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Long-term potentiation (LTP) and long-term depression (LTD) of synaptic strength may
underlie learning and memory in the brain. The induction of LTP occurs in postsynaptic
cells in the hippocampal CA1 region but is presynaptic in CA3. LTD is also well char-
acterized in CA1 but not in CA3. Low-frequency stimulation of mouse hippocampal slices
caused homosynaptic LTD at the mossy fiber-CA3 synapse, which may be induced
presynaptically by activation of metabotropic glutamate receptors. Thus, the efficacy of
mossy fiber-CA3 synapses can be regulated bidirectionally, which may contribute to

neuronal information processing.

In the hippocampal CA1 region, LTP and
LTD at Schaffer collateral-commissural
synapses are induced postsynaptically
through activation of N-methyl-D-aspartate
(NMDA) receptors [(1-3), but see (4)]. In
contrast, a distinct type of LTP occurs at
mossy fiber—-CA3 synapses (5) that is inde-
pendent of NMDA receptor activation (6,
7) and is believed to be induced [(7-9), but
see (10)] and expressed [(7, 11-13), but see
(14)] entirely presynaptically. However,
there is little information about LTD in the
CA3 region (15). In the present study, we
established that LTD can be induced at
mossy fiber-CA3 synapses and examined its
induction mechanism.

In the CA1 region (2, 3) and the visual
cortex (16), homosynaptic LTD can be in-
duced by prolonged low-frequency stimula-
tion (LFS). We found that the same condi-
tioning protocol was equally effective in
inducing LTD at the mossy fiber-CA3 syn-
apse. The field excitatory postsynaptic po-
tential (EPSP) was recorded in the CA3
region of hippocampal slices while dentate
granule cells were stimulated at 0.1 Hz (17).
When the stimulus frequency was raised to
1 Hz for 15 min, the EPSP was markedly
facilitated in amplitude (to 488 * 35%;n =
8) with a gradual decline during the LFS
(311 = 24% at the end of LES; n = 8) (Fig.
1A). After the stimulus frequency was re-
turned to 0.1 Hz, EPSP amplitude rapidly
decayed to a value below the baseline. After
a slight recovery, EPSPs remained at a sta-
ble amplitude about 20% smaller than the
baseline for more than 60 min (Fig. 1A).
The magnitude of LTD 60 min after LFS
was 21.0 = 2.2% (n = 8) (18). This LTD
was not due to a sustained decrease in pre-
synaptic excitability because it was not ac-
companied by a reduction in amplitude of

the fiber volley (Fig. 1A) (19).
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The mossy fiber EPSP can be depressed
heterosynaptically by tetanization of neigh-
boring fibers (20). To examine whether
mossy fiber LTD is specific to the stimulated
fibers, we stimulated two independent mossy
fiber pathways alternately (21) and applied
LES to only one pathway. LTD was observed
in the conditioned pathway but not in the
control pathway (Fig. 1B) (n = 4), which
indicates that mossy fiber LTD is input spe-
cific. This input specificity excludes the pos-
sibility that the L'TD is due to a nonspecific
damage in postsynaptic cells caused by LFS.

One might argue that this LTD reflects
an irreversible damage of the synapses to
which repetitive stimulation was delivered.
However, the following observations are
against this argument. First, the same num-

Fig. 1. Homosynaptic
LTD at mossy fiber-CA3
synapses induced by
LFS. (A) An example of the
time course of mossy fiber
LTD. Horizontal bar at left
indicates conditioning
LFS at 1 Hz for 15 min. At
the end of the experiment,
CNQX was applied (hori-
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ber of conditioning stimulations applied at
a higher frequency induced almost no de-
pression at 2 Hz and even evoked large
potentiation at 5 or 10 Hz (Fig. 1C). Sec-
ond, LTD seemed to be saturated (depres-
sion to 57.0 = 2.3% of the baseline; n = 4)
after repeated application of LES (Fig. 2A).
Third, a high-frequency stimulation applied
after establishment of LTD induced LTP
that stabilized above the initial baseline
(Fig. 2B) (n = 5), which suggests that de-
pressed synapses could still exhibit LTP.

During LES, EPSPs were facilitated (see
Fig. 1A), presumably because of enhanced
release of glutamate transmitter (22). We
investigated the involvement of glutamate
receptors in the induction of mossy fiber
LTD. A competitive NMDA receptor an-
tagonist, D,L-2-amino-5-phosphonovaleric
acid (APV), was applied during LFS. In the
presence of APV (23), LES caused LTD
(16.7 = 4.0%, 60 min after LES; n = 5)
that was comparable in magnitude to that
of the control (Fig. 3A). Thus, the induc-
tion of mossy fiber LTD is independent of
NMDA receptors.

Metabotropic ~ glutamate  receptors
(mGluRs) have been reported to be essen-
tial for the induction of LTD in the CAl
region [(4), but see (24)], the visual cortex
(25), and the cerebellum (26). We tested
the effect of a competitive antagonist for
mGluRs, (+)-a-methyl-4-carboxyphenyl-
glycine (MCPG) (27), on mossy fiber LTD.
MCPG had no effect on basal synaptic
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facts are truncated. The horizontal dashed line indicates the average value of the normalized amplitude during
the control period [also in (B)]. (B) An experiment showing input specificity of LTD. LFS was applied to one
(solid circles) of two independent pathways but not to the other (control; open circles). Each point shows an
average of three consecutive responses. Horizontal bar indicates conditioning LFS at 1 Hz for 15 min. (C)
Frequency dependence of mossy fiber synaptic plasticity. A change in EPSP amplitude 60 min after the
conditioning stimulation (900 pulses) applied at various frequencies (1, 2, 5, and 10 Hz) is plotted against the
frequency used. The number of slices examined at each frequency is shown in parentheses.
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transmission (Fig. 3, C and D) (28). In the
presence of MCPG, EPSPs were facilitated
by LES (Fig. 3D) and gradually decreased, as
in the control (from 458 * 42% to 283 =
23%; n = 5). After the LFS, EPSPs were
initially depressed to a level similar to that
in the control, but they gradually returned
toward the baseline (Fig. 3C). The magni-
tude of depression in the presence of
MCPG was 5.5 = 2.9% (60 min after LFS;
n = 06) (29), which was significantly less
than that in the control (P < 0.01, ¢ test).
Thus, mGluRs are crucial for the induction
of mossy fiber LTD. The small depression
remaining in the presence of MCPG might
be due to incomplete blockade of mGluRs
by MCPG or to possible contributions of
other neurotransmitter receptors to LTD
induction.

An NMDA receptor-independent and
mGluR-dependent form of LTD has been
reported in the CA1 region of young animals
(3 to 7 days old) [(4), but see (3, 24)], which
is suppressed by an L-type Ca’* channel
blocker. In the presence of nicardipine, an
L-type Ca?* channel blocker, LTD was in-
duced normally (15.8 = 3.8% depression 60
min after LFS; n = 5) (Fig. 3B), which
suggests that L-type Ca’* channels are not
involved in the induction of mossy fiber
LTD, in contrast to LTD in the CA1 region.

We next tested whether depolarization
in the postsynaptic cell is required for the
induction of mossy fiber LTD by using 20
mM  kynurenic acid, which antagonizes
both non-NMDA and NMDA receptors.
This concentration of kynurenic acid com-
pletely blocked EPSPs within a few minutes
of bath application (Fig. 4A), and no depo-
larizing response was observed during LES
(Fig. 4A). After kynurenic acid was washed
out, EPSPs stabilized below the baseline
(19.6 = 2.6% depression 120 min after LFS;
n = 4). This depression cannot be due to
incomplete washout of kynurenic acid, be-
cause the EPSP returned to the baseline
within 90 min in the absence of LFS (Fig.
4A) (n = 3). Therefore, neither postsynap-
tic depolarization nor the ionotropic gluta-
mate receptor was required for the induc-
tion of mossy fiber LTD.

Our results indicate that activation of
mGluRs, but not of ionotropic glutamate
receptors, is required for LTD induction. To
test whether mGIuR activation alone can
induce LTD, a nonselective mGluR ago-
nist, (1S, 3R)-1-aminocyclopentane-1,3-di-
carboxylic acid (ACPD), was applied at a
concentration (10 wM) that activates both
postsynaptic mGluRs (30) and presynaptic
mGluRs (31, 32). To eliminate a possible
secondary effect due to ACPD-induced
bursting activity of CA3 neurons (33), a
low concentration of kynurenic acid was
applied together with ACPD. After pro-

longed application of ACPD (15 min),
EPSPs completely recovered to the base-
line level (Fig. 4B) (n = 5), which indi-
cates that mGIuR activation alone was not
sufficient for the LTD induction.

In the present study, we demonstrated
that LTD can be induced by prolonged
low-frequency stimulation at the mossy fi-
ber-CA3 synapse in an input-specific man-
ner. Activation of mGluRs was crucial for
the LTD induction. However, mGluR acti-
vation alone did not induce LTD, which
indicates the requirement of an additional

Fig. 2. Saturation and
reversal of mossy fiber
LTD. (A) An experiment 1
showing saturation of
LTD. LFS (shown by hor-
izontal bars) was deliv-
ered several times at in-
tervals from 30 to 50

min. Each data point is 0.0~

1.0[-000y0000000008- - - - - -

factor or factors. As in the case for mossy
fiber LTP (9, 34), the LTD was not influ-
enced by blockade of postsynaptic depolar-
ization, L-type Ca’* channels, or iono-
tropic glutamate receptors, which suggests
that presynaptic activity is important for
the LTD induction (35). Therefore, we
conclude that mossy fiber LTD is induced
presynaptically by pairing of presynaptic ac-
tivity and the activation of presynaptic
mGluRs. In the mossy fiber-CA3 synapse,
mGluR 2/3/7 subtypes are exclusively ex-
pressed at the presynaptic site, whereas
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Fig. 3. Pharmacological properties of mossy fiber LTD. The time course of LTD induced in the absence
(open circles in A, B, and C; n = 8) or presence (solid circles) of (A) APV (25 uM, n = 5), (B) nicardipine (10
M, n = 5), and (C) MCPG (1 mM, n = 6). Horizontal bars indicate drug application in bath. Sample
records were obtained in the experiment in which the drug was applied. Each data point indicates an
average of the data from all the slices examined in each experimental condition. (D) Facilitation of EPSPs
during LFS in the presence of MCPG. Sample traces were recorded before [top trace, identical to trace 1
in (C)) and after (middle trace) addition of MCPG, and during LFS in the presence of MCPG (bottom trace).
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Fig. 4. Effects of LFS and ACPD in the presence of kynurenic acid (kyn.). (A) Mossy fiber LTD induced
in the absence of excitatory synaptic transmission. After complete blockade of EPSPs with kynurenic
acid, LFS was applied (solid circles, n = 4) or stimulation was continued at a baseline frequency (open
circles, n = 3). Washout of kynurenic acid was started at the end of the LFS or at the corresponding time
in the control experiment. Sample traces were obtained before (control), during the application of
kynurenic acid, during LFS in kynurenic acid (1 Hz), and 120 min after the LFS (wash). (B) ACPD
application alone did not induce LTD. Horizontal bars indicate application of ACPD and kynurenic acid
(1 to 2 mM). In order to avoid a possible synergistic action of mGIuR activation and synaptic activity, no
stimulation was delivered during ACPD application and for 15 min after washout of ACPD.

mGluR 1/5 subtypes are expressed in the
postsynaptic cell (31, 36). To assess the
contribution of presynaptic mGluRs to the
LTD induction more directly, we studied
mossy fiber synaptic transmission in mice
lacking mGIuR2 (36). Mossy fiber LTD was
greatly reduced in these mice, confirming
our conclusion here. This type of LTD is
distinct from that in the CAl region, the
visual cortex, and the cerebellum, which
are induced postsynaptically (2, 4, 16) [see
(26) for a review]. In the CA1 region, a rise
in Ca?* concentrations in postsynaptic
cells is essential for the induction of both
LTP and LTD (I, 2, 4). An increase in
presynaptic Ca?* concentrations caused by
LFS (22), in combination with mGIluR ac-
tivation, may also contribute to the induc-
tion of mossy fiber LTD.

Mossy fiber LTP is induced presynapti-
cally (7-9). Our present study, together
with the previous work on LTP, suggests
that presynaptic mechanisms regulate long-
term changes of mossy fiber—CA3 synaptic
transmission in both up and down direc-
tions. This long-term bidirectional modifi-
cation of synaptic efficacy at the mossy
fiber—CA3 synapse may be important for
hippocampal information processing.
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