
Development/Plasticity/Repair

A Novel Form of Low-Frequency Hippocampal Mossy Fiber
Plasticity Induced by Bimodal mGlu1 Receptor Signaling

Shanti F. Frausto,1,2 Koichi Ito,3 William Marszalec,1 and Geoffrey T. Swanson1,2

1Department of Molecular Pharmacology and Biological Chemistry and 2Northwestern University Interdepartmental Neuroscience Graduate Program,
Northwestern University Feinberg School of Medicine, Chicago, Illinois 60611, and 3Department of Comparative Pathophysiology, Graduate School of
Agricultural and Life Sciences, The University of Tokyo, Tokyo 113-8657, Japan

Mossy fiber synapses act as the critical mediators of highly dynamic communication between hippocampal granule cells in the dentate
gyrus and CA3 pyramidal neurons. Excitatory synaptic strength at mossy fiber to CA3 pyramidal cell synapses is potentiated rapidly and
reversibly by brief trains of low-frequency stimulation of mossy fiber axons. We show that slight modifications to the pattern of stimu-
lation convert this short-term potentiation into prolonged synaptic strengthening lasting tens of minutes in rodent hippocampal slices.
This low-frequency potentiation of mossy fiber EPSCs requires postsynaptic mGlu1 receptors for induction but is expressed presynap-
tically as an increased release probability and therefore impacts both AMPA and NMDA components of the mossy fiber EPSC. A noncon-
ventional signaling pathway initiated by mGlu1 receptors contributes to induction of plasticity, because EPSC potentiation was prevented
by a tyrosine kinase inhibitor and only partially reduced by guanosine 5=-O-(2-thiodiphosphate). A slowly reversible state of enhanced
synaptic efficacy could serve as a mechanism for altering the integrative properties of this synapse within a relatively broad temporal
window.

Introduction
Efficacy of excitatory transmission at the hippocampal mossy
fiber–CA3 (mf-CA3) pyramidal neuron synapse is acutely sensi-
tive to dynamic changes in the frequency of granule cell firing.
Robust forms of short- and long-term synaptic plasticity are
thought to be integral components of the “conditional detona-
tor” function of mossy fibers in triggering pyramidal neuron
excitation (Henze et al., 2002; Nicoll and Schmitz, 2005; Bischof-
berger et al., 2006). Short-term potentiation of excitatory transmis-
sion by as much as 1 order of magnitude results from increases in
presynaptic release probability after modest elevations of action po-
tential firing frequency (Salin et al., 1996). This form of plasticity,
referred to as frequency-dependent facilitation, rapidly reverses after
resumption of basal stimulation frequencies. Conventional long-
term potentiation (LTP) of mf-CA3 pyramidal neurons also has a
presynaptic locus of expression (Xiang et al., 1994; Weisskopf and
Nicoll, 1995).

Classically defined LTP of mossy fiber EPSCs (mf-EPSCs) is
independent of NMDA receptor activation (Harris and Cotman,
1986; Zalutsky and Nicoll, 1990) in contrast to the prototypical
form of NMDA receptor-dependent LTP found at the Schaffer

collateral–CA1 synapse (Kerchner and Nicoll, 2008). The signal-
ing pathways that underlie induction are still a matter of debate,
with evidence both for and against postsynaptic mechanisms
such as mobilization of calcium from internal stores or via entry
through voltage-gated channels (Williams and Johnston, 1989;
Zalutsky and Nicoll, 1990; Yeckel et al., 1999; Mellor and Nicoll,
2001). Because expression of conventional mf-LTP occurs pre-
synaptically, any postsynaptic contributions to induction must
be transduced through a retrograde messenger system; the bidi-
rectional Eph receptor– ephrin signaling system was proposed to
serve this role (Contractor et al., 2002; Armstrong et al., 2006).
Presynaptic expression of mf-LTP is known to engage cAMP and
its downstream effectors (Weisskopf et al., 1994), which increase
release probability through poorly defined actions in mossy fiber
boutons (Nicoll and Schmitz, 2005). More recently, additional
forms of LTP were described in which NMDA EPSCs could be
potentiated by activation of postsynaptic group I metabotropic
glutamate (mGlu) receptors or adenosine A2A receptors (Kwon
and Castillo, 2008b; Rebola et al., 2008), which then serve as a
metaplastic switch for induction of a postsynaptic form of plas-
ticity of AMPA EPSCs previously not observed at mossy fiber
synapses (Rebola et al., 2011).

The frequency of mossy fiber stimulation is a key parameter in
induction of plasticity. mf-LTP requires short or sustained bursts
of high-frequency stimulation (HFS), at 25–50 Hz, whereas low-
frequency stimulation (LFS) is associated with long-term depres-
sion (LTD) at mossy fiber synapses (Kobayashi et al., 1996). Here
we discovered that paired stimulation patterns with LFS elicited a
slowly deprecating potentiation of mf-EPSCs, which we refer to
as mossy fiber low-frequency potentiation (mf-LFP) because it is
prolonged but ultimately fades after approximately 1 h. This
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form of potentiation occurred downstream of bimodal mGlu1-
mediated activation of both G-protein-dependent pathways and
noncanonical signaling through tyrosine kinase cascades. Poten-
tiation of mossy fiber synaptic efficacy for tens of minutes could
provide a broad window for temporal integration underlying pat-
tern completion in the CA3 network.

Materials and Methods
Hippocampal slice preparation. Horizontal hippocampal slices (350 �m)
were made from postnatal day 15–21 wild-type 129SvEv, GluK2 �/�, or
mGlu1 �/� gene-targeted mice of either sex using a Vibratome 3000 Plus
(Vibratome). mGlu1 �/� mice were a generous gift from Dr. K. Huber
(University of Texas Southwestern Medical Center, Dallas, TX). Mice
were rapidly decapitated after isoflurane anesthesia, and the brain was
removed under ice-cold sucrose-rich slicing solution (SRSS) equilibrated
with 95% O2/5% CO2 containing 85 mM NaCl, 2.5 mM KCl, 1.25 mM

NaH2PO4, 25 mM glucose, 75 mM sucrose, 25 mM NaHCO3, 10 �M DL-
APV, 100 �M kynurenate, 0.5 mM CaCl2, and 4 mM MgCl2. Slices were
slowly warmed to 30°C and allowed to return to room temperature while
exchanging the SRSS for oxygenated artificial CSF (ACSF) solution con-
taining 125 mM NaCl, 2.4 mM KCl, 1.2 mM NaH2PO4, 25 mM NaHCO3,
25 mM glucose, 1 mM CaCl2, 2 mM MgCl2, 10 �M DL-APV, and 100 �M

kynurenate.
Electrophysiological recordings. After a 1 h incubation period, slices

were transferred to a recording chamber and continuously perfused with
oxygenated ACSF solution containing 2 mM CaCl2 and 1 mM MgCl2 at
25°C. Glass electrodes were pulled from borosilicate glass to resistances
of 3– 6 �� and filled with an internal solution containing 95 mM CsF, 25
mM CsCl, 10 mM Cs-HEPES, 10 mM Cs-EGTA, 2 mM NaCl, 2 mM Mg-
ATP, 10 mM QX-314, 5 mM TEA-Cl, and 5 mM 4-AP. The pH was ad-
justed to 7.3 with CsOH, and osmolarity was maintained at 290 mOsm.
Whole-cell patch-clamp recordings were made from visually identified
CA3b or CA3c pyramidal cells in the hippocampus. All cells were held at
a potential of �70 mV, and the series resistance was monitored contin-
uously and compensated to 50 –70%. Mossy fiber EPSCs, which are pre-
dominantly composed of AMPA receptor currents, were evoked at a
basal stimulation frequency of 0.05 Hz in the presence of the GABAA

antagonists, bicuculline (10 �M) and picrotoxin (50 �M), and the NMDA
receptor antagonist, D-AP5 (50 �M). Low-frequency stimuli with varying
parameters (i.e., 1 Hz paired pulse, 40 ms intervals) were delivered by a
monopolar glass electrode filled with ACSF positioned in the inner 50
�m of the stratum lucidum. The amplitude of the evoked mf-EPSCs and
paired-pulse ratio (PPR) was measured during basal activity and after
induction of each LFS mf-LFP protocol. Mossy fiber responses were
verified based on their robust short-term facilitation, large paired-pulse
facilitation (�2.0 at 40 ms intervals), short and stable latency, and inhi-
bition (�70%) by the group II metabotropic glutamate receptor agonist
(2S,2�R,3�R)-2-(2�,3�-dicarboxycyclopropyl) glycine (DCG-IV) (1 �M).

Our standard paired-pulse low-frequency stimulation (PP-LFS) pro-
tocol consisted of first recording mf-EPSCs under basal conditions at a
frequency of 0.05 Hz with paired stimuli (separated by an interstimulus
interval of 40 ms) for 10 min, followed by a 1 Hz train of paired stimuli
over 2 min. mf-EPSCs were then further recorded for 30 min at the 0.05
Hz basal rate. Experimental modifications to this standard PP-LFS in-
duction protocol included varying the paired-pulse interval to 200 or 500
ms, the frequency of the train between 0.2 and 2 Hz, the duration of the
train between 30 s and 2 min, and the number of stimuli during each
burst in the LFS train (one, two, or three). For the experiments where the
frequency was changed, the total number of stimuli delivered during the
train remained at 240 resulting in longer train durations (e.g., 240 stimuli
at 0.2 Hz for 10 min). During all pharmacology experiments, drugs were
applied for 10 min after the basal control stimulation and continued
during the induction protocol. The magnitude of mf-LFP was deter-
mined by measuring the mf-EPSC amplitude over the last 5 min of each
recording relative to the 10 min average of control EPSC amplitudes
before the LFS.

Data acquisition and analysis. Data were acquired with pClamp 10.2
software (Molecular Devices) and analyzed with Origin 7.0 (OriginLab).

Values were represented as mean � SEM, and n values represent the
number of recordings from individual slice preparations. Only a single
recording was taken from each slice preparation. Statistical significance
was tested on raw data using a student’s paired t test to compare the
control amplitudes before LFS stimulation with the last 5 min of each
recording. Cumulative probability histograms were tested with a Kolm-
ogorov–Smirnov nonparametric test. Coefficients of variation (CV) of
mf-EPSCs were compared for 5 min of recording preceding and 30 min
after the mf-LFP induction protocol. The CV was corrected for the back-
ground noise. For clarity and illustrative purposes, every third data point
was plotted in each graph.

Compounds. The following compounds were bath applied with exter-
nal ACSF during the pharmacological experiments: SNX-482 (500 nM),
isradipine (5 �M), JNJ 16259685 (500 nM), LY 367385 (100 �M), MPEP
(10 �M), genistein (30 �M), genistin (30 �M), and EphB2 Fc chimeric
protein (5 �g/ml). BAPTA (20 mM) and guanosine 5=-O-(2-
thiodiphosphate) (GDP�S) (2 mM) were included in the recording pi-
pette. All chemicals, including inorganic salts, were purchased from
Sigma-Aldrich (St. Louis, MO), except JNJ 16259685, LY 367385, MPEP
(Tocris Cookson, Bristol, UK), and SNX-482 (Peptides International).
GDP�S was purchased from BIOMOL Research Laboratories, and the
recombinant mouse EphB2 fusion protein was purchased from R&D
Systems.

Results
Patterned low-frequency stimulation elicits a quasi-stable
potentiation of mossy fiber EPSCs
PP-LFS produces duration-dependent plasticity of Schaffer col-
lateral–CA1 pyramidal cell ESPCs (Huang and Kandel, 2006),
but the effect of similar stimulation paradigms on mf-EPSCs is
unknown. We explored how alterations in the pattern of mossy
fiber stimulation within low-frequency ranges (primarily 1 Hz)
impacted synaptic efficacy of mf-EPSCs arising from AMPA and
kainate receptor activation. In initial experiments, a long-lasting
potentiation of mf-EPSCs was observed if paired stimuli were
delivered during the 1 Hz train rather than single events used in
the classical frequency facilitation paradigm; the increased mf-
EPSCs was accompanied by an apparent reduction in the paired-
pulse ratio (a representative example is shown in Fig. 1A). In the
PP-LFS train protocol used in these experiments, we evoked pairs
of mf-EPSC stimuli with an interstimulus interval (ISI) of 40 ms
both at the basal frequency of 0.05 Hz and during the 1 Hz train of
2 min duration (i.e., 240 stimuli in the train). Each experiment
was concluded with the application of the group II mGlu agonist
DCG-IV (1 �M), which was one of our standard criteria for vali-
dating that the EPSCs arose from mossy fiber inputs.

PP-LFS train stimulation caused the mf-EPSC mean ampli-
tudes to remain potentiated by 148 � 13% at 30 min after tetanus
(Fig. 1B, gray squares; n � 10; p � 0.0056 relative to control). In
contrast, mf-EPSC amplitudes rapidly returned to control levels
if pairing was omitted during the 2 min train stimulation (99 �
9% of control amplitudes 30 min after 1 Hz train; n � 6; Fig. 1B,
open circles), consistent with previous reports (Salin et al., 1996).
Cumulative probability histograms of normalized mf-EPSC am-
plitudes after conventional 1 Hz single stimulation and PP-LFS
are shown in Figure 1C. A decrease in the PPR of mf-EPSCs was
observed 30 min after PP-LFS when compared with initial con-
trol PPRs (3.2 � 0.2 pretrain, 2.6 � 0.2 posttrain) (Fig. 1D). A
reduction in the mean CV of mf-EPSCs after PP-LFS also was
observed (control, 0.36 � 0.02; 30 min after PP-LFS, 0.31 � 0.03;
n � 10; p � 0.05, Student’s paired t test). These data, while not
conclusive, are consistent with a presynaptic locus of expression,
suggesting that some mechanistic overlap could exist with LTP
induced by conventional high-frequency paradigms.
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PP-LFS with a 2 Hz train frequency also potentiated mf-
EPSCs (194 � 38%; n � 8; p � 0.041), whereas amplitudes
returned to control after single train stimulation at 2 Hz (115 �
15%) (Fig. 1E). Increasing the extracellular divalent cation concen-
trations to 4 mM Ca2	 and 4 mM Mg2	, an often-used experimental
condition that reduces network excitability in hippocampal slice
preparations, did not alter the level of potentiation observed at 30
min after induction of plasticity using the 1 Hz PP-LFS stimulation
protocol (150 � 20%; n � 10; p � 0.042 vs pretetanus amplitudes)
(Fig. 1F). We also found that mf-EPSC intermediate potentiation in
our standard ACSF (i.e., 2 mM Ca2	/1 mM Mg2	) was observed at a
higher temperature of 30°C (140 � 4%; n � 4; p � 0.0027) (Fig. 1G).

The potentiation of mf-EPSCs after 1 and 2 Hz pairing seemed
to diminish slowly with time rather than stabilizing at a plateau

level, as is evident in Figure 1, B and E. We therefore recorded
mf-EPSCs for 60 min after tetanus to more fully describe the time
course of low-frequency potentiation. As with earlier recordings,
mf-EPSC amplitudes remained elevated 30 min after tetanus
(139 � 15%; p � 0.047 relative to control amplitudes) but re-
turned to baseline levels within 1 h (111 � 16%; n � 6) (Fig. 1H).
The mean potentiation at 30 min for each of these experimental
conditions is summarized in the bar graph in Figure 1 I.

In light of suggestions that some degree of facilitation and
potentiation of mossy fiber AMPA EPSCs can be attributed to
enhanced postsynaptic excitability and polysynaptic activity
(Kwon and Castillo, 2008b), we next tested whether EPSCs aris-
ing from synaptic NMDA receptors exhibited the same degree of
mf-LFP after PP-LFS stimulation. NMDA-EPSCs were recorded

Figure 1. Patterned low-frequency stimulation leads to potentiation of mossy fiber EPSCs. A, Mossy fiber EPSCs recorded from CA3 pyramidal neurons in mouse hippocampal slices were elicited
at a basal frequency of 0.05 Hz and train frequency of 1 Hz (gray bar, 2 min). Paired-pulse ratios were monitored during the duration of the experiment, and mossy fiber activation was confirmed with
administration of the group II mGlu receptor agonist DCG-IV. B, Stimuli were evoked at a 1 Hz frequency with single LFS (open circles) or with paired LFS with a 40 ms interstimulus interval (PP-LFS,
gray squares). Mean normalized EPSC amplitudes show that mf-EPSCs returned to basal levels after single pulses were administered. In contrast, PP-LFS stimulation potentiated mf-EPSCs 30 min
after train stimulation. Insets in this and other panels show representative mf-EPSCs during prestimulus control (a, black trace) and during the last 5 min of the recordings (b, gray trace). Calibration:
x-axes, 10 ms; y-axes, 100 pA (single stimulation) and 150 pA (PP-LFS stimulation). C, Cumulative probability histogram for mean 1 Hz single LFS (open circles) and 1 Hz PP-LFS (gray squares). The
dashed line indicates 100% control amplitude. D, Plot of the PPR during baseline and after mf-LFP induction in 1 Hz PP-LFS experiments. Gray boxes represent average PPR and SEM for pretrain
control and 30 min posttrain. E, Mean normalized amplitudes of mf-EPSCs evoked singly (open circles) or in pairs (PP-LFS, gray squares) in experiments where the train frequency was 2 Hz (for 1 min).
Single stimuli did not potentiate mf-EPSCs, whereas a PP-LFS paradigm effectively potentiated mean amplitudes. Calibration: x-axes, 10 ms; y-axes, 150 pA. F, Mean normalized mf-EPSC amplitudes
were potentiated in 1 Hz PP-LFS experiments in which the extracellular divalent cation concentrations were raised to 4 mM Ca 2	 and 4 mM Mg 2	. Calibration: x-axis, 10 ms; y-axis, 250 pA. G, mf-LFP
occurs at more physiological temperatures. Calibration: x-axis, 10 ms; y-axis, 250 pA. H, Recording mf-EPSCs for a longer experimental time course revealed that elevated amplitudes returned to
control levels 1 h after PP-LFS induction. Inset traces in this case are taken from the baseline period (a, black) and 1 h after PP-LFS (b, gray; overlapping with the control trace). Calibration: x-axis, 10
ms; y-axis, 250 pA. I, Bar graph summarizing mf-LFP expressed as a percentage of control amplitudes within each experimental group. Asterisks represent significance of individual degrees of
potentiation compared with baseline within each experimental group (*p � 0.05; **p � 0.01).
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in a nominally Mg 2	-free external solu-
tion with glycine (10 �M) and the AMPA/
kainate receptor antagonist CNQX (50
�M) at a command potential of 	40 mV;
however, the 1 Hz tetanic stimulation was
performed at �70 mV. The mean ampli-
tude of NMDA-EPSCs was increased to
161 � 14% of control amplitudes by the
low-frequency stimulation paradigm
(n � 7; p � 0.0028; data not shown), rul-
ing out contributions by enhanced CA3
polysynaptic activity in this form of mossy
fiber plasticity.

In summary, we found that pairing
stimuli during a low-frequency activation
of mossy fibers transformed short-term
plasticity into an elevation of synaptic ef-
ficacy that lasted for at least 30 min but no
longer than 1 h. For the subsequent exper-
iments, we used the 30 min post-1 Hz
train time frame as a standard for this
form of plasticity at mossy fiber synapses,
referred to as mf-LFP.

Induction parameters that impact
low-frequency potentiation of mf-EPSCs
Our initial studies implied that the pat-
tern of stimulation, or interval between
the paired stimuli, contained within the
low-frequency burst train was a critical
parameter in the induction of interme-
diate mf-EPSC potentiation. To test this
hypothesis, we increased the ISI of pairs
during the 1 Hz train to either 200 or 500
ms while maintaining the pair interval at
40 ms during the pretrain and posttrain
periods. Stimulation with 200 ms inter-
vals during the train produced a robust
level of potentiation 30 min after the teta-
nus (179 � 22%; n � 6; p � 0.012; Fig.
2A). In contrast, pairs of stimuli separated
by 500 ms (equivalent of a train with sin-
gle stimuli evoked at 2 Hz) failed to elicit
potentiation (117 � 14%; n � 7; Fig. 2A),
indicating that the duration between the
pairs of stimuli is a critical parameter in
inducing potentiation. Mean potentiation
of mf-EPSCs with different interstimulus
intervals during the 1 Hz train are com-
pared in the bar graph in Figure 2A.

Varying the number of stimuli during
the 1 Hz induction train also altered mf-Figure 2. Impact of altering PP-LFS parameters on mf-LFP. A, Mean normalized mf-EPSC amplitudes were potentiated in

experiments with a 200 ms interstimulus interval during the 1 Hz PP-LFS train (gray bar). Insets in this and other panels show
representative mf-EPSCs during prestimulus control (black trace) and during the last 5 min of the recordings (gray trace). Calibra-
tion: x-axis, 10 ms; y-axis, 500 pA. The bar graph (right) shows mean percentage of control amplitudes after 1 Hz PP-LFS train
stimulation at different interstimulus intervals. The white bar represents a standard PP-LFS induction protocol with a 500 ms
interstimulus interval. The gray line and bar show mean�SEM, respectively, of mf-LFP observed after a standard PP-LFS induction
protocol. B, Addition of a third stimulus at a 40 ms interval during the 1 Hz train yields a higher degree of mf-EPSC potentiation
compared with standard PP-LFS (gray bar). The bar graph summarizes the effect of varying the number of stimuli during PP-LFS
induction. Calibration: x-axis, 10 ms; y-axis, 200 pA. C, The 1 Hz train duration during PP-LFS is critical for mf-LFP induction. A 30 s
train failed to elicit significant potentiation when compared with the 2 min standard PP-LFS protocol. The bar graph summarizes
the effect of changing the duration of the PP-LFS train from 0.5 to 1 min (white bar) and 2 min (gray bar). Calibration: x-axis, 10 ms;
y-axis, 100 pA. D, The train frequency is an important determinant of mf-LFP induction. Mean normalized amplitudes of mf-EPSCs
are shown from experiments in which PP-LFS induction was performed at a train frequency of 0.2 Hz (gray box), which did not

4

induce mf-LFP. The total number of stimuli was kept constant
at 240 stimuli as in the standard 1 Hz PP-LFS induction proto-
col. Calibration: x-axis, 10 ms; y-axis, 200 pA. The bar graph
summarizes the magnitude of mf-LFP observed with different
train stimulus frequencies (all delivered with pairs of stimuli).
The gray line and bar show mean � SEM, respectively, of mf-LFP
observed after a standard PP-LFS induction protocol. Asterisks rep-
resent significance of individual degrees of potentiation compared
with baseline (*p � 0.05; **p � 0.01).

16900 • J. Neurosci., November 23, 2011 • 31(47):16897–16906 Frausto et al. • mGlu1-Mediated Mossy Fiber Plasticity



EPSC potentiation. Our standard PP-LFS protocol consisted of
pairs of stimuli separated by 40 ms during both 0.05 Hz basal
stimulation frequency as well as the 1 Hz induction train. Single
stimulation during the train rather than pairs failed to induce
potentiation (96 � 4%; n � 4; Fig. 2 B), whereas addition of a
third stimulus in each burst (with 40 ms between stimuli)
produced a more robust potentiation of mf-EPSCs at 30 min
(164 � 20%; n � 8; p � 0.0096) (Fig. 2 B).

The duration and frequency of the paired train stimulation
were additional important determinants of the magnitude of mf-
LFP at 30 min. A 0.5 min PP-LFS train did not elicit a significant
degree of potentiation at 30 min (125 � 15%; n � 6; Fig. 2C), but
a 1 min train effectively potentiated currents (172 � 26% after 30
min; n � 5; p � 0.05; Fig. 2C, bar graph). Paired train stimulation
at 0.2 Hz instead of 1 Hz did not potentiate mf-EPSCs (97 � 18%;
n � 5) (Fig. 2D), whereas a train frequency of 0.5 Hz produced a
158 � 27% increase in mf-EPSCs 30 min after tetanus (n � 5; p �
0.05; Fig. 2D). In both of these latter cases, the total number of
stimuli was kept constant at 240, equivalent to the total in our
standard 1 Hz protocol, which resulted in longer train durations.
In summary, these data demonstrate that potentiation of mf-
EPSCs is induced effectively by a PP-LFS paradigm of �1 min at
frequencies of 0.5 Hz and higher.

Molecular mechanisms contributing to mf-LFP differ from
those of mf-LTP
Given the putative presynaptic locus of expression of mf-LFP, we
next investigated to what degree the molecular mechanisms en-
gaged by PP-LFS overlapped with those underlying the classical
presynaptic form of mf-LTP. A variety of receptors and channels
have been implicated in the induction of mf-LTP, including kai-
nate receptors, a subtype of ionotropic glutamate receptors (Bor-
tolotto et al., 1999; Contractor et al., 2001; Lauri et al., 2001;
Schmitz et al., 2003). Genetic ablation of GluK2 receptors reduces
the threshold for mossy fiber LTP (Contractor et al., 2001;
Schmitz et al., 2003; Breustedt and Schmitz, 2004). We therefore
examined whether GluK2 kainate receptors also contribute to
induction of mf-LFP by PP-LFS. mf-EPSCs recorded from CA3
neurons in hippocampal slices from GluK2�/� mice were poten-
tiated by 137 � 8% 30 min after 1 Hz PP-LFS (n � 7; p � 0.011
relative to control amplitudes) (Fig. 3A,C), which was equivalent
to the potentiation in wild-type mice. Similar results were ob-
served when mf-EPSCs from GluK2�/� mice were recorded in
the presence of high extracellular divalent ion concentrations (4
mM Ca 2	/4 mM Mg 2	) (122 � 11%; n � 9; Fig. 3C). We con-
clude from these data that kainate receptors containing the
GluK2 subunit, a necessary constituent of both presynaptic and
postsynaptic receptors (Mulle et al., 1998; Contractor et al.,
2001), do not play a role in induction of mf-LFP.

Pharmacological inhibition of R-type voltage-dependent cal-
cium channels (VDCCs) or genetic ablation of the critical �1E

(Cav2.3) channel subunit attenuated mf-LTP by trains of high-
frequency stimuli (Breustedt et al., 2003). To determine whether
R-type calcium channels contribute to mf-LFP, we performed
PP-LFS stimulation in the presence of the peptide toxin SNX-482
(500 nM), a selective antagonist for the R-type �1E (Cav2.3) cal-

Figure 3. Induction of mf-LFP does not require kainate receptors or R-type Ca 2	 channels.
A, GluK2 kainate receptors do not mediate PP-LFS-induced potentiation of mf-EPSCs. Mean
normalized mf-EPSC control amplitudes reveal that GluK2 �/� mice still exhibit mf-LFP. Insets
in this and other panels show representative mf-EPSCs during prestimulus control (a) and
during the last 5 min of the recordings (b). Calibration: x-axis, 10 ms; y-axis, 100 pA. B, Admin-
istration of the R-type VDCC �1E (Cav2.3) antagonist SNX-482 (500 nM) depresses mf-EPSCs in
the absence of tetanic stimulation. mf-EPSCs are potentiated from this attenuated level after
PP-LFS, which was 188% of the mean EPSC amplitude in the basal recordings without tetanic
stimulation (gray squares). Calibration: x-axis, 10 ms; y-axis, 100 pA. C, Bar graph comparing
experiments with GluK2 �/� mice under different divalent cation concentrations and selective
inhibition of R-type VDCC �1E (Cav2.3) with SNX-482 after mf-LFP induction. Asterisks represent

4

significance of individual degrees of potentiation compared with baseline amplitudes within
each group (*p � 0.05; **p � 0.01). #In the presence of SNX-482, mean amplitudes of mf-
EPSCs after PP-LFS are significantly higher (p � 0.05) relative to mean amplitudes when the
train stimulation was omitted. The gray line and bar show mean�SEM, respectively, of mf-LFP
observed after a standard PP-LFS induction protocol.

Frausto et al. • mGlu1-Mediated Mossy Fiber Plasticity J. Neurosci., November 23, 2011 • 31(47):16897–16906 • 16901



cium channel subunit. An initial 5 min
baseline was followed by bath application
of SNX-482 for 12 min (10 min of baseline
and 2 min during the PP-LFS); mf-EPSCs
were then recorded for 30 min after train
stimulation in the absence of the com-
pound. As well, the effects of the com-
pounds on basal transmission were
assessed in parallel experiments that
lacked only the 1 Hz train. Potentiation
was measured between 25 and 30 min af-
ter the train (or the analogous time period
in the control recordings). mf-EPSCs
were unexpectedly reduced in amplitude
by SNX-482 in the absence of a stimulus
(52 � 11% of control; n � 3; Fig. 3B, open
circles, C), which differs from previous
studies in which R-type channels did not
contribute to basal release probability at
this synapse (Breustedt et al., 2003; Dietrich et al., 2003). Never-
theless, PP-LFS stimulation potentiated EPSCs from this attenu-
ated level to 98 � 6% of control (predrug) amplitudes, which was
188% of the mean EPSC amplitude in the basal recordings that
lacked tetanic stimulation (Fig. 3B, gray squares, C; n � 7; p �
0.05 relative to basal recordings with SNX-482). Thus, the poten-
tiation induced by PP-LFS was not attenuated by SNX-482, and
presynaptic R-type VDCCs do not seem to contribute to mf-LFP.

The role of postsynaptic calcium mobilization in high-
frequency mf-LTP is controversial, with evidence both for and
against its requirement for induction of plasticity (Williams
and Johnston, 1989; Zalutsky and Nicoll, 1990; Yeckel et al., 1999;
Mellor and Nicoll, 2001). We found that chelation of intracellular
calcium with BAPTA (20 mM) contained within the recording
pipette prevented intermediate potentiation of mossy fiber EP-
SCs (109 � 11%; n � 7) (Fig. 4 A). In addition, bath application
of isradipine, a dihydropyridine L-type VDCC blocker, had no
effect on basal mean mf-EPSC amplitudes at 5 �M (Fig. 4B, open
circles; 103 � 7% of control amplitudes; n � 3) but prevented
induction of mf-LFP (Fig. 4B, gray squares; 112 � 22% of control
mean amplitudes; n � 7). These data therefore suggest that PP-
LFS stimulation engages L-type VDCCs at a critical point in the
induction of mf-LFP and that postsynaptic intracellular cal-
cium entering from these channels (and potentially other
sources) is required for patterned low-frequency potentiation
of mossy fiber synapses.

Bimodal signaling through mGlu1 receptors is engaged
during PP-LFS to produce mf-LFP
The previous series of experiments demonstrated that mf-LFP
and classical presynaptic mf-LTP seem to engage a different set of
induction pathways. The patterned nature of PP-LFS and puta-
tive postsynaptic locus of induction led us next to examine group
I mGlu receptors, because they are activated by repetitive mossy
fiber stimulation (Kapur et al., 2001) and underlie some forms of
plasticity induced by low-frequency induction paradigms in CA1
pyramidal neurons (Bellone et al., 2008; Lüscher and Huber,
2010). Furthermore, in the CA3 region, group I mGlu receptors
are localized predominantly to pyramidal neurons (Lujan et al.,
1996; Shigemoto et al., 1997; Ferraguti et al., 1998). Activation of
mGlu1 or mGlu5 receptors was prevented in our experiments
using the selective noncompetitive antagonists JNJ 16259685
(500 nM) or LY 367385 (100 �M) for mGlu1 receptors and MPEP
(10 �M) for mGlu5 receptors. JNJ 16259685 eliminated potenti-

ation of mf-EPSC at 30 min after tetanus (105.2 � 13.7%; n � 7;
p � 0.05) (Fig. 5A, gray squares, E), whereas basal synaptic
strength was unaffected in recordings lacking the tetanic stimu-
lation (97 � 9%; n � 4; Fig. 5A, open circles, E). Occlusion of
potentiation also was observed in the presence of another selec-
tive mGlu1 antagonist, LY 367385 (103 � 9%; n � 5) (Fig. 5B,
gray squares, E). Results from pharmacological experiments were
additionally supported with comparative analyses of mGlu1
knock-out mice and their littermate wild-type mice; mf-LFP was
absent in mGlu1�/� knock-out mice but was normal in record-
ings from mGlu1	/	 neurons (mGlu1	/	: 132 � 8%, n � 5, p �
0.012; mGlu1�/�: 108 � 19%, n � 5) (Fig. 5C,E). In contrast to
mGlu1, mGlu5 receptors did not play a significant role in mf-
LFP. Robust potentiation was induced by PP-LFS in the presence
of the noncompetitive mGlu5 antagonist MPEP (156 � 15%; n �
5; p � 0.019) (Fig. 5D, gray squares, E), which did not affect
mf-EPSC amplitudes in the absence of a PP-LFS train (101 � 4%;
n � 4). Thus, activation of mGlu1, but not mGlu5, is required
to effectively elicit low-frequency potentiation of mossy fiber
EPSCs.

mGlu1 receptors are G-protein-coupled receptors that stimulate
phospholipase C activity to generate diacylglycerol and IP3, leading
to protein kinase C activation and mobilization of intracellular cal-
cium as the principal downstream signaling pathways. More recent
evidence suggests that additional non-G-protein-dependent signal-
ing by mGlu-associated proteins, including �-arrestin, leads to acti-
vation of kinase cascades (Heuss et al., 1999; Benquet et al., 2002;
Miyazaki et al., 2005). In CA3 pyramidal neurons, this noncanonical
signaling pathway enhances NMDA receptor currents after activa-
tion of mGlu1 but not mGlu5 receptors (Benquet et al., 2002). To
determine the respective contributions of conventional and non-G-
protein-mediated signaling pathways to PP-LFS-induced mf-LFP,
we inhibited either G-protein activation or tyrosine kinase activity.
Irreversible inactivation of G-protein signaling by inclusion of
GDP�S (2 mM) in the internal solution of the recording electrode
reduced mf-LFP to 128 � 12% (n � 8) (Fig. 6A,C); thus, mf-LFP
was lower than that produced by standard 1 Hz PP-LFS (148 � 13%;
Fig. 1B) but not prevented completely. Conversely, bath application
of genistein (30 �M), the broad-spectrum tyrosine kinase inhibitor,
completely occluded mf-LFP (101 � 10%; n � 7; p � 0.05) (Fig. 6B,
gray squares, C) and had no effect on basal synaptic strength (95 �
11% of control amplitudes; n � 3; data not shown). The inactive
analog of genistein, genistin (30 �M), had no impact on mf-EPSC
potentiation after PP-LFS (178 � 25%; n � 5; p � 0.038) (Fig. 6B,

Figure 4. Postsynaptic calcium mobilization and L-type VDCCs are required for mf-LFP induction. A, Inclusion of BAPTA (20 mM)
in the recording pipette occluded mf-LFP. Insets in A and B show representative mf-EPSCs during prestimulus control (a, black
trace) and during the last 5 min of the recordings (b, gray trace). Calibration: x-axis, 10 ms; y-axis, 250 pA. B, Isradipine (5 �M), an
L-type VDCC antagonist, has no effect on basal mean mf-EPSCs (open circles) but prevented induction of mf-LFP (gray squares).
Inset calibration: x-axis, 10 ms; y-axis, 250 pA.
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open circles, C). These data confirm a central role of G-protein-
independent signaling in low-frequency-induced potentiation of
mf-EPSCs.

Induction of mf-LFP occurred postsynaptically, but paired-
pulse and CV analyses were consistent with a presynaptic locus of
expression of potentiation. A retrograde signaling pathway me-
diated by ephrins and Eph receptors was identified previously as
one potential mechanism for LTP of mf-EPSCs after postsynaptic
induction (Contractor et al., 2002), and Eph receptors are rich
targets for tyrosine kinase phosphorylation. We therefore tested
whether inhibition of trans-synaptic ephrin signaling occluded
mf-LFP. In the presence of bath-applied soluble recombinant
mouse EphB2 Fc chimera peptides (5 �g/ml), which block inter-
actions between postsynaptic EphB2 receptors and their presyn-
aptic ephrin ligands, PP-LFS did not elicit mf-LFP (108 � 12%;

n � 5) (data not shown). These results
suggest that EphB2 receptors can initiate
trans-synaptic signaling between their
presynaptic ephrin ligands to regulate
mossy fiber release during mf-LFP.

Discussion
Plasticity of excitatory transmission at the
mossy fiber synapse is known to occur
through diverse mechanisms to enhance
signaling transiently, through rapid fa-
cilitation, and over extended periods of
time through long-lasting increases in
release probability. Here we describe a
form of plasticity that is operative in the
intermediate time domain between fre-
quency facilitation and long-term poten-
tiation. Low-frequency stimulation
delivered in pairs with a frequency of 1 Hz
potentiates mf-EPSCs for up to 1 h after
induction. The degree of mf-LFP we ob-
served was dependent on a variety of in-
duction parameters that included the
train stimulation frequency, the number
of pulses and interstimuli intervals in each
burst during the train, and the duration of
the low-frequency train stimulation. Sev-
eral independent experimental observa-
tions lead us to conclude that mf-LFP is
primarily induced postsynaptically.
mGlu1 receptor activation and divergent
downstream signaling pathways, includ-
ing noncanonical pathways via tyrosine
kinase activity, play a central role in mf-
LFP. We therefore propose that this form of
synaptic plasticity is induced by subsaturat-
ing patterns of activation at the mossy fiber
synapse as one mechanism of modulating
synaptic gain over a prolonged temporal
window while circumventing stable en-
hancement of release probability. Alterna-
tively, mf-LFP may represent a temporally
restricted form of metaplasticity in which
granule cells prime CA3 neurons with
low-frequency subthreshold input to al-
ter synaptic sensitivity to subsequent short,
high-frequency bursts typical of granule cell
firing behavior that has been described in
vivo (Jung and McNaughton, 1993; Henze

et al., 2002).
The potentiation observed after paired low-frequency stimu-

lation was surprising initially because at mossy fiber–CA3 pyra-
midal cell synapses, this stimulation paradigm is closely
associated with either rapidly reversible short-term plasticity
(Salin et al., 1996) or long-term depression with prolonged train
durations (Kobayashi et al., 1996). In contrast, paired low-
frequency stimulation of hippocampal CA1 and cortical–lateral
amygdala synapses effectively elicits potentiation of EPSCs
through divergent induction mechanisms that include mGlu5
receptors (Lanté et al., 2006), NMDA receptors (Huang and Kan-
del, 2006), or heptahelical receptors that stimulate protein kinase
A activity (Huang and Kandel, 2007). PP-LFS engages a different
set of signaling pathways at the mossy fiber synapses to effect

Figure 5. mGlu1 metabotropic glutamate receptors are critical for mf-LFP induction. A, Inhibition of mGlu1 receptors with JNJ
16259685 (500 nM), a high-affinity noncompetitive antagonist, prevented mf-LFP (gray squares) induced by PP-LFS but has no
effect on basal synaptic transmission (open circles). Insets in this and other panels show representative mf-EPSCs during prestimu-
lus control (a, black traces) and during the last 5 min of the recordings (b, gray traces). Inset calibration: x-axis, 10 ms; y-axis, 100
pA. B, The mGlu1-selective antagonist LY 367385 (100 �M) also occluded potentiation of mf-EPSCs induced by PP-LFS (gray
squares) and has no effect on basal synaptic transmission (open circles). Inset calibration: x-axis, 10 ms; y-axis, 100 pA. C, Mice
lacking the mGlu1 gene do not exhibit mf-LFP. Inset calibration: x-axis, 10 ms; y-axis, 500 pA. D, Inhibition of mGlu5 receptors with
MPEP (10 �M), a selective noncompetitive antagonist, had no effect on mf-LFP (gray squares) and did not affect basal synaptic
strength during control experiments without the PP-LFS train (open circles). Inset calibration: x-axis, 10 ms; y-axis, 250 pA. E, The
bar graph summarizes the effect of different mGluR antagonist application on mf-LFP. The gray line and bar show mean � SEM,
respectively, of mf-LFP observed after a standard PP-LFS induction protocol. Asterisks represent significance of individual degrees
of potentiation compared with their baselines (*p � 0.05; **p � 0.01).
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mf-LFP, most notably requiring mGlu1 receptor activation
rather than either NMDA or mGlu5 receptors. Group I mGlu
receptors have been proposed to perform diverse functions in
hippocampal long-term depression and potentiation, within
both the CA1 and CA3 subfields, which have been studied and
debated extensively (Bashir et al., 1993; Lu et al., 1997; Anwyl,
2009; Lüscher and Huber, 2010). At mossy fiber synapses specif-
ically, there is evidence both for (Conquet et al., 1994) and against
(Hsia et al., 1995) mGlu1 receptor contributions to HFS-induced
mf-LTP based on studies from gene-targeted mice lacking this
receptor isoform, and pharmacological inhibition of the mGlu1
receptor reduces mf-LTP in some studies (Yeckel et al., 1999;
Contractor et al., 2001). Moreover, mGlu1 receptors can trigger
bidirectional switches in plasticity, where HFS protocols that
normally induce mf-LTP instead result in LTD, at synapses
formed by mossy fibers on CA3 stratum lacunosum interneurons

(Galvan et al., 2008). Granule cells are thought to fire at relatively
low frequencies, with occasional short high-frequency bursts,
in complex patterns dependent partially on spatial environ-
ment (Jung and McNaughton, 1993; Henze et al., 2002;
Gundlfinger et al., 2010). Although the regularity of our pat-
terned activation clearly does not reproduce irregular dynamics
of physiological granule cell firing, the frequency domain and
dependence on short bursts is similar, and therefore it is plausible
that mGlu1-dependent pathways could be engaged to facilitate
mossy fiber EPSP amplitudes, which are acutely sensitive to
changes in instantaneous frequency in vivo (Henze et al., 2002;
Gundlfinger et al., 2010). In CA3 pyramidal neurons, mGlu1
receptors may serve as a molecular substrate for processing low-
frequency signals from the dentate gyrus into cellular responses
that lead to intermediate or long-lasting alterations in mossy fiber
output.

The CA3 region of the hippocampus has been linked to the
short-term and rapid encoding of episodic information as a compo-
nent of working memory (Kesner, 2007), pattern completion, and
associative memory recall (Nakazawa et al., 2002). The physiological
substrate for these behavioral learning tasks likely lays, in part, in the
dynamic control of synaptic strength at the associational–commis-
sural (A/C) excitatory synapses in CA3 pyramidal neurons (Naka-
zawa et al., 2002). mf-LFP and LTP potentially contribute to these
processes by altering the efficacy of action potential firing driven by
mossy fiber synaptic depolarization, which is strongly dependent on
granule cell firing frequency (Henze et al., 2002). Back-propagating
action potentials initiated by mossy fiber input contributes to het-
erosynaptic spike-timing plasticity in the autoassociative A/C net-
work (Kobayashi and Poo, 2004) as well as homosynaptic
potentiation of mossy fiber transmission (Astori et al., 2010).
Induction of mf-LFP could provide an extended window of time
during which granule cell firing would have a higher likelihood of
initiating action potentials in CA3 pyramidal neurons.

The signaling pathways engaged during the induction phase of
mf-LFP have some commonality with two recently described
postsynaptic forms of LTP that selectively enhance NMDA recep-
tor function (Kwon and Castillo, 2008a; Rebola et al., 2008).
These mechanistically distinct forms of LTP use slightly different
signaling pathways to achieve a common aim: potentiation of
NMDA receptor but not AMPA receptor EPSCs. Short bursts of
high-frequency mossy fiber stimulation activate both mGlu5 re-
ceptors, which are postsynaptic in CA3 pyramidal cells (Lujan et
al., 1996; Shigemoto et al., 1997), and NMDA receptors, leading
to intracellular calcium mobilization and activation of protein
kinase C, resulting in potentiation of NMDA receptor EPSCs via
increased exocytosis of receptor-containing vesicles (Kwon and
Castillo, 2008a). A similar experimental paradigm was found to
engage A2A adenosine receptors, in addition to NMDA and
mGlu5 receptors, and require Src family kinases to effect NMDA
receptor EPSC potentiation at mossy fiber synapses (Rebola et al.,
2008). We found that postsynaptic calcium and tyrosine kinase
activation were crucial signaling components for induction of
mf-LFP as well. Indeed, mf-LFP was dependent on the frequency
of activation (and pairing during the low-frequency train), which
likely produces a critical pattern of intracellular calcium tran-
sients that effectively engage downstream signaling enzymes yet
to be fully elucidated. In contrast to NMDA receptor-selective
postsynaptic mf-LTP, both AMPA and NMDA receptor EPSCs
were potentiated in mf-LFP. mf-LFP also differed from postsyn-
aptic LTP in that neither NMDA nor mGlu5 receptor activation
was required for induction. Thus, these data imply that the pre-
cise timing and pattern of mossy fiber activation can lead to

Figure 6. Multiple downstream signaling pathways mediate mGlu1-dependent mf-LFP. A,
Inactivation of G-protein signaling through inclusion of GDP�S (2 mM) in the recording pipette
reduced potentiation compared with standard PP-LFS. Representative mf-EPSCs during pre-
stimulus control (a, black) and during the last 5 min of the recordings (b, gray) are shown in A
and B. Inset calibration: x-axis, 10 ms; y-axis, 100 pA. B, Application of the broad-spectrum
tyrosine kinase inhibitor, genistein (30 �M), prevents induction of mf-LFP evoked by PP-LFS
(gray squares), whereas the inactive analog of genistein, genistin (30 �M), has no effect on
mf-EPSC amplitudes after PP-LFS (open circles). Inset calibration (from recording in genistein):
x-axis, 10 ms; y-axis, 250 pA. C, The bar graph summarizes the effect of manipulating mGlu-
dependent signaling pathways on mf-LFP. Statistically significant mf-LFP was observed when
GDP�S was included in the recording pipette (*p � 0.05, paired t test). Mean amplitudes after
PP-LFS in the presence of genistein were not significantly different from those of control,
whereas PP-LFS elicited mf-LFP with genistin in the bath (**p �0.01, paired t tests within each
group). The gray line and bar show mean � SEM, respectively, of mf-LFP observed after a
standard PP-LFS induction protocol.
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wholly distinct forms of plasticity through overlapping molecular
mechanisms.

The signaling pathways that lead from activation of mGlu1
receptors to enhanced mossy fiber release probability are unusual
in that crucial intermediary tyrosine kinase activation was only
partially occluded by inhibition of G-proteins, suggesting that an
unconventional route to kinase activation contributes to the mf-
LFP induction mechanism. Heptahelical G-protein-coupled re-
ceptors are known to serve as scaffolds for signaling complexes
independent of canonical G-protein interactions, mostly notably
through association with arrestins, the multifunctional endocytic
adapters and potent signal transducers. For example, mitogen-
activated protein kinase cascades are initiated by arrestin associ-
ation with �2 adrenergic and other receptors (Luttrell et al., 1999;
Shenoy and Lefkowitz, 2005; Luttrell and Gesty-Palmer, 2010).
Metabotropic glutamate receptors have a similar capacity to
signalbimodally throughbothG-protein-dependentand-inde-
pendent pathways (Kehoe, 1994; Heuss et al., 1999; Gee and La-
caille, 2004), including in CA3 pyramidal neurons (Gerber et al.,
2007). After activation, mGlu receptors are desensitized by
G-protein receptor kinases, which in turn enhances the binding
of �-arrestins and initiates downstream tyrosine kinase cascades
(Iacovelli et al., 2003; Emery et al., 2010). In CA3 pyramidal
neurons, G-protein-independent mGlu receptor signaling occurs
exclusively via mGlu1 (Benquet et al., 2002; Gerber et al., 2007).
Both group I mGlu receptors can stimulate conventional G-protein-
mediated activation of phospholipase C�, which leads to a reduction
in slow afterhyperpolarization currents and an increase in NMDA
receptor current amplitudes (Heuss et al., 1999; Benquet et al.,
2002). However, NMDA receptor currents can also be enhanced
through G-protein-independent, tyrosine kinase-dependent path-
ways initiated by mGlu1 activation (Benquet et al., 2002), which is
also responsible for a slow inward current at mossy fiber synapses
(Heuss et al., 1999). These findings parallel the selective role for
mGlu1 in induction of mf-LFP in our experiments. Our observation
that the tyrosine kinase inhibitor genistein completely occluded mf-
LFP, whereas GDP�S only partially reduced potentiation, therefore
implicates G-protein-independent pathways in this form of plastic-
ity. Recruitment of arrestin to G-protein-coupled receptors is typi-
cally stimulated by agonist binding to the receptors and occurs after
G-protein activation (Luttrell and Gesty-Palmer, 2010), and the
competition between these two signaling systems after patterned
mGlu1 activation might, in part, account for duration and frequency
dependencies in the PP-LFS paradigm for induction of mf-LFP.

One putative pathway for retrograde signaling to effect
changes in release probability involves Eph receptors and their
cognate ephrin ligands on the presynaptic terminal (Contractor
et al., 2002; Armstrong et al., 2006). Tyrosine kinases activated by
mGlu1 receptors potentially could target sites found on EphB
receptors and thus initiate retrograde signaling. As well, a direct
interaction between EphRs and mGlu receptors has been pro-
posed to mediate a form of long-term depression in the hip-
pocampus (Calò et al., 2005; Piccinin et al., 2010). Thus, mf-LFP
could be mediated via Eph receptor activation downstream of
mGlu1 receptor activation, although clearly there are a number
of questions remaining regarding the sequence of signaling
events that lead to mf-LFP.

In summary, our data demonstrate that paired stimulation in
a low-frequency domain elicits a state of synaptic potentiation at
mossy fiber synapses. This process requires mGlu1 receptor acti-
vation and at least, in part, is transduced by unconventional post-
synaptic signaling pathways within CA3 pyramidal neurons.
Low-frequency potentiation at the mossy fiber synapse may serve

as a mechanism for temporarily strengthening the impact of
granule cell input on associative processing of information in the
CA3 recurrent network.
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