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Activation Conditions for the Induction of Metabotropic
Glutamate Receptor-Dependent Long-Term Depression
in Hippocampal CA1 Pyramidal Cells

Wei Fan, Jeanne Ster, and Urs Gerber
Brain Research Institute, University of Zurich, CH-8057 Zurich, Switzerland

Two forms of homosynaptic long-term depression (LTD) are distinguished in hippocampal CA1 pyramidal cells, one which is NMDA
receptor dependent and the other metabotropic glutamate receptor (mGluR) dependent. Although the molecular processes involved in
mGluR-LTD are well characterized, the conditions of circuit activation required for its induction remain unclear. We show that mGluR-
LTD cannot be induced in synaptically coupled CA3–CA1 pyramidal cell pairs. Experiments to address the underlying mechanisms
indicate that, even when glutamate transporters are blocked, one presynaptic cell releases insufficient glutamate to evoke an mGluR-
mediated current in a connected CA1 cell. These findings imply that extrasynaptic diffusion is not a limiting factor and are consistent with
a sparse distribution of functional mGluRs in the dendritic tree of pyramidal cells. Thus, the discharge of multiple Schaffer collaterals to
a targeted cell is necessary for mGluR-LTD. Our experiments indicate that approximately eight CA3 inputs to a CA1 pyramidal cell must
be activated to induce mGluR-LTD.

Introduction
Homosynaptic long-term depression (LTD) in the hippocampus
is well characterized as an NMDA receptor-dependent form of
synaptic plasticity (NMDAR-LTD), as first described at the
Schaffer collateral input to CA1 pyramidal cells (Dudek and Bear,
1992; Mulkey and Malenka, 1992). An additional form of LTD at
Schaffer collateral synapses onto CA1 pyramidal cells that re-
quires activation of metabotropic glutamate receptors (mGluRs)
(mGluR-LTD) was also reported (Stanton et al., 1991; Bolshakov
and Siegelbaum, 1994; Oliet et al., 1997). Significant progress has
been made in understanding the induction mechanisms and in-
tracellular transduction pathways involved in each form (Kemp
and Bashir, 2001; Anwyl, 2006; Bellone et al., 2008). Both appear
to be induced postsynaptically (Oliet et al., 1997), but whether
their expression relies exclusively on postsynaptic processes
(Snyder et al., 2001; Xiao et al., 2001; Zhou et al., 2004; Zhang et
al., 2006; Brager and Johnston, 2007), or rather involves presyn-
aptic reduction in neurotransmitter release probability (Bolshakov
and Siegelbaum, 1994; Fitzjohn et al., 2001; Watabe et al., 2002;
Enoki et al., 2009), remains under debate (Lisman, 2009). For the
induction of NMDAR-LTD, it has been shown that cooperative
interactions of multiple presynaptic inputs are not essential, such
that appropriately timed discharge of a single CA3 pyramidal cell

can lead to homosynaptic LTD in a targeted CA1 pyramidal cell
(Debanne et al., 1996). A corresponding investigation of the cir-
cuit requirements for induction of mGluR-LTD is at present
lacking. Here, we recorded from synaptically connected pairs of
CA3 and CA1 hippocampal pyramidal cells in organotypic slice
cultures and find that, in contrast to NMDA-LTD, multiple
Schaffer collateral input is required for the induction of mGluR-
LTD in a targeted CA1 pyramidal cell.

Materials and Methods
Slice cultures and electrophysiology. Hippocampal organotypic slice cul-
tures were prepared from 6-d-old Wistar rats, as described previously
(Gähwiler et al., 1998). After 3– 4 weeks, in vitro slice cultures were trans-
ferred to a recording chamber mounted on an upright microscope
(Axioskop FS; Zeiss). Slices were superfused at 1.5 ml/min with artificial
CSF (ACSF) containing the following (in mM): 137 NaCl, 2.7 KCl, 11.6
NaHCO3, 0.4 NaH2PO4, 2.0 MgCl2, 2.8 CaCl2, 5.6 D-glucose, and 10
mg/L phenol red, pH 7.4 (�305 mOsm; 33°C; saturated with 95% O2, 5%
CO2). Both low-resistance (3–5 M�) and high-resistance (10 –15 M�)
recording pipettes were filled with the following (in mM): 120
K-gluconate, 10 L-glutamic acid, 5 KCl, 10 HEPES, 1 EGTA, 2 MgATP, 5
creatine phosphate, 0.4 NaGTP, 0.07 CaCl2, pH 7.2 (�290 mOsm). For
paired recordings, postsynaptic pipettes were filled with the following (in
mM): 126.6 CsF, 8.4 CsCl, 10 HEPES, 10 EGTA, 2 MgATP, 5 creatine
phosphate, 0.4 NaGTP, pH 7.2 (�290 mOsm). Neuronal responses were
recorded with an Axopatch 200B amplifier (pClamp 9; Molecular De-
vices) and corrected for liquid junction potentials. Signals were filtered at
5 kHz and analyzed off-line. All numerical data are means � SEM. Sig-
nificance was tested using the two-tailed t test.

For perforated patch-clamp recording, a stock solution of amphoter-
icin B (60 mM) in DMSO was added to the pipette solution to a final
concentration of 0.3 mM. Fresh solution was prepared every 1.5 h, soni-
cated 5–10 min, and kept in the dark.

Extracellular stimulation. For extracellular stimulation of Schaffer col-
laterals, glass pipettes filled with ACSF were placed in CA3 stratum ra-
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diatum, 100–200 �m from the recorded cell.
In supplemental Figure 3 (available at www.
jneurosci.org as supplemental material), the mo-
nopolar stimulation pipette was positioned in
CA3 stratum oriens. Stimulation intensity was
10–20 �A, which induced a response of 50–70%
of maximum. To evoke mGluR-mediated cur-
rent, high-frequency stimulation (100 Hz; one to
four pulses; 100 �s duration) was applied.
AMPA, NMDA, GABAA, and GABAB receptors
were blocked by 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX) (50 �M), D-(�)-2-amino-5-
phosphonopentanoic acid (D-AP5) (50 �M),
picrotoxin (100 �M), and ((3–1-(R)-((4-meth-
oxyphenyl-methyl)hydroxyphosphinyl)-2-(S)-
hydroxypropyl)aminoethyl)benzoic acid (CGP
62349) (5 �M), respectively.

Drugs. CNQX, D-AP5, and ( S)-�-methyl-
4-carboxyphenylglycine [( S)-MCPG] were
purchased from Ascent Scientific. DL-Threo-b-
benzyloxyaspartic acid (DL-TBOA) was from
Tocris. CGP 62349 was kindly provided by
Novartis. All other chemicals were from
Sigma-Aldrich/Fluka.

Results
A single CA3 pyramidal cell does not
induce mGluR-LTD in a connected CA1
pyramidal cell
In the presence of D-AP5 (50 �M), a stan-
dard LTD protocol evoking a low-
frequency train of action potentials (APs)
in a CA3 pyramidal cell (1 Hz; 900 APs)
failed to induce mGluR-LTD in a synapti-
cally connected CA1 pyramidal cell in hippocampal slice cultures
(98 � 4% of baseline, n � 6, p � 0.5; recording pipette resistance,
3–5 M�) (Fig. 1A; supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). Because certain forms of
synaptic plasticity are disrupted by cytoplasmic washout
(Kullmann and Lamsa, 2007), this experiment was repeated us-
ing high-resistance recording pipettes (10 –15 M�). Again, LTD
was not observed (98 � 3% of baseline; n � 3; p � 0.6) (Fig. 1A).
Paired-pulse low-frequency stimulation (PP-LFS) represents a
more efficient protocol for the induction of mGluR-LTD (Kemp
and Bashir, 1997). However, even PP-LFS (1 Hz; 900 paired APs;
50 ms interstimulus interval; 10 –15 M� for the CA1 electrode)
did not induce mGluR-LTD in CA3–CA1 connected cell pairs
(99 � 4% of baseline; n � 4; p � 0.6) (Fig. 1B). As postsynaptic
mGluRs in hippocampal pyramidal cells are localized in perisyn-
aptic and extrasynaptic zones (Lujan et al., 1996), membrane
transporters may prevent glutamate from accessing these recep-
tors. But even in the presence of TBOA (10 �M), a glutamate
transporter blocker (Jabaudon et al., 1999), LTD was not induced
(102 � 6% of baseline; n � 3; p � 0.8) (Fig. 1B). Together, these
results suggest that activity in a single CA3 pyramidal cell is in-
sufficient to induce mGluR-LTD in a targeted CA1 pyramidal
cell. In contrast, when Schaffer collaterals were stimulated with
an extracellular electrode (LFS, stimulation intensity, 10 –20 �A),
thereby activating several CA3 pyramidal cell axons, mGluR-
LTD was consistently observed (70 � 3% of baseline; n � 8;
p � 0.001) (Fig. 1C). Interestingly, mGluR-LTD induced by ex-
tracellular stimulation was significantly enhanced when record-
ing with high-resistance pipettes (42 � 3% of baseline; n � 5;
p � 0.001; high- vs low-resistance pipettes, p � 0.001) (Fig. 1D),
indicating that cytoplasmic dialysis significantly disrupts metabo-

tropic signaling. Application of (S)-MCPG (500 �M) prevented
mGluR-LTD (low-resistance pipettes: 100 � 4% of baseline, n � 5,
p � 0.95; high-resistance pipettes: 103 � 6%, n � 5, p � 0.6) (Fig.
1C). In the relatively young slice cultures used here (3–4 weeks), the
PP-LFS protocol did not further enhance mGluR-LTD (n � 5; p �
0.98), and blocking glutamate transporters with TBOA had no sig-
nificant effect (n � 5; p � 0.4) (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material).

When Schaffer collaterals are stimulated extracellularly, it can
be difficult to rule out that the perforant pathway, other CA1
pyramidal cells, or subicular cells are inadvertently activated. In
our slice cultures, however, the subiculum is removed, and per-
forant path fibers have completely disappeared after 2 weeks in
culture (Zimmer and Gähwiler, 1984). Furthermore, monosyn-
aptic connectivity between CA1 pyramidal cells is 0.8% in acute
slices (Thomson and Radpour, 1991) and marginally higher in
slice cultures. Nevertheless, we performed experiments in which
Schaffer collaterals were activated with the stimulating electrode
positioned in the stratum oriens instead of the stratum radiatum of
CA3 (n � 4), making it unlikely that CA1 pyramidal cell axons are
activated. The data show that mGluR-LTD was not significantly dif-
ferent ( p � 0.9; stratum oriens: 43 � 4% of baseline, n � 4; stratum
radiatum: 42�3% of baseline, n�5) (supplemental Fig. 3, available
at www.jneurosci.org as supplemental material).

A single CA3 pyramidal cell does not evoke a somatic current
mediated by mGluRs in a connected CA1 pyramidal cell
To examine why mGluR-LTD could not be induced between
pyramidal cell pairs, we checked whether an mGluR-mediated
current could be evoked in a CA1 pyramidal cell in response to
firing of a single connected CA3 pyramidal cell. After blockade of

Figure 1. Activation of a single CA3 pyramidal cell is insufficient to induce mGluR-LTD in a synaptically connected CA1 pyramidal
cell. A, In the presence of D-AP5, a low-frequency train of action potentials (1 Hz; 900 APs) in a CA3 cell did not induce mGluR-LTD
in a CA1 cell (n � 6), even when high-resistance recording pipettes were used to minimize dialysis (n � 3). B, A low-frequency
train of paired action potentials (PP-LFS) also failed to induce mGluR-LTD (n � 4) even when glutamate transporters were blocked
with TBOA (n � 3). C, mGluR-LTD can be induced in a CA1 pyramidal cell with extracellular stimulation of Schaffer collaterals (1 Hz;
900 pulses; 10 –20 �A; in D-AP5). The amplitude of mGluR-LTD was significantly greater when high-resistance pipettes were used
(n � 8 and 5 for low- and high-resistance pipettes, respectively; p � 0.001). ( S)-MCPG (500 �M) prevented mGluR-LTD (n � 5).
D, Summary of results from extracellular stimulation experiments. Error bars indicate SEM. ***p � 0.001.
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NMDA, AMPA/kainate, GABAA, and GABAB receptors, even a
high-frequency train of 30 APs at 100 Hz failed to evoke a
metabotropic response in a CA1 pyramidal cell recorded with
a high-resistance pipette at �50 mV, a membrane potential at
which mGluR-mediated currents are maximal (Gee et al., 2003)
(n � 3) (Fig. 2A, bottom). Blocking glutamate transporters
(TBOA, 50 �M) also did not reveal a metabotropic response (n �
3) (Fig. 2A, bottom). A similar negative result was obtained with
the perforated patch-clamp method (n � 3) (supplemental Fig.
4A, available at www.jneurosci.org as supplemental material).

With extracellular stimulation of Schaffer collaterals (100 Hz;
four pulses; 20 –50 �A; 100 �s duration), mGluR-mediated
EPSCs were consistently evoked in CA1 pyramidal cells, as pre-
viously reported (Congar et al., 1997; Nakamura et al., 1999). A
metabotropic response was, however, only observed with high-
resistance recording pipettes (n � 10 and 28 for low- and high-
resistance pipettes, respectively) (Fig. 2B, top). The time to peak
current (933.3 � 67.6 ms; n � 28) and the 90 –10% decay time
(2927.2 � 187.0 ms; n � 28) of these EPSCs were two orders of

magnitude greater than those of ionotropic AMPA EPSCs. Con-
sistent with responses mediated by group I mGluRs, the EPSCs
were blocked by (S)-MCPG (500 �M; n � 13) (Fig. 2B, bottom).
Furthermore, TBOA (10 �M) significantly potentiated mGluR
EPSCs evoked by extracellular stimulation (192 � 24% of base-
line; n � 6; p � 0.05) (supplemental Fig. 5, available at www.
jneurosci.org as supplemental material). Similar results were
obtained with the perforated patch-clamp method, with no sig-
nificant difference in response amplitude obtained with high-
resistance pipettes (n � 8) versus perforated patch-clamp (n � 5;
p � 0.3) (Fig. 2C; supplemental Fig. 4B, available at www.
jneurosci.org as supplemental material).

Estimating the number of Schaffer collaterals required to
induce mGluR-mediated responses
As stimulation of a single CA3 pyramidal cell did not induce a
metabotropic current in a CA1 pyramidal cell, we performed
experiments to estimate the minimum number of synaptic inputs
to a CA1 pyramidal cell that must be activated to evoke an
mGluR-mediated response. We determined that a threshold
stimulation intensity of 20 �A applied to the Schaffer collaterals
(100 Hz; two pulses;100 �s duration) is necessary to evoke a
discernible mGluR-mediated current of �10 pA in CA1 pyrami-
dal cells voltage clamped at �50 mV (n � 5) (Fig. 3A; supple-
mental Fig. 6A, available at www.jneurosci.org as supplemental
material). The identical two pulse stimulation protocol evoked
two AMPA EPSCs, whose mean amplitude was �470 pA at 20
�A, derived from the exponential fit of the curve ( f � y0 �
a*(1 � exp(�b*x))) (Fig. 3B; supplemental Fig. 6B, available at
www.jneurosci.org as supplemental material). As the median
amplitude of the two unitary AMPA responses was 23.1 pA (n �
22 pairs) (Fig. 3C; supplemental Fig. 6C, available at www.
jneurosci.org as supplemental material), we can estimate that
�20 CA3 synaptic inputs released glutamate to yield a response
of 470 pA. Therefore, �20 CA3 pyramidal cell axons targeting a
given CA1 pyramidal cell must be activated concurrently to in-
duce a somatic current mediated by group I mGluRs. We then
checked whether the threshold stimulation intensity for mGluR-
LTD is similar to that required to induce an mGluR-mediated
current. We found that a much lower stimulation intensity of 10
�A (at 1 Hz) was sufficient to induce mGluR-LTD. At a still lower
stimulation intensity of 5 �A, an AMPA receptor-mediated cur-
rent was no longer observed. As glutamate binds with a �30-fold
higher affinity to mGluRs (Conn and Pin, 1997) than to AMPA
receptors (Jonas and Sakmann, 1992), it is nonetheless possible
that this lower stimulation intensity might induce mGluR-LTD.
However, when stimulation intensity was reduced to 5 �A, LTD
was no longer observed (5 �A: 101 � 4% of baseline, p � 0.9; 10
�A: 46 � 7% of baseline, p � 0.05; n � 3) (Fig. 3D). Thus, an
intensity of 10 �A is close to threshold for inducing mGluR-LTD.
A stimulus of 10 �A evokes an extracellular AMPA receptor-
mediated response of �190 pA (Fig. 3B), which when divided by
the median value of a single unitary AMPA response (23.3 pA;
n � 22 pairs) (Fig. 3C) provides an estimate of eight active CA3
inputs required to induce mGluR-LTD in a targeted CA1 pyra-
midal cell.

Discussion
The main finding of this study is that, in contrast to NMDAR-
LTD (Debanne et al., 1996), mGluR-LTD assessed by somatic
recording in CA1 pyramidal cells could not be induced by stim-
ulating a single synaptically connected CA3 pyramidal cell. A
number of possibilities may account for this difference. First,

Figure 2. Activation of a single CA3 pyramidal cell does not evoke a discernible somatic
current mediated by mGluRs in a synaptically connected CA1 pyramidal cell. A, To enhance
mGluR-mediated currents, postsynaptic CA1 cells were voltage clamped at �50 mV using
recording pipettes with a resistance of 10 –15 M�. Top, A single AP in a CA3 pyramidal cell
elicited a fast EPSC in a CA1 pyramidal cell (Vh � �70 mV). Bottom, Blocking NMDA (50 �M

D-AP5), AMPA/kainate (50 �M CNQX), GABAA (100 �M picrotoxin), and GABAB receptors (5 �M

CGP 62349) failed to reveal a slow metabotropic current in response to a 100 Hz train of 30 APs.
Inhibition of glutamate transporters (50 �M TBOA) under these conditions also did not reveal an
mGluR-mediated current. Traces represent averages of 10 sweeps. B, Top, Extracellular stimu-
lation of Schaffer collaterals (100 Hz; 4 pulses; 30 �A; Vh � �50 mV) did not evoke an
mGluR-mediated response in CA1 pyramidal cells when recording pipettes of 5 M� were used.
The same stimulation evoked a slow EPSC when using high-resistance recording pipettes (12
M�). Bottom, The slow EPSC was inhibited by ( S)-MCPG (500 �M; n � 13). Responses were
elicited at 0.1 Hz. Traces represent averages of five sweeps. C, Average amplitudes of mGluR
EPSCs evoked with extracellular stimulation (n � 8 and 5 for high-resistance pipettes and
perforated patch-clamp, respectively). Error bars indicate SEM.
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NMDA receptors in CA1 pyramidal cells
are usually located in the middle of the
synaptic disk (Racca et al., 2000), whereas
metabotropic receptors display a perisyn-
aptic or extrasynaptic localization (Lujan
et al., 1996). Thus, cooperative presynap-
tic activity could be necessary to allow
pooling and diffusion of neurotransmitter
to the more distantly positioned metabo-
tropic receptors, as demonstrated for ac-
tivation of GABAB receptors (Scanziani,
2000). This mechanism, however, does
not appear to be involved in inducing
mGluR current, as inhibition of glutamate
transporters with TBOA to promote syn-
aptic spillover of neurotransmitter did
not reveal a response. A second possibility
is that, as opposed to NMDA receptors,
which are expressed in virtually all spines
in CA1 pyramidal cells (Takumi et al.,
1999; Racca et al., 2000), the expression of
dendritic mGluRs may be relatively low,
such that diffusion of transmitter from a
single release site will rarely reach an
mGluR-positive spine. Evidence for a
sparse distribution of functional dendritic
mGluRs is provided in a recent study
showing that metabotropic responses in
CA1 pyramidal cells could only be induced
in a subset of endoplasmic reticulum-
containing mushroom spines (Holbro et al.,
2009), which represent �10% of all spines.
Furthermore, the failure rate with gluta-
mate uncaging for mGluR-mediated re-
sponses in mGluR-positive spines was
�80%. Even though a single CA3 pyrami-
dal cell can make multiple functional con-
tacts with a synaptically coupled CA1
pyramidal cell (Hsia et al., 1998)— esti-
mated at between two and four (Sorra and
Harris, 1993)—the probability that one of
these few contacts will produce a metabotropic response is there-
fore very low. Indeed, our experiments indicate that �20 CA3
pyramidal cell inputs to a CA1 pyramidal cell must be activated
for reliable induction of somatic mGluR-mediated current. This
is, nevertheless, a relatively small number considering that a CA1
pyramidal cell in vivo receives, on average, input from 5500 CA3
pyramidal cells (Amaral et al., 1990). Moreover, we estimate that
even fewer CA3 inputs (�10) must be activated to induce
mGluR-LTD. When an mGluR-positive spine is first identified
and then specifically stimulated by two-photon glutamate uncag-
ing, it is, however, possible to obtain mGluR-LTD (Holbro et al.,
2009). This difference to our experiments is likely to reflect the
fact that previous identification of mGluR-positive synapses is
not possible at present with paired recording, and, as there are
multiple functional contacts between CA3–CA1 pyramidal cell
pairs, LTD of at best one of these synapses may not be discernible
within the compound synaptic response.

A lower threshold for mGluR-LTD compared with mGluR-
mediated current in CA1 pyramidal cells could reflect differences
in the respective intracellular transduction mechanisms. Thus, an
mGluR-dependent calcium signal to initiate LTD induction may
have a lower stimulation threshold than an mGluR-mediated

current, as demonstrated in cerebellar Purkinje cells (Finch and
Augustine, 1998; Takechi et al., 1998). It has not been possible to
repeat this type of experiment in CA3–CA1 paired recordings
because of the difficulty in localizing the very few activated spines
in the large dendritic tree of a pyramidal cell.

A second finding emerging from our study is the pronounced
sensitivity of mGluR-mediated responses to cytoplasmic dialysis.
This phenomenon may explain why in most studies using whole-
cell patch recording, concentrations of agonists to activate
postsynaptic mGluRs exceed EC50 values for group I mGluRs
(Conn and Pin, 1997) by one to two orders of magnitude. The
rundown of metabotropic responses can be avoided with the per-
forated patch-clamp method (Horn and Marty, 1988), but this
approach is technically demanding. Here, we show that a simpler
method using patch pipettes with a higher resistance (10 –15
M�) allows mGluR-mediated currents to be recorded with sim-
ilar amplitudes to those obtained with the perforated patch-
clamp technique.

In conclusion, we have shown that, even under conditions in
which cytoplasmic dialysis is minimized, mGluR-LTD is not ob-
served in CA3–CA1 pyramidal cell pairs. Temporally contiguous
input from multiple Schaffer collaterals must target a CA1 pyra-

Figure 3. Estimating the number of CA3 axons targeting one CA1 pyramidal cell that must be activated to induce an mGluR-
mediated current or mGluR-LTD. A, Average amplitudes of mGluR EPSCs evoked with two pulses at 100 Hz were plotted against
stimulation intensity (10 –50 �A; Vh ��50 mV; n � 5; high-resistance pipettes). B, AMPA EPSCs in CA1 pyramidal cells elicited
with extracellular stimulation of Schaffer collaterals with one or two pulses at 100 Hz (Vh � �70 mV). Average amplitudes of
AMPA EPSCs were plotted against stimulation intensity (n � 7). C, Paired recordings between CA3–CA1 pyramidal cells. Four APs
(100 Hz) triggered in a CA3 pyramidal cell elicited AMPA EPSCs in a connected CA1 pyramidal cell voltage-clamped at �70 mV.
Amplitudes of the first EPSCs and the average amplitudes of the first and second EPSCs are shown (n � 22). Outliers may reflect
multiquantal release (Tong and Jahr, 1994). D, mGluR-LTD can be induced in a CA1 pyramidal cell with extracellular stimulation of
Schaffer collaterals (1 Hz; 900 pulses; in 50 �M D-AP5) with a stimulation intensity of 10 �A, but not 5 �A (n � 3). The amplitude
of the AMPA response, evoked with a stimulation intensity corresponding to the threshold to induce mGluR-LTD or an mGluR-
mediated EPSC, was divided by the amplitude of a unitary AMPA response to estimate the number of inputs to a CA1 pyramidal cell
required for an mGluR-mediated response. Error bars indicate SEM.
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midal cell to induce mGluR-mediated currents and mGluR-LTD.
Interestingly, the requirement for multiple inputs does not reflect
a cooperative mechanism involving synaptic spillover of gluta-
mate (Arnth-Jensen et al., 2002) but rather is consistent with a
sparse expression of functional mGluRs in the dendritic tree of
pyramidal cells.
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