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on Fast-Spiking GABAergic Neurons in the Mouse Visual
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Properties and plasticity of inhibitory synapses on fast-spiking (FS) GABAergic (FS-GABA) interneurons in layer II/III of the mouse
visual cortex were examined in cortical slices by whole-cell recordings of IPSCs or IPSPs evoked by activation of presynaptic FS or non-FS
GABAergic interneurons. Unitary IPSCs (uIPSCs) evoked by action potentials of FS-GABA neurons have shorter onset latency, faster
rising slope, higher peak amplitude, and faster decay time than those evoked by action potentials of non-FS-GABA neurons. Tetanic
activation of presynaptic FS-GABA neurons induced long-term potentiation (LTP) of uIPSCs, whereas that of presynaptic non-FS-GABA
neurons did not induce LTP, indicating that long-term plasticity of inhibitory synapses on FS-GABA neurons is pathway specific. For
further analysis of inhibitory synaptic plasticity, IPSPs evoked by electrical stimulation of an adjacent site in the cortex were recorded
from FS-GABA neurons. Theta burst stimulation induced LTP of IPSPs in 12 of 14 FS-GABA neurons. The paired-pulse stimulation
protocol and coefficient of variation analysis indicated that this form of LTP may be presynaptic in origin. Filling postsynaptic cells with
a Ca®" chelator did not block the induction of LTP, suggesting no involvement of postsynaptic Ca*" rise. Also, this form of LTP was
dependent neither on metabotropic glutamate receptors nor voltage-gated Ca>" channels of the L and T types. Further pharmacological
analysis indicated that voltage-gated Ca>* channels other than the P/Q type, such as N and R types, were not involved in LTP, suggesting

that P/Q-type channels are a candidate for factors inducing LTP of inhibitory synapses between FS-GABA neurons.

Introduction

Experience-dependent modification of visual cortical function is
based not only on plasticity of excitatory synapses but also on
plasticity of inhibitory synapses (Sillito et al., 1981; Hensch et al.,
1998; Maftfei etal., 2006). Long-term potentiation (LTP) is a form
of synaptic plasticity that may be involved in such a modification
of neuronal circuits in the visual cortex (Tsumoto, 1992; Bear,
2003). Most of the previous studies focused on LTP of excitatory
synapses on pyramidal neurons in layer II/III or layer V of the
cortex. Subsequently, LTP of GABAergic inhibitory synapses on
pyramidal neurons in the cortex also attracted some interest
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(Komatsu and Iwakiri, 1993; Komatsu and Yoshimura, 2000;
Holmgren and Zilberter, 2001). There is another possible locus of
plasticity in inhibitory circuits, i.e., inhibitory synapses on
GABAergic inhibitory interneurons. To our knowledge, there
was no systematic study on long-term plasticity of this type of
inhibitory synapses in the visual cortex.

GABAergic interneurons are classified functionally into at
least two subtypes, fast-spiking (FS) and non-FS neurons, which
may correspond approximately to basket cells and non-basket
cells morphologically, and parvalbumin (PV)-positive and -neg-
ative interneurons neurochemically (DeFellipe, 1993; Kawaguchi
and Kubota, 1997; Gonchar and Burkhalter, 1997; Markram et
al., 2004; Ascoli et al., 2008). Therefore, inhibitory synapses on
GABAergic interneurons might have no plasticity or a different
type of plasticity if they do, depending on subtypes of presynaptic
and postsynaptic GABAergic interneurons. This information is
crucial for understanding functional properties of cortical neural
circuits, because each subtype of interneurons is suggested to play
distinct functional roles in the circuits (Buzsdki and Chrobak,
1995; Kawaguchi and Kubota, 1997; Somogyi et al., 1998; Freund,
2003; Markram et al., 2004).

Regarding mechanisms underlying LTP of excitatory synapses
on pyramidal neurons in the visual cortex, its induction is known
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to depend on an increase in postsynaptic Ca>* concentration
through NMDA receptor channels (Artola and Singer, 1987;
Kimura et al., 1989; Bear et al., 1992) or voltage-gated Ca*>" chan-
nels (VGCCs) (Grover and Teyler, 1990; Komatsu and Iwakiri,
1992) or on a release of Ca®" from inositol triphosphate (IP5)-
sensitive stores via an activation of metabotropic glutamate re-
ceptors (mGluRs) (Huemmeke et al., 2002; Wang and Daw,
2003). Also, LTP of excitatory synapses on GABAergic interneu-
rons is dependent on an activation of mGluRs of type 5 in the
mouse visual cortex (Sarihi et al., 2008). However, a question of
what mechanism is involved in LTP of inhibitory synapses on
GABAergic neurons if induced is not yet known at all.

In the present study we examined whether LTP is induced at
inhibitory synapses on GABAergic interneurons of the FS type.
To facilitate identification of GABAergic neurons in slice prepa-
rations, we used transgenic mice in which GABAergic neurons
expressed fluorescent protein. We found that robust LTP was
induced in inhibitory synapses on fast-spiking GABAergic (FS-
GABA) neurons in a pathway-specific manner, i.e., only in syn-
apses connected with other FS-GABA neurons but not in
synapses connected with non-FS-GABA neurons, and that pre-
synaptic VGCCs of the P/Q-type are candidates for factors that
are involved in LTP.

Materials and Methods

Slice preparation. Glutamate decarboxylase 67 (GAD67)-green fluores-
cent protein (GFP) (Aneo) knock-in mice (Sohya et al., 2007) or vesicu-
lar GABA transporter (VGAT)-Venus transgenic mice (Kameyama et al.,
2010), aged from 19 to 23 postnatal days (P19-P23), were anesthetized
with isoflurane (Abbott) and then decapitated. The brains were rapidly
removed and placed in the cold oxygenated artificial CSF (ACSF). Cor-
onal slices of the visual cortex (300 wm thick) were obtained using a
tissue slicer (Vibratome 3000; Vibratome). All experimental procedures
were carried out in accordance with the guidelines of the Animal Exper-
imental Committee of RIKEN Brain Science Institute. Slices were placed
in an incubating chamber of oxygenated ACSF at 31°C for at least 1 h
before recording. The recording temperature was 30°C. The ACSF had
the following composition (in mm): 124 NaCl, 3.0 KCl, 2.0 CaCl,, 1.0
MgCl,, 1.25 NaH,PO,, 26.0 NaHCO;, and 10.0 glucose (pH 7.4). The
ACSF was bubbled continuously with 95% O,/5% CO,_The flow rate of
the ACSF was about 2.5 ml/min.

Whole-cell recordings from GABAergic interneurons. Whole-cell record-
ings were made from GABAergic interneurons in layer IT/ITI of the visual
cortex under infrared differential interference contrast optics. GABAer-
gic interneurons in cortical slices of GAD67-GFP knock-in or VGAT-
Venus mice were visualized with an epifluorescence microscope
(BX51WI, Olympus). We identified FS- and non-FS-GABAergic neu-
rons by injecting depolarizing currents of 50-400 pA for 500 ms as
described in the Results section. In most of the experiments, IPSPs
evoked by test stimulation of layer II/III at 0.05 Hz were recorded in the
current-clamp mode in the presence of an antagonist for NMDA recep-
tors, DL-2-amino-5-phosphonovaleric acid (APV, Sigma-Aldrich) at 100
uM, and an antagonist for AMPA receptors, 6-cyano-7-nitroqui-
noxaline-2,3-dione (CNQX; Sigma-Aldrich) at 20 pum. In part of the
experiments, IPSCs were recorded in the voltage-clamp mode at —70
mV. IPSPs or IPSCs were recorded with a multiclamp amplifier (700B;
Molecular Devices), filtered at 2—-5 kHz, digitized at 10 kHz, and fed into
a Pentium 4 personal computer with a digitizer computer interface (PCI-
MIO-16E-4, National Instruments). The analysis was made using Igor
4.01 program.

Recording electrodes were pulled from borosilicate glass capillary with
filaments (0.86 mm inner diameter, 1.5 mm outer diameter). The resis-
tance of these electrodes with the following internal solution was 5-7
M(). The composition of the internal solution was (in mm) 120 KCI, 10
HEPES, 4 MgATP, and 0.3 Na,GTP and adjusted to pH 7.25 with KOH.
The osmolarity of the solution was 275-290 mOsm. The series resistance
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of the recording system in the voltage-clamp mode was measured at the
beginning of the recording using a 10 mV test pulse and checked when
the recordings were switched to the voltage-clamp mode. The measured
values were usually 14-25 M(). The input resistance of neurons was
continuously monitored throughout the recording by injecting hyperpo-
larizing test currents (—20 pA for 100 ms). The measured values were
mostly 120-180 M() and usually very stable during recordings. If these
values changed >20%, the recordings were stopped and the data were
discarded. In the experiments in which postsynaptic Ca*" was chelated,
1,2-bis-(2-aminophenoxy)ethane- N, N,N',N’-tetraacetic acid (BAPTA)
was added at the concentration of 10 mum to the internal solution of
recording electrodes.

In part of the experiments, dual whole-cell recordings were performed
to record unitary IPSCs (uIPSCs) of FS-GABA neurons in layer II/III of
the visual cortex. For these recordings the composition of the internal
solution was as follows (in mm): 120 KCl, 10 HEPES, 0.5 Na,GTP, 4
MgATP, 10 Na-phosphocreatine, and 0.2% biocytin at pH 7.2-7.4. The
osmolarity of solution was 270-290 mOsm. To subdivide presynaptic
GABAergic neurons into FS or non-FS neurons, they were held in the
current-clamp mode and their firing properties were assessed by deliver-
ing 500 ms depolarizing current steps. After GABAergic neurons were
classified into FS and non-FS neurons on the basis of their firing pattern,
depolarizing currents (usually < 300 pA for 5 ms) were injected to evoke
one action potential in presynaptic GABAergic neurons. Cells were not
used for analysis if the resting membrane potential was more positive
than —50 mV, series resistance was > 25 M(), the input resistance was <
100 ML), or if any of these parameters changed by 15% during data
acquisition.

The following parameters of ulPSCs were measured in traces obtained
by averaging 15-30 consecutive responses: onset latency (from the peak
of presynaptic action potentials to the onset of ulPSC); peak amplitude
(from the baseline to the peak of uIPSC); base-to-peak rising time (from
the onset of uIPSC to its peak); and rising slope (slope of a fitting line
from 10 to 90% after onset of uIPSC). Decay T was measured by fitting a
single exponential to the decay phase of the uIPSC.

LTP induction. IPSPs of GABAergic neurons in layer II/III of visual
cortical slices were elicited by test stimulation at 0.05 Hz through a con-
centric bipolar stimulating electrode (125 wm diameter, FHC) posi-
tioned in the same layer of the cortex (about 100 um from the recording
electrode). The intensity of test stimulation was set at 50% for the max-
imal responses (30—80 uA for pulses of 0.1 ms duration). After recording
baseline responses for 10 min, theta burst stimulation (TBS) for 50 s was
applied to layer II/III while postsynaptic membrane was clamped at —60
mV. TBS consisted of 5 trains at 0.1 Hz, each train of 10 bursts at 5 Hz,
and each burst of 4 pulses at 100 Hz. The intensity and width of each pulse
were the same as those of test pulse. Thereafter, responses to test stimu-
lation at 0.05 Hz were recorded again for at least 30 min.

In case of dual whole-cell recordings, trains of 30 presynaptic action
potentials were elicited at 1 Hz to induce LTP of ulPSCs. In part of the
dual whole-cell recordings, TBS-like trains of action potentials were gen-
erated in presynaptic cells. Postsynaptic cell recording was performed in
the voltage-clamp mode to record uIPSCs at —60 mV.

Analysis of coefficient of variation of EPSPs and paired-pulse ratio. The
coefficient of variation (CV) of the peak amplitudes of IPSPs evoked by
electrical stimulation was determined within the stationary period. The
stationary periods were 5-10 min before TBS and 15-35 min after TBS,
when the peak amplitude of IPSPs was stable. The value of CV ~2 was
corrected for the variance of the background noise, using the relation o
= ¢ (measured) — o2 (noise) (Faber and Korn, 1991). To measure the
background noise we used 2 ms of traces before stimulus. Then, we
calculated the normalized CV and mean to the respective value (CV
=o/m, where o is the standard deviation and m is the mean). To assess a
possible change after TBS, we used separate block of 15-30 (mostly 30)
traces for baseline value before TBS and 30—60 (mostly 60) traces 15-35
min after TBS. The paired-pulse ratio was determined as the peak ampli-
tude of averaged traces (10—25 sweeps) of the second IPSP to that of the
first IPSP evoked by paired-pulse stimulation at an interval of 100 ms.

Drugs. Drugs were applied either through the perfusion medium or the
internal solution of recording pipettes. When drugs were applied
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through the internal solution, control recordings using the internal so-
lution alone or the vehicle (DMSO 0.1% in ACSF) alone were made in
slices from the same mice as those used for test recordings. In case of the
bath application, interleaved control recordings were made in slices
without a drug from the same animals. As selective antagonists for re-
spective types of glutamate receptors, we used the following drugs: APV
(Sigma-Aldrich) at 100 um for NMDA receptors; CNQX (Sigma-
Aldrich) at 20 uMm for AMPA receptors; (S)-(+)-a-amino-4-carboxy-2-
methylbenzeneacetic acid (LY367385; Tocris Bioscience) at 100 um for
the type 1 metabotropic glutamate receptors (mGluR1); and 2-methyl-
6-(phenylethynyl) pyridine hydrochloride (MPEP; Tocris Bioscience) at
10 uM for the type 5 of metabotropic glutamate receptor (mGluR5). As
blockers for VGCCs, we used the following substances: 1,4-dihydro-2,6-
dimethyl-4-(3-nitrophenyl)-3,5-pyridinedicarboxylic acid 2-methy-
loxyethyl 1-methyl ester (nimodipine; Tocris Bioscience) at 10 um for
L-type; Ro40-5967/(1S,25)-2-[2-[[3-(1 H-benzimidazol-2 yl)propyl]]
methyl-amino]-6-fluoro-1,2,3,4-tetrahydro-1-(1-methylethyl)-2-naph-
thalenyl methoxyaceto-acetate dihydrochloride (mibefradil dihydro-
chloride; Tocris Bioscience) at 100 uM for T-type; w-conotoxin GVIA at
1 M for N-type; w-agatoxin-IVA at 0.5 uMm for P/Q type (Zaitsev et al.,
2007); and SNX-482 (Peptide Institute, Osaka, Japan) at 0.3 um for R
type (Newcomb et al., 1998). As a blocker for gap junction channels, we
used (AS)-rel-a-(2R)-2perperidinyl-2,8-bis(trifluoromethyl)-4-quino-
linemethanol monohydrochloride (mefloquine hydrochloride, Sigma-
Aldrich) at 25 um (Cruikshank et al., 2004).

Statistical analysis. In the present study, values are given as mean *=
SEM unless otherwise mentioned. For statistical analysis, values before
and after TBS obtained from the same cell and values between two groups
of cells were compared with paired and unpaired ¢ tests, respectively,
when the values showed the normal distribution. The statistical evalua-
tion of normal distribution was made using the Kolmogorov-Smirnov
test.

Results

In the present study we classified GABAergic interneurons into
FS and non-FS types based on electrophysiological properties, as
reported previously (Sarihi et al., 2008). In FS-GABA neurons,
test electrical stimulation given to layer II/III at 0.05 Hz under
blockade of AMPA and NMDA receptors elicited synaptic poten-
tials with a relatively slow decay (Fig. 1 A). The onset latency of
these synaptic potentials was 3.1 ms. The mean onset latency for
the 14 FS-GABA neurons was 2.7 = 0.1 (SEM) ms. Such a short
latency and a very small fluctuation of the latency (usually within
0.1 ms) indicated that the synaptic potentials were elicited mono-
synaptically. These potentials were almost completely blocked by
an application of bicuculline, an antagonist for GABA , receptors
(Fig. 1B). These results together indicated that the potentials
evoked by test stimulation of layer II/III were IPSPs mediated by
GABA. If a sign of run down of IPSPs or a marked change in input
and/or series resistances of the recording system were detected,
the recordings were stopped and the data obtained were dis-
carded. In the present report, synaptic responses of non-FS-
GABA neurons were not analyzed.

Induction of LTP of IPSPs or IPSCs recorded from

FS-GABA neurons

After recording baseline responses for at least 10 min we applied
TBS to the same site as the test stimulation site, while postsynap-
tic membrane potentials were kept at —60 mV in the voltage-
clamp mode. We found that TBS induced persistent potentiation
(> 20 min) of IPSPs in most of the FS-GABA neurons tested (Fig.
1 B). Such a persistent potentiation of IPSPs was defined as LTP
when the initial rising slope of IPSPs 20—25 min after TBS was
significantly (p < 0.05, paired ¢ test) larger than that of the base-
line value before TBS. In the 14 FS-GABA neurons, the mean
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Figure 1. LTP of IPSPs recorded from FS-GABA neurons. A, Representative IPSPs evoked by

electrical stimulation of cortical layer II/Ill before (a) and after (b) the induction of LTP. Each
trace is an average of 15 consecutive traces. The initial phase of IPSP is shown in the right at the
expanded time scale. B, Time course of the rising slope of IPSPs. Theta-burst stimulation was
given at the time indicated by the arrowhead. Bicuculline (BIC) was applied 40 min after TBS as
indicated by the horizontal line, which led to disappearance of IPSPs. C, Time courses of the
mean IPSP slopes recorded from 14 FS-GABA neurons. The slope was normalized to the value
before TBS. Circles and vertical bars indicate means == SEMs. SEMs smaller than circles are not
shown.

ratio of the IPSP slope 20-25 min after TBS to that before TBS
was 1.79 = 0.04 (Fig. 1C).

These evoked IPSPs are possibly mediated by mixed activation
of axons of FS-type and non-FS-type GABAergic interneurons.
To determine whether one or both of these pathways are involved
in LTP of evoked IPSPs, we adopted dual whole-cell recordings
from a given combination of GABAergic interneurons to record
unitary IPSCs (uIPSCs). Action potentials generated in presyn-
aptic FS or non-FS neurons induced uIPSCs in postsynaptic FS
neurons as shown in Figure 2A. The ulPSCs were induced in 16 of
30 FS—FS neuron pairs and in 20 of 71 non-FS—FS neuron
pairs within the cell-to-cell distance less than about 30 um. We
also recorded uIPSCs from non-FS-GABAergic neurons. These
ulPSCs were not dealt with in the present study because of the
limited number of cell pairs. As shown in the top traces of Figure
2B and C, properties of ulPSCs elicited by action potentials of FS-
and non-FS-GABA neurons were quite different. In most cases, ulP-
SCs evoked by action potentials of FS-GABA neurons have shorter
onset latency, faster rising slope, higher peak amplitude, and faster
decay time than those of non-FS-GABA neurons (Table 1).

To test whether tetanic or repetitive activation of presynaptic
cells induces LTP of ulPSCs in postsynaptic cells, we generated
repetitive action potentials at 1 Hz for 30 s in presynaptic neurons
in seven FS—FS cell pairs. This activation protocol was used to
minimize a possible injury to presynaptic cells, and we found that
such a repetitive stimulation (RS) of presynaptic FS-GABA neu-
rons induced LTP of ulPSCs of postsynaptic FS-GABA neurons.
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Figure 2.

LTP of ulPSCs induced at FS—> FS synapses but not at non-FS—>FS synapses. A, Arrangement of dual whole-cell recordings from a FS-GABA neuron connected with another FS-GABA

neuron, as schematically shown at top. At bottom is shown an example of IPSCs of postsynaptic cell (indicated by arrow in the bottom trace) evoked by action potentials generated in presynaptic cell
(toptrace). Large deflections in the lower trace were generated by current injection to monitor the input resistance of the cell. Each trace is an average of 30 consecutive records. B, Traces at top show
examples of ulPSCs recorded at the time point indicated by the same number in the below-plotted graph. Arrow head indicates the time when repetitive stimulation (RS) was given to presynaptic
cells. Graph at bottom shows the time course of the mean ulPSC amplitudes recorded from seven FS-GABA neurons. The value was normalized to that before RS. Vertical bars indicate SEMs. SEMs
smaller than circles are not shown. C, Arrangement of dual whole-cell recordings from a FS-GABA neuron connected with a non-FS-GABA neuron, as schematically shown at top. At bottom is shown
the time course of mean amplitude of ulPSCs of six FS-GABA neurons evoked by action potentials of non-FS-GABA neurons. Examples of ulPSCs recorded at the time point indicated by the same
number are shown above. Other conventions are the same asin B. D, The ratio of the amplitude of ulPSCs after RS to that before RS for each pair of cells of the types indicated in the abscissa. Asterisk

(*) indicates statistically significant difference at p << 0.05 (unpaired ¢ test).

Table 1. Unitary IPSC properties of the two types of inhibitory synapses
(mean = SEM)

FS—FS Non-FS—FS Difference

(n=9) (n=11) (pvalue)
Onset latency (ms) 0.57 = 0.07 1.00 £ 0.12 0.0099
Peak amplitude (pA) 129 = 34 49 +75 0.0168
Base-to-peak rising time (ms) 2.94 +0.13 5.67 = 0.79 0.0066
Rising slope (pA/ms) 69.7 = 17.7 126 £1.9 0.0022
Decay 7 (ms) 6.7 = 0.6 16.7 £ 2.0 0.0004

In a pair of cells shown in the top graph of Figure 2B, the peak
amplitude of uIPSCs increased to 1.8 times the baseline 5-6 min
after RS. Such a significant enhancement lasted until the end of pair
recordings, although a slight decay was seen about 12 min after RS.
The group data from the seven pairs of this combination of cells are
shown in the bottom graph of Figure 2B. The mean amplitude
15-20 min after RS normalized to that before RS was 1.43 * 0.13,
which was significantly (p < 0.05, paired t test) larger than the base-
line value. The values for each of the pairs are plotted in Figure 2D

(left). In case presynaptic neurons are non-FS-GABA neurons, on
the other hand, a long-lasting enhancement of uIPSCs was not in-
duced in FS-GABA neurons by RS of presynaptic neurons (Fig. 2C).
The mean values of the post-RS amplitude normalized to pre-RS
amplitude, 0.96 £ 0.04, were not different from the baseline values
in the non-FS—FS pathway (Fig. 2D, right).

In part of the dual whole-cell recording experiments, the TBS
type of activation was given to presynaptic cells. As shown in the
upper traces of each row of Figure 3A, a presynaptic FS-GABA
neuron generated action potential trains of the TBS type (a burst
of 4 spikes at 100 Hz, a train of 10 bursts at an interval of 200 ms,
and 5 trains at 0.1 Hz), although one or two action potentials were
abortive in some bursts. In a postsynaptic FS-GABA neuron, ulP-
SCs were evoked in response to each presynaptic action potential,
although the uIPSC amplitude decreased with the number of
presynaptic spikes with substantial variability (bottom traces of
each row of Fig. 3A). Such a TBS-like activation of a presynaptic
FS-GABA neuron induced a long-lasting enhancement of the
ulPSCs of a postsynaptic FS-GABA neuron (Fig. 3B, C). In all of



Sarihi, Mimajafi-Zadeh et al. @ LTP of Inhibitory Synapses on GABA Neurons

A

First train of TBS

Presynaptic cell

Postsynaptic cell

Last train of TBS

___________ 50 pA|__
50 ms
B C FS — FS synapse
Before TBS After TBS 100- v et e .
< o Ay ”.o':.g:.o °.':
Presynaptic . M Nt W S SO B
120mV o) ". [ 24 o0 ° ® o
© oo \- oot o ¢ . hdd
= Ne "‘ .)..o..o. - ® e
i 40+ ..o., ...A
. L]
Postsynaptic |/ ‘50 oA E 2. 1BS
25ms 0 l [ [ [ [
0 5 10 15 20 25
Time (min)
D Non-FS —= FS synapse [
250- . 3
Tas] ©
< 5 *
- c 2
) ‘q')’ o {
o 1.5
2 2 8
aQ SR U Rk
£ 2 %
< .
0 T T ] 7 T 0
© % Timemin o ° FS —= FS nFS —= FS
Figure 3.  Induction of LTP by presynaptic action potential trains of the TBS type at FS—FS synapses. 4, First five bursts of

presynaptic action potential trains of the TBS type (upper traces of top row) and simultaneously recorded postsynaptic ulPSCs
(lower traces of top row) and last five bursts of these action potential trains (upper traces of bottom row) and simultaneously
recorded ulPSCs (lower traces of bottom row). Dotted lines indicate continuation of generation of presynaptic action potential
trains and recording of postsynaptic ulPSCs. Large deflections in the lower traces were generated by current injection to monitor
the input resistance of the postsynaptic cell. Vertical scales of 20 mV and 50 pA at the bottom right applies to all action potentials
and ulPSCs, respectively. Time scale applies to all records. B, An example of ulPSCs of the postsynaptic cell (lower traces) evoked by
action potentials generated in the presynaptic cell (upper traces) before and after TBS. Each trace is an average of 15 consecutive
records. €, The time course of change in the amplitudes of ulPSCs recorded at FS—>FS synapses. This cell pair is the same as that
showninAand B. Arrow head indicates the time when action potential trains of the TBS type was given to presynaptic cells. D, The
time course of change in the amplitudes of ulPSCs recorded at non-FS— FS synapses. Other conventions are the same asin C. E, The
ratio of the amplitude of ulPSCs after TBS-like presynaptic activation to that before the activation for each pair of cells of the types
indicated in the abscissa. Asterisk (*) indicates statistically significant difference at p << 0.05 (unpaired ¢ test).
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reflect potentiation of ulPSCs at FS—FS
synapses. Since stable long-lasting re-
cordings were difficult in double-patch
recordings from pairs of GABAergic
neurons, subsequent pharmacological
experiments were carried out mostly in
IPSPs of FS-GABA neurons evoked by
electrical stimulation of layer II/III of
the cortex.

No involvement of gap junction
channels in LTP of IPSPs

Because gap junction channels are known
to operate between FS-GABA neurons in
the neocortex (Galarreta and Hestrin,
1999; Gibson et al., 1999) and these chan-
nels in the rat thalamus are reported to
show long-term changes in coupling effi-
cacy (Landisman and Connors, 2005; Haas
et al,, 2011), there is a possibility that these
channels might be involved in the present
form of LTP. To test this possibility, we ap-
plied mefloquine, a blocker for gap junction
channels, at 25 uM (Cruikshank et al., 2004).
To confirm that this concentration of me-
floquine blocks gap junction channels in the
present preparations, we applied meflo-
quine at 25 uM to pairs of GABAergic neu-
rons in dual whole-cell recordings. Three of
30 FS—FS neuron pairs and five of 71 non-
FS—FS neuron pairs showed a detectable
depolarization in presynaptic neurons in re-
sponse to current injection into postsynap-
tic neurons (Fig. 4 A, left). Five minutes after
starting the application of mefloquine to
those electrically coupled pairs of neurons,
the potential change in presynaptic neu-
rons completely disappeared (Fig. 4A,
right), indicating that this concentration
of mefloquine effectively blocks gap junc-
tion channels.

Then we tested whether this blocker af-
fects the induction of LTP of evoked IPSPs
induced by TBS of layer II/III of the cor-
tex. As shown in Figure 4 B, LTP of evoked
IPSPs was induced in FS-GABA neurons
by TBS during the application of meflo-
quine in the same way as in the control
cells. The mean ratios of the IPSP slope
20-25 min after TBS to those before TBS
were 1.64 * 0.05and 1.54 = 0.03 with and
without mefloquine, respectively. The dif-
ference between these two values was not

the four FS—FS cell pairs, the TBS-like presynaptic activation
induced significant (p < 0.05, paired ¢ test) LTP of uIPSCs (Fig.
3E, left). We then generated a burst of action potentials of the TBS
type in presynaptic non-FS-GABA neurons. This activation of
non-FS-GABA neurons induced a transient and not long-lasting
potentiation of uIPSCs in postsynaptic FS-GABA neurons (Fig.
3D). None of the four non-FS—FS cell pairs showed LTP of
ulPSCs (Fig. 3E, right).

These results suggest that TBS-induced LTP of electrically
evoked IPSPs of FS-GABA neurons may mostly if not entirely

significant (p > 0.05, unpaired ¢ test). These results suggest that
gap junction channels are not involved in LTP of IPSPs at FS-
GABA neurons in layer II/III of the mouse visual cortex.

LTP of inhibitory synapses on FS-GABA neurons is not
dependent on mGluRs or postsynaptic Ca>* rise

Recently we reported that LTP of excitatory synapses to FS-
GABA neurons is dependent on activation of the type 5 of
mGluRs (Sarihi et al., 2008). To test whether this is the case for
LTP of inhibitory synapses on FS-GABA neurons, we applied
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Figure4. Noinvolvement of gap junction channelsin LTP of IPSPs. 4, Membrane potential of

a presynaptic FS-GABA neuron (top) and membrane currents of a companion postsynaptic
FS-GABA neuron (bottom). Each trace is an average of 50 consecutive records. Hyperpolarizing
currents (usually <300 pA for 100 ms) were injected into postsynaptic cells. Left and right
columns show records before and during application of mefloquine at 25 wm, respectively. B,
Time course of changes in the rising slope of IPSPs of FS-GABA neurons evoked by electrical
stimulation of layer II/1l of the cortex. The number of cells tested is shown in parentheses. Theta
burst stimulation (TBS) was given at the time indicated by the arrowhead. Mean values normal-
ized to those before TBS are plotted against time. Error bars indicate SEMs.

MPEP, an antagonist selective for mGluR5. We found that LTP
was induced by TBS even in the presence of MPEP in the same
way as in the control condition (Fig. 5A). The mean ratios of the
IPSP slope 20-25 min after TBS to that before TBS were 1.35 =
0.05 and 1.32 * 0.06 with and without MPEP, respectively. The
difference between these two values was not significant (p > 0.05,
unpaired f test). This result suggests that mGluR5 is not involved
in LTP of inhibitory synapse on FS-GABA neurons. There is still
a possibility that the type 1 of mGluRs, mGluR1, might be in-
volved in the induction of LTP. To test this possibility we tested
LY367385, an antagonist selective for mGluR1, in eight FS-GABA
neurons and found that LTP of IPSPs was still induced in seven of
the eight neurons. The mean ratios of the IPSP slope 20—25 min
after TBS to that before TBS were 1.55 = 0.06 (n = 8) and 1.49 =
0.04 (n = 5) with and without LY367385, respectively. The dif-
ference between these two values was not significant (p > 0.05,
unpaired ¢ test).

We then addressed the question of whether the induction of
LTP of inhibitory synapses on FS-GABA neurons is dependent on
anincreasein Ca’" in postsynaptic sites. To answer this question,
postsynaptic FS-GABA neurons were filled with a Ca** chelator,
BAPTA, through recording pipettes. The concentration of
BAPTA in the pipettes was 10 mM, and recordings were not ini-
tiated until at least 5 min after rupture of cell membrane to allow
BAPTA to spread in the neurons. In BAPTA-filled FS-GABA neu-
rons we found that TBS clearly enhanced IPSPs in the same way as
in control FS-GABA neurons. Group data obtained from eight
BAPTA-filled FS-GABA neurons are shown together with those
of seven control FS-GABA neurons (Fig. 5B). The mean ratios of
the rising slope of IPSPs 20—25 min after TBS to that before TBS
were 1.33 * 0.10 in the eight BAPTA-filled neurons and 1.45 =
0.12 in the seven control neurons. The difference between these
two values was not significant (p > 0.05, unpaired # test). These
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postsynaptic Ca2* rise. A, Time course of the rising slope of IPSPs before and after TBS without
(control) and with MPEP at 100 wum. MPEP was applied through the perfusion medium. The
other conventions are the same as Figure 4 B. B, Time course of the rising slope of IPSPs before
and after TBS without (control) and with BAPTA, which was applied to postsynaptic cells
through recording pipettes. The other conventions are the same as Figure 4 8.

results indicate that an elevation of Ca®" in postsynaptic FS-
GABA neurons is not necessary for the induction of LTP of in-
hibitory synapses on these neurons.

Expression of LTP of inhibitory synapses on FS-GABA
neurons is mainly presynaptic

To determine whether LTP of inhibitory synapses on FS-GABA
neurons is expressed presynaptically or postsynaptically, we ini-
tially analyzed the paired-pulse ratio (PPR) of IPSPs. In a FS-
GABA neuron shown in the top of Figure 6A, the first IPSP
evoked by paired-pulse stimulation at an interval of 100 ms was
enhanced after TBS, but the second IPSP was not proportionally
changed so that the PPR was decreased. Although two excep-
tional cells showed an increase, the other seven cells showed a
decrease in the PPR (Fig. 6A). The mean PPR of the nine cells
after TBS (0.77 = 0.04) was significantly (p < 0.05, paired ¢ test)
smaller than that before TBS (0.95 * 0.07). This result suggests
that LTP may be ascribable to changes in presynaptic sites
(Zucker, 1989).

To further address the presynaptic and postsynaptic issue we
next made the coefficient of variation analysis (Faber and Korn,
1991; Sjostrom et al., 2003). On the basis of a binomial model of
synaptic transmission, functional changes in presynaptic sites are
expected to be accompanied by a change in the CV of synaptic
responses: the values of CV ~? that are plotted against the change
in efficacy could be on the diagonal line if the release probability
is low. On the other hand, if changes are located purely in post-
synaptic sites, the values should be located on the horizontal line
of 1.0. As shown in Figure 6 B, the values of the nine FS-GABA
neurons that showed significant LTP were located above the di-
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Figure 6.  Presynaptic expression of LTP at inhibitory synapses on FS-GABA neurons. A, Top,
examples of IPSPs evoked by paired-pulse stimulation at an interval of 100 ms before (blue
trace) and after (red trace) the induction of LTP. Averages of 15 consecutive traces. In the bottom
graph, the values of paired-pulse ratio before and after the induction of LTP are connected for
each of the nine cell pairs. Filled circles and vertical bars indicate means == SEMs. B, CV analysis
of changes in IPSPs after the induction of LTP. Filled circle and vertical and horizontal bars
indicate mean = SEMs, which were 2.51 = 0.26 for the normalized value of CV ~2and 1.83 =
0.18 for the normalized mean value.

agonal line. Also, it is to be noted that the mean value of the
normalized CV ~ for the nine cells was far from the level of 1.0.
Altogether these results suggest that LTP of inhibitory synapses
on most FS-GABA neurons is expressed presynaptically, al-
though we cannot exclude the mixed presynaptic and postsynap-
tic changes in a fraction of FS-GABA neurons.

To further test whether the expression of LTP of inhibitory
synapses at FS-GABA neurons is presynpatic or postsynaptic, we
analyzed the amplitude and frequency of spontaneous IPSCs
(sIPSCs). If the responsiveness of postsynaptic sites such as the
sensitivity or density of postsynaptic receptors is changed, the
amplitude of sIPSCs is expected to change. We found, however,
that the mean amplitude of sIPSCs of the nine FS-GABA neurons
was not significantly changed (Fig. 7A). If the presynaptic release
probability is changed, one can expect that the frequency of sIP-
SCs will be changed, although the frequency could be contami-
nated by changes in firing of surrounding inhibitory neurons that
are connected to presynaptic GABAergic neurons. We found that
the frequency of sIPSCs was significantly increased after the in-
duction of LTP (Fig. 7B). These observations on sIPSCs are con-
sistent with the view that LTP of inhibitory synapses at FS-GABA
neurons is presynaptic in origin.

LTP of inhibitory synapses on FS-GABA neurons is not
dependent on VGCCs of the L- and T-types
As mentioned in the Introduction, there are some reports sug-
gesting that different types of VGCCs are involved in the induc-
tion and maintenance of NMDA receptor-independent LTP of
excitatory synapses on pyramidal cells in the visual cortex. This
raises the following questions. Are VGCCs involved in LTP of
inhibitory synapses on FS-GABA neurons? If so, what types of
channels are involved? To address these questions, we initially
applied nimodipine at 10 M as a blocker for VGCCs of the L type
(Castillo et al., 1994; Kapur et al., 1998), and mibefradil at 100 pum
as a blocker for VGCCs of the T type (Martin et al., 2000; Cui et
al., 2004).

An application of nimodipine slightly depressed IPSPs in all
the cells tested. The application of mibefradil also slightly de-
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Figure7.  No change in the amplitude of spontaneous IPSCs but increase in their frequency.

Top traces are examples of spontaneously generated IPSPs before and after TBS. 4, Cumulative
probability of amplitude of IPSPs before (blue) and after (red) application of TBS. The amplitude
was normalized to that before TBS application. Right, Mean values are indicated with SEM. The
difference between the two columns is not significant (p > 0.05). B, Cumulative probability of
intervals of spontaneous IPSPs before (blue) and after (red) application of TBS. Right, Mean
values are indicated with SEM. Asterisk (*) indicates that the difference between the two col-
umns is significant at p << 0.05.

pressed IPSPs in about 70% of the cells tested. In such a case, the
intensity of test stimulation was increased so that the amplitude
and rising slope of IPSPs were adjusted to attain the initial values.
Then TBS was applied. As shown in Figure 8 A, the application of
nimodipine did not significantly reduce the magnitude of LTP
of inhibitory synapses on FS-GABA neurons. The mean ratios of
IPSP slopes 2025 min after TBS to those before TBS were 1.33
0.10 in the control (n = 7) and 1.31 = 0.09 with nimodipine (n =
8). The difference between these two values was not significant
(p > 0.05, unpaired t test). Also, mibefradil did not significantly
reduce the magnitude of LTP of inhibitory synapses on FS-GABA
neurons (Fig. 8 B). The mean ratios of IPSP slopes 20—25 min
after TBS to those before TBS were 1.39 = 0.17 in the control (n =
7),and 1.41 = 0.34 with mibefradil (n = 6). Again, the difference
was statistically insignificant (p > 0.05, unpaired  test). These
results indicate that LTP of inhibitory synapses on FS-GABA neu-
rons may not be dependent on the activation of VGCCs of the L-
and T-types.

A role of P/Q-type channels in inhibitory synaptic
transmission to FS-GABA neurons and no involvement of
VGCCs other than the P/Q-type in LTP

To answer the question of whether VGCCs of the N or P/Q type
that operate primarily in presynaptic sites are involved in GABA
release from presynaptic terminals to FS-GABA neurons, we ex-
amined effects of w-conotoxin-GVIA (w-CTx-GVIA), an N-type
channel blocker, at 1 uM, and w-agatoxin-IVA (w-AgaTx-IVA), a
P/Q-type channel blocker, at 0.5 uM (Wilson et al., 2001; Zaitsev
et al., 2007; Kruglikov and Rudy, 2008). We found that w-CTx-
GVIA slightly but not significantly depressed IPSPs of FS-GABA
neurons (Fig. 9A, red circles). The mean amplitude of IPSPs
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Figure 8.  No involvement of voltage-gated Ca>™ channels of the L and T types in LTP at
inhibitory synapses on FS-GABA neurons. A, Nimodipine, a blocker for VGCCs of the L type, did
not affect LTP of IPSPs recorded from FS-GABA neurons. The value of the rising slope of IPSPs
was normalized to the pre-TBS value. Circles with vertical bars indicate mean with SEM. B,
Mibefradil, a blocker for VGCCs of the T type, did not affect LTP of inhibitory synapses on FS-
GABA neurons. Other conventions are the same as in A.

15-20 min after the application of w-CTx-GVIA was 90.7 * 5.8%
of the pre-application control value. On the other hand,
w-AgaTx-IVA slowly but completely blocked IPSPs (Fig. 9A,
black circles).

In addition to the N and P/Q types, another type of VGCC,
the R type, was reported to play a partial role in transmitter
release in hippocampus and other regions of the brain (Dun-
lap et al., 1995). This type of VGCC was identified as resistant
to both w-AgaTx-IVA and w-CTx-GVIA (Wu et al., 1998;
Gasparini et al., 2001). The present result that w-AgaTx-IVA
completely blocked IPSPs suggests that inhibitory synaptic
transmission to FS-GABA neurons is mediated by VGCCs of
the P/Q type, but not by the R type. To confirm this sugges-
tion, we tested a blocker for VGCCs of the R type, SNX-482, at
300 nM (Newcomb et al., 1998; Bhaukaurally et al., 2005) in
seven FS-GABA neurons and found that this blocker did not
significantly affect IPSPs in any of these neurons. The mean
ratio of the IPSP amplitude 15-20 min after the application of
SNX-482 for the seven cells was 1.07 = 0.02 of the pre-
application value (Fig. 9A, open triangles). These results indi-
cate that VGCCs that are involved in inhibitory synaptic
transmission to FS-GABA neurons are exclusively or almost
exclusively of the P/Q type.

Since electrical stimulation of layer II/III of the cortex could
activate both FS- and non-FS types of presynaptic GABAergic
terminals, we then tested actions of w-AgaTx-IVA and w-CTx-
GVIA on the FS—FS type of unitary synaptic responses in dual
whole-cell recordings. We found that w-AgaTx-IVA completely
eliminated uIPSPs of FS—FS synapses (Fig. 8 B, left traces). On
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Figure 9.  Contribution of P/Q-type channels to inhibitory synaptic transmission to FS-
GABA neurons and no involvement of N- nor R-type channels in LTP. A, No remarkable
effects of w-conotoxin-GVIA (Ctx), a blocker for N-type channels, and SNX-482, a blocker
for R-type channels, but a strong blocking action of w-agatoxin-1VA (Agt), a blocker for
P/Q-type channels, on IPSPs evoked by test stimulation at 0.05 Hz. The amplitudes of
IPSPs were normalized to those before blocker application. Each blocker was applied as
indicated by horizontal bars. B, Examples of ulPSCs at FS-GABA—FS-GABA synapses
before (black traces) and 5-10 min after (red traces) starting application of the blockers
indicated at top. Each trace is an average of 30 consecutive records. €, Time courses of the
rising slope of IPSPs before and after TBS with w-conotoxin-GVIA (red circles), and SNX-
482 (triangles) and without any blocker (black circles).

the other hand, w-CTx-GVIA did not reduce the amplitude of
ulPSPs (Fig. 8 B, right traces). Such a complete blocking action of
w-AgaTx-IVA was seen in all of the four FS—FS synapses tested,
whereas almost no effect of w-CTx-GVIA was observed in all of
the six synapses of this type.

Finally, we addressed a question of whether the N or R type
of VGCCs or both are involved in LTP of inhibitory synapses
on FS-GABA neurons, even if they are not involved in basal
synaptic transmission. To test this, we applied TBS during the
administration of the respective blocker for VGCCs of the N
and R types, and found that TBS induced LTP of IPSPs on
FS-GABA neurons in the presence of each blocker (Fig. 9C).
The mean ratios of the IPSP slope after TBS to that before TBS
were 1.47 = 0.13 with w-CTx-GVIA, 1.57 = 0.31 with SNX-
482, and 1.58 = 0.24 without any drug (control). The former
two values were not significantly different from the control
value (p > 0.05, unpaired ¢ test). This result suggests that the
N and R types of VGCCs are not involved in LTP of inhibitory
synapses on FS-GABA neurons.
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Discussion

Induction of LTP of inhibitory synapses on

GABAergic interneurons

LTP of GABAergic synaptic transmission has been extensively
studied in the visual cortex (Komatsu and Iwakiri, 1993; Kom-
atsu, 1994; Maffei et al., 2006), hippocampus (Grunze et al., 1996;
McLean et al., 1996; Caillard et al., 1999; Gubelline et al., 2001;
Patenaude et al., 2003), and other regions of the brain (for review,
see Maffei, 2011). However, all of these studies, except for the one
on brainstem dopamine neurons (Nugent et al., 2007), reported
LTP of inhibitory synapses on pyramidal or excitatory principal
neurons. To our knowledge, no study has reported the induction
of LTP of inhibitory synapses on GABAergic inhibitory interneu-
rons in the cerebral cortex. In the present study we have demon-
strated that LTP of inhibitory synaptic transmission to FS-GABA
neurons is induced by tetanic stimulation of presynaptic FS-
GABA neurons. On the other hand, LTP was not induced in
FS-GABA neurons by the same parameters of tetanic stimulation
of non-FS-GABA neurons. These results suggest that long-term
synaptic plasticity of inhibitory synapses on GABAergic interneu-
rons is specific to a particular presynaptic interneuron subtype.
This suggestion seems to be in line with a recent study on short-
term plasticity, which reported that FS to FS inhibitory synapses
in layer IV of the mouse somatosensory cortex showed strong
paired-pulse depression, whereas somatostatin (SOM)-positive
neuron to FS neuron synapses showed very weak or insignificant
depression (Ma et al., 2012), although mechanisms for short- and
long-term synaptic plasticity are not necessarily the same.

Two types of inhibitory inputs to FS-GABA neurons

In dual whole-cell recordings we found that uIPSCs evoked in
FS-GABA neurons by action potentials of partner FS-GABA neu-
rons have shorter latency, larger amplitudes, and faster rise and
decay times than those evoked by action potentials of non-FS-
GABA neurons. This seems consistent with the previous obser-
vations that basket cells, which are mostly PV-positive and of the
FS type, make synaptic contacts with somatic or perisomatic re-
gions of other interneurons, whereas calretinin-positive, SOM-
positive, or other “dendrite-targeting” interneurons, which are
mostly of the non-FS type, make synaptic contact with relatively
distal part of dendrites of interneurons in the neocortex and hip-
pocampus (Gulyés et al., 1996; Kawaguchi and Kubota, 1997;
Tamas etal., 1998; Somogyi et al., 1998; Gonchar and Burkhalter,
1999; Tamas et al., 2000; Freund, 2003; Thomson and Lamy,
2007). A recent study reported that uIPSCs of synapses from FS to
other FS neurons had shorter latency and slower rise and decay
times than those from SOM-positive neurons to FS neurons in
layer IV of the mouse somatosensory cortex (Ma et al., 2012). The
reported mean latencies of uIPSCs (0.64 ms for FS—FS synapses
and 0.93 ms for SOM—FS synapses) are similar to those of the
present study (0.57 ms for FS—FS synapses and 1.00 ms for
non-FS—FS synapses), although the rise and decay times are
different. This discrepancy may be ascribable to the difference in
the methods of measuring the rise and decay times of uIPSCs (see
Materials and Methods) and/or in the area and layers of the cor-
tex (layer II/III of visual cortex versus layer IV of somatosensory
cortex).

Presynaptic expression of LTP of inhibitory synapses on
FS-GABA neurons

The present analysis of potentiated IPSCs with the paired-pulse
stimulation protocol and the calculation of CV indicated that
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LTP of inhibitory synapses on FS-GABA neurons may be presyn-
aptic in origin. In layer II/IIT of the rat visual cortex it was re-
ported that LTP of inhibitory synapses of FS-GABA—pyramidal
neurons was induced when firing of the former neurons was
elicited 200—300 ms after bursting activation of postsynaptic cells
(Holmgren and Zilberter, 2001). In layer V of the rat visual cor-
tex, however, it was reported that the induction of LTP of IPSPs
of pyramidal cells was not dependent on postsynaptic membrane
potentials (Komatsu, 1994). Subsequently, Komatsu (1996) re-
ported that postsynaptic mechanisms such as activation of
GABAj and monoamine receptors and IP;-induced Ca*" release
were involved in the induction of LTP, although the involvement
of GABAj receptors was not observed in layer II/IIT of the visual
cortex in another study (Holmgren and Zilberter, 2001). In the
latter study it was reported that postsynaptic loading with an
effective Ca®" chelator blocked LTP of inhibitory synapses on
pyramidal cells (Holmgren and Zilberter, 2001).

The present study on inhibitory synapses on FS-GABA neu-
rons demonstrated, however, that filling postsynaptic cells with
the Ca?" chelator did not block the induction of LTP. Also, re-
petitive or tetanic activation of presynaptic FS-GABA neurons
induced LTP of uIPSCs of postsynaptic FS-GABA neurons in the
presence of the blockers for NMDA and AMPA receptors, indi-
cating that glutamate receptors of the ionotropic types are not
involved in LTP of inhibitory synapses on FS-GABA neurons.
Glutamate receptors of the metabotropic types that were re-
ported to operate in the hippocampus and visual cortex (mGluR1
and 5) are also not involved in the present type of LTP. Thus, it is
reasonable to conclude that the expression site of LTP of inhibi-
tory synapses on FS-GABA neurons and the underlying mecha-
nism are different from those of LTP of inhibitory synapses on
excitatory neurons, at least in layer II/III of the mouse visual
cortex.

Types of voltage-gated Ca>* channels involved in

presynaptic LTP

In the present study we found that VGCCs of the P/Q type, but
not N nor R type, are involved in GABA release from axon termi-
nals of presynaptic FS-GABA to postsynaptic FS-GABA neurons
at the basal synaptic transmission. This seems to be consistent
with the previous observation that VGCCs of the P/Q type, but
not the N type, mediate GABA release from FS interneurons to
pyramidal cells in the rat frontal cortex, although postsynaptic
neurons were excitatory in this report (Zaitsev et al., 2007).

Regarding long-term synaptic plasticity, we found that
VGCCs of the Land T types are not involved in LTP of inhibitory
synaptic transmission to FS-GABA neurons. The present results
also indicate that VGCCs of the N or R type do not participate in
LTP at this type of inhibitory synapses on FS-GABA neurons. To
our knowledge VGCCs are classified into five types in the brain:
T, L, N, P/Q, and R types (Dunlap et al., 1995; Reuter, 1996).
Thus, VGCCs of the P/Q type remain to be candidates for the
factors that are involved in the induction of LTP of inhibitory
synaptic transmission to FS-GABA neurons.

Since the blocker for P/Q-type channels completely abolishes
basal synaptic transmission, it is not possible to test whether LTP
itself is affected by the blocker. In dual whole-cell recordings we
found that LTP is induced only at FS—FS synapses that are me-
diated by VGCCs of the P/Q type. Therefore, it seems possible to
suggest that this type of VGCC may play a primary, if not exclu-
sive, role in LTP of inhibitory synapses on FS-GABA neurons in
layer II/III of the mouse visual cortex, although we cannot com-
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pletely exclude the possibility that other presynaptic factors
might be involved in this type of LTP.

Functional significance of LTP of inhibitory synapses in
cortical circuits
In the cerebral neocortex, FS-GABA neurons such as PV-positive
basket cells are reported to receive afferent inputs directly or indi-
rectly from the thalamus and suggested to exert feedforward inhibi-
tion on adjacent pyramidal cells as well as to exert feedback
inhibition via axon collaterals of pyramidal cells (Kawaguchi and
Kubota, 1997; Somogyi et al., 1998; for review see Isaacson and
Scanziani, 2011). These inhibitory circuits are thought to play a
role in stability of pyramidal cell activity, formation of receptive
fields, selectivity of responses, synchronization of neuron activi-
ties, and other functions in the adult cortex (Alitto and Dan,
2010; Maffei, 2011; Isaacson and Scanziani, 2011). These func-
tions are implemented by inhibitory circuits, including excitatory
synapses on GABAergic interneurons. These excitatory synapses
on GABAergic interneurons show the spike time-dependent or
Hebbian type of LTP, as reported previously (Lamsa et al., 2005;
Sarihi et al., 2008, Perez et al., 2001; for review, see Maffei, 2011).
This potentiation of inhibitory circuits may last for a long time.
To prevent such a long-lasting activation of inhibitory circuits
from being excessively enhanced, other FS-GABA neurons may
suppress activity of interneurons at the presynaptic level.
GABAergic interneurons are proposed to play a key role in the
synchronization of many pyramidal cells in the cerebral cortex, as
mentioned above. In particular, it is suggested that PV-positive,
ES basket cells control synchronized outputs of cortical principal
cells because of the specific innervation pattern on pyramidal cell
bodies (Cobb et al., 1995; Kawaguchi and Kubota, 1997; Kawa-
guchi, 2001; Freund, 2003) or the interconnectivity between
those GABAergic neurons through electrical and chemical syn-
apses (Galarreta and Hestrin, 2002). Thus, LTP of inhibitory
synapses on FS-GABA neurons and subsequent long-lasting sup-
pression of interneurons may play a role in reduction or cessation
of synchronized activity of cortical pyramidal neurons. In this
context, it is tempting to interpret that cholinergic projections to
non-FS-GABA neurons such as SOM-positive interneurons
(Kawaguchi, 1997, for review, see Lawrence, 2008) may play a
role in switching synchronization or desynchronization of corti-
cal pyramidal cells through non-long lasting modifiability of
non-FS-GABA— FS-GABA synapses, although we have no direct
evidence for this possibility in the present study.
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