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Long-term potentiation (LTP) of excitatory synapses on GABAergic neurons in layer II/III of visual cortical slices was examined in
GAD67-GFP knock-in mice by whole-cell recordings of EPSPs evoked by layer IV stimulation. Theta burst stimulation (TBS) paired with
postsynaptic depolarization induced LTP in 14 of 19 fast-spiking GABAergic (FS-GABA) neurons, whereas only in 6 of 17 non-FS
GABAergic neurons. The mean magnitude of LTP in the former cell group was larger than that in the latter. The paired-pulse stimulation
protocol and coefficient of variation analysis indicated that LTP of excitatory synapses on FS-GABA neurons may be postsynaptic in
origin. Filling postsynaptic cells with a Ca 2�-chelator blocked the induction of LTP, suggesting an involvement of postsynaptic Ca 2� rise.
The developmental analysis of LTP indicated that almost the same magnitude of LTP was induced after postnatal day 17 to the young
adulthood, suggesting no age dependence after eye opening. This form of LTP was dependent neither on NMDA receptors nor voltage-
gated Ca 2� channels (L and T types). An antagonist for type 5 metabotropic glutamate receptors (mGluR5) blocked this form of LTP,
whereas an antagonist for mGluR1 was not effective. An agonist for mGluR1/5 induced potentiation of EPSPs of FS-GABA neurons in
concentration- and use-dependent manners. This potentiation and TBS-induced LTP occluded each other. Further pharmacological
analyses suggested that this form of LTP at FS-GABA neurons is induced through an activation of mGluR5, which triggers Ca 2� release
from internal stores via activations of phospholipase C and inositol triphosphate.
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Introduction
Experience-dependent modification of visual cortical function is
based on combined plasticity of excitatory and inhibitory circuits
in the cortex. Long-term potentiation (LTP) is a form of synaptic
plasticity, which may be involved in such modification of cortical
neuronal circuits (Tsumoto, 1992; Bear, 2003; Hensch, 2005).
Most of the previous studies focused on LTP of excitatory syn-
apses on pyramidal neurons in layer II/III or V of the cortex.
Recently LTP of GABAergic inhibitory synapses in the cortex also
attracted an interest (Komatsu and Iwakiri, 1993; Holmgren and
Zilberter, 2001; Maffei et al., 2006). There is another locus of
plasticity in the inhibitory circuits, i.e., excitatory synapses on
GABAergic neurons. Within our knowledge, there was no sys-
tematic study on LTP of this type of synapses in the visual cortex.

Regarding mechanisms underlying LTP of excitatory synapses
on pyramidal neurons, its induction is known to depend on an
increase in postsynaptic Ca 2� concentration, through NMDA

receptor (NMDAR) channels (Artola and Singer, 1987; Kimura
et al., 1989; Bear et al., 1992; Kirkwood et al., 1993) or voltage-
gated Ca 2� channels (Grover and Teyler, 1990; Komatsu and
Iwakiri, 1992; Liu et al., 2004), or on a release of Ca 2� from
inositol triphosphate (IP3)-sensitive stores via an activation of
metabotropic glutamate receptors (mGluRs) (Huemmeke et al.,
2002; Wang and Daw, 2003). Mechanisms of LTP of excitatory
synapses on GABAergic neurons are not well known; however,
because this form of LTP eluded previous studies, as mentioned
above.

The possibility to record excitatory synaptic responses from
GABAergic neurons in the visual cortex is low, because the pro-
portion of GABAergic neurons is only 15–25% of all neurons in
the rodent neocortex and their soma sizes are generally smaller
than those of excitatory neurons (Meinecke and Peters, 1987; Ren
et al., 1992; Gonchar and Burkhalter, 1997; Kawaguchi and Kub-
ota, 1997). To overcome this problem we used transgenic mice, in
which expression of green fluorescence protein (GFP) is regu-
lated by glutamate decarboxylase 67 (GAD67) gene promoter
(GAD67-GFP knock-in mice) (Tamamaki et al., 2003). In corti-
cal slices prepared from these transgenic mice, we can easily iden-
tify GABAergic neurons under a fluorescence microscope.

GABAergic neurons are classified functionally into at least two
subgroups, fast-spiking (FS) and non-FS neurons, which may
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correspond approximately to basket cells and non-basket cells
morphologically, and parvalbumin (PV)-positive cells and
non-PV cells neurochemically (Kawaguchi and Kubota, 1997;
Markram et al., 2004). Therefore, excitatory synapses on
GABAergic neurons might have different types of LTP, depend-
ing on subgroups of postsynaptic GABAergic neurons, and
mechanisms underlying LTP might differ.

In the present study, we examined whether LTP is induced at
excitatory synapses on each subgroup of cortical GABAergic neu-
rons, and if induced what mechanisms are involved in this form
of synaptic plasticity. We found that robust LTP was induced at
excitatory synapses on the FS type of GABAergic neurons,
whereas no or marginal LTP was seen at excitatory synapses on
the non-FS type of GABAergic neurons, and LTP at the former
synapses was induced through an activation of type 5 mGluRs.

Materials and Methods
Slice preparation. Wild-type (WT) and GAD67-GFP knock-in mice, aged
from postnatal day 16 (P16)–P19, except the experiments in which age
dependence of LTP was tested from P12–P43, were anesthetized with
isoflurane (Abbott, Abbott Park, IL) and then decapitated. The brains
were rapidly removed and placed in the cold oxygenated artificial CSF
(ACSF). Coronal slices of the visual cortex (300 �m thick) were obtained
using a tissue slicer (Vibratome 3000; Vibratome, St. Louis, MO). All
experimental procedures were performed in accordance with the guide-
lines of the Animal Experimental 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 29 –31°C. The ACSF had the following composition (in mM): 124
NaCl, 3 KCl, 2 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, and 10
glucose at pH 7.4. The ACSF was bubbled continuously with 95% O2-5%
CO2. The flow rate of the ACSF was �2.5 ml/min.

Whole-cell recordings. Whole-cell recordings were made from pyrami-
dal and GABAergic neurons in layer II/III of the visual cortex under
infrared differential interference contrast optics. GABAergic neurons in
cortical slices of GAD67-GFP knock-in mice were visualized with an
epifluorescence microscope (BX51WI; Olympus, Tokyo, Japan). We
identified fast-spiking and non-fast-spiking GABAergic neurons by in-
jecting depolarizing currents of 50 – 400 pA for 500 ms, as described in
Results. In most of the experiments, EPSPs evoked by test stimulation of
layer IV at 0.05 Hz were recorded in the current-clamp mode. In part of
the experiments EPSCs were recorded in the voltage-clamp mode at �70
mV. EPSPs or EPSCs were recorded with a multiclamp amplifier (700B;
Molecular Devices, Palo Alto, CA), filtered at 2–5 kHz and digitized at 10
kHz, and fed into a Pentium 4 personal computer with a digitizer com-
puter interface (PCI-MIO-16E-4; National Instruments, Austin, TX).
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 as follows (in mM):
130 K-gluconate, 10 KCl, 10 HEPES, 0.2 EGTA, 4 MgATP, 0.5 Na3GTP,
and 10 Na-phosphocreatine, and adjusted to pH 7.2 with KOH. The
osmolarity of the solution was 275–290 mOsm. The series resistance of
the recording system in the voltage-clamp mode was measured at the
beginning of the recording, using 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� (Tables 1, 2), and usually very stable during record-
ings, as seen in supplemental Figure 3B (available at www.jneurosci.org
as supplemental material). If these values changed �20%, the recordings
were stopped and the data were discarded. To identify the morphology of
recorded neurons, neurons were filled with biocytin (0.2%) through
recording pipettes in part of the experiments. In the experiments in which
postsynaptic Ca2� was chelated, 1,2-bis-(2-aminophenoxy)ethane-

N, N,N�,N�-tetraacetic acid (BAPTA) was added at the concentration of
10 mM to the internal solution of recording electrodes. Similarly, given
drugs and dimethyl sulfoxide (DMSO) (0.1% in ACSF) as vehicle were
added to the internal solution.

LTP induction. EPSPs of GABAergic and pyramidal neurons in layer
II/III of visual cortical slices were elicited by test stimulation at 0.05 Hz
through a concentric bipolar stimulating electrode (125 �m diameter;
FHC, Bowdoin, ME) positioned in layer IV of the cortex. The intensity of
test stimulation was set at 50% for the maximal responses (30 – 80 �A for
pulses of 0.1 ms duration). After recording baseline responses for 10 min,
theta burst stimulation (TBS) paired with postsynaptic depolarization at
0 mV for 30 s was applied to layer IV. TBS consisted of three trains at 0.1
Hz, each train of 10 bursts at 5 Hz, and each burst of four pulses at 100 Hz.
The intensity and width of each pulse were the same as those of test pulse.
Thereafter, responses to test stimulation at 0.05 Hz were recorded again
for at least 30 min.

Analysis of coefficient of variation of EPSPs and paired-pulse ratio. The
coefficient of variation (CV) of the peak amplitudes of EPSPs was deter-
mined within the stationary period. The stationary periods were 5–10
min before TBS and 15–35 min after TBS, when the peak amplitude of
EPSPs was stable. The value of CV �2 was corrected for the variance of the
background noise, using the relation � 2 � � 2 (measured) � � 2 (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 � �/m, where � is the SD 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 amplitude of aver-
aged traces (10 –25 sweeps) of the second EPSPs to that of the first EPSPs.

Drugs. Drugs were applied either through the perfusion medium or the
internal solution of recording pipettes. When drugs were applied
through the internal solution, control recordings using the internal so-
lution alone or the vehicle (DMSO solution) alone were made in slices
from the same mice as used for test recordings. In case of the bath appli-
cation, interleaved control recordings were made in slices without drug
from the same animals. As selective antagonists for respective type of
glutamate receptors, we used the following drugs: DL-2-amino-5-
phosphonovaleric acid (APV; Sigma, St. Louis, MO) at 100 �M for
NMDAR, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, Sigma) at 20
�M for AMPA receptor (AMPAR), (s)-(�)-�-amino-4-carboxy-2-
methylbenzeneacetic acid (LY367385; Tocris Bioscience, Bristol, UK) at
100 �M for mGluR1, and 2-methyl-6-(phenylethynyl)pyridine hydro-
chloride (MPEP; Tocris Bioscience) at 10 �M for mGluR5. As a
selective agonist for group I mGluRs (mGluR1/5), we used (S)-3,5-
dihydroxyphenylglycine (DHPG; Tocris Bioscience) at 100 �M. As block-
ers for voltage-gated Ca2� channels, we used the following substances:
1,4-dihydro-2,6-dimethyl-4-(3-nitrophenyl)-3,5-pyridinedicarboxylic acid
2-methyloxyethyl 1-methyl ester (nimodipine; Tocris Bioscience) at 10 �M

for L-type channels and NiCl2 at 100 �M for T-type channels. Because there
is a possibility that Ni2� at this concentration might not selectively block
T-type channels, we also used Ro40-5967/(1S,2S)-2-[2-[[3-(1H-

Table 1. Properties of FS-GABA neurons of GAD67-GFP knock-in and wild-type mice
(mean � SD): membrane properties

Resting
potential (mV)

Max. firing
rate (Hz)

Input
resistance (M�)

GAD67-GFP (n � 19) �67.8 � 2.6 91.0 � 17.2 153.3 � 38.8
Wild-type (n � 9) �70.3 � 3.2 108.0 � 23.7 133.3 � 37.5

Table 2. Properties of FS-GABA neurons of GAD67-GFP knock-in and wild-type mice
(mean � SD): spontaneous EPSP properties

Amplitude Frequency Rise time (ms) Decay time (ms)
(pA) (Hz) 10 –90% Peak to 63%

GAD67-GFP (n � 6) 20.2 � 10.0 13.8 � 4.0 1.1 � 0.2 3.1 � 0.3
Wild-type (n � 5) 20.7 � 4.5 13.4 � 3.4 1.2 � 0.2 3.4 � 1.5
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benzimidazol-2yl)propyl]methyl-amino]-6-
fluoro-1,2,3,4-tetrahydro-1-(1-methylethyl)-2-
naphthalenyl methoxyaceto-acetate dihydrochlo-
ride (mibefradil dihydrochloride; Tocris Bio-
science) at 100 �M as another blocker for T-type
channels. To block signaling pathways after the
activation of mGluRs, we used 1-[6-[[(17�)-3-
methoxyester-1,3,5(10)-trien-17-yl]amino]-
hexyl]-1H-pyrole-2,5-dione (U-73122) at 10 �M,
as a phospholipase C (PLC) inhibitor, cyclopia-
zonic acid (CPA; Sigma) at 5 �M as a Ca2� pump
blocker to deplete Ca 2� in intracellular Ca 2�

stores, and 2-aminoethyl diphenyl borate (2-APB;
Sigma) at 3 �M or heparin (Sigma) at 10 U/ml, as
an inhibitor for IP3 receptors. In case of the appli-
cation of nimodipine, CPA, LY367385, and
2-APB, DMSO (0.1%) was used as vehicle.

Analysis of morphology of recorded neurons.
After electrophysiological recordings, slices
containing biocytin-loaded neurons were pro-
cessed in a way similar to that described previ-
ously (Jiang et al., 2004). Briefly, slices were
fixed by immersion in 10% paraformaldehyde
(Sigma) and 10% sucrose (w/v) in 0.1 M PBS
overnight at 4°C. Then the slices were washed in
0.1 M PBS five to seven times each for 10 min
and then incubated in PBS containing 0.2%
Triton X-100 (Sigma) overnight. Subsequently,
the slices were incubated in avidind–rhodam-
ine (Pierce, Rockford, IL; diluted 1:400 in the
Triton X-100-containing PBS) for 24 h, and fi-
nally washed in 0.1 M PBS five to seven times
each for 10 min. For imaging labeled neurons,
slices were placed on a chamber containing
0.1 M PBS and observed with two-photon laser
scanning microscopy (Radiance 2000MP; Bio-
Rad, Hertfordshire, UK) (Sohya et al., 2007).
Excitation light was focused using a 40	 water-
immersion objective (0.8 numerical aperture;
Nikon, Tokyo, Japan). Excitation wavelength
was in the range of 790 – 810 nm. The z-stack
image was acquired with optical slices of 0.75
�m in each step.

Statistical analysis. In the present study, val-
ues are given as mean � SEM, unless otherwise
mentioned. For statistical analysis, values be-
fore and after TBS obtained from the same cell
and values between two groups of cells were compared with paired and
unpaired t test, respectively, when the values showed the normal distri-
bution. The statistical evaluation of normal distribution was made using
the Kolmogorov–Smirnov test. In case the distribution of values was not
normal, a nonparametric test (Mann–Whitney U test) was used.

Results
Properties of cortical GABAergic neurons of GAD67-GFP
knock-in mice
In slices prepared from the visual cortex of GAD67-GFP
knock-in type of transgenic (TG) mice, GFP-positive neurons
were scattered in the cortex under a fluorescence microscope, as
reported previously (Jiang et al., 2004). It was demonstrated that
almost all of these GFP-positive neurons are GABAergic (Tama-
maki et al., 2003).

As mentioned in the Introduction, GABAergic neurons are
classified into various groups on the basis of morphological, elec-
trophysiological and neurochemical properties. In the present
study we simply classified GABAergic neurons into FS and
non-FS neurons, based on electrophysiological properties, as re-
ported previously (Kawaguchi and Kubota, 1997; Markram et al.,

2004). As exemplified in Figure 1B, 19 of the 36 GFP-positive
cells to which depolarization pulses were applied generated fast-
rising and -decaying spikes at regular intervals without clear ac-
commodation. These cells are called FS-GABA neurons. Mor-
phologically these cells were basket cells (Fig. 1A), and
immunohistochemically PV positive, as reported previously
(Kawaguchi and Kubota, 1997; Markram et al., 2004). Twenty-
seven of the 29 immunohistochemically stained FS-GABA neu-
rons were positive to anti-PV antibody (supplemental Fig. 1,
available at www.jneurosci.org as supplemental material). The
other group of GFP-positive neurons did not generate action
potentials at such a regular interval, but showed a marked after-
hyperpolarization (Fig. 1F), which is one of characteristic prop-
erties of GABAergic neurons (Markram et al., 2004). Thus, these
neurons are called non-FS-GABA neurons. Morphologically
these cells were bitufted or bipolar cells (Fig. 1E), as reported
previously (Kawaguchi and Kubota, 1997; Markram et al., 2004).

Then, we checked whether GFP-positive, FS-GABA neurons
in the visual cortex of TG mice have membrane properties differ-
ent from those of FS-GABA neurons in the visual cortex of WT

Figure 1. Fast-spiking and non-fast-spiking GABAergic neurons and LTP of excitatory synapses on the former type of neurons.
A, E, Biocytin images of fast-spiking and non-fast-spiking GABAergic neurons, respectively, in layer II/III of the visual cortex of
GAD67-GFP knock-in mice. Scale bar, 50 �m. B, F, Representative train of action potentials of fast-spiking and non-fast-spiking
GABAergic neurons, respectively, evoked by the current injection of 200 pA for 500 ms. Rectangular areas are shown at an
expanded time scale in the right. C, G, Time courses of EPSP slopes of fast-spiking and non-fast-spiking GABAergic neurons,
respectively. Insets, superimposed traces of EPSPs before (a) and 20 –25 min after the application of TBS (b). Each trace is an
average of 15 consecutive EPSPs. The part of initial onset and peak of EPSPs is shown in the right at the expanded time scale. D, H,
Time courses of the mean EPSP slopes of 19 fast-spiking and 17 non-fast-spiking neurons. The slope was normalized to the value
before TBS. Vertical bars indicate mean � SEMs.
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mice. As will be described below, we focused our analysis on
excitatory synapses to FS-GABA neurons in the present study.
Thus, we measured the resting membrane potential and input
resistance and then the frequency and amplitude of spontaneous
EPSCs and their rising and decaying times of 25 GFP-positive,
FS-GABA cells in slices of TG mice and 14 FS-GABA cells in slices
of WT mice. These 14 cells were judged as FS-GABA neurons,
based on the criteria described above. As summarized in Tables 1
and 2, we did not find any significant difference in these proper-
ties between FS-GABA neurons of the TG and WT mice ( p � 0.1,
unpaired t test). Therefore, it seems reasonable to conclude that
membrane properties of FS-GABA neurons in the visual cortex of
GAD67-GFP knock-in mice are not different from those of WT
mice.

Robust LTP was induced at excitatory synapses on FS-GABA
neurons, but not at non-FS-GABA neurons
In GFP-positive neurons, test stimulation of layer IV at 0.05 Hz
elicited synaptic potentials with a rapid decay (Fig. 1C, traces).
Such a rapid decay was also reported in unitary EPSPs at hip-
pocampal interneuron synapses (Geiger et al., 1997). The onset
latency of these synaptic potentials was measured from the center
of the stimulus artifacts to the onset of averaged potentials (Alle et
al., 2001). The mean onset latencies for the 19 FS-GABA neurons
were 1.77 � 0.08 ms. Such a short latency and a very small fluc-
tuation of the latency (usually within 0.1 ms) indicated that the
synaptic potentials were elicited monosynaptically. These poten-
tials were almost completely blocked by simultaneous applica-
tion of CNQX and APV, antagonists for glutamate receptors of
the AMPA and NMDA types, respectively. In our previous study,
it was also confirmed that these responses were still evoked in the
presence of picrotoxin, a GABAA antagonist (Jiang et al., 2004).
These results altogether indicated that the potentials evoked by
test stimulation of layer IV were EPSPs mediated by glutamate. If
a sign of run down of EPSPs or a marked change in input and/or
series resistances of the recording system were detected, the re-
cordings were stopped and the data obtained were discarded. In
almost all cases which will be reported below, thus, GFP-positive
cells did not show any significant run-down of EPSPs. The mean
ratio of EPSP slope 40 min after the initiation of recording to the
initial 10 min value for seven cells in which the measurement was
made was 1.01 � 0.05.

After recordings of baseline responses for at least 10 min, we
applied TBS, which was paired with postsynaptic depolarization
to 0 mV for 30 s, in the voltage-clamp mode. We found that such
paired TBS induced persistent potentiation (� 20 min) of EPSPs
in most of the FS-GABA neurons (Fig. 1C). Such a persistent
potentiation of EPSPs was defined as LTP when the initial, rising
slope of EPSPs 20 –25 min after TBS was significantly ( p 
 0.05,
paired t test) larger than that of the baseline value. Then, we
found that the proportion of FS-GABA neurons which showed
LTP was higher than that of non-FS-GABA neurons: significant
LTP was induced in 14 of 19 FS cells, whereas it was induced only
in 6 of 17 non-FS cells in TG mice (Fig. 2, left two columns). This
difference in the probability of LTP induction between the two
groups of cells was evaluated with the Mann–Whitney U test, and
was confirmed to be significant at p 
 0.05. In WT also, signifi-
cant LTP was induced in seven of nine FS cells, whereas it was
induced only in 3 of 10 non-FS cells (Fig. 2, right two columns).
The difference between these two probabilities was again signifi-
cant ( p 
 0.05, Mann–Whitney U test).

The immunoreactivity to antibody against PV was tested in
the small number of cells after prolonged (� 40 min) recordings,

because the immunoreactivity was often weakened or lost from
the soma of recorded cells after whole-cell patch-clamp recording
for such a long time. In TG mice, three of the four FS-GABA
neurons that were PV positive showed significant LTP.

In Figure 1, D and H, it was also evident that the magnitude of
changes in EPSPs was significantly different between FS-GABA
and non-FS-GABA neurons. In the 19 FS neurons of TG mice the
mean ratio of the EPSP slope 20 –25 min after paired TBS was
1.65 � 0.10 to the baseline value, whereas it was 1.20 � 0.06 in the
17 non-FS neurons (Fig. 2, left two columns). The difference
between these two values was statistically significant ( p 
 0.001,
unpaired t test). Such a difference in the magnitude of the change
in EPSPs was seen also in WT mice. The mean ratio of the EPSP
slope after TBS to the baseline value was 1.57 � 0.14 (n � 9) in FS
cells whereas it was 1.12 � 0.03 (n � 10) in non-FS cells (Fig. 2,
right two columns). The difference was again significant ( p 

0.05, unpaired t test). Because significant LTP was induced reli-
ably in FS-GABA neurons but not so in non-FS-GABA neurons,
the further analysis of mechanisms underlying LTP was made
mostly in the former group of GABAergic neurons. Also we
found that the magnitude and time course of LTP of FS-GABA
neurons were similar to those seen in pyramidal neurons (sup-
plemental Fig. 2, available at www.jneurosci.org as supplemental
material).

Then, we tested whether TBS without postsynaptic depolar-
ization could induce LTP of EPSPs in FS-GABA neurons in TG
mice. For this the membrane potential of 17 GFP-positive FS cells
was clamped at �70 mV during TBS of layer IV. We found that
TBS without postsynaptic depolarization did not induce long-
lasting enhancement of EPSPs in most cases (supplemental Fig.
3A, available at www.jneurosci.org as supplemental material).
Significant LTP was induced only in 6 of the 17 cells by TBS
without postsynaptic depolarization. The mean ratio of the EPSP
slope 20 –25 min after TBS to the baseline value was 1.22 � 0.12
in these 17 cells. This value was significantly ( p 
 0.05, unpaired
t test) smaller than that (1.62 � 0.12) of the 12 control cells, in
which TBS was associated with postsynaptic depolarization.
Next, we tested another possibility that postsynaptic depolariza-
tion per se might induce potentiation of EPSPs in FS-GABA neu-

Figure 2. Potentiation of EPSP is larger at FS-GABA neurons than non-FS-GABA neurons in
GAD67-GFP knock-in and wild-type mice. The EPSP slope 20 –25 min after TBS was normalized
to that before TBS for each cell. Horizontal and vertical bars indicate mean � SEMs. Asterisks
indicate a statistically significant difference at ***p 
 0.001 and *p 
 0.05 (unpaired t test).
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rons in TG mice. To test this possibility, the membrane potential
of GFP-positive FS cells was depolarized to 0 mV for 1.5 min
without TBS stimulation of layer IV. Such a postsynaptic depo-
larization alone did not induce any potentiation of EPSPs in these
cells. The mean ratio of the EPSP slope 20 min after depolariza-
tion to the baseline value was 1.06 � 0.01 (n � 8).

LTP of excitatory synapses on FS-GABA neurons is not age
dependent after eye opening
To examine whether there are developmental changes in the in-
ducibility of LTP or the magnitude of LTP of excitatory synapses
on FS-GABA neurons, we plotted changes in the initial slope of
EPSPs 20 –25 min after TBS versus the age of the animals (Fig. 3).
As seen in this figure, several FS-GABA neurons did not show
significant LTP at P12–P15 (just before or at the day of eye open-
ing), and then robust LTP was induced in almost all of FS-GABA
neurons at P17–P21. The difference in the mean value between
P12 and P13 and P15 and P16 was significant ( p 
 0.05, unpaired
t test). After P17 the magnitude of LTP, on average, remained at
the nearly same level without obvious decay with age. These re-
sults indicate that LTP of excitatory synapses on FS-GABA neu-
rons is not age dependent, at least during the period from P17
to P43.

Expression of LTP of excitatory synapses on FS-GABA
neurons is mainly postsynaptic in origin
To determine whether LTP of excitatory synapses on FS-GABA
neurons is expressed presynaptically or postsynaptically, we ini-
tially analyzed the paired-pulse ratio (PPR) of EPSPs. In a FS-
GABA neuron shown in the top of Figure 4A, both EPSPs evoked
by paired pulse stimulation at an interval of 100 ms were en-
hanced in parallel after TBS so that PPR was not obviously
changed. Although a few cells showed an increase and another
few cells showed a decrease in PPR, the mean PPRs of the 11 cells
tested were not significantly changed after the induction of LTP
(Fig. 4A). The mean PPR before TBS was 0.81 � 0.04 and that
after the induction of LTP was 0.75 � 0.04. These two values were
not significantly different ( p � 0.1, paired t test). This result

suggests that LTP may not be ascribable to changes in presynaptic
sites (Zucker, 1989).

To further address the presynaptic and postsynaptic issue, we
next made the CV analysis (Faber and Korn, 1991; Sjöström et al.,
2003). On the basis of a binomial model of synaptic transmission,
functional changes in presynaptic sites are expected to be accom-
panied by a change in the CV of synaptic responses: the values of
CV�2 that are plotted against the change in efficacy could be on
the diagonal line, if the release probability is very low. However, if
changes are located purely in postsynaptic sites, the values should

Figure 3. LTP of excitatory synapses on FS-GABA neurons is not age dependent after eye
opening. The ratio of the EPSP slope 20 –25 min after TBS to that before TBS is plotted for each
cell at the postnatal age indicated on abscissa. Error bars indicate means � SEMs of each age
group. The values are 1.17 � 0.24 (n � 7) at P12–P13, 1.54 � 0.17 (n � 7) at P14, 1.77 �
0.13 (n � 14) at P15–P16, 1.92 � 0.16 (n � 6) at P17–P18, 2.08 � 0.12 (n � 8) at P19 –P22,
1.85 � 0.17 (n � 6) at P27–P30, 1.84 � 0.25 (n � 6) at P35, 1.78 � 0.19 (n � 6) at
P39 –P41, and 1.69 � 0.16 (n � 5) at P43.

Figure 4. LTP of excitatory synapses on FS-GABA neurons is mainly postsynaptic in origin. A,
Top, examples of EPSPs evoked by paired-pulse stimuli at an interval of 100 ms before and after
the induction of LTP of excitatory synapses on a FS-GABA neuron. Averages of 15 consecutive
sweeps. In the bottom graph, the values of paired-pulse ratio before and after the induction of
LTP are connected for each of 11 cells. Filled circles and vertical bars indicate means � SEMs. B,
CV analysis of changes in EPSPs after the induction of LTP. Twenty-one FS-GABA neurons were
selected for this analysis, because they showed significant LTP. Filled circle and vertical and
horizontal bars indicate mean � SEMs, which were 1.02 � 0.14 for the normalized value of
CV �2 and 1.71 � 0.08 for the normalized mean value.
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be located on the horizontal line of 1.0. As shown in Figure 4B,
the values of 17 of the 21 FS-GABA neurons that showed signif-
icant LTP were located below the diagonal line. Only four cells
were located above or on the diagonal line. Also, it is to be noted
that the mean value of the normalized CV�2 for the 21 neurons
was very close to 1.0. These results altogether suggest that LTP of
excitatory synapses on most FS-GABA neurons is expressed
postsynaptically, although we cannot exclude the presynaptic or
mixed presynaptic and postsynaptic changes in a fraction of FS-
GABA neurons.

LTP of excitatory synapses on FS-GABA neurons is
postsynaptic Ca 2� dependent
Then, we addressed the question of whether the induction of LTP
of excitatory synapses on FS-GABA neurons is dependent on an
increase in Ca 2� in postsynaptic sites, as reported in excitatory
synapses on pyramidal cells. To answer this question, postsynap-
tic FS-GABA neurons were filled with a Ca 2� chelator, BAPTA,
through recording pipettes. The concentration of BAPTA in the
pipettes was 10 mM and recordings were not initiated until at least
5 min after rupture of cell membrane to allow BAPTA to spread
in the neurons. An example of EPSPs obtained from a BAPTA-
filled FS-GABA neuron is shown in Figure 5 (top right). In this
neuron TBS paired with postsynaptic depolarization did not ob-
viously enhance EPSPs. However, the same parameter of TBS
induced robust LTP of EPSPs in a control FS-GABA neuron (Fig.
5, top left). Group data obtained from 8 BAPTA-filled FS-GABA
neurons are shown together with those of 11 control FS-GABA

neurons (Fig. 5, bottom graph). The mean slope of EPSPs 20 –25
min after TBS in the 8 BAPTA-filled neurons was 1.06 � 0.06,
whereas it was 1.47 � 0.09 in the 11 control neurons. The differ-
ence between these two values was statistically significant ( p 

0.001, unpaired t test). These results indicate that an elevation of
Ca 2� in postsynaptic FS-GABA neurons is necessary to induce
LTP of excitatory synapses on these neurons.

LTP of excitatory synapses on FS-GABA neurons is NMDAR
independent
In excitatory synapses on pyramidal cells in the visual cortex, it is
well known that an increase in postsynaptic Ca 2� through acti-
vated NMDAR channels is necessary to induce LTP (Artola and
Singer, 1987; Kimura et al., 1989). As mentioned above, the
postsynaptic Ca 2� elevation may be necessary for the induction
of LTP at excitatory synapses on FS-GABA neurons. Thus, we
examined whether the activation of NMDAR is also necessary for
the induction of LTP of excitatory synapses on FS-GABA neu-
rons, using an antagonist for NMDAR, APV. As shown in Figure
6A, APV did not significantly reduce the magnitude of LTP of
excitatory synapses on FS-GABA neurons. The mean ratio of
EPSP slope 20 –25 min after TBS to that before TBS was 1.37 �
0.09 (n � 14) with APV whereas it was 1.50 � 0.11 (n � 11)
without APV. The difference between these two values was not
significant ( p � 0.1, unpaired t test). This result indicated that
LTP of excitatory synapses on FS-GABA neurons may be
NMDAR independent.

To test the possibility that APV might not effectively block
NMDAR in the present preparations, we recorded EPSPs from
pyramidal cells and applied TBS paired with postsynaptic depo-

Figure 5. Blockade of the induction of LTP by postsynaptic filling with BAPTA. Top, super-
posed traces of EPSPs before (a) and 20 –25 min after TBS (b). Left, EPSPs recorded from a
control FS-GABA neuron. Right, EPSPs recorded from a FS-GABA neuron, which was filled with
BAPTA. The concentration of BAPTA in recording pipettes was 10 mM. Each trace is an average of
15 consecutive EPSPs. The part of initial onset and peak of EPSPs is shown in the upper, right at
the expanded time scale. Bottom, time course of the mean EPSP slopes of 11 control cells and
eight BAPTA-filled cells. The value was normalized to that before TBS. Other conventions are the
same as those in Figure 1 D.

Figure 6. LTP of EPSPs of FS-GABA neurons is not dependent on the activation of NMDAR,
whereas that of pyramidal neurons is dependent. A, Time courses of the mean EPSP slopes of 11
control FS-GABA neurons and 14 FS-GABA neurons to which APV (100 �M) was applied. The
slope value was normalized to the pre-TBS value. Other conventions are the same as Figure 1 D.
B, Time courses of the mean EPSP slopes of 8 control pyramidal cells and another eight pyrami-
dal cells to which APV (100 �M) was applied. Other conventions are the same as those in A.

Sarihi et al. • LTP of Excitatory Synapses on GABA Neurons J. Neurosci., January 30, 2008 • 28(5):1224 –1235 • 1229



larization with the same parameters as that for FS-GABA neu-
rons. As shown in Figure 6B, LTP was not induced in pyramidal
cells when APV was applied. The mean ratio of EPSP slope 20 –25
min after TBS to that before TBS was 1.53 � 0.09 (n � 8) without
APV whereas it was 1.02 � 0.05 (n � 8) with APV. The difference
between these two values was significant ( p 
 0.001, unpaired t
test).

LTP of excitatory synapses on FS-GABA neurons is not
dependent on voltage-gated Ca 2� channels of L and T types
As mentioned in the Introduction, there are some reports sug-
gesting that different types of voltage-gated Ca 2� channels are
involved in the induction and maintenance of NMDAR-
independent LTP of excitatory synapses on pyramidal cells in the
visual cortex. This raises the following questions: are voltage-
gated Ca 2� channels involved in LTP of excitatory synapses on
FS-GABA neurons? If so, what types of channels are involved? To
address these questions, we applied nimodipine at 10 �M as a
blocker for the L type of channels (Castillo et al., 1994; Kapur et
al., 1998), and NiCl2 at 100 �M as a blocker for the T type of
channels (Fox et al., 1987; Komatsu and Iwakiri, 1992). Because
this concentration of Ni 2� might not selectively block the T type
of channels, we also used mibefradil dihydrochloride at 100 �M

(Martin et al., 2000; Cui et al., 2004) as another blocker for T type
channels. We did not systematically examine blockers for the N
and P/Q types of Ca 2� channels, because these channels are re-
ported to operate primarily in presynaptic sites (Wu and Saggau,
1994; Qian and Noebels, 2001) and, thus, the application of
blockers for these channels are expected to block synaptic trans-
mission itself.

Initially we observed that an application of nimodipine
slightly depressed EPSPs in all of the cells tested. The application
of NiCl2 and mibefradil also depressed EPSPs in a half of the cells
tested. In such a case the intensity of test stimulation was in-
creased so that the amplitude and slope of EPSPs were adjusted to
attain the initial values (supplemental Fig. 3B, available at www.
jneurosci.org as supplemental material). Then we applied TBS
paired with postsynaptic depolarization. As shown in Figure 7A,
the application of nimodipine did not significantly reduce the
magnitude of LTP of excitatory synapses on FS-GABA neurons.
The mean ratios of EPSP slopes 20 –25 min after TBS to those
before TBS were 1.50 � 0.10 in the control (n � 7) and 1.58 �
0.16 with nimodipine (n � 11). The difference between these two
values was not significant ( p � 0.1, unpaired t test). Also, neither
NiCl2 nor mibefradil significantly reduced the magnitude of LTP
of excitatory synapses on FS-GABA neurons (Fig. 7A). The mean
ratios of EPSP slopes 20 –25 min after TBS to those before TBS
were 1.56 � 0.22 in the control for NiCl2 (n � 6), 1.58 � 0.12
with NiCl2 (n � 9), 1.56 � 0.17 in the control for mibefradil (n �
8), and 1.51 � 0.15 with mibefradil (n � 9). In either test the
difference was statistically insignificant ( p � 0.1, unpaired t test).
These results indicate that LTP of excitatory synapses on FS-
GABA neurons may not be dependent on the activation of the L-
and T-types of voltage-gated Ca 2� channels.

LTP of excitatory synapses on FS-GABA neurons is mGluR5
dependent, but not mGluR1 dependent
The results that neither NMDAR nor L and T types of Ca 2�

channels were involved in LTP of excitatory synapses on FS-
GABA neurons suggest that mGluRs may play a role in this type
of LTP. In fact, a bath application of a selective antagonist for the
type 5 of mGluRs, MPEP at 10 �M (Blaabjerg et al., 2001),
blocked LTP of excitatory synapses on FS-GABA neurons (Fig.

7B, left two columns). The mean ratios of EPSP slope 20 –25 min
after TBS to those before TBS were 1.05 � 0.05 with MPEP (n �
13) and 1.58 � 0.10 with vehicle alone (n � 10). The difference
between these two values was statistically significant ( p 
 0.001,
unpaired t test). However, a selective antagonist for the type 1 of
mGluRs, LY367385 at 100 �M (Wang and Daw, 2003) did not
significantly block LTP of excitatory synapses on FS-GABA neu-
rons (Fig. 7B, right two columns). The mean ratios of EPSP slopes
were 1.53 � 0.06 with LY367385 (n � 10) and 1.49 � 0.12 with
DMSO alone (n � 9). The difference between these two values
was not significant ( p � 0.1, unpaired t test). These results indi-
cate that LTP of excitatory synapses on FS-GABA neurons may be
mGluR5 dependent, but not mGluR1 dependent.

An agonist for mGluR1/5 induces potentiation of EPSPs of
FS-GABA neurons in a concentration-dependent manner
Then we tested whether an activation of mGluR5 potentiates
EPSPs of FS-GABA neurons in an LTP-like manner. For this we
used DHPG, a potent agonist for group I mGluRs (both mGluR1
and mGluR5) (Ito et al., 1992). As shown in Figure 8A, DHPG at
100 �M markedly enhanced EPSPs and this enhancement re-

Figure 7. LTP of excitatory synapses on FS-GABA neurons is dependent on mGluR5, but not
on voltage-gated Ca 2� channels of L- and T-types. A, Blockers for the L- and T-types of voltage-
gated Ca 2� channels did not affect LTP of excitatory synapses on FS-GABA neurons. Each
column shows the mean EPSP slope of control neurons (open columns) and neurons to which
indicated blockers were applied (hatched columns). The number of cells for each group is shown
at the top. The value 20 –25 min after TBS was normalized to the pre-TBS value. The concen-
trations of nimodipine, NiCl2 and mibefradil were 10, 100 and 100 �M, respectively. B, An
antagonist for mGluR5 (MPEP) (10 �M) blocked LTP, whereas an antagonist for mGluR1
(LY367385) (100 �M) did not block LTP of excitatory synapses on FS-GABA neurons. Significant
difference, ***p 
 0.001 (unpaired t test).
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mained 35 min after washout of DHPG. The mean ratio of EPSP
slope 20 –25 min after washout to that before the DHPG applica-
tion was 1.73 � 0.16 (n � 7). Such an enhancing action of DHPG
on EPSPs of FS-GABA neurons was concentration dependent
(Fig. 8B). DHPG was not effective at the concentration of 25 �M,
and became weakly effective at 50 �M and fully effective at 100
�M. In the subsequent experiments, therefore, we used DHPG at
100 �M. Then we applied DHPG together with LY367385, be-
cause there is the possibility that DHPG activates mGluR1 as well
as mGluR5. We found that the additional application of this se-
lective antagonist for mGluR1 did not significantly affect the en-
hancing action of DHPG (supplemental Fig. 3C, available at
www.jneurosci.org as supplemental material). This suggests that
the enhancement of EPSPs of FS-GABA neurons by DHPG is
mainly induced through its action on mGluR5 in the mouse vi-
sual cortex.

In contrast to FS-GABA neurons, EPSPs of pyramidal cells
were not sensitive to DHPG (Fig. 8A). The application of DHPG
did not detectably change EPSPs of pyramidal cells, and the mean

ratio of the EPSP slope of eight pyramidal cells 20 –25 min after
washout to that before the DHPG application was 1.02 � 0.06
(Fig. 8B, rightmost column). This result confirmed the previous
observations that mGluRs are not directly involved in LTP of
EPSPs of pyramidal cells in the visual cortex.

Activation of mGluRs with synaptic inputs may be sufficient
to induce LTP of EPSPs of FS-GABA neurons
To answer the question of whether an activation of mGluRs with
synaptic inputs is sufficient to induce LTP of excitatory synapses
on FS-GABA neurons, we performed the occlusion test. As
shown in Figure 9A, DHPG (100 �M), which was applied 20 min
after the induction of LTP by TBS, did not further enhance EP-
SPs. There was no significant ( p � 0.1, unpaired t test) difference
between the two groups 10 min after washout of DHPG (in TBS
only, 1.79 � 0.11, n � 14, and in TBS plus DHPG, 1.69 � 0.14,
n � 8). Also, TBS which was applied 15 min after washout of
DHPG did not induce LTP (Fig. 9B). Again there was no signifi-
cant difference ( p � 0.1, unpaired t test) between the two groups
10 min after TBS application (in DHPG only, 1.70 � 0.24, n � 7,
and in DHPG plus TBS, 1.77 � 0.08, n � 9). These results indi-

Figure 8. An agonist for mGluR1/5 induces LTP-like potentiation of EPSPs of FS-GABA neu-
rons in a concentration-dependent manner. A, Time courses of EPSP slope of 7 FS-GABA and 8
pyramidal neurons after application of DHPG. At the top are shown superimposed traces of
EPSPs of a FS-GABA neuron (left) and a pyramidal neuron (right) at the time point indicated in
the bottom graph with the same letter. Each trace is an average of 15 consecutive EPSPs. The
part of initial onset and peak of EPSPs is shown in the top right at the expanded time scale. B,
four open columns indicate the mean EPSP slope 20 –25 min after washout of DHPG in FS-GABA
cells for each DHPG concentration, and a filled column at the right indicates the mean EPSP slope
20 –25 min after washout of DHPG in pyramidal cells. The value after washout of DHPG was
normalized to the preapplication value. The number of cells for each group is shown at the top
of each column.

Figure 9. Activation of mGluR1/5 and TBS occludes each other. A, Time courses of EPSP
slopes of 14 FS-GABA neurons to which TBS alone was given and 8 FS-GABA neurons to which
DHPG (100 �M) was applied 20 min after TBS. Other conventions are the same as those in Figure
1 D. B, Time courses of EPSP slopes of 7 FS-GABA neurons to which DHPG (100 �M) alone was
given and nine FS-GABA neurons to which TBS was applied 15 min after washout of DHPG. Other
conventions are the same as those in Figure 1 D. C, Time courses of EPSP slopes of eight FS-GABA
neurons to which DHPG (100 �M) was applied while test stimulation at 0.05 Hz was continued
and seven FS-GABA neurons to which DHPG was applied without any test stimulation. Other
conventions are the same as those in Figure 1 D.
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cate that TBS-induced LTP and DHPG-induced potentiation of
EPSPs occluded each other, and the activation of mGluRs may be
sufficient for the induction of LTP of excitatory synapses on FS-
GABA neurons.

Then, we addressed another question of whether the enhanc-
ing effect of DHPG is synaptic input dependent. To address this
question, test stimulation was not given during the application of
DHPG (Fig. 9C). FS-GABA neurons in the control group re-
ceived baseline stimulation at 0.05 Hz during the application of
DHPG. As shown in Figure 9C, the EPSP slopes after DHPG
application were not potentiated when baseline stimulation was
stopped, whereas they were clearly enhanced when baseline stim-
ulation was given continuously. The mean ratios of EPSP slope 20
min after washout of DHPG was 1.03 � 0.15 (n � 7) without
baseline stimulation and 1.60 � 0.14 (n � 8) with baseline stim-
ulation during the DHPG application. The difference between
these two values was significant ( p 
 0.01, unpaired t test).

Involvement of the PLC-IP3 system in LTP of excitatory
synapses on FS-GABA neurons
We then addressed the question of what intracellular signaling
pathways are involved in mGluR5-mediated LTP of excitatory
synapses on FS-GABA neurons in the visual cortex. To address
this question we initially applied an inhibitor for PLC, U-73122 at
10 �M (Choi et al., 2005). We found that this inhibitor blocked
LTP of EPSPs of FS-GABA neurons, but not that of pyramidal
cells (Fig. 10, left four columns). The mean ratios of EPSP slope
20 –25 min after TBS to those before TBS were 1.01 � 0.15 with
U-73122 (n � 7) and 1.48 � 0.10 without U-73122 (n � 9) in
FS-GABA neurons. The difference between these two values was
significant ( p 
 0.05, unpaired t test). In pyramidal cells, how-
ever, this inhibitor was not effective. The values with and without
U-73122 were 1.61 � 0.16 (n � 7) and 1.66 � 0.21 (n � 7),
respectively. The difference was not significant ( p � 0.1, un-
paired t test).

Then we used IP3 inhibitors, 2-APB (Maruyama et al., 1997)

and heparin (Nilsson et al., 1988), to address the question of
whether IP3 produced by the activation of PLC is involved in LTP
of excitatory synapses on FS-GABA neurons. For this we loaded
these inhibitors into postsynaptic neurons through recording pi-
pettes, and found that both inhibitors blocked LTP. In case of
2-APB, DMSO was added to the internal solution as vehicle. As
shown in Figure 10 (fifth column from the left), DMSO had no
effect on LTP. The mean ratio of EPSP slope 20 –25 min after the
application of TBS to the pre-TBS value was 1.48 � 0.12 (n � 8)
with DMSO, and this value was not significantly ( p � 0.1, un-
paired t test) different from that of control for U-73122. With
2-APB the mean ratio of EPSP slope was 0.87 � 0.06 (n � 7),
which was significantly ( p 
 0.01, unpaired t test) smaller than
that with DMSO alone. The intracellular loading of heparin also
blocked the induction of LTP. The mean ratio of EPSP slope after
TBS application to the pre-TBS value with heparin was 0.95 �
0.11 (n � 7), which was significantly ( p 
 0.01, unpaired t test)
smaller than that with the vehicle alone (1.48 � 0.10). Finally, we
applied CPA, an inhibitor of Ca 2� release from internal stores
(Garaschuk et al., 1997). The bath application of CPA at 5 �M

blocked LTP of EPSPs of FS-GABA neurons, but the application
of the vehicle alone had no effect. The mean ratios of EPSP slope
after TBS to those before TBS were 1.05 � 0.09 with CPA (n � 9)
and 1.52 � 0.11 with vehicle (n � 9). The difference between
these two values was significant ( p 
 0.01, unpaired t test). These
results indicate that mGluR5-dependent LTP is induced through
the pathway of PLC, IP3, and Ca 2� release from internal stores.

Discussion
The main findings in the present study are as follows: (1) LTP of
excitatory synapses on FS-GABA neurons in layer II/III of the
visual cortex was induced by TBS of layer IV in most cases,
whereas significant LTP was not induced at most excitatory syn-
apses on non-FS-GABA neurons. (2) LTP of excitatory synapses
on FS-GABA neurons was not age dependent after eye opening.
(3) This form of LTP was neither dependent on NMDARs nor on
voltage-gated Ca 2� channels of L and T types, which are involved
in the other form of LTP of excitatory synapses on pyramidal
neurons in the cortex. 4. LTP at FS-GABA neurons was induced
mainly through mGluR5, which triggers a Ca 2� release from
internal stores via the activation of PLC and IP3.

Types of GABAergic neurons and LTP at fast-spiking cells
In layer II/III of the rat visual cortex it was reported that subtypes
of inhibitory interneurons receive excitatory afferent inputs from
different sources: FS basket cells receive strong excitatory inputs
from layer IV, whereas non-FS inhibitory interneurons receive
their strongest inputs from deep layers or laterally from within
layer II/III (Dantzker and Callaway, 2000). In the somatosensory
cortex it was also reported that there is a difference in sources of
excitatory inputs between the FS and non-FS types of inhibitory
interneurons (Beierlein et al., 2003). Thus, the difference in the
probability for TBS of layer IV to induce LTP between the FS- and
non-FS-GABA neurons in the present study may be accounted
for by the difference in sources of excitatory inputs between the
two types of GABAergic neurons in layer II/III of the mouse
visual cortex. The relatively low probability for non-FS-GABA
neurons to show significant LTP may be ascribable to the low
modifiability of excitatory synapses on this type of GABAergic
neurons.

It was suggested that different subgroups of GABAergic neu-
rons play a specialized functional role in cortical neuronal cir-
cuits. For example, FS basket cells, which have axons spreading

Figure 10. Involvement of the system of PLC, IP3 , and Ca 2� release from internal stores in
LTP of excitatory synapses on FS-GABA neurons. Inhibitors for PLC (U-73122), for IP3 (2-APB and
heparin), and for Ca 2� release from internal stores (CPA) blocked LTP of excitatory synapses on
FS-GABA neurons, but the inhibitor for PLC failed to block LTP of excitatory synapses on pyra-
midal cells. The concentrations of U-73122, 2-APB, heparin and CPA were 10 �M, 3 �M, 10
U/ml, and 5 �M, respectively. Each column shows the mean EPSP slope of control neurons (open
columns) and neurons to which indicated inhibitors were applied (hatched columns). The num-
ber of cells for each group is shown at the top. The value 20 –25 min after TBS was normalized
to the pre-TBS value. Significant difference, *p 
 0.05 and **p 
 0.01 (unpaired t test).
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horizontally within layer II/III of the cortex and terminating pre-
dominantly on the somata and proximal dendrites of pyramidal
neurons effectively inhibit these neighboring pyramidal neurons
in layer II/III when activated from layer IV (Kisvarday et al., 1985;
Somogyi et al., 1996; Tamas and Somogyi, 1998; Gibson et al.,
1999; Dantzker and Callaway, 2000). In contrast, non-FS inhibi-
tory interneurons in layer II/III of the cortex predominantly tar-
get other inhibitory interneurons in the same layer (Meskenaite,
1997; Gonchar and Burkhalter, 1999) and they may play a role in
blockade of inhibitory circuits. In particular, it is suggested that
PV-positive, FS basket cell control synchronized outputs of cor-
tical principal cells because of the specific innervation pattern on
pyramidal cell bodies (Cobb et al., 1995; Kawaguchi and Kubota,
1997) or the interconnectivity between those GABAergic neurons
through electrical and chemical synapses (Galarreta and Hestrin,
2002). Thus, LTP of excitatory synapses on FS-GABA neurons
and subsequent potentiation of activity of these cells may play a
role in enhancement or maintenance of synchronized activity of
cortical pyramidal neurons (Kawaguchi, 2001; Freund, 2003),
although inhibitory synapses between GABAergic neurons may
also contribute to such synchronization.

Associative induction and expression site of LTP
It was reported previously that LTP of excitatory synapses on
interneurons in the stratum oriens/alveus of the rat hippocampus
was not induced by high-frequency stimulation (HFS) paired
with postsynaptic depolarization, but induced by unpaired HFS
(Lamsa et al., 2007). It was reported, however, that LTP at exci-
tatory synapses on basket cells in the dentate gyrus (Alle et al.,
2001) and on interneurons in the stratum oriens/alveus or radia-
tum of the rat hippocampus (Perez et al., 2001; Topolnik et al.,
2006) was induced by paired HFS. The present results in the
mouse visual cortex seem consistent with the latter three reports.
The inconsistency with the former report may be caused by the
difference in the brain regions or types of GABAergic neurons.

Regarding expression sites of LTP of excitatory synapses on
inhibitory interneurons, the previous studies in the hippocampus
reported the presynaptic expression of LTP (Alle et al., 2001;
Perez et al., 2001; Topolnik et al., 2006), although another study
reported no change in the paired-pulse ratio of EPSPs of stratum
radiatum interneurons, implicating the postsynaptic expression
(Lamsa et al., 2005). The present study suggests, for the first time
in the visual cortex, that LTP of excitatory synapses on FS-GABA
neurons in layer II/III of the cortex may be mainly postsynaptic in
origin. The difference from the above-mentioned three reports in
the hippocampus may be ascribable to the regional difference.

Distribution of mGluR5 in visual cortex
The present results suggest that LTP of excitatory synapses on
FS-GABA neurons is induced mostly through the activation of
postsynaptic mGluR5. Previous immunohistochemical studies
indeed reported that the intense expression of mGluR5 was seen
in telencephalic regions including the visual cortex of the rat
(Shigemoto et al., 1993; Romano et al., 1995). In a study using the
in situ hybridization technique, it was reported that mGluR5 sig-
nals were intensely labeled in some GABAergic neurons such as
PV-positive cells in the neocortex (Kerner et al., 1997). This is
consistent with the present results that mGluR5-mediated LTP
was induced primarily in FS-GABA neurons, which were mostly
PV positive.

However, we cannot exclude the possibility that voltage-gated
Ca 2� channels other than L and T types, such as N and/or P/Q
types, are involved, because blockers for these channels abolish

synaptic transmission itself and thus could not be tested in the
present study. It was reported that the P/Q types of voltage-gated
Ca 2� channels were expressed in the somatodendritic region of
cultured cortical GABAergic neurons (Timmermann et al.,
2002). Thus, it seems possible to take the necessity of postsynaptic
depolarization associated with TBS as suggesting that these types
of voltage-gated Ca 2� channels may be involved in part in LTP of
EPSPs of FS-GABA neurons.

mGluR5-mediated type of LTP
The contribution of NMDA receptors to LTP of excitatory syn-
apses on pyramidal cells in the visual cortex is controversial. In
recordings of cortical field potentials, which mostly reflect
summed EPSPs of many pyramidal neurons, and of single-cell
EPSPs of layer II/III neurons, it was reported that neocortical LTP
was dependent on the activation of NMDA receptors (Artola and
Singer, 1987, Kimura et al., 1989, Kirkwood et al., 1993, Wang
and Daw, 2003), whereas it was also reported that NMDAR-
independent form of LTP was induced by repetitive stimulation
of the white matter at 2 Hz for 15 min in kitten and rat visual
cortex (Komatsu et al., 1991; Ohmura et al., 2003; Yoshimura et
al., 2003; Liu et al., 2004). Regarding excitatory synapses on
GABAergic neurons, however, there was no systematic study on
LTP in visual cortex.

The present finding that the selective antagonist for mGluR5,
MPEP, blocked the induction of LTP of excitatory synapses on
FS-GABA neurons suggests that this form of LTP in layer II/III of
the mouse visual cortex is induced through an activation of
mGluR5. Also we found that a potent agonist for mGluR1/5,
DHPG, enhanced EPSPs probably through an activation of
mGluR5, and this enhancement of EPSPs and TBS-induced LTP
occluded each other. Together it seems reasonable to conclude
that LTP of excitatory synapses on FS-GABA neurons in layer
II/III of the mouse visual cortex is mediated mainly through an
activation of mGluR5. In the rat hippocampus, Topolnik et al.
(2006) reported that the activation of mGluR1/5 and subsequent
Ca 2� signaling pathways play a role in LTP of excitatory synapses
at interneurons. In the mouse visual cortex, we further identified
that mGluR5, not mGluR1, plays a role in the activation of Ca 2�

signaling pathways such as PLC, IP3 and Ca 2� release from inter-
nal stores.

Age independence of LTP of excitatory synapses on
FS-GABA neurons
The present data showed that LTP of excitatory synapses on FS-
GABA neurons was not age dependent after eye opening. In vi-
sual cortical slices of rats it was reported that LTP of layer II/III
field potentials evoked by layer IV stimulation was induced after
the critical period to the adulthood with no significant changes,
although responses evoked by white matter stimulation were age
dependent (Kirkwood et al., 1995). Subsequently, however, it was
reported that LTP of layer IV stimulation-evoked EPSPs of layer
II/III pyramidal cells in the rat visual cortex was age dependent
and thus not induced in the adult (Yoshimura et al., 2003). More
recently it was reported that LTP in the rat visual cortex had
laminar-specific critical periods: LTP of excitatory synaptic re-
sponses of layer II/III to stimulation of layer IV appeared rela-
tively late during postnatal development; its magnitude peaked
by P21 and robust LTP still remained at 6 weeks of postnatal age
(Jiang et al., 2007). The present results also showed that LTP of
excitatory synapses on FS-GABA neurons in layer II/III of the
visual cortex remained at almost the same level after the age of eye
opening to P43, suggesting that this form of LTP may be involved
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in information processing or experience-dependent modifica-
tion of neuronal circuits in both immature and mature visual
cortices.
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