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Local protein synthesis and GABAB receptors regulate
the reversibility of long-term potentiation at murine
hippocampal mossy fibre–CA3 synapses

Chiung-Chun Huang and Kuei-Sen Hsu

Department of Pharmacology, College of Medicine, National Cheng Kung University, Tainan 701, Taiwan

Reversal of long-term potentiation (LTP) by long trains of low-frequency stimulation is
generally referred to as depotentiation. One of the intriguing aspects of depotentiation is that
the magnitude of depotentiation is inversely proportional to the time lag of depotentiation
stimulation following LTP induction. Although the mechanisms underlying depotentiation
have been widely explored, the factors that regulate the susceptibility of LTP to depotentiation
stimulation remain largely unclear. We now report that multiple trains of high-frequency
stimulation provide immediate synaptic resistance to depotentiation stimulation at the
mossy fibre–CA3 synapses. The synaptic resistance to depotentiation stimulation depends
on the amount of synaptic stimulation used to induce LTP; it is prevented by protein
synthesis inhibitors and is input specific. In contrast, neither the transection of mossy fibre
axons near granule cell somata nor the application of RNA synthesis inhibitors influences
synaptic resistance to depotentiation stimulation. We also provide evidence that the induction
of depotentiation is regulated by GABAB receptors. Application of a GABAB receptor
antagonist significantly promoted the synaptic resistance to depotentiation stimulation,
whereas inhibition of GABA transport delayed the onset of this synaptic resistance. These
results suggest that local protein synthesis is required for the development of synaptic
resistance to depotentiation stimulation, whereas the activation of GABAB receptors promotes
the susceptibility to depotentiation stimulation. These two factors may crucially regulate the
reversal and stability of long-term information storage.
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Activity-induced persistent synaptic modification is
widely assumed to be the cellular mechanism underlying
learning and memory in the brain (Siegelbaum &
Kandel, 1991; Martin et al. 2000). Much of our
understanding of activity-induced synaptic modifications
and their functional relevance comes from studies on
the mammalian hippocampus. In the hippocampus, brief
trains of high-frequency stimulation (HFS) of afferent
pathways can trigger a long-lasting enhancement of
synaptic strength, commonly referred to as long-term
potentiation (LTP) (Bliss & Collingridge, 1993), whereas
prolonged low-frequency stimulation (LFS) results in
a long-lasting decrease in synaptic strength, termed as
long-term depression (LTD) (Mulkey & Malenka, 1992;
Dudek & Bear, 1993). Although both LTP and LTD
are remarkable for their stability, evidence accumulated
recently suggests that they are initially labile and sensitive
to disruption by a variety of interfering events or agents

(Huang & Hsu, 2001). The reversal of LTP and LTD
has been termed as depotentiation and de-depression
(Huang & Hsu, 2001; Meng et al. 2003), respectively, and
depotentiation has been studied much more extensively
than de-depression (Zhou & Poo, 2004).

Studies in the past decades have revealed several
common features of depotentiation. Of interest is the
observation that activity can induce depotentiation only
when applied within a time window (usually from
several to tens of minutes) after the induction of LTP
and the extent of depotentiation is inversely related
to the interval between LTP induction and delivery of
depotentiation stimulation (Fujii et al. 1991; Larson
et al. 1993; Huang et al. 1999). This observation has
led to a general belief that although the neurochemical
processes consolidating LTP are set in motion by synaptic
events in the millisecond range, they require many
minutes to reach completion (Staübli & Chun, 1996;
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Staübli et al. 1998; Huang & Hsu, 2001). In this light,
the substrates of potentiation resemble those for the
encoding of memory (Popik et al. 1994). However,
the factors that critically regulate the susceptibility of
potentiated synapses to depotentiation stimulation have
not been explored formally. Recently, Woo & Nguyen
(2003) reported an immediate role for postsynaptic local
protein synthesis during hippocampal CA1 LTP, one
that is critical for consolidating synaptic potentiation
into a stabilized state that is resistant to depotentiation
stimulation. Furthermore, we have previously shown that,
like the Hebbian form of Schaffer collateral–CA1 LTP,
the best characterized non-Hebbian form of hippocampal
mossy fibre–CA3 LTP also displays a time-dependent
LFS-induced depotentiation (LFS-DEP) in a mouse slice
preparation (Chen et al. 2001; Huang et al. 2002). Here,
we extended these studies and examined the possibility
that the synthesis of new proteins also contributes to
the conversion of mossy fibre LTP that is susceptible
to depotentiation stimulation to LTP that is resistant
to depotentiation stimulation. Our results indicate that
the development of mossy fibre synaptic resistance to
depotentiation stimulation is induced rapidly, depends
critically on the amount of imposed synaptic stimulation
and requires presynaptic protein synthesis. Moreover, we
demonstrate that GABAB receptor inhibition promotes
synaptic resistance to depotentiation stimulation. These
results underscore a crucially modulatory role of the
protein synthesis process in bidirectional plasticity of
hippocampal mossy fibre–CA3 synapses and point to an
active role of GABAB receptors in regulating the synaptic
plasticity.

Methods

Hippocampal slice preparation

Animal care was consistent with the guidelines set by
the Laboratory Animal Center of National Cheng Kung
University. All experiments were approved by the National
Cheng Kung University Institutional Animal Care and
Use Committee governing the participating laboratories.
Hippocampal slices, 400 µm thick, were prepared from
4- to 5-week-old B57BL/6 mice according to procedures
previously described (Chen et al. 2001; Huang et al. 2002).
Briefly, animals were anaesthetized deeply with halothane,
decapitated, and hippocampal slices were cut from a tissue
block of the brain using a Leica VT1000S tissue slicer
(Leica, Nussloch, Germany). After their preparation, slices
were placed in a holding chamber of artificial cerebrospinal
fluid (aCSF) oxygenated with 95% O2–5% CO2 and kept
at room temperature for at least 1 h before recording. The
composition of the aCSF solution was (mm): NaCl 117,
KCl 4.7, CaCl2 2.5, MgCl2 1.2, NaHCO3 25, NaH2PO4

1.2 and glucose 11 at pH 7.3–7.4 and equilibrated with
95% O2–5% CO2. In some experiments, mossy fibre axons

were disconnected from the granule cell somas by surgical
transection through the granule cell layer of the dentate
gyrus immediately after the slices were prepared. To
ensure uniformity of the transection across experiments,
the microlesion was made under visual control using a
dissecting microscope. The mossy fibre transected slices
were allowed to recover in the holding chamber for at least
2 h before recording commenced as described by Calixto
et al. (2003).

Field potential and patch clamp recordings

For field potential recording, a single slice was then
transferred to a submerge-type recording chamber and
held between two nylon nets. The recording chamber
consisted of a circular well of a low volume (1–2 ml)
and was continuously superfused at 2–3 ml min−1

with the aCSF containing 4 mm CaCl2 and 4 mm
MgCl2 at 32.0 ± 0.5◦C to minimize polysynaptic activity
(Moore et al. 2003). Synaptic responses were evoked
by low-intensity stimulation (20 µs duration, < 1 mA
intensity) of dentate gyrus granule cells or by placement
directly in the stratum lucidum of the CA3 hippocampus
to activate mossy fibre afferents at 0.05 Hz via a
constant-current isolation unit (SS-104J; Nihon Kohden,
Tokyo, Japan) connected to a bipolar stainless steel
stimulating electrode. For each experiment, the stimulus
intensity was set to the lowest value that reliably evoked
a synaptic response without failures. Mossy fibre field
excitatory postsynaptic potentials (fEPSPs) were recorded
in the stratum lucidum of the CA3 region of the
hippocampus using a glass microelectrode filled with
1 m NaCl (resistance 2–3 M�). Because the synaptic
response to mossy fibre stimulation could be contaminated
by responses activated by disynaptic activation of
associational collateral fibres and/or association axon
reflex inputs (Weisskopf & Nicoll, 1995), the following
procedures were done to minimize the contribution of
fibres other than mossy fibres to the fEPSPs (Zalutsky &
Nicoll, 1990). First, the stimulating electrode was placed
at a site in the granule cell layer of the dentate gyrus in
which stimulation of the CA3 stratum lucidum produced
the maximal antidromic field potential. Second, the
reversal of the waveform as the recording microelectrode
was moved from the stratum lucidum to the stratum
radiatum served to define mossy fibre inputs. Third,
positivities of the mossy fibre fEPSP were minimized,
as these may reflect contamination by disynaptic
excitatory inputs. Mossy fibre synaptic responses were
characterized by fast rise times, by discontinuous
stimulus–response properties, by their elicitation with
low stimulus intensity (< 1 mA), and by the large
frequency facilitation that occurred when stimulation
frequency was changed from 0.05 to 1 Hz (Salin et al.
1996). Experiments were included for data analysis
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only if (2S,2′R,3′R)-2-(2′,3′-dicarboxycyclopropyl)glycine
(DCG-IV; 0.5 µm), the potent group II metabotropic
glutamate receptor agonist that selectively blocks mossy
fibre responses, caused a greater than 80% reduction
in the synaptic responses (Fig. S1, available online
as Supplementary Material) (Castillo et al. 1997). To
stimulate independent inputs to the same cell population,
two bipolar stimulating electrodes were positioned on
both edges of the stratum granulosum of dentate gyrus
to activate two different mossy fibre inputs, alternating
every 10 s. Their positions were arranged so that the
same amount of current evoked two responses that
did not differ from each other by > 10%. The absence
of cross-pathway paired-pulse facilitation was used to
ensure that the two inputs were independent of each
other. In all experiments baseline synaptic transmission
was monitored for 30 min before drug administration
or delivering either high- or low-frequency stimulation.
The strength of synaptic transmission was quantified by
measuring the amplitude of fEPSPs. The fEPSP amplitudes
were calculated after subtracting the mossy fibre volley
from the evoked response. The mossy fibre volley was
recorded at the end of experiment after blocking synaptic
transmission with 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX; 20 µm) (Fig. S1 in Supplementary Material).
LTP was induced by applying a single tetanus (25 Hz for
5 s duration at test strength), two trains of HFS (100 Hz,
1 s duration at test strength) or four trains of HFS (100 Hz,
1 s duration at test strength) delivered with an interval of
20 s. d-Aminophosphonovalerate (d-APV, 50 µm) was
present for the duration of all experiments to block LTP
at the CA3–CA3 collateral synapses. Depotentiation was
induced by application of 15 min low-frequency trains
of stimuli at 1 Hz at test strength. Responses during
the trains were not recorded, and for convenience these
periods are not shown on the graph. The values of residual
potentiation reported here were calculated as the changes
in fEPSP amplitude measured 40 min after the end of
LFS. Microelectrodes were pulled from microfibre 1.0 mm
capillary tubing on a Brown-Flaming electrode puller
(Sutter Instruments, San Rafael, CA, USA). Electrical
signals were collected with an Axoclamp-2B amplifier
(Axon Instruments, Union City, CA, USA) filtered at
1 kHz, sampled at 10 kHz, and an Intel Pentium-based
computer with pCLAMP software (Version 7.0, Axon
Instruments) was used for data acquisition and analysis.

Visualized whole-cell patch clamp recordings of evoked
excitatory postsynaptic currents (EPSCs) were conducted
at 32.0 ± 0.5◦C using standard methods as previously
described (Edwards et al. 1989; Huang et al. 2002).
CA3 pyramidal neurones were visualized throughout
the experiment with an upright microscope (Olympus
BX50WI; Olympus, Tokyo, Japan) equipped with a
water-immersion ×40 objective using Nomarski-type
differential interference contrast optics combined with

infrared videomicroscopy. Patch pipettes were pulled
from borosilicate capillary tubing and heat polished.
The electrode resistance was typically 4–5 M�. The
composition of the intracellular solution was (mm):
potassium gluconate 110, KCl 30, Hepes 10, MgCl2 1,
EGTA 0.5, Na2ATP 4, Na3GTP 0.3, phosphocreatine
7, lidocaine (lignocaine) N-ethyl bromide quaternary
(QX-314) 5 and sucrose to bring the osmolarity to
290–295 mosmol l−1, pH 7.3 (adjusted with KOH). In
part of these experiments, the recording pipette also
contained 250 µm 7-methyl-GTP (m7GpppG), a mRNA
cap analogue. Tight-seal (> 2 G� before breaking into
whole-cell mode) whole-cell recordings were made
using a patch-clamp amplifier (Axopatch 200B; Axon
Instruments). Electrical signals were low-pass filtered at
2 kHz, digitized at 4–10 kHz using a Digidata 1200B
interface, and an Intel Pentium-based computer with
pCLAMP software (Version 8.0; Axon Instruments) was
used for data acquisition and analysis. Postsynaptic series
resistance was not compensated but was monitored during
the experiment by using the amplitude of the capacitive
current in response to a 10 mV pulse; the range was
8–15 M�. Experiments in which the series resistance
increased by > 20% were discarded. EPSCs were included
in the analysis if the rise time and decay time constants
were monotonic and possessed no obvious multiple EPSCs
or polysynaptic waveforms. The EPSC amplitude was
determined from the response during a 1–2 ms window
that included the peak of the waveform, and the amplitude
of the baseline in a similar time window was subtracted.
DCG-IV (0.5 µm) was added routinely at the end of
the experiments to verify that the evoked EPSCs were
abolished > 80%, confirming that the responses were
primarily attributable to the activation of the mossy
fibres.

Drug application

All drugs were applied by dissolving them to the desired
final concentrations in aCSF and by switching the
perfusion from control aCSF to drug-containing aCSF.
Appropriate stock solutions of drugs were made and
diluted with aCSF just before application. CNQX, cyclo-
heximide, anisomycin, actinomycin-D and SCH50911
were dissolved in dimethylsulfoxide (DMSO) stock
solution and stored at −20◦C until the day of the
experiment. The concentration of DMSO in the perfusing
medium was 0.05%, which alone had no effect on the
basal mossy fibre synaptic transmission (Chen et al.
2001). CNQX, d-APV (S)-3,5-dihydroxyphenylglycine
(DHPG), cycloheximide, anisomycin, actinomycin-D,
DCG-IV, SKF89976A and nipecotic acid were obtained
from Tocris Cookson Ltd (Bristol, UK) and m7GpppG
was purchased from New England Biolabs (Beverly, MA,
USA).
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Statistical analysis

The data for each experiment were normalized relative
to baseline. All data are expressed as mean ± s.e.m.
and, unless stated otherwise, the statistical significance
was determined using the Mann-Whitney U test. The
number of experiments is indicated by n. Probability
values of P < 0.05 were considered to represent significant
differences.

Results

The amount of synaptic stimulation modulates
synaptic resistance to depotentiation stimulation

To test the possibility that the increase in the amount
of synaptic stimulation may change the susceptibility of
potentiated synapses to depotentiation stimulation, we
first compared the effects of LFS (1 Hz/900 pulses) on the
previously established LTP elicited by diverse patterns of
HFS protocol. As reported previously (Kobayashi et al.
1996; Domenici et al. 1998; Tzounopoulos et al. 1998;
Chen et al. 2001), at naive synapses 1 Hz/900 pulse
stimulation of mossy fibre inputs resulted in a significant
LTD of fEPSP (Fig. 1A). On average, the amplitude of
fEPSP measured 40 min after the end of 1 Hz stimulation
was 75.9 ± 5.7% of baseline (n = 8; P < 0.05; Student’s
paired t test). When LFS was applied, beginning at 10 min
after two trains of 100 Hz LTP induction, LTP was
almost completely reversed. The residual potentiation
measured 40 min after the end of LFS was 121.5 ± 7.5%
(n = 8) of baseline, which was significantly less than
the corresponding value of slices receiving HFS only
(225 ± 15%; n = 7; P < 0.01) (Fig. 1B). In contrast, adding
two additional trains of HFS blocked the development
of LFS-induced depotentiation (LFS-DEP). Four trains
of 100 Hz stimulation, delivered with an interval of 20 s,
induced a robust LTP with mean fEPSP amplitude value of
258 ± 15% of baseline (n = 8; P < 0.05; Student’s paired
t test), measured 50 min after HFS. However, levels of
potentiation in slices receiving four trains of 100 Hz HFS
and in slices receiving two trains of 100 Hz HFS were
not statistically different (P = 0.14). When 1 Hz LFS was
applied, beginning at 10 min after LTP induction, the
extent of depotentiation was markedly reduced (Fig. 1C).
The mean residual potentiation measured 40 min after
the end of LFS was 226 ± 14% (n = 8; P = 0.13 when
compared with the corresponding value of slices that
received HFS only) of baseline. We next asked whether
a reduction in the amount of stimulation can promote
depotentiation of the synapses. To test this idea, we used an
LTP protocol consisting of a single tetanus (25 Hz for 5 s)
and examined the expression of LFS-DEP (Fig. 1D). The
mean magnitude of the LTP induced by a 25 Hz protocol,
measured 50 min after induction, was 183 ± 12% (n = 7;
P = 0.01) of baseline, which was significantly less LTP than

for the two trains of 100 Hz and the susceptibility of these
two forms of LTP was a little different. Application of LFS,
beginning at 30 min after 25 Hz LTP induction, revealed
a significant reversal of LTP. The residual potentiation
measured 40 min after the end of LFS was 143.5 ± 8.6%
of baseline (n = 6; P < 0.01), which was significantly
less than the corresponding value of slices that received
HFS only. In contrast, the same LFS treatment protocol
elicited no significant depotentiation of four trains of
100 Hz LTP (Fig. 1E). The residual potentiation measured
40 min after the end of LFS was 236 ± 15% of baseline
(n = 6; P = 0.37), which was not statistically different
from the corresponding value of slices receiving HFS
only. A summary of all the experiments examining the
time-dependent effect of LFS on the magnitude of LTP
expression induced by three different LTP induction
protocols is shown in Fig. 1F and confirms that the extent
of LFS-DEP is inversely related to the interval between
LTP induction and delivery of LFS. These results also
demonstrate that a close correspondence exists between
the amount of stimulation used to induce LTP and the
susceptibility of LTP to depotentiation stimulation.

Presynaptic local protein synthesis confers synaptic
resistance to LFS-DEP

At the hippocampal Schaffer collateral–CA1 synapses, it
has recently been shown that local protein synthesis may
confer synaptic resistance to depotentiation stimulation
at previously potentiated synapses (Woo & Nguyen,
2003). To investigate whether such a modulation is also
present at the mossy fibre–CA3 synapses, we tested the
effect of two structurally different translational inhibitors,
anisomycin and cycloheximide, on the development of
LFS-DEP. We found that anisomycin and cycloheximide
permitted the induction of LFS-DEP of four trains of
100 Hz LTP in a dose-dependent manner, which was
not normally seen in control slices. Preincubation of
both 5 µm and 20 µm anisomycin for 60 min promoted
the susceptibility of synapses to depotentiation (Fig. 2A
and D). The mean residual potentiation measured
40 min after the end of LFS was 149 ± 15% (n = 4;
P = 0.014) and 105.3 ± 7.5% (n = 8; P < 0.001) of
baseline, respectively, which was statistically less than
the corresponding values of anisomycin-treated slices
receiving HFS only (5 µm: 235 ± 17% of baseline;
n = 4; 20 µm: 226 ± 15% of baseline; n = 8). Similarly,
pretreatment of the slices with cycloheximide (20 and
60 µm) for 30–60 min also promoted the induction of
LFS-DEP (Fig. 2B and E). In cycloheximide-pretreated
slices, the mean residual potentiation measured 40 min
after the end of LFS was 151 ± 13% (n = 4; P = 0.007) and
112.5 ± 8.7% (n = 7; P < 0.001) of baseline, respectively,
which was statistically less than the corresponding
values of cycloheximide-treated slices receiving HFS only
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Figure 1. The reversal of long-term potentiation (LTP) by low-frequency stimulation (LFS) is activity and
time dependent
A, summary of experiments (n = 8) showing that LFS at 1 Hz for 15 min elicits long-term depression (LTD).
B, summary of experiments showing that LFS given 10 min after two trains of 100 Hz high-frequency stimulation
(HFS) almost completely reversed LTP (n = 8; •), whereas fEPSPs in slices that received HFS without LFS exhibited
persistent potentiation (n = 7; �). C, summary of experiments showing that four trains of 100 Hz HFS induced a
stable LTP (n = 8; �). Application of LFS at 10 min after HFS initially depressed fEPSPs that subsequently recovered
to previously potentiated levels (n = 8; •). D, summary of experiments showing that LFS given 30 min after a
single tetanus (25 Hz for 5 s) revealed a significant reversal of LTP (n = 6; •). Field EPSPs in slices that received HFS
without LFS exhibited persistent potentiation (n = 7; �). E, summary of experiments showing that LFS given 30 min
after four trains of 100 Hz HFS did not reveal a significant reversal of LTP (n = 6; •). F, summary data comparing
the effects of LFS given at 1, 3, 10 and 30 min after LTP induction by three different stimulation protocols. The
magnitude of potentiation remaining was calculated at 40 min after the end of LFS. In A–F, each value is the
mean ± S.E.M. of independent determinations in six to eight slices. The superimposed fEPSP in the inset of each
graph illustrates respective recordings from example experiments taken at the time indicated by number. Upward
arrows indicate application of HFS. The horizontal bars denote the period of delivery of 1 Hz LFS. The horizontal
dotted lines indicate the average value of the normalized amplitude during the control period.

C© The Physiological Society 2004



96 C.-C. Huang and K.-S. Hsu J Physiol 561.1

Figure 2. The development of synaptic resistance to depotentiation stimulation is dependent on protein
synthesis but not mRNA synthesis
A, summary of experiments showing that preincubation of slices with the protein synthesis inhibitor anisomycin
(20 µM; 60 min) permitted persistent LFS-induced depotentiation (LFS-DEP) of four trains of 100 Hz LTP (n = 8; •)
but had no effect on the induction of LTP (n = 8; �). B, summary of experiments showing that preincubation of slices
with another protein synthesis inhibitor, cycloheximide (60 µM; 30–60 min), also permitted persistent LFS-DEP of
four trains of 100 Hz LTP (n = 7; •) but had no effect on the induction of LTP (n = 8; �). C, summary of experiments
showing that preincubation of slices with transcriptional inhibitor, actinomycin-D (25 µM; 30–60 min), did not
affect the induction of either the synaptic resistance to LFS-DEP (n = 6; •) or LTP (n = 8; �). D, summary histogram
comparing the effects of different concentrations of anisomycin on the induction of four trains of 100 Hz LTP (filled
columns) and LFS-DEP (open columns). E, summary histogram comparing the effects of different concentrations
of cycloheximide on the induction of four trains of 100 Hz LTP (filled columns) and LFS-DEP (open columns).
F, summary histogram comparing the effects of different concentrations of actinomycin-D on the induction of four
trains of 100 Hz LTP (filled columns) and LFS-DEP (open columns). The magnitude of LTP was calculated at 50 min
after HFS and the magnitude of LFS-DEP was calculated at 40 min after the end of LFS. In D–F the numbers in
parentheses indicate the number of slices tested. Asterisks represent a significant difference compared with slices
not receiving LFS.
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(20 µm: 221 ± 18% of baseline; n = 4; 60 µm: 225 ± 14%
of baseline; n = 8). In contrast, the induction of LTP
by four trains of 100 Hz HFS was not significantly
(P > 0.05) affected by either anisomycin or cycloheximide
pretreatment (Fig. 2D and E). To examine the possible
contribution of mRNA synthesis to the synaptic resistance
to LFS-DEP, we tested the effect of the transcriptional
inhibitor actinomycin-D on LFS-DEP. In contrast to the
translational inhibitors, actinomycin-D (25 or 50 µm)
pretreatment for 30–60 min had no effect on the
development of either LTP or the synaptic resistance
to LFS-DEP (Fig. 2C and F). On average, the residual
potentiation measured 40 min after the end of LFS was
229 ± 11% (n = 6; P = 0.28) and 219 ± 16% of baseline
(n = 4; P = 0.36), which was not statistically different from
the mean value measured from actinomycin-D-treated
slices that received HFS only (25 µm: 248 ± 17% of
baseline; n = 8; 50 µm: 236 ± 15% of baseline; n = 4).
Moreover, treatment with actinomycin-D (25 or 50 µm)
alone failed to affect the induction of LTP by four trains
of 100 Hz HFS (P > 0.05). These results suggest that
local protein synthesis initiated immediately after tetanus,
without previous transcription, can confer synaptic
resistance to depotentiation.

To determine whether a pre- or postsynaptic protein
synthesis process is required for the development of
synaptic resistance to LFS-DEP, we performed additional
whole-cell patch clamp recording experiments. To
strengthen the tie between the field potential and
whole-cell experiments, we have performed a set of
experiments with two trains of 100 Hz HFS, delivered with
an interval of 20 s, using whole-cell recordings. Similar
to the results described above for fEPSPs, when LFS was
applied, beginning 10 min after LTP induction, the LTP
of EPSCs was almost completely reversed (Fig. 3A). The
residual potentiation measured 40 min after the end of
LFS was 112 ± 11% (n = 4; P < 0.01) of baseline, which
was significantly less than the corresponding value of slices
receiving HFS only (185 ± 16%; n = 6).

Is a postsynaptic protein synthesis process required for
the development of synaptic resistance to LFS-DEP? To
answer this question, CA3 pyramidal cells were loaded
with the mRNA cap analogue m7GpppG to inhibit protein
synthesis by competing with endogenous capped mRNA
for the cap-binding brain protein eIF-4E (Gingras et al.
1999). Cells were dialysed for at least 30 min before HFS
application to ensure complete dialysis of m7GpppG into
the cell. In m7GpppG (250 µm)-loaded cells, application of
LFS at 10 min after four trains of 100 Hz HFS only elicited
an initial synaptic depression followed by a recovery of
EPSC to potentiated levels (Fig. 3B). The mean EPSC
amplitude measured 40 min after the end of LFS was
196 ± 12% of baseline (n = 6; P = 0.43), which was not
significantly different from those of control cells without
m7GpppG (203 ± 14% of baseline; n = 6). It may be

argued that the m7GpppG treatment protocol used in
the present study may not be enough to abolish the
postsynaptic protein synthesis process. At the Schaffer
collateral–CA1 synapses, it has been shown that the
induction of metabotropic glutamate receptor-dependent
LTD by DHPG can be blocked by the loading of m7GpppG
into CA1 pyramidal cells (Huber et al. 2000). If the
m7GpppG-pretreatment protocol used in the present
study can effectively block postsynaptic protein synthesis,
it should also be expected to block the induction of
DHPG-induced LTD in the hippocampal CA1 region. As
shown in Fig. 3C, although the acute depression of synaptic
transmission was still observed, stable LTD failed to occur
in response to DHPG in cells loaded with m7GpppG
(250 µm). In contrast, control cells without m7GpppG
elicited a stable LTD following DHPG application. Thus,
presynaptic protein synthesis appears to be required for
the development of synaptic resistance to depotentiation
stimulation at the mossy fibre–CA3 synapses.

Our findings that presynaptic protein synthesis may
be critical in regulating the susceptibility of potentiated
synapses to LFS-DEP raised an immediate question of
whether granule cell somata contribute to this process,
because the major protein synthesis sites are cell bodies.
To address this question, we transected the mossy fibre
axons near the granule cell bodies at least 2 h before
transferring to the chamber for recordings (Fig. 3D1
and D2). We confirmed the complete dissociation of
mossy fibre axons from granule cell bodies by placing
a recording electrode in the stratum granulosum of the
dentate gyrus to record antidromic population spikes
evoked by stimulating the stratum lucidum of the CA3
region (Fig. 3E1). In no such instances did we detect a
population spike (Fig. 3E2). These cut slices exhibited
normal synaptic transmission, paired-pulse facilitation
and frequency facilitation when compared with the
control slices. For example, the ratio of fEPSPs in cut slices
versus control slices was ∼1 for any given presynaptic
strength (n = 6). The paired-pulse ratio calculated
from the response to paired-pulse stimulation with an
interval of 40 ms in cut and control slices was 2.2 ± 0.4
(n = 6; P = 0.45) and 2.0 ± 0.3 (n = 6), respectively. In
addition, when the stimulation frequency was increased
from 0.05 to 1 Hz for 1 min, there was a 238 ± 32%
(n = 6; P = 0.36) increase in the fEPSP amplitude in cut
slices, which was not significantly different from those of
control slices (251 ± 28%; n = 6). When four trains of
100 Hz HFS was applied to the cut slices, a robust LTP was
elicited. On average, the amplitude of fEPSP measured
50 min after LTP induction was 192 ± 14% of baseline
(n = 6; P < 0.05; Student’s paired t test) (Fig. 3F). When
subsequent LFS was applied to these slices, there was
an initial depression followed by a recovery of fEPSP to
the potentiated state with a mean value of 178 ± 10% of
baseline, measured 40 min after the end of LFS (n = 6;
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Figure 3. Presynaptic local protein synthesis is required for the development of synaptic resistance to
depotentiation stimulation
A, summary of experiments showing that LFS given 10 min after two trains of 100 Hz HFS almost completely
reversed LTP (n = 4; •), whereas EPSCs in slices that received HFS without LFS exhibited persistent potentiation
(n = 6; �). Whole-cell patch clamp recordings were made of CA3 pyramidal cells at a holding potential of −70 mV.
B, summary of experiments showing that the synaptic resistance to LFS-DEP was not affected by postsynaptic
injection of the cap analogue m7GpppG. Whole-cell patch clamp recordings were made of CA3 pyramidal cells at
a holding potential of −70 mV. When LFS was applied 10 min after four trains of 100 Hz HFS in CA3 pyramidal
cells loaded with m7GpppG (250 µM) (n = 6; •), transient synaptic depression was seen, but EPSCs recovered to
potentiated levels not significantly different those seen in control cells without m7GpppG (n = 6; �). C, summary
of experiments showing that CA1 LTD induced by DHPG (50 µM, 5 min) was prevented by postsynaptic injection of
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P = 0.32, when compared with cut slices that received HFS
only) (Fig. 3F). Pretreatment of cut slices with anisomycin
(20 µm) for 60 min permitted subsequent induction of
LFS-DEP after four trains of 100 Hz HFS (Fig. 3G).
The mean residual potentiation measured 40 min after
the end of LFS was 105.7 ± 8.9% of baseline (n = 6;
P < 0.01 when compared with control LFS-DEP cut slices).
Moreover, the fEPSP amplitude measured 50 min after
LTP induction was 185.6 ± 12% of baseline (n = 6) in
anisomycin-pretreatment cut slices receiving four trains of
100 Hz HFS only. These results suggest that the integrity
of communication between soma and terminals of the
presynaptic granule cell may be not involved in regulating
the susceptibility of potentiated synapses to LFS-DEP.

Synaptic resistance to LFS-DEP is input specific

We next asked whether the synaptic resistance to
depotentiation stimulation can be transferred between two
independent pathways by examining whether stimulation
of one pathway can block LFS-DEP in an adjacent pathway.
To address this issue, two stimulatory electrodes were
placed on both edges of the stratum granulosum of
dentate gyrus to activate two group inputs to the same
cell population. The independence of inputs activated
by two stimulatory electrodes was assessed by verifying
the absence of heterosynaptic facilitation between the
two inputs using paired stimuli applied at interval of
30 ms (Fig. 4A). Having confirmed the independence of
inputs activated, one (control) pathway received only four
trains of 100 Hz HSF to induced synaptic resistance to
LFS-DEP and the second (test) pathway received two
trains of 100 Hz HFS followed 10 min later by LFS to test
the inducibility of homosynaptic LFS-DEP. As a typical
example illustrated in Fig. 4A, application of LFS to the
test pathway almost completely reversed the established
two trains of 100 Hz LTP. This phenomenon was observed
in all six slices tested in this study. At the test pathway,
the mean residual potentiation measured 40 min after the
end of LFS was 108.5 ± 8.2% of baseline (n = 6) (Fig. 4B).

m7GpppG (250 µM) (n = 6; •). Whole-cell patch clamp recordings were made of CA1 pyramidal cells at a holding
potential of −70 mV. D1, schematic diagram showing the incision (thick black line) made to transect mossy
fibre axons from the granule cell somata and the positions of recording (Rec) and stimulation (Stim) electrodes.
D2, bright-field image of a hippocampal slice after the isolation of mossy fibre axons from the granule cell somata.
Arrows indicate the site of lesion. Scale bar, 500 µm. E1, schematic diagram showing a mossy fibre axon transection
slice, where an electrical stimulus was delivered to the stratum lucidum of the CA3 region and the evoked antidromic
population spikes were recorded from the granulosum of the dentate gyrus (DG). E2, absence of antidromic
population spikes in stratum granulosum of the dentate gyrus when stimulation was applied at the stratum
lucidum of the CA3 region in the mossy fibre axon transection slice, whereas an antidromic population spike was
successfully evoked in control slices. F, summary of experiments showing that mossy fibre axon transection had
no effect on either the synaptic resistance to LFS-DEP (n = 6; •) or the induction of LTP (n = 8; �). G, summary
of experiments showing that preincubation of mossy fibre axon transection slices with protein synthesis inhibitor
anisomycin (20 µM; 60 min) permitted persistent LFS-DEP of four trains of 100 Hz LTP (n = 6; •) but had no effect
on the induction of LTP (n = 6; �).

These data indicate that synaptic resistance to LFS-DEP is
input specific.

GABAB receptors regulate synaptic resistance
to LFS-DEP

GABAergic inhibition is an important regulatory factor
during the induction of LTP in the mossy fibre system
(Vogt & Nicoll, 1999) and elsewhere (Davies et al. 1991;
Paulsen & Moser, 1998) in the hippocampus. Regardless
of the source of GABA release, a brief train of stimulation
to mossy fibres and axons of GABAergic interneurones
can evoke enough GABA release to activate presynaptic
GABAB receptors and results in an increase in the threshold
for mossy fibre LTP (Vogt & Nicoll, 1999). We therefore
conducted a series of experiments to assess the influence of
GABAB receptor inhibition in regulating the susceptibility
of synapses to LFS-DEP. We found that the amount of LTP
elicited by two trains of 100 Hz HFS was unaffected by
the GABAB receptor antagonist SCH50911 (20 µm). The
mean fEPSP amplitude measured 50 min after HFS was
226 ± 15% of baseline (n = 6; P = 0.36 when compared
with control LTP slices). In contrast, SCH50911 treatment
blocked the development of persistent LFS-DEP of
two trains of 100 Hz LTP (Fig. 5A). The application of
LFS, beginning at 10 min after LTP induction, initially
depressed fEPSP amplitude that subsequently recovered
to the potentiated level; the mean fEPSP amplitude
measured 40 min after LFS was 198 ± 15% of baseline
(n = 8; P > 0.28 when compared with the corresponding
value of slices receiving HFS only). To further establish
that GABAB receptor inhibition promotes synaptic
resistance to LFS-DEP, attempts were made to see whether
the induction of depotentiation by direct application of
the selective group II metabotropic glutamate receptor
agonist DCG-IV (Chen et al. 2001; Huang et al. 2002)
was also blocked by SCH50911. As shown in Fig. 5B
in control slices, similar to LFS application, a 5 min
application of DCG-IV (3 µm), beginning at 10 min
after LTP induction, almost completely reversed
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previously established synaptic potentiation
(DCG-IV-DEP); i.e. the amplitude of fEPSP measured
40 min after washout of DCG-IV was 102.3 ± 9.2%
of baseline (n = 6) (Fig. 5B). In contrast, SCH50911
treatment inhibited the DCG-IV-DEP in all seven slices

Figure 4. Synaptic resistance to depotentiation stimulation is
input specific
A, a typical example shows that two stimulating electrodes were used
to activate two independent groups of afferent inputs. Field EPSPs
were evoked by paired stimulations applied at 30 ms intervals to the
first and/or second afferents. Paired-pulse facilitation was present
when stimuli were applied twice to the same afferent (homosynaptic
facilitation) but not when the stimuli were applied to different
afferents (no heterosynaptic facilitation). Having confirmed the
independence of afferent inputs activated, four trains of 100 Hz HFS
were applied to one pathway (Control) to induce synaptic resistance to
LFS-DEP. This treatment had no significant effect on the induction of
depotentiation at a second adjacent pathway (Test) when LFS was
applied at 10 min after two trains of 100 Hz HFS. B, summary of data
from six experiments performed as in A.

tested. The mean fEPSP amplitude measured 40 min after
washout of DCG-IV was 215 ± 18% of baseline (n = 7;
P = 0.32 when compared with the corresponding value
of slices that received HFS only). However, SCH50911
treatment failed to affect the induction of LFS-DEP and
DCG-IV-DEP when LFS or DCG-IV was applied at 3 min
after LTP induction (Fig. 5C and D). The mean fEPSP
amplitude measured 40 min after the end of LFS and
washout of DCG-IV was 125.3 ± 8.9% (n = 6; P < 0.01
when compared with the corresponding value of slices
that received HFS only) and 139 ± 11% (n = 6; P < 0.01
when compared with the corresponding value of slices that
received HFS only) of baseline, respectively. We also tested
for the possible effects of GABAB receptor inhibition on
the ability to induce LTP by a single tetanus of 25 Hz for
5 s. After tetanization of mossy fibre afferent pathways,
the fEPSP amplitude showed a higher potentiation in
SCH50911 treatment slices than those of control slices
(Fig. 5E). The mean fEPSP amplitude measured 50 min
after 25 Hz stimuli was 231 ± 16% (n = 7; P = 0.03) and
183 ± 15% of baseline (n = 6), respectively. In marked
contrast to control slices, the application of LFS, 10 min
after 25 Hz LTP induction, failed to reverse 25 Hz LTP
(Fig. 5F); the mean fEPSP amplitude measured 40 min
after the end of LFS was 189 ± 17% of baseline (n = 6;
P = 0.24 when compared with the corresponding value
of slices that received HFS only). These results suggest
that the relief of GABAB receptor inhibition promotes the
synaptic resistance to depotentiation stimulation at the
mossy fibre–CA3 synapses.

To test whether the direct activation of GABAB receptors
was able to promote the susceptibility of synapses to
depotentiation stimulation, we bath-applied the GABAB

receptor agonist baclofen (0.2 µm) to hippocampal
slices. Addition of baclofen, which depressed synaptic
transmission by ∼60%, had no effect on the induction
of four trains of 100 Hz LTP. The mean fEPSP amplitude
measured 50 min after LTP induction in the presence of
baclofen was 235 ± 16% (n = 5; P = 0.34), which was not
statistically different from the corresponding values of
control slices. In contrast to control slices, application
of LFS, 10 min after LTP induction, successfully reversed
the four trains of 100 Hz LTP in baclofen-treated
slices (Fig. 5G). The mean fEPSP amplitude measured
40 min after the end of LFS was 154 ± 14% (n = 5;
P = 0.012 when compared with the corresponding value
of baclofen-treated slices that received HFS only).
Furthermore, baclofen treatment also promoted the
induction of DCG-IV-DEP (Fig. 5H). The mean fEPSP
amplitude measured 40 min after washout of DCG-IV
(3 µm) was 163 ± 18% (n = 5; P = 0.07 when compared
with the corresponding value of baclofen-treated slices that
received HFS only).

Because the application of SCH50911 caused a dramatic
increase in the baseline response to 147.6 ± 8.7% (n = 5;
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P < 0.01; Student paired t test) of baseline (Fig. 6A), the
enhancement resistance to depotentiation with SCH50911
probably arises as a consequence of the increase in
glutamate release probability. To examine this possibility
directly, we increased the Ca2+/Mg2+ ratio in aCSF
from 4 mm/4 mm to 4 mm/2 mm. This increased the
amplitude of fEPSP to 159 ± 14% (n = 10; P = 0.36)
(Fig. 6B), comparable in magnitude to the enhancement
by SCH50911. Under these conditions, two trains of
100 Hz HFS elicited a stable potentiation with a mean
fEPSP amplitude of 189 ± 12% (n = 5; P < 0.01; Student’s
paired t test), measured 50 min after LTP induction. It
should be noted that two trains of 100 Hz HFS elicited
significantly less LTP in slices in a 4 mm/2 mm Ca2+/Mg2+

ratio aCSF than in slices in control 4 mm/4 mm Ca2+/Mg2+

ratio aCSF (P < 0.01). Similar to the results described
above for SCH50911, after the application of 1 Hz LFS,
beginning at 10 min after LTP induction, the extent
of depotentiation was markedly reduced (Fig. 6C). The
mean residual potentiation measured 40 min after the end
of LFS was 158 ± 16% (n = 5; P = 0.15 when compared
with the corresponding value of slices that received HFS
only in 4 mm/4 mm Ca2+/Mg2+ ratio aCSF) of baseline.
These data imply that an increase in transmitter release
probability by blocking GABAB receptors may account, at
least in part, for the enhancement effect of SCH50911 on
the synaptic resistance to depotentiation stimulation.

To further establish the role of GABA in regulating
synaptic resistance to LFS-DEP, it is essential to
demonstrate that LFS-DEP should be enhanced by
the blockade of GABA uptake. For this purpose, the
effects of specific GABA transport inhibitors SKF89976A
and nipecotic acid on the induction of LFS-DEP were
investigated (Borden et al. 1994; Stokes et al. 2001).
Neither SKF89976A (50 µm) nor nipecotic acid (500 µm)
treatment alone affected the basal synaptic transmission
or the induction of four trains of 100 Hz LTP. The mean
fEPSP amplitude measured 50 min after LTP induction in
the presence of either SKF89976A or nipecotic acid was
251 ± 15% (n = 6; P = 0.63) and 238 ± 15% of baseline
(n = 6; P = 0.37), respectively, which was not statistically
different from the corresponding values of control slices.
In marked contrast to control slices, application of LFS,
10 min after LTP induction, successfully reversed the four
trains of 100 Hz LTP in both SKF89976A- and nipecotic
acid-treated slices (Fig. 7A and C). The mean fEPSP
amplitude measured 40 min after the end of LFS was
138 ± 16% (n = 6; P < 0.001 when compared with the
corresponding value of SKF89976A-treated slices that
received HFS only) and 129 ± 12% (n = 6; P < 0.001
when compared with the corresponding value of nipecotic
acid-treated slices that received HFS only) of baseline,
respectively. Furthermore, both SKF89976A and nipecotic
acid treatments also promoted the induction of
DCG-IV-DEP (Fig. 7B and D). The mean fEPSP amplitude

measured 40 min after washout of DCG-IV (3 µm) was
137 ± 12% (n = 6; P < 0.001 when compared with the
corresponding value of SKF89976A-treated slices that
received HFS only) and 134 ± 14% (n = 6; P < 0.001
when compared with the corresponding value of nipecotic
acid-treated slices that received HFS only) of baseline,
respectively. These results suggest that GABA plays a role
in mediating the delayed onset of synaptic resistance to
LFS- and DCG-IV-DEP at mossy fibre–CA3 synapses.

Effect of a silent period on the synaptic resistance
to depotentiation stimulation

Mossy fibres themselves have been shown to contain
GABA (Sloviter et al. 1996) and may contribute to the
GABAergic inhibition in the hippocampal CA3 region.
Indeed, application of GABAB receptor antagonists can
cause a significant increase in mossy fibre baseline response
(Vogt & Nicoll, 1999; Moore et al. 2003), suggesting that
under basal low-frequency stimulation conditions, the
released GABA potentially inhibits mossy fibre synaptic
transmission by activating GABAB receptors. To determine
whether the basal afferent stimulation immediately after
the induction of LTP could evoke a sufficient amount of
GABA release to influence the development of synaptic
resistance to LFS- and DCG-IV-DEP, the basal afferent
stimulation was interrupted for 10 min commencing 20 s
after HFS. As in the typical example shown in Fig. 8A,
the magnitude of LTP induced by two trains of 100 Hz
HFS was not significantly affected by the interrupted
basal afferent stimulation after HFS. The mean fEPSP
amplitude measured 50 min after LTP induction was
236 ± 16% (n = 6; P = 0.27 when compared with control
LTP slices) (Fig. 8B). In contrast, application of LFS or
DCG-IV (3 µm), beginning at 10 min after LTP induction,
initially depressed fEPSP amplitude that subsequently
recovered to the potentiated level (Fig. 8A and C); the mean
fEPSP amplitude measured 40 min after the end of LFS
or washout of DCG-IV was 178 ± 13% (n = 6; P < 0.01
when compared with the corresponding value of control
LFS-DEP slices) and 162 ± 15% (Fig. 8B and D) (n = 6;
P < 0.01 when compared with the corresponding value of
control LFS-DEP slices). These data are consistent with
the GABAB receptor inhibition observations (Fig. 5) and
imply that basal afferent stimulation may delay the onset of
synaptic resistance to depotentiation stimulation through
the release of GABA to activate GABAB receptors. However,
the present data cannot exclude the possibility that
other neurotransmitters released during basal synaptic
stimulation may also contribute to the regulation of the
susceptibility of synapses to depotentiation.

Discussion

Mechanisms underlying depotentiation are presumably
the reversal of cellular changes associated with LTP
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Figure 5. GABAB receptor inhibition promotes the development of synaptic resistance to depotentiation
stimulation
A, summary of experiments showing that in slices treated with GABAB receptor antagonist SCH50911 (20 µM)
the application of LFS at 10 min after two trains of 100 Hz HFS initially depressed fEPSPs that subsequently
recovered to previously potentiated level (n = 8; •). B, summary of experiments showing that in contrast to
control slices (n = 6; �), a 5 min application of DCG-IV (3 µM) at 10 min after two trains of 100 Hz HFS failed
to elicit a persistent depotentiation in SCH50911-treated slices (n = 7; •). C, summary of experiments showing
that SCH50911 treatment did not significantly affect the induction of LFS-DEP of two trains of 100 Hz LTP when LFS
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induction (Huang & Hsu, 2001; Zhou & Poo, 2004).
Although the molecular mechanisms responsible for
mossy fibre LTP have not been well characterized, it is
widely believed that mossy fibre LTP is triggered by a
tetanus-induced rise in presynaptic Ca2+ that results in
the activation of a Ca2+–calmodulin-dependent adenylyl
cyclase, which in turn causes an increase in presynaptic
cAMP levels and activation of protein kinase A that, via
mechanisms perhaps involving Rab3A and its interacting
protein, RIM1α, causes a long-lasting enhancement of
transmitter release (Huang et al. 1994; Weisskopf et al.
1994; Castillo et al. 2002). Our previous work has revealed
several common features of mossy fibre depotentiation
and has provided evidence that it is expressed
presynaptically through the activation of both group II
mGluRs and protein phosphatase-coupled signalling
cascades (Chen et al. 2001; Huang & Hsu, 2001). However,
the factors that critically regulate the susceptibility of
mossy fibre LTP to depotentiation stimulation have not
been identified. Besides the confirmation of our previous
work demonstrating that the extent of depotentiation is
inversely related to the interval between LTP induction
and the delivery of depotentiation stimulation, the
present study provides four new insights into the molecular
mechanisms that critically regulate the susceptibility of
potentiated synapses to depotentiation. First, multiple
trains of HFS can provide an immediate synaptic
resistance to depotentiation stimulation. Second, the
development of synaptic resistance to depotentiation
stimulation is dependent on the amount of synaptic
stimulation used to induce LTP and is input specific. Third,
the synaptic resistance to depotentiation stimulation is
strongly dependent on presynaptic protein synthesis but
not on RNA synthesis. Finally, GABAB receptor inhibition
or stimulus interruption immediately after LTP induction
stimulation promotes the onset of synaptic resistance to
depotentiation stimulation. Together, our data provide
strong support for the idea that the synaptic resistance
to depotentiation stimulation is achieved by local protein
synthesis and can be regulated by GABAB receptor
activation.

The activity commonly found to effectively induce
mossy fibre LTP is brief or long trains of HFS (Henze et al.
2000; Kakegawa et al. 2002). The results of the present

was applied at 3 min after LTP induction (n = 6). D, summary of experiments showing that SCH50911 treatment
had no effect on the induction of DCG-IV-DEP of two trains of 100 Hz LTP when DCG-IV was applied at 3 min after
LTP induction (n = 6). E, summary of experiments showing that with 25 Hz/125 pulse stimulation of mossy fibre
pathways, the fEPSP amplitude showed a higher potentiation in SCH50911-treated slices (n = 7; •) than in control
slices (n = 6; �). F, summary of experiments showing that in slices treated with the GABAB receptor antagonist
SCH50911 (20 µM), application of LFS at 10 min after 25 Hz/125 pulse stimulation did not produce a persistent
depotentiation (n = 6; •). G, summary of experiments showing that treatment of slices with baclofen (0.2 µM)
permitted persistent LFS-DEP of four trains of 100 Hz LTP (n = 5; •) but had no effect on the induction of LTP
(n = 5; �). H, summary of experiments showing that treatment of slices with baclofen also permitted persistent
DCG-IV-DEP of four trains of 100 Hz LTP (n = 5).

study demonstrate that the amount of imposed synaptic
stimulation is an important factor in determining the
time window of the susceptibility of potentiated synapses
to depotentiation stimulation. The synaptic resistance
to depotentiation stimulation is clearly evident when
stronger stimulation protocols, such as multiple trains of
100 Hz, are used to induce LTP. In contrast, a weaker (25 Hz
for 5 s) stimulation protocol is less effective at eliciting
the synaptic resistance to depotentiation stimulation
(Fig. 1D). An intriguing observation made in the
present study is that the addition of two trains of 100 Hz
HFS (in changing from a two trains to a four trains of
tetanus protocol) was sufficient to convert LTP from a form
that was vulnerable to depotentiation stimulation to one
that was resistant to depotentiation stimulation (Fig. 1C).
Although we prefer to interpret this finding as a result
of accelerating the expression of new protein necessary
for the consolidation processes of mossy fibre LTP, it is
possible that additional synaptic activity imposed during
four trains of 100 Hz HFS may recruit other signalling
pathways leading to synaptic resistance to depotentiation
stimulation. However, this possibility is unlikely, because
application of anisomycin and cycloheximide, both
inhibitors of protein synthesis, enabled depotentiation of
four trains of 100 Hz LTP without affecting the magnitude
of LTP (Fig. 2A and B) and because interrupting basal
afferent stimulation for a certain time period after LTP
induction was sufficient to convert two trains of 100 Hz
LTP from a susceptible state into a resilient state that is
resistant to depotentiation stimulation (Fig. 8). Our results
clearly demonstrate an early role of local protein synthesis
in promoting synaptic resistance to depotentiation
stimulation at the mossy fibre–CA3 synapses. However,
our results cannot exclude the possibility that the protein
required for the initial development of potentiated synapse
resistance to depotentiation stimulation is constitutively
present and maintained critically at a level required for
LTP consolidation by an unusually high turnover rate
against fast degradation. When translational inhibitors
block protein synthesis, the level of protein would
decrease, resulting in blockade of synaptic resistance to
depotentiation stimulation. It remains to be elucidated
how conditioning tetanization interacts with the protein
synthesis process in consolidating synaptic modifications.
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An important question that arises from this study
is whether pre- or postsynaptic protein synthesis is
required for the development of synaptic resistance to
depotentiation stimulation. The present result that loading

Figure 6. An increase of the ratio of extracellular Ca2+ and
Mg2+ concentration promotes the development of synaptic
resistance to depotentiation stimulation
A, summary of experiments showing that bath application of
SCH50911 (20 µM) caused a significant increase in the amplitude of
mossy fibre fEPSPs (n = 5). B, summary of experiments showing that
an increase in the extracellular Ca2+/Mg2+ concentration ratio from
4 mM/4 mM to 4 mM/2 mM mimicked the effect of SCH50911 on
baseline mossy fibre transmission (n = 10). C, summary of
experiments showing that in 4 mM Ca2+ and 2 mM Mg2+ aCSF,
application of LFS at 10 min after two trains of 100 Hz HFS initially
depressed fEPSPs that subsequently recovered to previously
potentiated level (n = 5; •). Field EPSPs in slices that received HFS
without LFS exhibited persistent potentiation (n = 5; �).

postsynaptic CA3 cells with mRNA cap analogue had no
effect on synaptic resistance to LFS-DEP (Fig. 3B) strongly
supports the view that presynaptic protein synthesis
contributes to the conversion of the initial synaptic
potentiation into a persistent and not disrupted state.
Traditionally, it has been thought that new proteins
are synthesized in the cell body of the neurones and
transported to the synapses or nerve terminals. In the
present study, the synaptic resistance to LFS-DEP in
slices with transected granule cell somas was comparable
with that measured in slices with intact mossy fibre
axons (Fig. 3F). It is therefore possible that the synthesis
of proteins necessary for the development of synaptic
resistance to depotentiation stimulation takes place solely
in the presynaptic nerve terminal or axonal compartment.

Recently, Calixto et al. (2003) have reported, in
contrast to our results, that the application of protein
synthesis inhibitors before HFS blocked mossy fibre
LTP. The reason for this discrepancy is unclear but
could be attributable partly to the use of different
animal species (4- to 5-week-old B57BL/6 mice versus
90–120 g Sprague-Dawley rats) and the methods used to
induce LTP (two or four trains of 100 Hz HFS at 20 s
intervals versus three trains of 100 Hz HFS at 10 s intervals),
resulting in the activation of different cellular processes
that may vary in their mode of action. However, our results
are generally in agreement with the previous findings of
Huang & Kandel (1994) and Nguyen & Kandel (1996), who
demonstrated that the early maintenance phase of mossy
LTP is independent of protein synthesis.

As in the case for mossy fibre LTP (Higashima
& Yamamoto, 1985; Zalutsky & Nicoll, 1992), the
synaptic resistance to depotentiation stimulation exhibits
strong input specificity, because the expression of this
phenomenon is restricted to the activated inputs and
not non-activated inputs, although they terminated onto
the same postsynaptic neurones (Fig. 4). Although the
identities of the presynaptic proteins required for synaptic
resistance to depotentiation stimulation remain to be
elucidated, our present study clearly demonstrates that the
candidate proteins should be rapidly upregulated within a
few minutes of the cessation of LTP-inducing stimulation
and synthesized from local constitutive mRNA, and that
their synthesis does not require basal afferent stimulation.
There is increasing evidence that the localization of
translation machinery and mRNAs in axonal and
presynaptic compartments endows individual axons or
nerve endings with the capability to independently control
synaptic strength through the local synthesis of proteins
(Giuditta et al. 2002). To date, HFS has been shown to
effectively induce an increase in expression of multiple
proteins involved in vesicular neurotransmitter release,
such as synapsin I, synaptotagmin, and synaptophysin
(Lynch et al. 1994; Hicks et al. 1997; Sato et al. 2000).
It is therefore possible that the rapid synthesis of these
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or other unidentified presynaptic proteins is involved in
the development of synaptic resistance to depotentiation
stimulation at the mossy fibre–CA3 synapses. Further
work, involving the use of function knockouts of candidate
proteins, is required to assess the potential roles of specific
candidate proteins required for conferring the synaptic
resistance to depotentiation stimulation.

The importance of GABAB receptors in homosynaptic
and heterosynaptic depression of glutamate release has
been extensively investigated at the mossy fibre–CA3
synapses, where it may provide an additional mechanism
that further increases the sparseness of the input signal and
thereby enhance the storage capacity of the CA3 network
(Vogt & Nicoll, 1999). Recent evidence has further
indicated that the loss of GABAB receptor-mediated

Figure 7. GABA transport inhibitors delayed the development of synaptic resistance to depotentiation
stimulation
A, summary of experiments showing that treatment of slices with the GABA transport inhibitor SKF89976A (50 µM)
permitted persistent LFS-DEP of four trains of 100 Hz LTP (n = 6; •) but had no effect on the induction of LTP
(n = 6; �). B, summary of experiments showing that a 5 min application of DCG-IV (3 µM) at 10 min after four
trains of 100 Hz HFS failed to elicit a persistent depotentiation in control slices (n = 6; �). In contrast, treatment
of slices with SKF89976A (50 µM) permitted persistent DCG-IV-DEP of four trains of 100 Hz LTP (n = 6; •).
C, summary of experiments showing that treatment of slices with another GABA transport inhibitor, nipecotic
acid (500 µM), permitted persistent LFS-DEP of four trains of 100 Hz LTP (n = 6; •). Field EPSPs in slices that
received HFS without LFS exhibited persistent potentiation (n = 6; �). D, summary of experiments showing that
treatment of slices with nipecotic acid (500 µM) also permitted persistent DCG-IV-DEP of four trains of 100 Hz LTP
(n = 6).

synaptic modulation at the mossy fibres may contribute
to the development of spontaneous seizures after status
epilepticus (Chandler et al. 2003). In the present study,
we extend these earlier findings and demonstrate that
synaptically released GABA by afferent stimulation
may activate GABAB receptors, thereby delaying the
onset of stabilization processes set in motion during
LTP induction. GABAB receptors are present at both
presynaptic and postsynaptic sites within the hippocampal
CA3 area (Fritschy et al. 1999). Blockade of GABAB

receptors may produce different effects on glutamatergic
transmission depending on the receptor location in
the circuit. For example, if the antagonist primarily
blocks presynaptic GABAB receptors, synaptic
transmission would be enhanced (Vogt & Nicoll, 1999). In
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the present study, we observed that SCH50911 application
caused an enhancement of basal synaptic transmission
and promoted the synaptic resistance to depotentiation,
which is consistent with the presynaptic site of action.
However, the present data cannot exclude other sources
where GABAB receptors may also contribute to the
regulation of synaptic susceptibility to depotentiation,
such as possible postsynaptic and network effects. What
could be the underlying mechanisms for the influence
of GABAB receptor activation on the development of
synaptic resistance to depotentiation stimulation? One
potential possibility is that the released GABA acting
on GABAB receptors may suppress neurotransmitter
release probability, engaging the potentiated synapses to
a state more responsible to depotentiation stimulation. A
prediction of this hypothesis, which we have confirmed,
is that the increase of glutamate release by increasing
the Ca2+/Mg2+ ratio of aCSF mimicked the GABAB

receptor antagonist SCH50911 effect of promoting the
synaptic resistance to depotentiation (Fig. 7C). However,

Figure 8. Stimulus interruption for 10 min immediately after the induction of LTP promotes the
development of synaptic resistance to depotentiation stimulation
A, a typical example showing that stimulus interruption for 10 min, commencing 20 s after HFS, prevented the
induction of LFS-DEP when LFS was applied 10 min after two trains of 100 Hz HFS. B, summary of data from six
experiments performed as in A. C, a typical example showing that stimulus interruption for 10 min commencing
20 s after HFS prevented the induction of DCG-IV-DEP (3 µM for 5 min) when LFS was applied 10 min after two
trains of 100 Hz HFS. D, summary of data from six experiments performed as in C.

we could not exclude the possibility that activation of
GABAB receptors may directly or indirectly interfere
with the protein synthesis process that is critical for
establishing the synaptic resistance to depotentiation
stimulation. Another straightforward prediction is that
the GABAB receptor antagonist SCH50911 inhibits the
reversal process itself. However, this prediction is unlikely,
because the development of LFS- and DCG-IV-DEP
was unchanged when they were delivered at 3 min
after LTP induction (Fig. 6C and D). In addition, we
have shown that stronger LTP induction protocols, such
as four trains of 100 Hz HFS, presumably overcome
the effects of GABAB receptors and stabilize synaptic
modifications. Although our observations strongly suggest
that GABAB receptor activation plays an important
role in the regulation of synaptic susceptibility to
depotentiation at mossy fibre–CA3 synapses, it should also
be mentioned that Wagner & Alger (1995) reported a lack
of GABAB receptor effect on depotentiation at Schaffer
collateral–CA1 synapses.

C© The Physiological Society 2004



J Physiol 561.1 Synaptic resistance to depotentiation stimulation 107

In conclusion, we have provided evidence that
presynaptic local protein synthesis mediates input-specific
synaptic resistance to depotentiation stimulation at the
mossy fibre–CA3 synapses and that the onset of this
synaptic resistance was delayed if the GABAB receptors
were activated by basal afferent stimulation. To the extent
that LTP represents the cellular correlate of memory
encoding and storage, the processes involved in the
regulation of synaptic susceptibility to depotentiation
stimulation may be important for controlling the neural
threshold for the consolidation of long-term memory
(Huang & Hsu, 2001; Woo & Nguyen, 2003).
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