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mGlu5 Acts As a Switch for Opposing Forms of Synaptic
Plasticity at Mossy Fiber–CA3 and Commissural
Associational–CA3 Synapses

Hardy Hagena and Denise Manahan-Vaughan
Department of Neurophysiology, Medical Faculty, Ruhr University Bochum, 44780 Bochum, Germany

Within the hippocampus, different kinds of spatial experience determine the direction of change of synaptic weights. Synaptic plasticity
resulting from such experience may enable memory encoding. The CA3 region is very striking in this regard: due to the distinct molecular
properties of the mossy fiber (MF) and associational– commissural (AC) synapses, it is believed that they enable working memory and
pattern completion. The question arises, however, as to how information reaching these synapses results in differentiated encoding.
Given its crucial role in enabling persistent synaptic plasticity in other hippocampal subfields, we speculated that the metabotropic
glutamate receptor mGlu5 may regulate information encoding at MF and AC synapses. Here, we show that antagonism of mGlu5 inhibits
LTP, but not LTD at MF synapses of freely behaving adult rats. Conversely, mGlu5 antagonism prevents LTD but not LTP at AC–CA3
synapses. This suggests that, under conditions in which mGlu5 is activated, LTP may be preferentially induced at MF synapses, whereas
LTD is favored at AC synapses. To assess this possibility, we applied 50 Hz stimulation that should generate postsynaptic activity that
corresponds to �m , the activation threshold that lies between LTP and LTD. MGlu5 activation had no effect on AC responses but
potentiated MF synapses. These data suggest that mGlu5 serves as a switch that alters signal-to-noise ratios during information encoding
in the CA3 region. This mechanism supports highly tuned and differentiated information storage in CA3 synapses.

Key words: CA3; commissural–associational; hippocampus; in vivo; MPEP; pattern completion

Introduction
The pyramidal cells of the CA3 region receive projections from
the dentate gyrus, which form the mossy fiber (MF)–CA3 syn-
apses. Recurrent fibers arising from CA3 pyramidal cells give rise
to the associational– commissural (AC)–CA3 synapses (Black-
stad, 1956; Blackstad et al., 1970; Amaral, 1979). These two dif-
ferent CA3 inputs are believed to play a crucial role in spatial
learning (Kesner and Warthen, 2010; Hagena and Manahan-
Vaughan, 2011; Nakashiba et al., 2012; Neunuebel and Knierim,
2014). In the hippocampus, spatial experience drives changes in
synaptic weights. Exposure to novel scenes or changes of substan-
tial aspects of these scenes facilitates input-specific LTP in
synapses of the hippocampal subfields (Kemp and Manahan-
Vaughan, 2007), including the MF–CA3 and AC–CA3 synapses
(Hagena and Manahan-Vaughan, 2011). In contrast, exploration
of novel spatial content enables LTD (Kemp and Manahan-
Vaughan, 2004, 2007, 2008; Goh and Manahan-Vaughan,

2013c). The CA3 region is very striking in this regard: novel ex-
ploration of landmark objects results in MF-LTD, whereas novel
exploration of discrete positional features of the environment
enables AC-LTD (Hagena and Manahan-Vaughan, 2011).

The MF–CA3 synapse may enable hippocampus-dependent
working memory and pattern completion (Hagena and Manahan-
Vaughan, 2010; Kesner and Warthen, 2010; Nakashiba et al., 2012;
Neunuebel and Knierim, 2014). The AC circuitry may support this
kind of information processing, but the finding that both synapses
express very persistent forms of synaptic plasticity (Hagena and
Manahan-Vaughan, 2011) suggests that they subserve distinct roles
in information encoding and storage. If information flow into CA3
(triggered, e.g., by novel spatial experience) resulted equipotently in
LTP at MF and AC synapses, then the AC circuitry would be merely
auxiliary to information storage in the MF synapses. However, dif-
ferent kinds of spatial content result in LTD that is exclusive to MF or
AC synapses, suggesting that this is not the case.

The metabotropic glutamate receptor mGlu5 is intrinsically
required for persistent forms of hippocampal synaptic plasticity
(Naie et al., 2007; Bikbaev et al., 2008; Neyman and Manahan-
Vaughan, 2008; Mukherjee and Manahan-Vaughan, 2013) and
for hippocampus-dependent memory (Naie and Manahan-
Vaughan, 2004; Goh and Manahan-Vaughan, 2013a). Here, we
investigated whether unidirectional changes in synaptic efficacy
at MF and AC synapses are elicited by pharmacological manipu-
lations of this receptor as a strategy to assess to what extent MF
and AC plasticity are complementary to one another.
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We observed that antagonism of
mGlu5 selectively prevents MF-LTP but
not MF-LTD. In contrast, mGlu5 antago-
nism prevents AC-LTD but not AC-LTP.
We then tested effects on afferent stimu-
lation in the range of �m (Bienenstock et
al., 1982; Dudek and Bear, 1993; Lujan et
al., 1996; Kemp and Manahan-Vaughan,
2005) that is believed to generate postsyn-
aptic activity that results in an equivalent
activation of LTP-promoting mecha-
nisms and LTD-promoting mechanisms
such that no ostensible change in synaptic
strength is evident. Strikingly, agonist ac-
tivation of mGlu5 had no effect on AC
synapses, but led to synaptic potentiation
in MF synapses. Together, our data sug-
gest that activation of mGlu5 promotes
synaptic encoding in the form of LTP at
MF synapses and can serve to strengthen
LTD at AC synapses. We propose that this
mechanism comprises an amplification of
signal-to-noise ratios in CA3 neurons
such that working memory and pattern
completion at MF synapses are optimized
and favored.

Materials and Methods
Animals. The present study was performed in accordance with the Euro-
pean Communities Council Directive of 22 September 2010 (2010/63/
EU) for care of laboratory animals and after approval of the local
government ethics committee. All efforts were made to minimize the
number of animals used.

Electrophysiology. Seven- to 8-week old male Wistar rats (Charles
River) were anesthetized (pentobarbital, 52 mg/kg, i.p.) and underwent
chronic implantation of hippocampal electrodes and a guide cannula, as
described previously (Hagena and Manahan-Vaughan, 2011). Briefly, for
MF–CA3 implantations, the recording electrode was placed above the
CA3 pyramidal layer of the dorsal hippocampus 3.2 mm posterior to
bregma and 2.2 mm lateral to midline. The bipolar stimulation electrode
was implanted 3.5 mm posterior to bregma and 2.0 mm lateral to mid-
line. For AC–CA3 implantations, the recording electrode was placed 3.1
mm posterior to bregma and 4.2 mm lateral to midline (Fig. 1). To verify
the correct positions of the electrodes, simultaneous evoked test pulses
were applied during the implantation procedure and postmortem histo-
logical analysis were performed (Bock, 1989; Manahan-Vaughan et al.,
1998). Animals received a guide cannula in the ipsilateral hemisphere to
enable injections into the lateral cerebral ventricle (i.c.v.) as described
previously (Manahan-Vaughan, 1997). Experiments were commenced
7–10 d after surgery. During all experiments, the animals could move
freely in the recording chamber (40 � 40 � 50 cm) and had ad libitum
access to food and water. To allow the animals to acclimatize, they were
transferred to the experiment room the day before the experiment took
place.

Animals were stringently assessed to confirm that recordings were
obtained from MF–CA3 synapses. The MF synapse is highly sensitive to
agonist activation of group II mGluRs by [2S,2�R,3�R)-2-(2�,3�-
dicarboxycyclopropyl)glycine (DCG-IV)], which selectively inhibits
MF-EPSPs but not AC-EPSPs (Kamiya et al., 1996; Yeckel et al., 1999).
Animals were excluded from the study when the fEPSP responses evoked
in the stratum lucidum failed to show strong sensitivity (i.e., a reduction
of test-pulse-evoked responses by 60% or greater) to DCG-IV (20 ng,
i.c.v), as described in Hagena and Manahan-Vaughan (2010). These as-
sessments were conducted in separate experiments in which at least 7 d
had elapsed after the conclusion of key experiments with the respective
animal. Before running these tests, the input– output curve and the

fEPSP profile of the animal was compared with responses evoked at the
start of the study to ensure that the prior experience of the animal would
not affect the outcome. In addition, experiments were conducted to ver-
ify that that NMDAR-dependent LTP was not evident in the MF synapses
(as described in Hagena and Manahan-Vaughan, 2010). Here, 30 min
before tetanization to induce LTP, the NMDAR antagonist D-AP5 (3.9
�g, i.c.v) was applied to determine whether LTP was influenced by the
antagonist. MF animals that showed an inadequate response to DCG-IV
or exhibited LTP that was sensitive to D-AP5 were excluded from analy-
sis. AC inputs were identified upon electrophysiological criteria (appear-
ance of the analog trace that was obtained during the implantation of the
electrodes), dependence of LTP and LTD on NMDA receptors (data not
shown), and postmortem histological analysis. Here, AC animals that did
not show NMDAR-dependent plasticity or that exhibited postmortem
electrode misplacements were excluded from analysis.

For recordings from freely behaving animals, the headstage was con-
nected to an amplifier and stimulator via a flexible cable with a swivel
connector. Recordings were analyzed and stored on computer and the
EEG was monitored throughout experiments. To evoke fEPSPs, a bipha-
sic pulse was given with half-wave duration of 0.2 ms. For recordings, the
stimulation intensity was set to produce a fEPSP that was 40% of the
maximal obtainable. The intensity was found on the basis of an input–
output curve (maximal stimulation, 900 �A). Each recording consisted
of an average of 5 consecutive pulses at 0.025 Hz. To ensure stability of
recordings, all animals were first tested in a baseline experiment in which
test-pulse stimulation was applied over the same time period as subsequent
plasticity experiments. To induce LTD, low-frequency stimulation (LFS)
consisting of 900 pulses at 1 Hz were given with a stimulus intensity that
yielded potentials, which were 70% of the maximal fEPSP observed during
the input-output curve analysis. LTP was induced by high-frequency stim-
ulation (HFS) of afferent fibers. This comprised of 4 bursts of 100 pulses at
100 Hz with a 5 min interburst interval. For the 10 Hz, 20 Hz, and 50 Hz
experiments, the stimulation consists of 450 pulses. Animals participating in
LTP experiments had a minimum age of 12 weeks because we observed that
application of HFS in younger animals causes epileptiform seizures.

Pharmacological treatment. The mGlu5 receptor antagonist 2-methyl-
6-(phenylethynyl) pyridine (MPEP; Biozol) specifically blocks mGlu5
but not mGlu1 receptors with an IC50 for mGlu5 receptors of 36 nM

Figure 1. Nissl-stainedphotomicrographsofhippocampalslicesshowingthepositionoftheelectrodes.Whitearrowheadspointtotheposition
of the stimulation electrode in the MFs (i) and of the recording electrode in the stratum lucidum of area CA3 (ii). In iii, the arrowhead shows the
stimulationelectrodepositionintheACpathwayand iv showstherecordingelectrodepositioninthestratumradiatumoftheCA3region.
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(Gasparini et al., 1999). To treat animals with MPEP, 1.8 �g was dis-
solved in 5 �l of 0.9% NaCl. The specific mGlu5 receptor agonist (R,S)-2-
chloro-5-hydroxyphenylglycine (CHPG) was dissolved in 1 N NaOH and
brought to the desired molarities with 0.9% NaCl. The dose given was 0.5
�g. The group II mGlu receptor agonist DCG-IV (Tocris Cookson) was
dissolved in isotonic saline (0.9% NaCl) solution. The amount of
DCG-IV that was used (20 ng) was chosen because it has no effect on
evoked responses in the dentate gyrus (Klausnitzer and Manahan-
Vaughan, 2008). The NMDAR antagonist D-(-)-2-amino-5-phos-
phonopentaoic acid (D-AP5; Tocris Cookson) was first dissolved in 5 �l
of 1 N NaOH solution and then 0.9% NaCl was added to make up a
solution of 100 �l volume. The injections were given 5 �l over a 5 min
period via a Hamilton syringe. To assess whether the injected solution
influences evoked responses, test pulses were given over a 24 h period. All
injections were performed 30 min before stimulation except in the study
in which we tested whether the residual LTD after MPEP injection was
NMDA receptor dependent. Here, application of D-AP5 was performed
60 min before stimulation (and 30 min before CHPG application). Con-
trol animals received vehicle injections at the same time points at which
drug injections were given in their counterparts.

Data analysis. For each time point, five consecutively evoked responses at
40 s intervals were averaged. The first 30 min of recording (six time points)
served as baseline and the results were expressed as a mean percentage �
SEM of the average baseline value. Recordings were made every 5 min until
30 min after LFS/HFS and then every 15 min until 4 h had elapsed. The
following day, an additional 1 h of recordings was obtained. For analysis of
difference between groups, ANOVA with repeated measures was applied. If
the ANOVA revealed a significant difference, interaction effects between
time and group were assessed. The level of significance was set at p � 0.05.

Results
mGlu5 antagonist MPEP has no effect on basal synaptic
transmission
To evaluate whether MPEP has an influence on potentials evoked
by test pulses, fEPSPs were monitored after application of MPEP
at AC–CA3 and MF–CA3 synapses. At both synapses, MPEP does
not alter basal synaptic transmission in the concentration used in
this study (ANOVA, F(1,3) � 0.0004, p � 0.99; interaction effect:

F(34,102) � 0.61, p � 0.95; n � 4; Fig. 2A1,A2 for MF–CA3 animals
and ANOVA, F(1,6) � 0.22, p � 0.65 interaction effect: F(34,204) �
0.87, p � 0.68; n � 5 for AC–CA3 animals; Fig. 2B1,B2).

Antagonism of mGlu5 prevents LTP at MF–CA3 synapses but
has no effect on LTP at AC synapses
HFS with 4 pulses of 100 Hz resulted in an LTP in vehicle-injected
animals. Injection of the mGlu5 receptor antagonist MPEP (1.8
�g) inhibited LTP at MF–CA3 synapses (ANOVA, F(1,5) � 6.75,
p � 0.05; interaction effect: F(22,110) � 0.5, p � 0.972; n � 5; Fig.
3A1,A2). A different picture emerges at AC–CA3 synapses. Here,
MPEP (1.8 �g) did not alter field potentials compared with
vehicle-injected animals when injected before given HFS
(ANOVA, F(1,8) � 0.00059, p � 0.98; interaction effect: F(22,176) �
0.54, p � 0.95; n � 5; Fig. 3B1,B2).

Antagonism of mGlu5 prevents LTD at AC–CA3 synapses but
has no effect on LTD at MF synapses
LFS with 900 pulses at 1 Hz was applied to MF–CA3 and AC–CA3
synapses. In vehicle-injected animals, LFS resulted in LTD. Applica-
tion of MPEP had no significant effect on the evoked potentials at
MF–CA3 synapses (ANOVA, F(1,4) � 1.23, p � 0.33; interaction
effect: F(22,88) � 1.1, p � 0.37; n � 3; Fig. 3C1,C2). However, differ-
ent from the effect seen at MF–CA3 synapses, MPEP impaired LTD
at AC–CA3 synapses compared with vehicle-injected animals
(ANOVA, F(1,5) � 11.67, p � 0.05; interaction effect: F(22,110) � 1.18,
p � 0.28; n � 4; Fig. 3D1,D2). To determine whether the residual
depression that was evident when LFS was given in the presence of
MPEP resulted from activation of NMDAR, we treated animals with
D-AP5 30 min before MPEP application. A further 30 minutes later,
we applied LFS. LTD was completely prevented and the impairment
was significantly stronger than that seen when MPEP had been given
alone (ANOVA, F(1,10) � 6.09, p � 0.05; interaction effect: F(22,220)

� 0.61, p � 0.91; n � 8; Fig. 3D1,D2).

Figure 2. Injection of MPEP does not alter basal synaptic plasticity at MF–CA3 or AC–CA3 synapses. After injection of MPEP (1.8 �g), fEPSPs evoked by test-pulse stimulation remained stable for
�24 h at MF–CA3 synapses (A1) and AC–CA3 synapses (B1) compared with vehicle-treated controls. Line breaks indicate change in time scale. A2, B2, Analogs represent responses evoked by
test-pulse stimulation of MF–CA3 synapses (A2) or AC–CA3 synapses (B2) during a control experiment (closed circles) and during an MPEP experiment (open circles). The time points of recordings
comprised preinjection (i), 5 min after injection (ii), and 24 h after injection (iii). Vertical scale bar, 2 mV; horizontal scale bar, 8 ms.
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Figure 3. Antagonism of mGlu5 elicits highly selective effects on persistent forms of synaptic plasticity at MF–CA3 and AC–CA3 synapses. A1, HFS (4 trains of 100 pulses at 100 Hz) of
MF–CA3 synapses, elicits LTP (�24 h) in vehicle-injected animals. Intracerebral application of the mGlu5 antagonist MPEP (1.8 �g) before HFS significantly blocks LTP. Line breaks
indicate change in time scale. B1, In AC–CA3 synapses, HFS in the presence of vehicle results in LTP (�24 h). MPEP treatment has no significant effect on the profile of AC–CA3 LTP. A2,
B2, Analogs represent fEPSPs evoked pre-HFS (i), 5 min after HFS (ii), and 24 h after HFS (iii) in MF–CA3 synapses of vehicle-treated (filled circles) or MPEP-treated animals (open circles)
(A2) and in AC–CA3 synapses of vehicle-treated (filled circles) or MPEP-treated animals (open circles) (B2). Vertical scale bar, 2 mV; horizontal scale bar, 8 ms. C1, In MF–CA3 synapses,
LFS (1 Hz, 900 pulses) results in LTD in control animals. Intracerebral application of the mGlu5 antagonist MPEP (1.8 �g) has no significant effect on LTD (�24 h). Line breaks indicate
change of time scale. D1, In AC–CA3 synapses, LFS results in LTD in control animals that lasts �24 h. Injection of MPEP before LFS significantly impairs LTD. Application of the NMDAR
antagonist D-AP5 (3.9 �g) before MPEP results in a significant further impairment of evoked responses. Line breaks indicate change of time scale. C2, D2, Analogs represent fEPSPs
evoked pre-LFS (i), 5 min after LFS (ii), and 24 h after LFS (iii) in MF–CA3 synapses of vehicle-treated (filled circles) or MPEP-treated animals (open circles) (C2) and in AC–CA3 synapses
of vehicle-treated (filled circles) or MPEP-treated animals (open circles) (D2). Vertical scale bar, 2 mV; horizontal scale bar, 8 ms.
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Agonist activation of mGlu5 results in synaptic potentiation
at MF but not AC synapses following afferent stimulation in
the range of �m

The strikingly opposing results seen at the MF and AC synapses in
response to antagonism of mGlu5 raised the question as to
whether, under ambivalent conditions, it can preferentially influ-
ence the direction of experience-dependent triggered changes of
synaptic strength. By “ambivalent,” we mean the physiological
situation first proposed by Bienenstock et al. (1982) and later
confirmed empirically by different scientists (Artola and Singer,
1993; Abraham et al., 2001; Kemp and Manahan-Vaughan, 2005;
Zhang et al., 2005) in which certain afferent frequencies cause
substantial postsynaptic activity that is not overtly detectable as a
change in synaptic strength. These frequencies are in the range of
10 –50 Hz. They are too fast to elicit LTD and too slow to elicit
LTP. The postsynaptic activity that occurs at these frequencies is
believed to comprise a competition between LTP-inducing fac-
tors and LTD-inducing factors (Stanton, 1996) that cancel each
other out. This crossover point between LTD and LTP is referred
to as �m (Bienenstock et al., 1982; Wexler and Stanton, 1993;
Stanton, 1996). We investigated whether activating mGlu5 at �m

frequencies would push postsynaptic activity to favor LTP, con-
sistent with our interpretation of the abovementioned plasticity
results. First, we assessed effects of 10, 20, and 50 Hz stimulation
on synaptic strength at MF synapses. Stimulation with 450 pulses
at 10 Hz resulted in a transient short-term depression that lasted
for �2 h (ANOVA, F(1,6) � 16.88, p � 0.01; interaction effect:
F(9,54) � 1.94, p � 0.06; n � 4; Fig. 4A1,A2) compared with
test-pulse stimulation. Stimulation with 450 pulses at 20 Hz also
resulted in STD (ANOVA, F(1,6) � 18.98, p � 0.01; interaction
effect: F(9,54) � 5.23, p � 0.001; n � 4; Fig. 4A1,A2) compared
with test-pulse stimulation that was not significantly different
compared with STD elicited by 10 Hz stimulation (ANOVA,
F(1,6) � 1.17, p � 0.32; interaction effect: F(22,132) � 0.75, p �
0.78; n � 4; Fig. 4A1,A2). Stimulation with 450 pulses at 50 Hz
elicited a very small and brief (�15 min) depression that was
significantly smaller than that seen with 20 Hz stimulation
(ANOVA, F(1,9) � 10.71, p � 0.01; interaction effect: F(22,198) �
0.86, p � 0.65; n � 7; Fig. 4A1,A2). We therefore used this pro-
tocol for testing with the mGlu5 agonist.

Stimulation of MF or AC synapses in the presence of vehicle
resulted in an equivalent synaptic response in both synaptic pop-

Figure 4. Activation of mGlu5 receptors before afferent stimulation in the range of �m potentiates evoked responses at MF–CA3 synapses but not at AC–CA3 synapses. A1, In MF–CA3 synapses,
stimulation at 10 or 20 Hz results in short-term depression (STD). Stimulation at 50 Hz leads to transient STD that is significantly smaller compared with STD evoked by 20 Hz. Line breaks indicate
change in time scale. B1, Stimulation at 50 Hz results in an equivalent transient depression of evoked responses in MF–CA3 and AC–CA3 synapses of vehicle-treated animals. Intracerebral application
of the mGlu5 agonist CHPG (0.5 �g) before 50 Hz stimulation results in synaptic potentiation in MF–CA3 synapses but not in AC–CA3 synapses. Application of MPEP before CHPG results in a
prevention of the potentiation of evoked responses (in MF synapses) compared with effects seen in the presence of CHPG application alone. A2, Analogs represent fEPSPs evoked from MF–CA3
synapses before stimulation (i), 5 min after stimulation (ii), and 24 h after stimulation from animals that received 10 Hz (filled circles), 20 Hz (filled rectangles), or 50 Hz stimulation (open circles) (iii).
Vertical scale bar, 2 mV; horizontal scale bar, 8 ms. B2, Analogs represent fEPSPs evoked before 50 Hz (i), 5 min after 50 Hz (ii), and 24 h after 50 Hz (iii). Upper left traces depict fEPSPs recorded from
MF–CA3 synapses of control animals (filled circles) and lower left traces show responses in the presence of CHPG (filled triangles). Upper right traces depict fEPSPs recorded from AC–CA3 synapses
of control animals (open circles) and lower right traces show responses in AC–CA3 synapses in the presence of CHPG (open triangles). Vertical scale bar, 2 mV; horizontal scale bar, 8 ms.
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ulations (ANOVA, F(1,9) � 0.34, p � 0.05; interaction effect:
F(22,198) � 0.93, p � 0.56; n � 7; Fig. 4B1,B2). Treatment with the
selective mGlu5 agonist CHPG (20 ng) 30 min before 50 Hz
stimulation of MF–CA3 synapses resulted in a synaptic potenti-
ation of evoked responses (ANOVA, F(1,3) � 11.47, p � 0.05;
interaction effect: F(22,88) � 3.41, p � 0.001; n � 4; Fig. 4B1,B2).
In contrast, in the presence of CHPG (20 ng), 50 Hz stimulation
evoked synaptic responses at AC synapses that were equivalent to
vehicle-treated controls responses (ANOVA, F(1,6) � 2.5, p �
0.17; interaction effect: F(22,132) � 0.56, p � 0.94; n � 4; Fig.
4B1,B2). Bortolotto et al. (2008) reported that very few stimuli
are sufficient to activate mGlu5 receptors in CA1 and Charpak
and Gahwiler (1991) reported that a single stimulus burst acti-
vated group I mGlu receptors at MF synapses. To verify that the
effects we observed were mediated by mGlu5, we conducted an
additional experiment in which MPEP was given 30 min before
application of CHPG. A further 30 in later, 50 Hz stimulation was
applied. This resulted in a significant inhibition of responses
compared with application of CHPG alone (ANOVA, F(1,9) �
5.29, p � 0.05; interaction effect: F(19,171) � 1.22, p � 0.25; n � 4;
Fig. 4B1,B2). Together, these data suggest that, when information at
�m frequencies reaches the CA3 region and the postsynaptic re-
sponse is strong enough to activate mGlu5, information processing
in the form of synaptic potentiation is favored at MF synapses.

Discussion
This study demonstrates how certain forms of information pro-
cessing can be prioritized at MF versus AC synapses such that
optimized information processing and/or storage can occur. Specif-
ically, mGlu5 acts as a toggle switch that determines the direction of
change in synaptic strength at these synapses. These findings suggest
that fundamentally different information storage mechanisms are
favored at the MF and AC synapses that in turn may underlie the
unique role of the CA3 region in information processing.

The CA3 region contributes to working memory and pattern
completion (Marr, 1971; Nakazawa et al., 2002; Kesner, 2007;
Leutgeb and Leutgeb, 2007; Neunuebel and Knierim, 2014) and
the MF synapses may enable these functions (Nakazawa et al.,
2002; Bischofberger et al., 2006; Kesner and Warthen, 2010; Ha-
gena and Manahan-Vaughan, 2011; Nakashiba et al., 2012;
Neunuebel and Knierim, 2014). MF synapses are unique in their
ability to respond to LFS with spectacular increases in the size of
evoked potentials (Salin et al., 1996; Toth et al., 2000; Moore et
al., 2003; Nicoll and Schmitz, 2005; Klausnitzer and Manahan-
Vaughan, 2008, 2010). This phenomenon, known as frequency
facilitation (Salin et al., 1996), lasts in vitro for as long as the
afferent stimulation occurs (Moore et al., 2003) and we postulate
that it corresponds to the holding of information “online” that
occurs while information is being used and sorted. This could be
required for the completion of an acute spatial task or for pattern
completion (Hagena and Manahan-Vaughan, 2010). In vivo,
prolonged periods of frequency facilitation are succeeded by LTD
(Hagena and Manahan-Vaughan, 2010). LTD accompanies the
acquisition of knowledge about new spatial content or positional
attributes (Manahan-Vaughan and Braunewell, 1999; Kemp
and Manahan-Vaughan, 2004, 2008; Hagena and Manahan-
Vaughan, 2011; Goh and Manahan-Vaughan, 2013b). Therefore,
it is possible that the segueing of frequency facilitation into LTD
at MF synapses relates to the process of converting working mem-
ory into a more resilient and lasting engram.

LTP in the CA3 and other hippocampal subfields is tightly
associated with the acquisition of novel information about spatial
scenes, space, or environmental change (Straube et al., 2003;

Kemp and Manahan-Vaughan, 2004; Hagena and Manahan-
Vaughan, 2011; Kenney and Manahan-Vaughan, 2013). In the
context of information processing at MF synapses, this process
may also correspond to the generation and reactivation of synap-
tic networks related to pattern completion. The MF synapses also
express LTD in association with novel learning about the position
of navigational or orientational, features of a spatial environment
(Hagena and Manahan-Vaughan, 2011). The significance of
long-lasting synaptic plasticity in AC synapses is less clear. Con-
versely, learning about subtle aspects of spatial content facilitates
AC-LTD (Hagena and Manahan-Vaughan, 2011), suggesting
that this synapse also plays a distinct role in encoding specific
aspects of a spatial representation. On the other hand, the recur-
rent projections of the AC fibers give rise to massive excitation of
CA3 pyramidal cells (Bains et al., 1999; Bischofberger et al., 2006)
that could serve to reinforce information encoding in MF syn-
apses. This kind of input could also give rise to substantial “noise”
that renders information encoding in the CA3 region less specific.

Strikingly, we observed that a mechanism is in place in the
CA3 region that can address this very confound. MGlu5 appears
to function as a switch that drives information encoding in the
MF synapses via synaptic potentiation while promoting synaptic
depression in AC synapses. Receptor-antagonism revealed that
opposing but highly complementary forms of synaptic plasticity
are mediated at MF and AC synapses by mGlu5. LTP requires
mGlu5 activation at MF synapses and LTD requires mGlu5 acti-
vation at AC synapses. Furthermore, when incoming afferent
information is of a frequency that is too fast to induce LTD but
too slow to induce LTP, activation of mGlu5 results in the direc-
tion of change of synaptic weights moving toward potentiation.

MGlu5 is not expressed in the postsynaptic density, rather, it is
expressed extrasynaptically (Lujan et al., 1996). Consistent with
this, antagonists of mGlu5 do not affect basal synaptic tonus
(Naie and Manahan-Vaughan, 2004; Manahan-Vaughan and
Braunewell, 2005; Goh and Manahan-Vaughan, 2013a), as was
also the case in MF and AC synapses in the present study. Antago-
nism of mGlu5 prevents both LTP and LTD in the CA1 region and
dentate gyrus (Naie and Manahan-Vaughan, 2004; Neyman and
Manahan-Vaughan, 2008; Popkirov and Manahan-Vaughan,
2011), suggesting that, under conditions of contiguous glutamate
release into the synaptic cleft, glutamate spillover reaches extrasyn-
aptic mGlu5 and contributes to the intracellular processes that result
in the prolonged maintenance of synaptic plasticity. These processes
relate to hippocampus-dependent working and reference memory
(Naie and Manahan-Vaughan, 2004).

In contrast to MF synapses, synaptic plasticity at AC synapses
is NMDAR dependent (Harris and Cotman, 1986; Zalutsky and
Nicoll, 1990; Debanne et al., 1998; Selig et al., 1999; Nakazawa et
al., 2002). So far, few studies have focused on the involvement of
group I mGlu receptors in AC-LTP (Kobayashi and Poo, 2004;
Yang et al., 2013) and none of them examined mGlu5 receptors in
vivo. In contrast to CA1 synapses, where NMDAR-LTP requires
activation of mGlu5 to persist for periods of hours and days (Pop-
kirov and Manahan-Vaughan, 2011), in AC synapses in vivo, LTP
is unaffected by antagonism of mGlu5 receptors. Conversely,
mGlu5 antagonism results in inhibition of AC-LTD in vivo. This
effect could be due to changes in intracellular calcium levels
caused by inhibition of NMDAR currents, which are modulated
by mGlu5 (Mannaioni et al., 2001; Harney et al., 2006).

How can mGlu5 exert such a differentiated control of LTP at
MF and of LTD at AC synapses? One possibility is that the relative
distribution and expression of mGlu5 is distinct at these syn-
apses. Another possibility is that high-frequency information in-
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put, as was used to trigger LTP in the present study, has a more
potent effect on membrane depolarization, glutamate release,
and the recruitment of auxiliary aspects such as voltage-gated
calcium channels at AC synapses compared with MF synapses
due to the recurrent network and its amplification effects on
postsynaptic excitability (Harris and Cotman, 1986; Miles and
Wong, 1986; de Almeida et al., 2007; for review, see Le Duigou et
al., 2014). These may “bypass” the need for mGlu5 activation to
trigger intracellular mechanisms that support LTP. In contrast,
under conditions in which LTD-inducing (low-frequency) affer-
ent stimulation occurs, it is possible that glutamate spillover at
MF synapses is inadequate to activate MF synapses, whereby LTD
is supported by processes such as Ca 2	-influx mediated by L-type
Ca 2	-channels that follows membrane depolarization via
NMDAR (Hunt et al., 2013). In AC synapses, the excitability of
the recurrent network is sufficient to cause adequate glutamate spill-
over to activate mGlu5 and recruit this receptor into LTD mainte-
nance processes. MF-LTP may be prioritized, however, as afferent
stimulation that lies at the crossover point between LTD and LTP
(�m; Bienenstock et al., 1982; Stanton, 1996), resulting in mGlu5
activation that facilitates synaptic potentiation at MF synapses with-
out affecting the transient depression that is elicited at AC synapses.

Our data have interesting functional implications. MFs form
synapses near the soma of CA3 pyramidal cells and strongly in-
fluence CA3 cell function. AC fibers synapse preferentially at the
proximal parts of the dendrites of CA3 cells (Claiborne et al.,
1993). A promotion of LTP processes at MF synapses that is
concurrent with the promotion of LTD processes at AC synapses
could be expected to result in very specific encoding of synaptic
information close to the soma. If this resulted in the encoding of
a specific spatial representation (a pattern, so to speak), then the
subsequent transmission of a fragment of this experience to this
network could be expected to result in a ready activation of the
established network: pattern completion, in other words.

The AC network plays a distinct role in spatial information en-
coding that should not be ignored. Novel learning about discrete
spatial or positional features facilitates LTD at AC synapses, whereas
navigational-related spatial content facilitates LTD at MF synapses
(Hagena and Manahan-Vaughan, 2011). This suggests that both
synapses contribute to the generation of complex spatial representa-
tions by the hippocampus. From this point of view, the dependency
of AC-LTD and MF-LTP on mGlu5 suggests that this receptor may
serve as a means whereby selective information processing of specific
aspects of spatial content occurs in CA3 pyramidal cells.

Conclusion
Our findings offer new insight into the mechanisms that support
CA3-dependent information processing phenomena. The anatom-
ical location of mGlu5 (Lujan et al., 1996; Cosgrove et al., 2011) and
its lack of contribution to basal synaptic transmission suggest that
this receptor is only active during conditions of intense presynaptic
and postsynaptic activity. On a functional level, this can be expected
to occur under conditions of highly salient behavioral, presumably
spatial, experience. This may occur during novel learning or during
events in which the hippocampus is required to determine whether a
spatial experience that appears similar to a past experience is novel
(pattern separation) or familiar (pattern completion), whereby the
latter phenomenon is believed to be predominantly CA3 dependent
(Nakashiba et al., 2012; Neunuebel and Knierim, 2014). Under these
circumstances, the intensity of afferent input to the CA3 region re-
sults in mGlu5 activation that preferentially supports LTP expres-
sion at MF synapses and LTD at AC synapses. This kind of
bidirectional regulation of synaptic strength can be expected to drive

information storage at MF synapses on the background of an opti-
mized signal-to-noise ratio within the pyramidal neuron. This pro-
cess may subserve novel pattern encoding or facilitate pattern
completion related to scene memory at MF synapses. Conversely,
the same optimized signal-to-noise ratio may support the encoding
of spatial content at AC synapses (Hagena and Manahan-Vaughan,
2011) such that the MF and AC synaptic network contribute distinct
and different aspects of a complex spatial representation.
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