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Neural activity producing a transient increase in intracellular
Ca21 concentration can induce long-term potentiation (LTP) at
visual cortical inhibitory synapses similar to those seen at various
excitatory synapses. Here we report that low-frequency neural
activity is required to maintain LTP at these inhibitory synapses.
Inhibitory responses of layer 5 cells evoked by layer 4 stimulation
were studied in developing rat visual cortical slices under a
pharmacological blockade of excitatory synaptic transmission
using intracellular and whole-cell recording methods. Although
LTP induced by high-frequency stimulation (HFS) persisted while
test stimulation was applied at 0.1 Hz, it was not maintained in
approximately two-thirds of cells after test stimulation was
stopped for 30 min. In the rest of the cells, LTP seemed to be
maintained by spontaneous presynaptic spikes, because pre-
synaptic inhibitory cells discharged spontaneously in our exper-
imental condition and because LTP was totally abolished by a
temporary application of Na1 channel blockers. Experiments

applying various Ca21 channel blockers and Ca21 chelators
after HFS demonstrated that LTP maintenance was mediated by
presynaptic Ca21 entries through multiple types of high-
threshold Ca21 channels, which activated Ca21-dependent re-
actions different from those triggering transmitter release. The
Ca21 entries associated with action potentials seemed to be
regulated by presynaptic K1 channels, presumably large-
conductance Ca21-activated K1 channels, because the appli-
cation of blockers for these channels facilitated LTP mainte-
nance. In addition, noradrenaline facilitated the maintenance of
LTP. These findings demonstrate a new mechanism by which
neural activity regulates the continuation and termination of LTP
at visual cortical inhibitory synapses.
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Activity-dependent long-term modification of synaptic transmis-
sion is thought to underlie information storage and learning
(Brown et al., 1990; Bliss and Collingridge, 1993; Hawkins et al.,
1993). Induction and maintenance phases can be distinguished in
this modification process. During the induction phase, neural ac-
tivity producing a transient increase in intracellular Ca21 concen-
tration ([Ca21]i) initiates a series of biochemical reactions that
lead to enduring modification of synaptic strength (Lynch et al.,
1983; Malenka et al., 1988). For example, at excitatory synapses in
hippocampal CA1 pyramidal cells, high-frequency stimulation
(HFS) of presynaptic fibers can produce postsynaptic Ca21 entry
through NMDA receptors, leading to long-term potentiation
(LTP) (Gustafsson and Wigstrom, 1988; Brown et al., 1990; Mad-
ison et al., 1991; Bliss and Collingridge, 1993). During the main-
tenance phase, modified synaptic strength is preserved by mecha-
nisms independent of neural activity, which have still not been
clarified sufficiently. It was proposed that NMDA receptor-
mediated postsynaptic [Ca21]i increase produces autophosphory-
lation of Ca21/calmodulin-dependent protein kinase II (CaM ki-
nase II), converting the molecule into a Ca21-independent active
form, which maintains LTP by persistent phosphorylation of its
substrates (Lisman, 1994).

LTP is also produced by HFS of presynaptic fibers in GABA-
mediated inhibitory synaptic transmission of rat visual cortex
(Komatsu and Iwakiri, 1993). This LTP is input-specific and asso-
ciative and requires postsynaptic [Ca21]i increase for induction
(Komatsu, 1994, 1996), as is the case with NMDA receptor-

dependent LTP. However, the induction of LTP lacks dependence
on postsynaptic membrane potentials, and postsynaptic [Ca21]i
increase originates from internal Ca21 stores rather than from an
extracellular source (Komatsu, 1994, 1996). The activation of
GABAB receptors, which is also required for induction, seems to
contribute to postsynaptic [Ca21]i increase by facilitating mono-
amine receptor-mediated inositol trisphosphate formation, which
produces Ca21 release from the internal stores (Komatsu, 1996).
This LTP occurs far more frequently in developing than in mature
animals (Komatsu, 1994), suggesting that it is a cellular mechanism
underlying experience-dependent development of visual respon-
siveness in cortical cells.

Although LTP at visual cortical inhibitory synapses resembles
the NMDA-receptor dependent LTP in basic properties, such as
input specificity, associativity, and involvement of postsynaptic
[Ca21]i increases in induction, the present study demonstrates that
the former is a new form of LTP, different from the latter in that
the maintenance of increased synaptic strength requires a low-
frequency firing of presynaptic cells. This maintenance is mediated
by action potential-associated presynaptic [Ca21]i increases, which
activate Ca21-dependent reactions different from those triggering
transmitter release.

MATERIALS AND METHODS
Sprague Dawley rats at postnatal ages of 20–29 d were deeply anesthetized
with isoflurane before the whole brain was removed from the skull and
immersed in an ice-cold oxygenated (95% O2 and 5% CO2) Krebs’–
Ringer’s solution containing (in mM): 124 NaCl, 5 KCl, 1.3 MgSO4, 4
CaCl2, 1.2 KH2PO4, 26 NaHCO3, and 10 glucose. Then, coronal slices of
primary visual cortex (400-mm-thick) were prepared using a Microslicer
(DTK-1000; Dosaka, Kyoto, Japan) and kept in a recovery chamber
perfused with Krebs’–Ringer’s solution at 33°C. During recording exper-
iments, the medium, maintained at 33°C, contained 100 mM DL-2-amino-
5-phosphonovaleric acid (APV), an NMDA receptor antagonist, and 40
mM 6,7-dinitroquinoxaline-2,3-dione (DNQX), a non-NMDA receptor an-
tagonist. For some experiments, the concentration of CaCl2 was altered
without changing other solutes.

Two pairs of bipolar stimulating electrodes (Fig. 1 A, s1, s2) made of
tungsten wires (diameter, 100 mm; interpolar distance, 200 mm) were
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placed in layer 4, separated from each other by ;0.5 mm. Layers 2–4 was
surgically cut between s1 and s2 to ensure that separate groups of presyn-
aptic fibers were activated. Test stimulation was applied alternately to s1
and s2 at intervals of 5 sec. As a conditioning stimulation, HFS (50 Hz, 1
sec) was applied to one of the electrodes 10 times at intervals of 10 sec. The
intensity of the test stimulation and HFS was adjusted to 1.5–2 and 5 times
the threshold intensity to evoke IPSPs, respectively.

Intracellular recording was conducted with microelectrode pipettes con-
taining 2 M K-methylsulfate (50–100 MV). The electrode was mounted on
a three-dimensional oil-driven micromanipulator (MO-103; Narishige, To-
kyo, Japan). For analysis, we selected cells with a stable resting membrane
potential hyperpolarized more than 250 mV. When the resting membrane
potential was deeper than 260 mV and consequently the amplitude of
IPSPs evoked by test stimulation was too small, the membrane potential
was depolarized by current injection through the recording electrode to
increase the IPSP amplitude. Input resistance was monitored throughout
the experiments by injecting 0.05–0.1 nA hyperpolarizing current pulses.
A bridge circuit was used to record the membrane potential while current
injection was made through the recording electrode (Axoclamp 2A; Axon
Instruments, Foster City, CA). In experiments recording spontaneous
IPSCs, whole-cell recording was made from pyramidal cells using infrared
differential contrast optics (BX50WI; Olympus Optical, Tokyo, Japan).
Patch pipettes (5–6 MV) were filled with a solution containing (in mM):
126 D-gluconate, 140 CsOH, 8 CsCl, 2 NaCl, 0.2 EGTA, 10 HEPES, 3
MgATP, and 0.5 Na2GTP, pH 7.2 with CsOH. We selected cells with a
high seal resistance (.1 GV) and a series resistance ,25 MV (15–21 MV)
for analysis. Cells were voltage clamped at 0 mV, and series resistance was
not compensated. The laminar location of the stimulating and recording
electrodes was identified on histological sections stained with cresyl violet
after the recordings, as described previously (Komatsu, 1994). Data are
expressed as mean 6 SEM, and either Student’s t test or Welch’s test was
applied.

The compounds used were obtained from the following sources: APV,
DNQX, and CHS50911 from Tocris Cookson (Bristol, UK); iberiotoxin,
tetrodotoxin (TTX), bicuculline methiodide, noradrenaline, and serotonin
from Sigma (St. Louis, MO); 4-aminopyridine, charybdotoxin,
v-conotoxin GVIA, and nifedipine from Research Biochemicals (Natick,
MA); v-agatoxin IVA from Peptide Institute (Osaka, Japan); EGTA-AM
from Calbiochem (La Jolla, CA); saxitoxin (STX) from Alexis (San Diego,
CA); and isoflurane from Abbott Laboratories (North Chicago, IL).

RESULTS
Intracellular recording studies were conducted in visual cortical
slices of developing rats at ages of postnatal 20–29 d, when LTP of
IPSP occurs frequently (Komatsu, 1994) and visual responses are
easily modified by visual experience (Fagiolini et al., 1994). IPSPs
evoked by layer 4 stimulation were recorded from layer 5 neurons
under a blockade of excitatory synaptic transmission using high
doses of the NMDA receptor antagonist APV (100 mM) and the
non-NMDA receptor antagonist DNQX (40 mM). In all the cases in
which the LTP was analyzed, sharp electrodes were used to record
IPSPs, because stable recording was possible for longer periods
compared with patch electrodes. One of two stimulating electrodes
placed in layer 4 was used to test the effect of HFS, and the other
served as a control (Fig. 1A). Synaptic strength was assessed by test

stimulation at a low frequency (0.1 Hz), which is in a range
commonly used in studies of LTP at excitatory synapses. Experi-
ments were conducted in the solution containing a high concentra-
tion (4 mM) of Ca21 (Komatsu, 1994, 1996) in which strong HFS
used in this study always (12 of 12) produced LTP lasting .120 min
as long as the recording remained stable (Fig. 1B,C).

LTP maintenance requires presynaptic action potentials
but not postsynaptic responses
To test whether neural activity is necessary to maintain LTP, test
stimulation of the conditioned pathway was stopped for 30 min
after HFS. Figure 1, D and E, illustrates cases in which stimulation
cessation was started 30 min after HFS. Before stimulation cessa-
tion, the responses for the conditioned pathway were significantly
larger ( p , 0.005) than the baseline level for all of the tested cells.
After test stimulation was resumed, potentiated responses returned
almost to the baseline level ( p . 0.2) in approximately two-thirds
of the cells (circles), whereas almost the same level of potentiation,
which was significantly larger ( p , 0.01) than the baseline, was
maintained for the rest of cells (squares). The same effect was
produced by cessation started either soon, or 30 or 120 min after
HFS as shown in Figure 2, which shows the magnitude of LTP
before and after stimulation cessation ( filled squares). No such LTP
abolition was found when test stimulation was continued (open

Figure 1. Temporary cessation of test stimulation disturbs
LTP maintenance. A, Experimental arrangement of stimulat-
ing (s1 and s2) and recording electrodes ( r), with the lef t figures
and a dashed line indicating cortical layers and surgical cuts,
respectively. B, C, LTP was maintained in cells in which test
stimulation (0.l Hz) was continued after HFS. B, Top (a) and
middle (b) traces show superimposed average (n 5 6) responses
in a cell before and after HFS for conditioned (lef t) and
unconditioned (right) pathways, respectively. Bottom traces (a,
b) are the top and middle traces superimposed. Recorded time
of the traces is indicated in C. Resting membrane potential was
254 and 255 mV before and 100 min after HFS, respectively.
Input resistance (42 MV) was unchanged before and 100 min
after HFS. C, The initial falling slope of IPSPs (percent of the
mean baseline) plotted against the time after HFS for 12 cells.
Squares and triangles (mean 6 SEM) represent responses for
conditioned and unconditioned pathways, respectively. No sig-
nificant difference ( p . 0.4; n 5 12) was found in either resting
membrane potential or input resistance before (255 6 2 mV,
44 6 4 MV) and 100 min after HFS (256 6 3 mV, 44 6 5 MV),
which was also the case for other experimental groups of cells
to which HFS was applied. D, E, Similar to B and C, but test
stimulation for the conditioned pathway (s1) was stopped for
the period indicated by the horizontal bar in E. D, Left and right
superimposed traces represent responses in two cells that did not and did maintain LTP after cessation of test stimulation, respectively. E, Squares and
circles represent responses for conditioned pathways that did (n 5 3) and did not maintain LTP (n 5 5), respectively, and triangles indicate unconditioned
pathways (n 5 8).

Figure 2. Summary of effects of test stimulation cessation on LTP. A,
Magnitude of LTP at 50–60 min after HFS in cells for which test stimu-
lation was not (open circles) and was stopped from 0 to 30 min after HFS
( filled squares). B, Magnitude of LTP ( filled squares) before (20–30 min
after HFS; lef t) and after (80–90 min after HFS; right) test stimulation
cessation (30–60 min after HFS) and those (open circles) for corresponding
values when test stimulation was not stopped. C, Similar to B, but test
stimulation was stopped from 120 to 150 min after HFS.
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circles). Once LTP was abolished, no recovery was found, although
test stimulation was continued for 30–75 min. To rule out the
possibility that cessation of the stimulation reduces test responses
irrespective of LTP, test stimulation was stopped for a separate
group of cells to which HFS was not applied. No change was found
in the responses after the stimulation cessation (99 6 3% of the
values before cessation; p . 0.3; n 5 6).

We tested the possibility that spontaneous presynaptic spikes
contributed to LTP, which persisted even after stimulation cessa-
tion, because inhibitory neurons fire spontaneously in rat somato-
sensory cortical slices even under a pharmacological blockade of
ionotropic glutamate receptors (Salin and Prince, 1996). We first
confirmed that inhibitory cells innervating layer 5 cells also dis-
charged spontaneously in our experimental conditions. For this
purpose, we tested whether spontaneous IPSCs were sensitive to a
pharmacological blockade of action potentials using the whole-cell
recording method, which is more effective in the detection of small
responses than the method using sharp electrodes. Bath application
of the Na1 channel blocker TTX (1 mM) significantly ( p , 0.05)
reduced the mean frequency of spontaneous IPSCs from 10.1 6 2.4
to 3.4 6 0.6 Hz and their mean amplitude from 21.9 6 1.7 to 14.0 6
1.2 pA in layer 5 cells (n 5 6), as shown in Figure 3, indicating that
these cells received inhibitory inputs, mediated by spontaneous
presynaptic spikes, at a frequency of ;7 Hz (3.2–14.6 Hz) on
average. Therefore, these spontaneous spikes may have contributed
to maintaining LTP during the cessation of test stimulation. This
supposition was supported by experiments in which action poten-
tials were temporarily abolished after HFS (Fig. 4A,B). We used
another sodium channel blocker, STX, instead of TTX to block
spikes, because it is washed out more rapidly than TTX (Narahashi,
1974). Test responses disappeared temporarily and returned to the
baseline level for both conditioned and unconditioned pathways
after washout at the time when LTP was still demonstrated in the
control experiment (Fig. 1C). Similarly, a temporary application of
STX also abolished the LTP, which had persisted even after the
cessation of test stimulation (Fig. 4C,D). These results indicate that
presynaptic action potentials occurring at a low frequency are
necessary to maintain LTP.

The effect of presynaptic action potentials on LTP maintenance
can be mediated by postsynaptic responses. To test this possibility,
we applied high doses of the selective GABAA receptor antagonist
bicuculline methiodide and the selective GABAB receptor antag-
onist CHS 50911 after HFS (Fig. 4E,F). IPSPs were completely
abolished by these compounds. After washout, the responses of
conditioned and unconditioned pathways returned to the respective
levels before the drug application. A comparison of unconditioned
pathway responses for GABA receptor antagonists (open triangles)
and STX ( filled triangles) in Figure 4F demonstrated that the time
course of IPSP blockade by the two treatments was almost the
same. These results suggest that the maintenance of LTP requires
neither postsynaptic responses nor activation of either GABAA or
GABAB receptors.

LTP maintenance is mediated by presynaptic Ca21 entry
through multiple types of high-threshold Ca21 channels
The above results prompted us to test the involvement of presyn-
aptic Ca21 channels in LTP maintenance. Accordingly, we applied
Ca21 channel blockers after HFS. LTP always disappeared with-
out any changes in unconditioned pathway responses after appli-
cation of 20 mM nifedipine (Fig. 5A), a selective L-type Ca21

channel blocker (Fox et al., 1987; Aosaki and Kasai, 1989). The

Figure 3. Inhibitory presynaptic cells discharge spontaneously. A–C, Spon-
taneous IPSCs recorded from a layer 5 cell, which was voltage clamped at
0 mV. Traces in A, B, and C show spontaneous postsynaptic responses in the
control solution containing both non-NMDA and NMDA receptor antag-
onists (DNQX and APV), after adding TTX (1 mM), a sodium channel
blocker, and after further addition of bicuculline methiodide (20 mM), a
GABAA receptor antagonist, respectively. D, Frequency histogram of peak
amplitudes of IPSCs, recorded from the cell shown in A and B in the
control solution (broken line) and in the presence of TTX (solid line). The
total number of events was 1290 (control) and 341 (TTX).

Figure 4. Blockade of presynaptic action potentials, but not of GABA
receptors, abolishes LTP. A, B, Effects of STX (0.1 mM), a sodium channel
blocker, on LTP maintenance (n 5 6). After LTP induction, STX was
applied for the period indicated by the horizontal bar in B. Recorded time
of traces in A is indicated in B. Squares and triangles represent responses for
conditioned and unconditioned pathways, respectively. C, D, Similar to A
and B, but STX was applied to cells (n 5 3) in which LTP was maintained
even after test stimulation for the conditioned pathway (S1 off ) was stopped
for 30 min. E, F, Similar to A and B, but selective antagonists for GABAA
receptors (bicuculline methiodide, 20 mM) and GABAB receptors (SCH
50911, 50 mM) were simultaneously applied for the period indicated by the
horizontal bar in F (n 5 6). Filled triangles in F indicate responses of
unconditioned pathways for STX application, which were obtained from the
experiments shown in B.
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same effects were produced by low doses of v-agatoxin IVA (30–50
nM), blocking selectively P-type Ca21 channels at this range of
doses (Fig. 5B) (Mintz et al., 1992; Sather et al., 1993). At a high
dose (1 mM), which also blocks Q-type Ca21 channels (Mintz et al.,
1992; Sather et al., 1993; Wheeler et al., 1994), both conditioned
and unconditioned pathway responses disappeared (Fig. 5C). Ap-
plication of a high dose of v-conotoxin GVIA (1 mM), a selective
N-type Ca21 channel blocker (Aosaki and Kasai, 1989; Plummer et
al., 1989), also abolished LTP and reduced slightly both condi-
tioned (84 6 2% of the baseline at 70–80 min after HFS; n 5 5)
and unconditioned pathway responses (80 6 2%). Although the
reduction was significant for both pathways ( p , 0.02), no signif-
icant difference ( p . 0.1) was found in the amount of reduction
between the two pathways (Fig. 5D). Application of 50 mM Ni21,
which rather selectively blocks T- and R-type Ca21 channels (Fox
et al., 1987; Narahashi et al., 1987; Zhang et al., 1993), affected
neither LTP nor baseline responses (Fig. 5E). These results indi-
cate that transmitter release is mediated mostly by Q-type and
partially by N-type Ca21 channels, whereas Ca21 entries through
P-, N-, and L-type Ca21 channels are all necessary for LTP
maintenance. We could not test the involvement of Q-type Ca21

channels in maintenance because no specific blockers are available.
It is likely that presynaptic, but not postsynaptic, high-threshold

Ca21 channels contribute to LTP maintenance, because test stim-
ulation produced only small hyperpolarizing responses in postsyn-
aptic cells and because LTP was maintained under voltage clamp at
hyperpolarized (290 mV) or very depolarized (between 120 and
140 mV) membrane potentials (Komatsu, 1994) and even under
no postsynaptic responses (Fig. 4E,F). This suggests that LTP
maintenance requires presynaptic [Ca21]i elevation. We tested this
possibility with EGTA-AM, which is membrane-permeable and
converted into EGTA, a slow Ca21 chelator, in the cytoplasm.
Bath application of the compound (2 mM) after HFS abolished LTP
without any effects on the unconditioned pathway (Fig. 5F). LTP
persisted during the whole-cell recording with patch electrodes
containing 1 mM EGTA (Komatsu, 1994, 1996). These results are
consistent with the idea that increases in presynaptic [Ca21]i are
necessary for LTP maintenance.

Temporary reduction in presynaptic Ca21 entry
abolishes LTP
Temporarily applied Ca21 channel blockers and chelators might
remain in tissues after washout, because this procedure is not easily
accomplished. If so, abolition of LTP can be attributable to con-
tinuous, but not temporary, reduction in presynaptic [Ca21]i in-
creases. We, thus, tested the effect of temporary reduction in Ca21

entry on LTP maintenance by changing extracellular Ca21 con-
centrations ([Ca21]o). For this purpose, we first examined the
dependence of LTP on [Ca21]o. LTP (.15% increase from the
baseline at 40–50 min after HFS) occurred rarely at a normal value
(2.4 mM) of [Ca21]o, more frequently with the increase of [Ca21]o,
and always at 3.6–4.8 mM (Fig. 6A). When [Ca21]o was tempo-
rarily reduced from a high to normal value, LTP was abolished and
never recovered after restoration of high [Ca21]o for 40–90 min
(Fig. 6B). This suggests that, once LTP is abolished by a reduction
in Ca21 entry, it could not be reestablished, even by restoring the
previous amount of Ca21 entry. In consideration of this result and
the experiment using EGTA-AM, it is extremely unlikely that the
complete abolition of LTP by any of the three Ca21 channel
blockers (Fig. 5A,B,D) merely resulted from the blockade of Ca21

channels recruited to transmitter releases after HFS, although such
recruitment did take place. High [Ca21]o was not required for LTP
induction, because HFS, applied under normal [Ca21]o, produced
LTP if high [Ca21]o was resumed immediately after HFS (Fig. 6C).

Presynaptic K1 channels regulate the maintenance
of LTP
The above results suggest that the amount of Ca21 entry was
insufficient to maintain LTP at normal [Ca21]o in our experimen-
tal conditions (Fig. 7A). Using various K1 channel blockers, we
tested the possibility that open K1 channels disturb LTP mainte-
nance, because they reduce Ca21 entry associated with action
potentials. In the presence of 60 nM charybdotoxin or 100 nM

iberiotoxin, LTP occurred frequently (7 of 9 for charybdotoxin,
and 5 of 5 for iberiotoxin) even at normal [Ca21]o, although the
magnitude was significantly smaller ( p , 0.02) than that at high
[Ca21]o (compare Fig. 7B with Fig. 1C). These toxins are known to

Figure 5. Effects of Ca 21 channel
blockers and chelators on LTP mainte-
nance. A, Nifedipine (20 mM) was applied
for the period indicated by the horizontal
bar (n 5 5). B–F, Similar to A, but 30–50
nM (B) or 1 mM v-agatoxin IVA (C), 1
mM v-conotoxin GVIA (D), 50 mM Ni 21

(E), or 2 mM EGTA-AM (F) was applied
instead. The number of cells was five for
each of A–E and eight for F. Squares and
triangles represent responses for condi-
tioned and unconditioned pathways,
respectively.
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block large-conductance Ca21-activated K1 (BK) channels (Miller
et al., 1985; Galvez et al., 1990). However, they could block some
other K1 channels (Lewis and Cahalan, 1988; MacKinnon et al.,
1988; Schweitz et al., 1989; Galvez et al., 1990). The same effect was
produced by 1 mM Cs1, which blocks various K1 channels includ-
ing BK channels (Hille, 1992), without affecting baseline responses
(Fig. 7C). In contrast, 4-aminopyridine (10–50 mM), which blocks
various K1 channels but not BK channels (Hermann and Hartung,
1982; Hille, 1992), was ineffective for LTP production, although it
increased baseline responses to 154 6 23% (n 5 7) of the value

before drug application (Fig. 7D). This increase may be attribut-
able to enhanced transmitter release, as shown for various synapses
(Thesleff, 1980). If LTP is expressed presynaptically, the ineffec-
tiveness of this blocker for LTP production could be attributable to
an occlusion of LTP by the enhanced transmitter release before
HFS. However, this possibility was not supported by similar exper-
iments conducted at high [Ca21]o. Application of the blocker
increased test responses to 158 6 6% of the control value, but HFS
still produced LTP (186 6 10% at 30–40 min after HFS compared
with the value just before HFS; n 5 3). Cs1 was used to confirm
that blockade of these K1 channels is involved in the maintenance
of LTP, because it was far more quickly washed in and out than
those toxins. LTP occurred when Cs1 was added to the solution
after, but not during, HFS (Fig. 8). Thus, it is thought that closure
of BK or pharmacologically related K1 channels facilitates the
maintenance of LTP.

Figure 6. Temporary reduction in [Ca 21]o abolishes LTP. A, Incidence of LTP (.15% increase from the baseline at 40–50 min after HFS) plotted against
[Ca 21]o with figures indicating the number of tested cells. B, C, [Ca 21]o was changed between 4 and 2.4 mM, indicated in the middle. The number of cells
was six ( B) and five ( C). Squares and triangles represent responses for conditioned and unconditioned pathways, respectively.

Figure 7. Effects of K 1 channel blockers on LTP. A, Effect of HFS on
IPSPs at normal (2.4 mM) [Ca 21]o (n 5 8). B, Effect of charybdotoxin (open
symbols; n 5 9) and iberiotoxin ( filled symbols; n 5 5) on LTP at normal
[Ca 21]o. Both toxins were present all the time. C, Effect of 1 mM Cs 1 on
LTP at normal [Ca 21]o (n 5 8). Blocker application time is indicated by the
horizontal bar. D, Similar to C, but 10–50 mM 4-aminopyridine was applied
(n 5 7).

Figure 8. Cs 1 facilitates the maintenance of LTP. Similar to Figure 7C,
but Cs 1 (1 mM) was applied to the bath during (A) or after HFS ( B).
Number of cells was five ( A) and six ( B).
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Noradrenaline facilitates the maintenance of LTP
The inability to maintain LTP at normal [Ca21]o might result from
the absence of neuromodulatory inputs from other parts of the
brain to the cells. We tested the involvement of noradrenaline and
serotonin. In the presence of noradrenaline (5 mM), LTP was
consistently (8 of 8) produced under normal [Ca21]o (Fig. 9),
although the magnitude was significantly smaller ( p , 0.01) than
that under high [Ca21]o (Fig. 1C). On the other hand, no LTP was
produced (95 6 4% of the baseline; n 5 5) in the presence of high
doses of serotonin (100 mM). These results suggest that noradren-
aline controls the maintenance of LTP by modulating the presyn-
aptic Ca21 and/or K1 channels.

DISCUSSION
This study demonstrated that low-frequency spike activity of pre-
synaptic neurons is required to maintain LTP at visual cortical
inhibitory synapses. The effect of action potentials is mediated by
presynaptic Ca21 entry through multiple types of high-threshold
Ca21 channels, which activates Ca21-dependent reactions differ-
ent from those triggering transmitter release. Our results also
suggest that presynaptic K1 channels regulate the Ca21 entry
involved in maintenance.

Our results suggest that triggering presynaptic spikes at a fre-
quency of 0.1 Hz is almost sufficient for the maintenance of LTP.
However, one cannot exclude the possibility that this maintenance
could be observed using a lower presynaptic spike frequency.
Although the time course of the [Ca21]i increase associated with
action potentials at axon terminals of these inhibitory cells has not
been clarified, it has been demonstrated that Ca21 transients at
hippocampal excitatory nerve terminals return to the baseline level
within a few to several seconds, a period shorter than the stimulus
intervals used in this study (Regehr et al., 1994; Wu and Saggau,
1994). Thus, it is likely that intermittent occurrences of Ca21

transients or a continuously elevated low level of [Ca21]i is suffi-
cient for the activation of Ca21-dependent processes responsible
for LTP maintenance.

The inhibitory synaptic transmission studied in this experiment
was mediated by v-agatoxin IVA- and v-conotoxin GVIA-
sensitive Ca21 channels, as was the case in other central excitatory
and inhibitory synapses (Dunlap et al., 1995; Reuter, 1996). Be-
cause dihydropyridines did not affect transmitter release at central
synapses, it has been suggested that L-type Ca21 channels are
almost absent at the presynaptic terminals of the CNS, although
they contribute to hormone secretion from neuroendocrine cells
(Dunlap et al., 1995; Reuter, 1996). The results of the present study
provided evidence for the presence of L-type Ca21 channels at
central nerve terminals, which was also reported recently for cul-
tured hippocampal cells in which they were involved in post-tetanic
potentiation but not basal responses (Jensen et al., 1999). It has
been suggested that multiple types of Ca21 channels, which are

involved in transmitter release, coexist at a single nerve terminal
(Dunlap et al., 1995). Our results showed that the blockade of any
of the multiple types of Ca21 channels involved in LTP mainte-
nance abolished LTP totally in all of the tested cells, suggesting
that these channels also coexist at a nerve terminal. If only a subset
of these channels are present at individual terminals, the blockade
of one type of these channels may produce a partial, but not total,
blockade of LTP. The question of why such multiple channels are
involved in LTP maintenance remains unclarified.

The observation that charybdotoxin and iberiotoxin enabled
LTP production at normal [Ca21]o suggests that BK channels are
involved in the regulation of LTP maintenance. Although charyb-
dotoxin blocks K1 channels other than BK channels (Lewis and
Cahalan, 1988; MacKinnon et al., 1988; Schweitz et al., 1989;
Galvez et al., 1990), iberiotoxin seems to block BK channels more
specifically. However, we cannot still deny the possibility that the
latter toxin blocks some other K1 channels. Therefore, we con-
clude at present that BK or pharmacologically related K1 channels
are involved in the regulation of LTP maintenance. Neuronal BK
channels are usually opened by simultaneous Ca21 increase and
depolarization in association with action potentials, contributing to
repolarization of action potentials (Lancaster and Nicoll, 1987;
Storm, 1987). Therefore, activation of these channels may reduce
the Ca21 entry associated with action potentials, contributing to
the abolition of LTP.

At squid giant synapses, presynaptic injections of EGTA blocked
both HFS-induced short-term potentiation and slow Ca21 signals,
whereas they had no effect on basal transmitter release triggered by
fast Ca21 signals (Swandulla et al., 1991). Thus, the experiment
using the membrane-permeable Ca21 chelator EGTA-AM sug-
gests that presynaptic slow Ca21 signals activate reactions that
maintain LTP. Although this Ca21-dependent process is unre-
solved yet, Ca21-dependent protein kinases and phosphatases are
possible candidates for molecules mediating these Ca21 signals.
These reactions could act on some transmitter releasing processes
modified by HFS, because the presynaptic localization of mainte-
nance mechanisms strongly suggests the presynaptic expression of
LTP. The BK or related K1 channels may be located apart from
transmitter release sites and control Ca21 entry relevant to LTP
maintenance but not triggering transmitter release, because Cs1

facilitated LTP maintenance but not baseline responses, whereas
4-aminopyridine facilitated baseline responses but not LTP main-
tenance. This supposition is compatible with the observation that
P- and L-type Ca21 channels contributed to LTP maintenance but
not the baseline responses. In addition, Ca21 imaging of presyn-
aptic axons has suggested that high-threshold Ca21 channels are
also located at sites other than transmitter release sites, although
their density is less than those at release sites (Mackenzie et al.,
1996).

Although the maintenance of LTP depends on neural activity
and Ca21 signals at visual cortical inhibitory synapses, it has been
reported that LTP at hippocampal excitatory synapses persists
after the blockade of presynaptic spikes or Ca21 channels (Mal-
garoli and Tsien, 1992; Manabe et al., 1992; Cormier et al., 1993;
Castillo et al., 1994; Wheeler et al., 1994). A mechanism has been
proposed for NMDA receptor-dependent LTP, which is suggested
to be expressed, at least partly, by phosphorylation of AMPA
receptors by CaM kinase II (Lisman, 1994; Pettit et al., 1994;
Barria et al., 1997). The phosphorylated state could be maintained
by Ca 21-dependent autophosphorylation of the kinase, switching
the molecule into an active state even at low [Ca21]i (Saitoh and
Schwartz, 1985; Miller and Kennedy, 1986).

In regard to synaptic plasticity as a basis of learning and memory,
the reversibility of modified synaptic strength could be important.
At CA1 excitatory synapses, HFS (10–100 Hz)-induced LTP is
reversed by low-frequency (1–5 Hz) stimulation continued for
10–15 min (Staubli and Lynch, 1990; Fujii et al., 1991). This type
of LTP reversal has been reported for other excitatory synapses
(Kirkwood et al., 1993; Chen et al., 1996; Tzounopoulos et al.,
1998). In contrast, at visual cortical inhibitory synapses, LTP is

Figure 9. Noradrenaline enables the maintenance of LTP under normal
[Ca 21]o. Effects of HFS on IPSPs in the presence of noradrenaline (5 mM)
under normal [Ca 21]o (2.4 mM). Noradrenaline was present all the time.
Number of cells was eight.
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induced by stimulation of a wide range (2–50 Hz) of frequencies
(Komatsu, 1994), and its reversal is attained by reducing the fre-
quency of stimulation to a level lower than that for test stimulation.
This difference suggests that the two forms of LTP operate very
differently and play different functional roles.

LTP at these inhibitory synapses was consistently produced in
the presence of noradrenaline at normal [Ca21]o, suggesting that
the activity of noradrenergic cells, which were shown to be involved
in visual cortical plasticity (Kasamatsu and Pettigrew, 1976; Bear
and Singer, 1986), regulates the maintenance mechanism by mod-
ulating presynaptic K1 and/or Ca21 channels. Because this syn-
aptic plasticity could underlie the experience-dependent refine-
ment of visual responsiveness proceeding gradually during a
critical period in early life (Komatsu, 1994), a single episode of
neural activity evoked by visual inputs may produce LTP, which is
reversible depending on the following neural activity. The modified
visual responsiveness consequent to the LTP may not persist unless
the strengthened inhibitory synapses are activated at least at a low
frequency. Orientation selectivity is improved to almost adult level
in the middle of the critical period (Frégnac and Imbert, 1984), and
deprivation of light in that period, even for a few days, degrades the
selectivity (Freeman et al., 1981). This observation supports the
idea that neural activity plays a crucial role to maintain visual
responsiveness refined depending on experience. If LTP at the
inhibitory synapses indeed contributes to developmental plasticity
of visual responsiveness, a temporary pharmacological blockade of
spike activity in cortical inhibitory cells during the critical period
may degrade the selectivity of visual responses, which is experi-
mentally testable. Repetitive use of the modified synapse during
the critical period might lead eventually to a more persistent form
independent of activity, requiring RNA and protein synthesis, as is
the case in the late phase of hippocampal NMDA receptor-
dependent LTP (Frey et al., 1988; Nguyen et al., 1994).
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