addi-
tional experiments were performed using offspring from het-
erozygous mating pairs. These results confirmed that LTD and
LTP occurred after 10 Hz stimulation in slices from WT and
Gabra5~’" littermates, respectively (WT, 83.43 = 10.92% of
baseline; Gabra5~/~, 122.95 * 12.89% of baseline; n = 4 slices
per group, Mann—Whitney U test, p = 0.03).

Figure 1.

20 Hz. *p < 0.001.

Synaptic transmission, excitability, and glutamate receptor
expression is not altered in Gabra5 '~ mice

Genetic deletion of a5GABA 4Rs could be associated with unrec-
ognized compensatory changes, such as alterations in the expres-
sion or function of other GABA,Rs, ion channels, or associated
proteins in slices from Gabra5’~ mice (Brickley et al., 2001). To
identify any nonspecific differences in excitatory synaptic trans-
mission between WT and Gabra5~/" slices that might account

0 10 20 _30 40 50 60 70
Time (min)
a5GABA,Rs critically requlate the threshold for LTP within a narrow range of stimulus frequencies. Genetic deletion
of the a5 subunit of the GABA,R (Gabra5 ™) lowered the threshold for synaptic plasticity for slices subjected to moderate-
frequency stimulation but not low- or high-frequency stimulation. The effects of stimulation at 1 Hz (4), 100 Hz (B), and 10 Hz (C)

on the slope of the fEPSP (percentage of baseline) are shown. Sample traces are shown above each figure for the times indicated by
the numbers. Calibration: 0.5 mV, 10 ms. D, Persistent changes in synaptic strength were significant only for stimulation at 10 and

for the observed differences in plasticity, the input—output rela-
tionships were compared. The stimulus intensity was varied sys-
tematically, and the presynaptic fiber volley versus the slope of
the fEPSP was plotted as a scatter plot. When the data were fitted
using a linear regression model, there was no observed difference
between the slopes of the input—output relationship for WT and
Gabra5~"~ slices (effect of genotype, F(,,,) = 1.24, p = 0.27)
(Fig. 2 A, B). Additionally, PPF, which is considered to represent a
presynaptic form of short-term plasticity, was similar between
the genotypes (two-way ANOVA, effect of genotype, F(, 55, =
2.14, p = 0.14; effect of interpulse interval, F, 55, = 16.61, p =
0.001; effect of interaction, F, 55, = 0.12, p = 0.97) (Fig. 2C,D).
Interestingly, our PPF results differed from those of Collinson et
al. (2002), who reported a modest increase in PPF in Gabra5 /"
slices stimulated with an interpulse interval of 100-300 ms.
Those authors attributed the increase in PPF to an increase in the
amplitude of the postsynaptic potential, because enhancement of
fEPSP slopes over the same paired-pulse range was not affected
(Collinson etal., 2002). We and others have not detected changes
in the amplitude or time course of miniature or spontaneous
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determine the ratio of the AMPA and
NMDA components of the EPSCs. When
slices were stimulated at intensities rang-
ing from 5 to 10 V, the values of the ratios
were similar for WT and Gabra5 "~ slices
(two-way ANOVA, effect of genotype,
F, g4 = 0.34, p = 0.56; effect of stimula-
tion intensity, Fs g4y = 0.61, p = 0.69; effect
of interaction, F(s g,y = 0.37, p = 0.87) (Fig.

BWT
@ Gabra5-/-

Presynaptic fiber volley (mV)

15 20 25 3A,B). Additionally, there were no differ-
ences between the genotypes for the peak
amplitudes of the AMPA currents (two-way
ANOVA, effect of genotype, F(, g4y = 0.23,
p = 0.63; effect of stimulation intensity,
Fs g4y = 33.10, p = 0.001; effect of interac-
tion, Fsg4) = 0.06, p = 0.99) (Fig. 3C) or
NMDA currents (two-way ANOVA, effect
of genotype, F; g4y = 0.14, p = 0.71; effect of
stimulation intensity, F5gy = 42.54, p =
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Figure 2.  Normal synaptic transmission and excitability in &5 null mutant (Gabra5 ™) slices. There were no differences

between the genotypes for any of the following characteristics. 4, The traces showed no difference between WT and Gabra5 "~
slices after stimulation at different intensities. B, Individual responses indicated that the input— output relationships were similar
forWTand Gabra5 ™~ slices, which suggests normal baseline presynaptic function and synaptic efficacy in the Gabra5 ™ mouse
model. ¢, Sample traces show normal paired-pulse facilitation for each genotype. D, Grouped data show that facilitation of paired
synaptic pulses (PSPs) with different interstimulus intervals (ISI) was the same for WT and Gabra5 "~ slices. E, Traces showing

enhanced excitability of population spikes after application of bicuculline.

IPSPs in CA1 pyramidal neurons from Gabra5~’~ mice (Caraiscos
et al., 2004; Cheng et al., 2006; Glykys and Mody, 2006).

It is also possible that deletion of the Gabra5 gene would in-
crease the general intrinsic excitability of the slices, thus enhanc-
ing LTP. To test this possibility, population spikes were recorded
from the CA1l stratum pyramidale, and the degree of excita-
tion was quantified by measuring the coastline of the popula-
tion spikes before and after application of the GABA,R
antagonist bicuculline (8 uMm) (Wang and Thompson, 2008).
There was no difference in the coastline index between the
genotypes as shown in Figure 2, Eand F (WT, 482.61 £ 97.1%;
Gabra5~'", 471.05 * 161.27%; n = 8 slices per group, Stu-
dent’s f test, p = 0.74). Thus, a nonspecific increase in excit-
ability is unlikely to account for the enhancement of LTP
observed at 10 Hz in Gabra5~’"" slices.

Given that the threshold for activity-dependent plasticity is
modified by altering the effectiveness of NMDA receptors
(Herron et al., 1985), we also studied the properties of evoked
glutamatergic EPSCsin WT and Gabra5~/~ slices. Selective phar-
macological blockers and various holding potentials were used to

1.S.1 (ms)

0.001; effect of interaction, F(s g4 = 0.21, p =
0.92) (Fig. 3D). Furthermore, a Western
immunoblot assay for ionotropic gluta-
mate receptors indicated no differences
between genotypes in the expression of
AMPA and NMDA receptor subunits
(Fig. 3E). These results indicate that up-
regulation of excitatory transmission
does not account for the enhanced LTP
observed in Gabra5 '~ slices. Finally, to
determine whether modification of LTP
by a5GABA,Rs depended on conven-
tional NMDA receptor-dependent path-
ways, the competitive NMDA receptor
antagonist APV was applied to WT and
Gabra5~"" slices, which were stimulated
at 10 Hz (supplemental Fig. 1, available at
www.jneurosci.org as supplemental ma-
terial). APV completely blocked plastic-
ity in slices from both genotypes, which
indicates that @5GABA ,Rs modify plastic-
ity through NMDA receptor-dependent
mechanisms.

200 300

Tonic but not phasic inhibitory neurotransmission modifies
submaximal LTP

To determine whether a reduction in «5GABA 4R activity accounted
for the shift to the left of the activity-dependent plasticity curve, the
effects of the selective inverse agonist L-655,708 in WT slices stimu-
lated at 10 Hz were studied. L-655,708 (10 nm) altered the direction
of plasticity in response to 10 Hz stimulation in WT slices, such that
LTP rather than LTD was observed (baseline fEPSP, 98.73 = 2.86%;
fEPSP after 10 Hz stimulation with L-655,708, 107.91 % 4.12%; n =
12 slices, Student’s ¢ test, p = 0.015). L-655,708 (100 nm) caused LTP
in WT slices (Fig. 4A), which was similar to that produced by
L-655,708 (10 nm) (Tukey’s HSD, p > 0.05 for WT, ,,,, L-655,708
versus WT, oo o L-655,708). As predicted, L-655,708 (10 and 100
nM) had no effect on LTP in Gabra5~/ slices (Fig. 4A); moreover,
the LTP in Gabra5 /" slices was not significantly different from that
observed in L-655,708-treated WT slices [two-way ANOVA, effect of
genotype, F; ,,) = 15.49, p = 0.001; effect of drug (vehicle or L-655,708
at 10 or 100 nm), F, 4,y = 9.54, p = 0.001; effect of interaction, F{, ,,) =
3.57,p = 0.03; Tukey’s HSD, p << 0.05 for WT,picte Vs WTL 55708 10

—_ /_
vV Ivehicle VS W IL7655,708 100 v Y Ivehicle Vs Gabm5 vehicle? WTvehicle Vs
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Gabra57 ss5708 10 nw and WT
Gabrady gs5,708 100 nv) (Fig. 4A).

We next studied whether the ability of
L-655,708 to increase LTP in WT slices
depended on when the drug was applied
relative to the time of stimulation. Nota-
bly, when L-655,708 (10 nm) was applied
immediately after 10 Hz stimulation, no
increase in synaptic strength was ob-
served; indeed, LTD occurred rather than
LTP (Student’s ¢ test, p = 0.02) (Fig. 4B).
Thus, «5GABA R activity regulated the
threshold for the induction rather than
the maintenance or expression phases
of LTP.

We next asked whether a5GABA,R
activity regulates synaptic plasticity in-
duced by 10 Hz stimulation through
mechanisms that are independent of other
GABA ,Rs subtypes. The nonselective com-
petitive GABA R antagonist bicuculline (8
M) was applied to WT slices, which were
then stimulated at 10 Hz. Bicuculline inhib-
its all GABA ,R subtypes, with the exception
of those containing the p subunit (Shimada
etal,, 1992), which are expressed at very low
levels in the hippocampus (Enz et al., 1995;
Alakuijala et al., 2005). Bicuculline caused
LTP rather than LTD in WT slices (n = 10)
stimulated at 10 Hz, whereas bicuculline
had no effect on LTP in Gabra5 /" slices
(two-way ANOVA, effect of genotype,
F(1 40) = 7.53, p = 0.009; effect of bicucul-
line, F3 40, = 4.36, p = 0.002; effect of inter-
action, Fg;49) = 3.48, p = 0.02; Tukey’s
HSD’P <0.05 fOl‘ WTcontrol \& WTbicuculline’
WTcontrol vs Gabra> gi/C:lCulline) (Flg 4C)
These results show that the activity of non-
a5GABA 4R subtypes plays a minor role in
regulating the threshold for plasticity after
10 Hz stimulation. Interestingly, when WT
and Gabra5~'"" slices were stimulated at a
high frequency (100 Hz), bicuculline en-
hanced plasticity equally in both geno-
types (n = 7 slices per group) (Fig. 4D),
suggesting that GABA ,Rs other than the
a5GABA,Rs play a predominate role in
regulating plasticity under high-frequ-
ency stimulation.

To corroborate that a tonic conductance
regulates plasticity, we asked whether an in-
crease in the residual tonic current could
prevent LTP in Gabra5 / slices. The re-
sidual tonic current is mostly generated by
& subunit-containing GABA,Rs (Glykys
and Mody, 2006). For these experiments,
the & subunit-containing GABA,R ago-
nist THIP (Brown etal., 2002) was applied
to Gabra5 /" slices. First, whole-cell cur-
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Figure 3.  Glutamate receptor currents and expression were not altered in <5 null mutant (Gabra5 ™) neurons. A, AMPA
(—80 mV) and NMDA (+40 mV) currents were recorded in WT and a5 null mutant (Gabra5~"~) neurons. B, There was no
difference in the peak NMDA to AMPA ratio in WT (n = 7) and Gabra5~"~ (n = 9) neurons for any of the stimulus intensities
tested. €, AMPA currents, evoked atintensities ranging from 5 to 10V, were the same in WT and Gabra5 "~ neurons. D, There was

no difference in the peak amplitude of NMDA currents evoked at intensities ranging from 5 to 10 Vin WT and Gabra5 "~ neurons.
E, Left, Inmunoblot assays for ionotropic glutamate receptor subtypes, including the NMDA receptor subunits NR1, NR2A, and

NR2B and the AMPA receptor subunit GluR1, showed no difference in expression levels between WT and Gabra5 "~ mice. Right,

The change in the level of receptor expression was determined from the ratio of total protein expressed in Gabra5 /" tissue to
total protein expressed in WT tissue. In the Gabra5 ™~/ tissue, the total amount of protein expressed did not change for glutama-
tergic receptor subtypes, and the ratio for total o5 was 0 because Gabra5 " tissue does not possess the a5 protein.

rents were recorded to determine the concentration of THIP that ~ 10.6 = 3.3 pA (n = 4) in slices from Gabra5~/~ mice without
produced a tonic conductance in Gabra5~’~ CAl neurons that  increasing the time course of spontaneous IPSCs (supplemental
was similar to that observed in WT neurons under baseline con- ~ Table 2, available at www.jneurosci.org as supplemental mate-
ditions. THIP (1 uM) consistently enhanced the tonic current by rial). A higher concentration of THIP (3 um) further increased
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A B blocks IPSCs but not the tonic current in
1 2 1,2 1 2 1.2 CA1 pyramidal neurons (Bai et al., 2001).
mwT \/ \/ \/’ mwWT \/ \/ V First, we used whole-cell voltage-clamp
recordings to confirm that SR-95531
1 2 1,2 1 2 1.2 blocks only the phasic conductance, that
o Gabrast \/ “\/’ V' ® Gabras-/ \/"_ \/ \f’ L-655,708 (10 nm) blocks the tonic but
|_ I not the phasic conductance, and that
T 175- . T 478 . bic1.1culline blocks both the phasic. and
% 1 10 Hz s gvaTbra&/— % 10 Hz o \éVmeS_/_ tonic conductance'(supplerpental Fig. 2,
) 50 - 5 » 150 1 * 2 available at www.jneurosci.org as sup-
Q4254 i 2 4251 plemental material). The portion of the
g 100 s 100 tonic current blocked by bicuculline was
1) [ . o pe
ey & ] 1 m significantly larger than that blocked by
® [ both L-655,708 and SR-95531, whereas
% 501 Less,708 & 501 L-655,708 the portion of the tonic current blocked
& 25 — T T ;u.j 25 —T— T T T T by L-655,708 was significantly larger
- 020 S e 080 0 i <1020 B0 2 50 60 0 than that blocked by SR-95531 [one-
Time (min) Time (min) .
way ANOVA, effect of drug (bicucul-
C D — line, L-655,708 at 10 nm, SR-95531),
mwT _ mwr  Fou) = 39.45,p = 0.001; Tukey's HSD,
91751 10 Hz © Gabras-/- E 275 - © Gabra p < 0.01 for all comparisons]. Addition-
? 150 - * , o %gg: ally, the effect of L-655,708 on mIPSCs is
8 4254 S 200- summarized in supplemental Table 1 (avail-
S & 1751 able at www.jneurosci.org as supplemental
=100 o 1501 .
Q S 125- materla?l): '
% 75 1 » 100 g — — — — — — Inhibition of the IPSPs by SR-95531
o 50 - Bicuculline & ;g: 1 did not enhance plasticity in WT slices
E 25 —— —— & 25 S (Student’s ¢ test, p = 0.43) (Fig. 5A), an
“= 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 effect that was clearly different from that
Time (min) Time (min) of bicuculline as shown in Figure 4D.
Figure4.  Pharmacologic studies confirmed that o5GABA,Rs are critical for the induction of LTP after moderate-frequency but The relative changes in plasticity in re-

not high-frequency stimulation. Recording of fEPSPs under control conditions was followed by application of L-655,708 for 10 min
before (4) orimmediately after (B) 10 Hz stimulation. Application of L-655,708 before but not after 10 Hz stimulation enhanced the
fEPSPs of WT slices, which suggests that «5GABA,Rs are critical for the induction of threshold LTP but not for maintenance of the
response. (, We next measured overall involvement of GABA,Rs in the LTP of submaximal stimulation by blocking these receptors
with the competitive antagonist bicuculline. Application of bicuculline to WT slices that had been stimulated at 10 Hz produced LTP
that was indistinguishable from that observed in Gabra5~"~ slices but did not further enhance the LTP in Gabras " slices.
D, Bicuculline further potentiated LTP in WT and Gabra5 " slices relative to drug-free conditions with 100 Hz stimulation, which
suggests that GABA,Rs not containing the o5 subunit play an active role in LTP when the intensity of activation is increased. Black
traces, Pretetanus baseline; blue and red traces, 60 min after tetanusin WT and Gabra5 ~~ slices, respectively. Calibration: 0.5 mV,

10ms.

the tonic current (54.4 = 16.2 pA, n = 4) but also increased the
baseline noise and obscured the synaptic currents. Higher concen-
trations of THIP also alter synaptic inhibition and were not studied
further (Glykys and Mody, 2006; Krook-Magnuson et al., 2008).
Field potential recordings showed that THIP (1 um) attenuated LTP
in Gabra5~'~ slices (Gabra5 /..oy 117.17 = 1.96%, n = 7 vs
Gabra5{qp, 97.3 = 1.3%; n = 7, Student’s ttest, p < 0.001) and
resulted in no differences in plasticity between WT control slices
and Gabra5~’~ slices treated with THIP (Tukey’s HSD, p >
0.05). THIP did not change the LTD in WT slices after 10 Hz
stimulation (WT_ op 7622 £ 8.92%, n = 4, vs WTyps
83.78 £ 4.62%, n = 3; two-way ANOVA, effect of genotype,
F17) = 11.64, p = 0.003; effect of THIP, F, ,,) = 0.59, p =
0.45; effect of interaction, F(, ;,y = 3.03, p = 0.1; Tukey’s HSD,
p < 0.05 for WT o VS Gabra5_ /.., and WT gp vs
Gabra‘S;o/x:trol) .

Next, to determine whether tonic GABAergic inhibition reg-
ulates plasticity via mechanisms that are predominantly indepen-
dent of phasic inhibition, slices were treated with a selective
GABA 4R antagonist for synaptic currents, SR-95531 (5 um). We
have shown previously that this compound predominantly

sponse to the various GABA, blockers,
at 10 Hz stimulation, are summarized in
Figure 5B. To confirm that phasic IPSPs
were completely abolished by SR-95531,
both before and after 10 Hz stimulat-
ion, whole-cell current-clamp recordings
were obtained. The GABA ,R-mediated
IPSPs were studied in the absence and
presence of SR-95531, with pharmaco-
logical blockers for AMPA, NMDA, and
GABAg receptors in the extracellular solu-
tion. SR-95531 completely blocked the IPSPs after 10 Hz stimu-
lation (two-way ANOVA for IPSP amplitude, effect of genotype,
F1,18) = 3.04,p = 0.001; effect of SR-95531 application after 10
Hz stimulation, F(, ;4 = 2843.5, p < 0.0001; effect of interac-
tion, F, 15 = 0.14, p = 0.71; Tukey’s HSD, p < 0.01 for
WTonirol V8 WTsg o553 and Gabras o1 Vs Gabras si gsss)
(Fig. 5C,D), which confirmed that fast phasic inhibition did
not regulate synaptic plasticity at 10 Hz.

a5GABA ,Rs regulate membrane potential during

10 Hz stimulation

We next sought to determine whether the attenuation of plastic-
ity by a5GABA,Rs was associated with changes in membrane
potential and/or a reduction in membrane conductance (Staley
and Mody, 1992; Brickley et al., 2001; Nusser and Mody, 2002;
Wisden etal., 2002; Bonin et al., 2007). Whole-cell current-clamp
techniques were used to record the resting membrane potential of
pyramidal neurons before, during, and 30 min after 10 Hz stim-
ulation. Small hyperpolarizing current pulses (10 pA intensity,
400 ms duration) were applied to measure input resistance before
and 30 min after 10 Hz stimulation. For these experiments,
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SR-95531 and CGP 55845 were also added A
to the extracellular solution to inhibit
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* B wWT

— . HWT 1757 .
GABA R-mediated and GABA;R-mediated % 125 © Gabra5-/- 150 | x B Gabras-
IPSPs, respectively. & 1504 g 125 | *
The biophysical properties of the WT 2 fitlEGoness e
and Gabra5~’~ neurons were similar un- g 754
der baseline conditions (before 10 Hz B 501
stimulation): input resistance, 257.96 *+ % 25
14.17 MQ for WT and 243.75 *+ 28.32 W25 —r— T T—T—T—T 1 o-
iy . 0 10 20 30 40 50 60 70 80 ¥ SOOI
MQ for Gabra5~'"; resting membrane Time (min) L 03\0\2\%\,@%0@\\2:6”% &
potential, —59.62 * 0.91 mV for WT and wr KOS A
—58.56 = 0.81 mV for Gabra5~'~ (n =5 C \@* QQ&* Q$V
slices per group, Mann—Whitney U test, A
p > 0.05 for both). Also, the amplitude of Z Gabras —/— D

the EPSPs was similar in the two groups
before 10 Hz stimulation (WT, 6.77 *
1.87 mV; Gabra5'~, 6.93 * 2.92 mV;
n = 5, Mann—Whitney U test, p > 0.05).
However, there was a marked difference
in the amplitude of EPSPs and baseline
membrane potential between genotypes
during and after 10 Hz stimulation (Fig.
6A). During stimulation, there was robust
depolarization in Gabra5~’~ neurons
(—54.39 = 1.26 mV, Mann—Whitney U
test, p < 0.05 compared with baseline
resting membrane potential), whereas the
membrane potential of WT neurons did
not change (—60.29 * 0.80 mV, Mann—
Whitney U test, p < 0.05 compared with
baseline resting membrane potential).
Thirty minutes after 10 Hz stimulation, Gabra5~'~ neurons re-
turned to baseline resting membrane potential (—58.19 = 0.61 mV,
Mann-Whitney U test, p > 0.05 compared with baseline resting
membrane potential) (Fig. 6A), whereas WT neurons were slightly
hyperpolarized (—63.17 £ 0.85 mV, Mann—Whitney U test, p <
0.05 compared with baseline membrane potential). The depolar-
ization and loss of membrane hyperpolarization observed in
Gabra5~'~ neurons after 10 Hz stimulation was mimicked in WT
neurons by application of L-655,708 10 nM (—53.59 * 2.42 mV
during stimulation and —56.52 = 1.24 mV after stimulation; n = 5).
The input resistance, measured 30 min after 10 Hz stimulation,
decreased significantly in untreated WT neurons (182.43 = 21.97
MQ, Mann-Whitney U test, p < 0.05 compared with baseline)
(Fig. 6 B), whereas there was no significant change in the average
input resistance 30 min after 10 Hz stimulation for both
Gabra5~’" neurons (239.19 * 29.33 MQ), Mann-Whitney U test,
p > 0.05 compared with baseline) and WT neurons treated with
L-655,708 (240.34 = 24.31 MQ, n = 5, Mann—Whitney U test,
p > 0.05 compared with baseline) (Fig. 6B). The changes in
membrane potential during stimulation were further analyzed
by measuring the depolarizing envelope, which initially in-
creased rapidly and then declined and was significantly greater
in Gabra5~'~ and WT neurons treated with L-655,708 than in
WT control neurons (Kruskal-Wallis rank sum test followed
by the Bonferroni—-Dunn multiple-comparison test, p < 0.05)
(Fig. 6C,D).

To confirm that the changes in membrane potential and input
resistance were associated with changes in plasticity, the ampli-
tude of the EPSPs was measured 30 min after 10 Hz stimulation.
The amplitude of EPSPs declined in WT neurons but increased in
Gabra5~’~ and WT neurons treated with L-655,708 (Kruskal—
Wallis rank sum test followed by the Bonferroni-Dunn multiple-

<"1 00 ms

Figure5.

— Baseline IPSP
— 5 uM SR-95531
— 5uM SR-95531 + 10 Hz

BWT
| Gabra5-/-

Baseline 5uM 5 uM SR-95531
SR-95531 + 10 Hz

IPSP amplitude (mV)
OCaNWHhOON®

Blockade of synaptic GABA,Rs does not enhance plasticity with 10 Hz stimulation. 4, Selectively blocking synaptically
expressed GABA,Rs with SR-95531 (5 um) did not enhance synaptic potentiation in WT (n = 8) or &5 null mutant (Gabra5—"")
(n = 8) slices. B, Asummary of changes in synaptic responses after 10 Hz stimulation. These data represent the average of the last
5min of recording for each slice in each group. €, The IPSP (black) was blocked with SR-95531 before (light blue) and after (red) 10
Hz stimulation, which indicates that synaptic GABA,Rs could not account for the differences in plasticity at this frequency.
D, Average data showing the raw amplitudes of the IPSP at baseline (without SR-95531), with SR-95531, and after 10 Hz stimu-
lation for WT (n = 6) and Gabra5 "~ (n = 6) cells. *p < 0.01.

comparison test, p < 0.05) (Fig. 6 E,F). Sample responses for
individual cells are shown in Figure 6 E, and the summed data are
presented in Figure 6 F. These whole-cell changes in the ampli-
tude of EPSPs are consistent with the change in fEPSPs shown in
Figures 1 and 4. We also attempted to mimic the Gabra5 /"~
phenotype in WT neurons by introducing a step depolarization
to —54 mV during tetanus. Under these conditions, LTD was
induced in WT neurons (60 = 17.63%;n = 7, Student’s t test, p <
0.001). Clamping the membrane potential of Gabra5 '~ neurons
to —60 mV during 10 Hz stimulation did not alter the strength or
polarity of synaptic plasticity measured 30 min after stimulation
(125.37 * 12.89%, n = 5, Student’s ¢ test, p = 0.43). These latter
findings suggest that the mechanisms underlying the frequency-
dependent regulation of plasticity by a5GABA ,Rs are more com-
plex than simply a change in baseline membrane potential during
tetanus.

a5GABA ,Rs control learning and memory for certain
hippocampus-dependent tasks

It was anticipated that the alteration of plasticity by a5GABARs
in CA1l pyramidal neurons would be associated with changes in
hippocampus-dependent associative learning and memory dur-
ing fear conditioning, as was observed previously for spatial nav-
igational memory (Collinson et al., 2002). In support of this
postulate, an increase in a5GABA R activity by the anesthetic
etomidate inhibited LTP and robustly impaired fear memory
(Cheng et al., 2006; Martin et al., 2009). However, no memory
phenotype for contextual fear-associated memory has been dem-
onstrated for Gabra5~’~ mice in the absence of pharmacological
agents (Cheng et al., 2006). Therefore, we undertook a series of
stringent behavioral studies to determine whether a5GABA,Rs
regulate the acquisition, retention, or recall of memory. WT and
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Figure6.  «:5GABA,Rs regulate membrane properties and the depolarizing envelope to set the threshold for long-term poten-
tiation within the 10 Hz stimulation range. A, The membrane potential was significantly depolarized in 5 null mutant
(Gabra5~/~) and L-655,708-treated WT neurons during 10 Hz stimulation. The average membrane potential for the 10 min
period after 10 Hz stimulation was significantly hyperpolarized from baseline values in WT. All recordings were conducted in the
presence of SR-95531and (GP 55845 to block synaptic GABA, and GABA receptors, respectively. The membrane potential during
and after 10 Hz stimulation were compared with baseline membrane potentials for the respective treatments. B, Sample traces
show the membrane hyperpolarizing pulse for WT, Gabra5 /", and L-655,708-treated WT neurons, before and 30 min after 10 Hz
stimulation. The average input resistance was significantly decreased in WT but not Gabra5 "~ or L-655,708-treated WT neurons.
The individual changes in input resistance for each cell are shown in the “before” and “after” plots. Colored symbols represent the
group means. 1, Baseline EPSP; 2, EPSP 30 min after 10 Hz stimulation. €, Sample traces show that, during 10 Hz stimulation, the
EPSPs were significantly smaller, for the duration of the simulation period, in WT neurons than in Gabra5~—"~ and L-655,708-
treated WT neurons. Insets show that the EPSPs were larger for Gabra5 ™/~ and L-655,708-treated WT neurons near the beginning
and at the end of the stimulation period. D, Pooled data show that the average depolarizing envelope was significantly larger in
Gabra5~/~ neurons and L-655,708-treated WT neurons than in WT control neurons. E, Examples of EPSP responses for single WT
(blue), Gabra5—/~ (red), and L-655,708-treated WT (gray) neurons. 1, Baseline EPSP; 2, EPSP 30 min after 10 Hz stimulation.
(alibration: 4 mV, 10 ms. F, Summary of the EPSP changes after 10 Hz stimulation for all groups. *p << 0.05.
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effect of L-655,708, F(, 5y = 1.16, p =
0.42; effect of interaction, F, 55y = 0.92,
p = 0.64) (Fig. 7B). It is unlikely that the
ineffectiveness of L-655,708 in WT mice
was attributable to a lack of functionality
of the a5GABA,Rs in the hippocampus
subregions involved in contextual fear ac-
quisition because we showed previously
that selectively enhancing the activity of
a5GABA,Rs can impair memory perfor-
mance for contextual fear memory (Cheng
et al., 2006). Next, as a negative control, an
amygdala-dependent cued fear-condition-
ing task was studied (Fanselow, 1980), be-
cause the expression of a5GABA4Rs in the
amygdala is relatively low (Sur et al., 1999;
Pirker et al., 2000). As anticipated, the
freezing scores for cued fear condition-
ing were similar for WT and Gabra5~"~
mice (Student’s t test, p = 0.53) (Fig. 7C).

It is plausible that the contribution of
a5GABA ,Rs to the regulation of learning
and memory depends on the demands of
the cognitive task. To investigate this hy-
pothesis, a trace fear-conditioning para-
digm was used, because rodents do not
rapidly or efficiently learn this task
(Misane et al., 2005). The strength of clas-
sical conditioning can be reduced by in-
troducing a time interval (or “trace”)
between the conditioned stimulus and the
unconditioned stimulus. The procedure
for trace fear conditioning was similar to
that for cued fear conditioning (three
tone—shock pairings: 20 s, 70 dB tone
paired with a 2 s, 0.5 mA footshock, sepa-
rated by intervals of 240 s), except that an
empty trace interval of 20 s was interposed
between the tone and the footshock (Fig.
7A). Trace fear conditioning depends
strongly on the dorsal hippocampus,
and the relative activity of a5GABA Rs
should correlate with the performance
of mice in hippocampus-dependent
tasks (Collinson et al., 2002, 2006). The
naive and vehicle-treated Gabra5 /'~
mice significantly outperformed WT mice,
as indicated by higher freezing scores. To
confirm that the difference between the ge-
notypes was attributable to a reduction in
a5GABAR activity, L-655,708 was ad-
ministered before the fear-conditioning
protocol and was shown to improve the

Gabra5~/~ mice were studied in a strong contextual fear-
conditioning task (three 0.5-mA footshocks of 2 s each, separated
by 60 s intervals) and an equally stringent auditory cued fear-
conditioning task (three tone—shock pairings: 20 s, 70 dB tone
paired with a 2 s, 0.5 mA footshock, separated by 60 s intervals),

performance of WT but not Gabra5 /™ mice in trace fear condi-
tioning (two-way ANOVA, effect of genotype, F(, 55y = 12.93,
p = 0.003; effect of L-655,708 before training, F(, 55, = 11.84,p =
0.005; effect of interaction, F, 55y = 14.82, p = 0.001; Tukey’s
HSD, p < 0.01 for WT, e Vs WT{ 655708 WThaive V8 Gabras e,

with the shocks delivered during the last 2 s of the tone (Fig. 7A). ~ WT, e V8 Gabra5 fige WTiae V8 GabrasT’es 05 Wlenige VS
Contextual fear-conditioning responses were similar in WT and Lessr0p WTlieniae V8 Gabradleo WTgae Vs Gabra5 e
Gabra5~'~ mice, as indicated by high freezing scores (>75%  and WT, e Vs Gabrasy ‘ss -0s) (Fig. 7D). Notably, the freezing

freezing), after treatment with vehicle or L-655,708 (0.7 mg/kg)
(two-way ANOVA, effect of genotype, F(, 55y = 1.32, p = 0.31;

scores of WT mice treated with L-655,708 and of vehicle-treated
Gabra5~"~ mice were similar (Tukey’s HSD, p > 0.05), which sug-
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gests a possible ceiling effect that could not
be further enhanced by complete deletion of
a5GABA ,Rs.

Because the electrophysiological stud-
ies showed that inhibiting a5GABA,Rs
altered the induction but not the mainte-
nance phase of synaptic plasticity, we next
sought to determine whether the timing
of a5GABA 4R inhibition by L-655,708 in-
fluenced memory performance. Adminis-
tration of L-655,708 immediately after
training produced an effect that was similar
to vehicle control in WT and Gabra5™ /'~
mice (two-way ANOVA, effect of genotype,
Fuaey = 93.04, p < 0.0001; effect of
L-655,708 after training, F, 59y = 2.0, p =
0.23; effect of interaction, F, 59y = 2.26,p =
0.14; Tukey’s HSD, p < 0.05 for WT, ;e VS
Gabra5 /i) (Fig. 7). Together, these re-
sults show that a5GABA,R activity en-
hances the acquisition but not the
consolidation of weakly acquired but not
strongly acquired fear memory.

Finally, because breeding strategies
can influence memory behavior, we com-
pared the performance of male offspring
from heterozygous and homozygous mat-
ing pairs for trace fear learning. A total of
125 male mice were used in the current
study and a previous study (Martin et al.,
2009). From this combined sample, 24
WT mice and 25 Gabra5 '~ mice were
from homozygous mating pairs. In addi-
tion, five wild-type mice and five Gabra5 ™/~
mice offspring were from heterozygous
mating pairs. There were no differences in
freezing scores after trace fear conditioning
between WT offspring from homozygous or
heterozygous breeding pairs (37.39 = 6.71
vs 43.59 * 5.10%, respectively, Tukey’s
HSD, p > 0.05) or Gabra5 /" mice from
homozygous or heterozygous breeding
pairs (81.76 = 15.68 vs 69.96 = 16.75%,
respectively, Tukey’s HSD, p > 0.05).
Also, the differences in trace fear condi-
tioning between WT and Gabra5 "/~ off-
spring from heterozygous mating pairs
paralleled the effect originally shown for
WT and Gabra5~'~ offspring from ho-
mozygous mice. Thus, regardless of breed-
ing conditions, Gabra5~’~ mice froze
significantly more than WT mice.

Discussion
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Figure 7. «5GABA,Rs physiologically regulate the acquisition of weak hippocampus-dependent associative fear memory
tasks. 4, A schematic representation showing the timing for all three fear-conditioning protocols. In all protocols, a baseline activity
period of 3 min preceded the conditioning procedure. Three 2 s, 0.5 mA footshocks, separated by 60 s intervals, were used for
contextual fear conditioning. Three tone—shock pairings (20's, 70 dB tone paired with a 2 s, 0.5 mA footshock), separated by 60 s
intervals, were used for auditory cued fear conditioning. The procedure for trace fear conditioning was similar to that for cued fear
conditioning (three tone—shock pairings, separated by 240 s intervals), except that an empty trace interval of 20 s was interposed
between the tone and the footshock. B, There was no difference between WT (n = 9) and o5 null mutant (Gabra5—"~) (n = 11)
mice for contextual fear conditioning, which forms strong hippocampus-dependent memories; furthermore, L-655,708 had no
effect on the freezing response (WT,n = 10; Gabra5 ™/~ ,n = 11).C, The WT (n = 9) and Gabra5 "~ (n = 11) mice had similar
scores during the amygdala-dependent cued fear-conditioning task. D, The performance of Gabra5”~ (n = 12) mice was
enhanced in trace fear conditioning (a weak associative task), relative to the effect in naive (n = 12) and vehicle-treated (n = 13)
WT mice; in addition, inhibiting oc5GABA,Rs with L-655,708 improved the performance of WT mice (n = 13) to the level observed
in Gabra5~/~ mice. E, The performance of WT mice (n = 9) was not enhanced with L-655,708 injections immediately after
training in the trace fear-conditioning protocol, relative to Gabra5 "~ mice (n = 8). *p < 0.05, significantly different from the
control group.

theta range (7-12 Hz) (O’Keefe, 1993; Buzséki, 2005). «5GABA R
activity attenuated the excitatory synaptic potentials during 10
Hz stimulation and hyperpolarized the membrane through
mechanisms that were predominantly independent of synaptic

The major aim of this study was to determine whether ®5GABA ,Rs
regulate synaptic plasticity in vitro and whether such regulation
correlates with alterations in memory performance for
hippocampus-dependent memory tasks. The most striking ob-
servation was that «5GABA sRs controlled the induction of syn-
aptic plasticity within a narrow window of stimulation
frequencies. Genetic deletion and pharmacological inhibition of
a5GABA ,Rs modified the extent and directionality of plastic-
ity but only when slices were stimulated at frequencies within the

GABAergic inhibition. This latter finding challenges the widely
held notion that fast synaptic inhibition accounts for the modu-
lation of hippocampus-dependent learning by GABA ,Rs, at least
under certain conditions.

The regulation of plasticity by a5GABA ,Rs after low- but not
high-frequency stimulation could result from several factors, in-
cluding the recruitment of low- versus high-affinity GABA, re-
ceptor subtypes and/or the frequency-dependent activation of
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different interneuron populations. Others have shown that the
extent of GABAergic inhibition in the hippocampus depends on
the frequency of network stimulation, possibly because the re-
lease of GABA increases during high-frequency stimulation
(Chapman et al., 1998). At higher stimulation frequencies, it is
likely that a broader range of GABA 4Rs, including lower-affinity
non-a5GABA 4Rs, is activated (Wigstrom and Gustafsson, 1983).
Extrasynaptic GABA 4Rs are relatively high-affinity receptors that
are activated by low ambient concentrations of GABA (Brickley
et al., 1996) spilling over from the synaptic cleft (Semyanov and
Kullmann, 2000). Because Gabra5 /" slices lack these relatively
high-affinity GABA ,Rs (Burgard et al., 1996; Yeung et al., 2003;
Caraiscos et al., 2004), they may be insensitive to the effects of the
low ambient concentrations of GABA that are released when
slices are simulated within the low 10-20 Hz range.

Alternatively, specific stimulation frequencies may prefer-
entially recruit distinct interneurons, which in turn, target
subregions of CA1 pyramidal neurons in which a5GABA,Rs
are expressed (Klausberger and Somogyi, 2008). The distribu-
tion of a5GABA,Rs in pyramidal neurons is non-uniform,
with the highest expression levels found in the dendritic re-
gions of the hippocampal subfields, a region that is targeted by
dendritic-targeting bistratified interneurons (Thomson et al.,
2000; Klausberger and Somogyi, 2008). Interestingly, the appli-
cation of THIP to Gabra5~ '~ slices increased the residual tonic
conductance and blocked LTP but failed to mimic the LTD seen in
WT slices. The 8GABA, and a5GABA, receptors, which generate
the tonic conductances, may not spatially localize to the same den-
dritic compartments or perisomatic regions (Klausberger and So-
mogyi, 2008). Also, «5GABA,Rs may reside in proximity to
different ion channels, signaling pathways, or structural proteins
that also influence plasticity, as occurs with glutamate channel
subtypes (Wang and Salter, 1994; Migaud et al., 1998; Huang et
al., 2001; Tkegaya et al., 2002). Although THIP produced a com-
parable tonic conductance under resting conditions, the tonic
conductance may not be equivalent during or after 10 Hz stimu-
lation. Finally, although a5GABARs are thought to predomi-
nantly generate a “tonic” form of inhibition, high-frequency
trains of stimuli may recruit these receptors through spillover of
GABA from the synaptic cleft and activation of a limited number
of synaptic ®5GABA ,Rs (Christie and de Blas, 2002; Serwanski et
al., 2006; Zarnowska et al., 2009). In the mouse hippocampus,
a5GABA Rs contribute to a small subset of large-amplitude
evoked IPSCs that have been referred to as slow IPSCs
(Zarnowska et al., 2009; Vargas-Caballero et al., 2010).

The reduced expression and function of a5GABA,Rs pro-
duced no changes in resting membrane potential, input resis-
tance, baseline expression of glutamate receptors, baseline
excitatory neurotransmission, or presynaptic transmitter release.
However, current-clamp recordings showed that «5GABA,Rs
strongly regulated the membrane potential and amplitude of
EPSPs during and after 10 Hz stimulation. The large-amplitude
EPSPs seen in Gabra5 ™/~ slices were absent from WT slices. The
application of L-655,708 to WT slices mimicked the effects of
genetic deletion of a5GABA R on membrane potential, input
resistance, EPSPs, and the depolarizing envelope. Such changes
in membrane potential could influence the initial events that
trigger plasticity (Voglis and Tavernarakis, 2006). Depolarization
of the postsynaptic membrane is associated with increased plas-
ticity through a variety of mechanisms, including the voltage-
dependent relief of Mg>" blockade of NMDA receptors and
activation of voltage-gated cation channels (Castellani et al.,
2001; Cormier et al., 2001; Nolan et al., 2004). In addition, the
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reduction in input resistance could attenuate the influence of
excitatory glutamatergic inhibition through a shunting mech-
anism (Mitchell and Silver, 2003). In hippocampal pyramidal
neurons, the tonic conductance has been shown to alter the
input—output function predominantly by altering neuronal
excitability at spiking threshold (Pavlov et al., 2009).

Not surprisingly, attempts to mimic the LTP phenotype of
Gabra5~"" slices in WT slices by simply introducing a depolariz-
ing current step at the soma were unsuccessful. The depolariza-
tion of Gabra5~’~ neurons during 10 Hz stimulation probably
reflects the combined effect of several conductances triggered
during tetanic stimulation of the network. Moreover, introduc-
ing a depolarizing or hyperpolarizing current to the soma may
not regulate membrane potential in the large dendritic trees in
which the a5GABA,Rs are expressed (Sur et al., 1998, 1999).
Dynamic clamp experiments would be of interest to determine
the influence of shunting inhibition on plasticity but would re-
quire an accurate estimate of the a5GABA R conductance be-
fore, during, and after 10 Hz stimulation. It may also be necessary
to mimic the conductance in proximity to other populations of
receptors that regulate plasticity.

The regulation of plasticity by a5GABA Rs correlated with
changes in memory performance during trace but not contextual
fear conditioning. In trace fear learning, Gabra5~’~ mice exhib-
ited higher freezing scores than WT mice. Consistent with this
observation, L-655,708 increased freezing scores in the WT mice
to the level observed in Gabra5 /" mice. Unidentified compen-
satory changes are unlikely to contribute to the behavioral phe-
notype of Gabra5 /~ mice, because genetic deletion and
pharmacological inhibition of a5GABA,R activity produced
nearly identical effects. The greater freezing scores observed for
Gabra5~'~ mice are consistent with results from a second genetic
model of a5GABA,R deficiency (Crestani et al., 2002). A his-
tidine—arginine point mutation introduced at position 105 in the
a5 subunit gene (a5H105R) causes a 30—40% reduction in the
total number of a5GABA,Rs in the hippocampus, for as-yet-
unknown reasons (Crestani et al., 2002). Consistent with our
results, the «5H105R mice showed no difference in baseline con-
textual fear conditioning yet performed better in trace fear-
conditioning studies than WT mice. Also in accord with our
results, the synaptic plasticity of hippocampal slices induced by
high-frequency stimulation was similar in «5H105R and WT
mice (Crestani et al., 2002). The «5H105R mice exhibited several
interesting memory phenotypes, including better trace fear con-
ditioning, resistance to extinction of learning (Crestani et al.,
2002; Yee et al., 2004), and altered latent inhibition (Gerdjikov et
al., 2008).

The results presented here will be of potential therapeutic
interest because they suggest a cellular mechanism to account for
the memory-enhancing properties of inhibitors of «a5GABA,Rs
(Dawson et al., 2006; Ballard et al., 2009). Indiscriminant reduc-
tion in GABA ,R-mediated inhibition by nonselective antagonists
facilitates synaptic plasticity (Wigstrém and Gustafsson, 1983),
increases vigilance (Ferraro et al., 1999), and improves memory
performance (Zarrindast et al., 2002); however, these nonselec-
tive drugs have no therapeutic utility because of their proconvul-
sant and anxiogenic properties (Ben-Ari et al., 2007). Inverse
agonists selective for «5GABA ,Rs facilitate some forms of learn-
ing and enhance synaptic potentiation without a proconvulsant
effect (Atack et al., 2006a). The desirable drug profile may be
attributed to the restricted distribution of «5GABARs, which
represent <2% of all GABA,Rs in the brain yet are strongly ex-
pressed in the CAl region of the hippocampus, in which they
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constitute 25% of GABA,Rs (Pirker et al., 2000). L-655,708 en-
hances LTP (Atack et al., 2006a) and promotes spontaneous
gamma oscillations in the CA3 region of the hippocampus
(Glykys et al., 2008). In a previous study, the inverse agonist a5IA
reversed alcohol-induced memory impairment in human volun-
teers, although it had no effect on baseline memory performance
(Nutt et al., 2007).

Many important questions remain, including whether the
regulatory properties of a5GABA,Rs result from a unique pat-
tern of cellular distribution, the amount of inhibitory charge, or
proximity of the receptors to signaling pathways or other ion
channels. For example, some NMDA receptors, much like the
a5GABA ,Rs, occur extrasynaptically (Kohr, 2006). Extrasynap-
tic NMDA receptors are thought to preferentially contain the
NR2B subunit of the NMDA receptor (Tovar and Westbrook,
1999), and these receptors have been shown to participate in LTP
(Bartlett et al., 2007). The close proximity of a5GABA,Rs to
NMDA receptor subtypes may, through shunting inhibition and
membrane hyperpolarization, limit the efficacy of the excitatory
input, which would in turn inhibit plasticity and learning. Also, it
will also be of interest to determine whether other forms of tonic
inhibition, such as that generated by & subunit-containing
GABA ,Rs, serve a similar frequency-dependent role in regulating
plasticity in other hippocampal subfields and brain regions
(Nusser and Mody, 2002; Stell et al., 2003; Lindquist and Birnir,
2006).
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