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Abstract: Long-term potentiation (LTP) and long-term depression (LTD) are two distinct forms 
of synaptic plasticity that have been extensively characterized at the Schaffer collateral-CA1 (SC-
CA1) synapse and the mossy fiber (MF)-CA3 synapse within the hippocampus, and are postulated 
to be the molecular underpinning for several cognitive functions. Deficits in LTP and LTD have 
been implicated in the pathophysiology of several neurological and psychiatric disorders. 
Therefore, there has been a large effort focused on developing an understanding of the mechanisms 
underlying these forms of plasticity and novel therapeutic strategies that improve or rescue these 
plasticity deficits. Among many other targets, the metabotropic glutamate (mGlu) receptors show 
promise as novel therapeutic candidates for the treatment of these disorders. Among the eight distinct mGlu receptor 
subtypes (mGlu1-8), the mGlu1,2,3,5,7 subtypes are expressed throughout the hippocampus and have been shown to play 
important roles in the regulation of synaptic plasticity in this brain area. However, development of therapeutic agents that 
target these mGlu receptors has been hampered by a lack of subtype-selective compounds. Recently, discovery of 
allosteric modulators of mGlu receptors has provided novel ligands that are highly selective for individual mGlu receptor 
subtypes. The mGlu receptors modulate the multiple forms of synaptic plasticity at both SC-CA1 and MF synapses and 
allosteric modulators of mGlu receptors have emerged as potential therapeutic agents that may rescue plasticity deficits 
and improve cognitive function in patients suffering from multiple neurological and psychiatric disorders. 
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1. INTRODUCTION 

1.1. Circuitry within the Hippocampus 

 The hippocampus has long been considered as a primary 
brain region responsible for several important cognitive 
functions, such as learning and memory [1, 2]. The 
hippocampal network is highly dynamic and has the capacity 
to undergo changes in synaptic efficacy in an activity-
dependent manner. These forms of synaptic plasticity 
observed within the hippocampal circuitry are thought to be 
critical for many major functions of the hippocampus. Short-
term plasticity (STP), long-term potentiation (LTP), and 
long-term depression (LTD) are the most commonly 
investigated forms of synaptic plasticity within the 
hippocampus [1].  

 The hippocampus can be divided into three anatomical 
sub regions referred to as the dentate gyrus (DG), Cornus 
Ammonis 1 (CA1), and Cornus Ammonis 3 (CA3) [1, 2]. 
Synaptic plasticity is most commonly studied in two major 
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intra-hippocampal pathways. The mossy fiber (MF) pathway 
consists of projections from DG granule neurons to area 
CA3, while the projections from CA3 pyramidal neurons 
compose the Schaffer collaterals that innervate area CA1 
pyramidal neurons (SC-CA1) [1, 3]. The SC-CA1 synapse is 
the most commonly studied synapse within the hippocampal 
circuit as it is readily accessible for studies in isolation in the 
intact brain as well as in acute brain slices. The MF 
pathways are comprised of excitatory projections from the 
dentate gyrus granule cells that synapse onto either CA3 
pyramidal cells or inhibitory interneurons [3]. The name 
‘mossy’ was coined by Ramón y Cajal in 1894 because of 
the numerous and characteristic projections these neurons 
make, giving a moss-like appearance [3]. Granule cell axons 
from the dentate gyrus have more than one terminal type, 
forming both large mossy fiber boutons innervating the CA3 
pyramidal neurons and small, filopodial extensions which 
emanate from these boutons that innervate the stratum 
lucidum interneurons of CA3 [4-6]. Unlike the SC-CA1 
synapse, the MF synapses are less extensively characterized 
pathway owing to their overall complexity in anatomy as 
well as in physiology. 
 In addition to the intra-hippocampal connections 
described above, the hippocampus receives strong cortical 
input from the entorhinal cortex via the perforant pathway 
[7]. Traditionally, the perforant path connects most strongly 
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to the DG via either the medial or lateral perforant path; 
however, there is also evidence that connections from the 
entorhinal cortex can project directly to areas CA3 and CA1 
[7]. The majority of connections arise from layer II of the 
entorhinal cortex, which have been shown to project both to 
the DG and area CA3; however, a small number of 
additional connections can also arise from the deep layers of 
the entorhinal cortex [7]. The most heavily studied 
projections, those from the entorhinal cortex to the DG, are 
known to undergo synaptic plasticity, which plays a critical 
role in regulating the strength and timing of perforant path 
connections [7, 8]. In addition, there is also evidence that 
connections from the entorhinal cortex to area CA3 can also 
undergo synaptic plasticity [9]. As both of these projections 
have been discussed in recent reviews [7-9], the focus of this 
discussion will be on the intra-hippocampal connections. It 
should be noted, however, that the contribution of the 
perforant path to general information flow through the 
hippocampus is critical and, additionally, that the ability of 
those connections to undergo synaptic plasticity is important 
for the overall strength and timing of entorhinal cortex input 
to the hippocampus. 

1.2. Expression Patterns of Metabotropic Glutamate 
Receptors in the Hippocampus 

 Glutamate is the primary excitatory neurotransmitter in 
the hippocampal circuit and acts on two distinct types of 
receptors. The ionotropic glutamate receptors are ligand-
gated ion channels responsible for fast synaptic transmission 
and consist of three family members: α-amino-3-hydroxy-5-
methyl-4-isoxazoleproplionic acid (AMPA), N-methyl-D-
aspartate (NMDA), and kainate receptors [10, 11]. All three 
types of receptors are activated by glutamate binding and 
flux positively charged ions into the cell, resulting in 
depolarization. NMDA receptors are distinct from AMPA 
and kainate receptors due to the requirement for a co-
incident relief of a Mg2+ block in response to depolarization 
for activation. As such, AMPA and kainate receptors tend to 
function primarily under basal transmission conditions while 
NMDA receptors become active under strong synaptic 
activation.  

 The second group of glutamate receptors termed the 
metabotropic glutamate receptors (mGlu receptors), are 7 
transmembrane spanning, G-protein coupled receptors 
(GPCRs) that signal through second messenger systems and 
indirectly gate ion channels. The mGlu receptors can be 
further divided into three distinct sub-groups based on 
sequence homology and G protein coupling. Group I mGlu 
receptors, including mGlu1 and mGlu5, are coupled to Gq and 
signal through protein kinase C (PKC) activation and 
increases in intracellular Ca2+ [12-17]. They are expressed at 
a variety of synapses throughout the brain, including the 
hippocampus. At the SC-CA1 synapse, both mGlu1 and 
mGlu5 are expressed postsynaptically on CA1 pyramidal 
cells [18, 19]. At the mossy fiber (MF)-CA3 synapse, mGlu1 
and mGlu5 are expressed on the dendrites and dendritic 
spines of CA3 pyramidal cells [20]. 

 Group II mGlu receptors include Gi/o-coupled mGlu2 and 
mGlu3. Activation of these receptors leads to reductions in 
cAMP levels, decreases in the conductance of N-type Ca2+ 

channels, and activation of other signaling pathways [21-26]. 
The expression of group II receptors is most prominent in the 
dentate gyrus and at the MF-CA3 synapse; however, there is 
evidence of mGlu3 receptor expression on astrocytes within 
area CA1 [27-29]. At the MF-CA3 synapse, mGlu2 is the 
predominant group II receptor and is expressed on 
presynaptic MF boutons [30]. 

 Group III mGlu receptors are also Gi/o-coupled and 
include mGlu4, mGlu6, mGlu7, and mGlu8. With the 
exception of retinally-restricted mGlu6 [31], all of the other 
group III receptors are expressed at varying levels in the 
hippocampus. mGlu4 is expressed axonally on CA3 afferents 
at extremely low levels but there is no functional evidence 
for its contribution to transmission at the CA3-CA1 (SC-
CA1) synapse [32-34]. mGlu8 is expressed presynaptically 
on CA3 afferents in neonatal animals; however, functional 
expression of the receptor disappears with age [32, 35]. In 
contrast, mGlu7 expression is low at SC-CA1 synapses in 
neonatal animals and increases with age [32, 36]. In adult 
animals, mGlu7 is expressed presynaptically at asymmetrical 
synapses within the synaptic cleft in CA3 [37, 38]. At MF 
synapses, mGlu7 is also expressed presynaptically on MF 
afferents synapsing onto stratum lucidum inhibitory 
interneurons [30]. 

 The varying distribution of the mGlu receptors within 
these two hippocampal areas indicates that they may each 
play unique roles in the regulation of transmission, especially 
in the induction of long-lasting changes in synaptic strength. 
As such, the development of drug-like molecules that target 
individual mGlu receptor subtypes could have unique effects 
on one hippocampal region over another and may result in 
overall net increases or decreases in information flow 
throughout the hippocampal circuitry. This change in 
information flow can be critical to the improvement of 
cognitive or memory processing functions associated with a 
variety of neurodevelopmental and psychiatric diseases. 

1.3. Allosteric Modulators Provide mGlu Receptor 
Subtype Selectivity 

 The traditional approach to the development of tool 
compounds targeting mGlu receptors was to identify and 
optimize compounds that bind to the orthosteric site, or 
glutamate binding site, on the receptor. This strategy has 
been useful but has not provided selective ligands for 
individual mGlu receptor subtypes due to the high 
conservation of the orthosteric site among all mGlu receptors 
[39]. Allosteric modulators, on the other hand, bind to a site 
on the receptor that is distinct from the orthosteric binding 
site; this has provided greater selectivity of compounds for 
one mGlu receptor subtype over other family members. 
There are several classes of allosteric modulators that have 
been developed, including both positive allosteric 
modulators (PAMs) and negative allosteric modulators 
(NAMs). PAMs bind to a receptor and potentiate the effect 
of the endogenous ligand whereas NAMs inhibit the effects 
of the endogenous ligand in a non-competitive manner. The 
development and use of these compounds in pre-clinical 
animal models have been extremely successful [40-42]. In 
the following sections, we will describe work using both 
orthosteric and allosteric compounds targeting mGlu 
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receptors to identify the precise roles that each mGlu receptor 
subtype plays in various forms of synaptic plasticity. Table 1 
provides a list and abbreviations  of orthosteric and allosteric 
ligands at mGlu receptors that have been used in these 
studies. Additionally, we will discuss various neuro- 

developmental, neurodegenerative, and psychiatric disorders 
for which deficits or alterations in hippocampal plasticity 
have been observed. Finally, we will summarize important 
advances in the use of novel, selective, allosteric modulators 
to improve hippocampal synaptic plasticity deficits. 

Table 1. Abbreviations of orthosteric and allosteric compounds. 

Abbreviation Chemical Name 

ADX71743 (+)-6-(2,4-dimethylphenyl)-2-ethyl-6,7-dihydrobenzo[d]oxazol-4(5H)-one 

AIDA (RS)-1-Aminoindan-1,5-dicarboxylic acid 

AP5 (2R)-amino-5-phosphonovaleric acid 

ATPA (RS)-2-Amino-3-(3-hydroxy-5-tert-butylisoxazol-4-yl)propanoic acid 

CDPPB 3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide 

CPCCOEt 7-(Hydroxyimino)cyclopropa[b]chromen-1a-carboxylate ethyl ester 

CTEP 2-chloro-4-((2,5-dimethyl-1-(4-(trifluoromethoxy)phenyl)-1H-imidazol-4-yl)ethynyl)pyridine 

cyclohexamine 4-[(2R)-2-[(1S,3S,5S)-3,5-dimethyl-2-oxocyclohexyl]piperidine-2,6-dione 

DCG-IV (2S,2’R,3’R)-2-(2’,3’-dicarboxycyclopropyl)-glycine 

DCPG (S)-3,4-dicarboxyphenylglycine 

DHPG (S)-3,5-dihydroxyphenylglycine 

DL-AP3 DL-2-Amino-3-phosphonopropionic acid 

EGLU (2S)-α-ethylglutamic acid 

JNJ16259685 (3,4-dihydro-2H-pyrano[2,3-b]quinolin-7-yl)-(cis-4-methoxycyclohexyl)-methanon 

L-AP4 L-2-amino-4-phosphonobutyric acid 

LSP4-2022 (2S)-2-amino-4-4-(carboxymethoxy)-phenylhydroxymethyl-hydroxyphosphorylbutanoic acid 

LY341495 (2S)-2-amino-2-[(1S,2S)-2-carboxcycloprop-1-yl]-3-(xanth-9-yl) propanoic acid 

LY367385 (S)-(+)-alpha-amino-4-carboxy-2-methylbenzene-acetic acid 

LY395756 (1S,2S,4R,5R,6S)-rel-2-amino-4-methylbicyclo[3.1.0]hexane-2,6-dicarboxylic acid 

MCCG α-methyl-cyclopropyl glycine 

MCPG (RS)-α-methyl-4-carboxyphenylglycine 

MK-801 [5R,10S]-[+]-5-methy-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine 

MMPIP 6-(4-methoxyphenyl)-5-methyl-3-pyridin-4-ylisoxazonolo[4,5-c]pyridine-4(5H)-one 

MPEP 2-Methyl-6-(phenylethynyl)pyridine hydrochloride 

MSOP (RS)-α-Methylserine-O-phosphate 

MSOPPE (RS)-α-methylserine-O-phosphate monophenyl-phosphoryl ester 

PHCCC (-)-N-phenyl-7-(hydroxyimino)cyclopropa[b]chromen-1a-carboxamide 

VU-29 4-Nitro-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide 

VU0155094 Methyl 4-(3-(2-((4-acetamidophenyl)thio)acetyl)-2,5-dimethyl-1H-pyrrol-1-yl)benzoate 

VU0422288 N-(3-chloro-4-((5-chloropyridin-2-yl)oxy)phenyl)picolinamide  

(1S,3S)-ACPD (1S,3S)-1-aminocyclopentane-1,3-dicarboxylic acid 

4CPG (R)-4-carboxyphenylglycine 
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2. SYNAPTIC PLASTICITY AT SCHAFFER 
COLLATERAL-CA1 SYNAPSES 

2.1. Long-term Potentiation 

 Several forms of LTP have been described at the SC-
CA1 synapse. The most commonly studied form of LTP at 
this synapse is a potentiation induced by applying high 
frequency stimulation (HFS) to the axon fibers from CA3 
[43]. This results in a long-lasting form of LTP, which has 
been used as the basis for many studies to date. This form of 
LTP is known to be frequency-dependent, as stimulation of 
axon fibers at 100 Hz for 1 second leads to a robust LTP, 
whereas stimulation at 3 Hz results in a robust LTD, and 
stimulation at 10 Hz does not result in any change in 
synaptic strength [44]. HFS-induced LTP is dependent upon 
NMDA receptor activation, postsynaptic increases in 
intracellular calcium, and depolarization of CA1 pyramidal 
cells [45-48]. After the discovery of HFS-induced LTP, a 
second form of LTP was identified, which is induced by 
theta burst stimulation (TBS) [49]. This paradigm more 
closely mimics the oscillation patterns of firing CA3 neurons 
observed in vivo [49]; thus, it may be more physiologically 
relevant compared to HFS paradigms. As many of the 

mechanisms underlying HFS and TBS-induced LTP overlap, 
they will be discussed together [50, 51]. 

 Fig. 1 summarizes the roles of mGlu receptors in 
regulating synaptic plasticity at the SC-CA1 synapse. 
Postsynaptic group I (mGlu1 and mGlu5) receptors are 
thought to be involved in the induction and maintenance of 
both forms of LTP at the SC-CA1 synapse. To date, very 
few studies have been performed that directly investigate the 
contribution of mGlu1 activation to LTP at this synapse [52-
54]; however, one study has found that application of the 
mGlu1 antagonist, LY367385, prevented the induction of 
LTP at SC-CA1 synapses when the antagonist was applied 
prior to HFS, but not after HFS (three trains of 100 Hz 
stimulation) [54]. Additionally, Aiba et al. reported that 
slices from mGlu1 knockout mice respond with substantially 
reduced levels of LTP at SC-CA1 when stimulated using 
HFS (five trains of 100 Hz stimulation); this phenotype was 
accompanied by modest deficits in a contextual fear 
conditioning assay, a measure of hippocampal-mediated 
learning and memory [52]. However, a separate study failed 
to observe LTP deficits at SC-CA1 in mGlu1 knockouts 
using HFS consisting of one train of 100 Hz stimulation 
[53]. In vitro, several studies indicate that mGlu1 activation 

 
Fig. (1). Summary of expression and role of mGlu receptors in synaptic plasticity at SC-CA1 synapses. Afferents projecting from CA3 
pyramidal cells synapse onto the dendrites of CA1 pyramidal neurons. mGlu7 is expressed presynaptically and its activation may be involved 
in regulating LTP. Both mGlu1 and mGlu5 are expressed postsynaptically on CA1 pyramidal neurons, where they are known to regulate both 
LTP and LTD. mGlu3 is expressed on astrocytes within area CA1 and is involved in the induction of a short term depression also reliant on 
activation of β adrenergic receptors. Abbreviations: LTP- long term potentiation, LTD- long term depression, β AR- β adrenergic receptors, 
STP- short term plasticity. 
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increases the number of functional NMDA receptors on the 
postsynaptic membrane [55, 56]. In addition, in Xenopus 
oocytes, activation of mGlu1 results in a synaptosomal-
associated protein 25 (SNAP-25)-mediated exocytosis of 
NMDA receptors [55]. mGlu1 stimulation also leads to the 
activation of transient receptor potential channel 1 (TRPC1) 
cation channels, which are responsible for a slow, inward 
current present in cerebellar purkinje cells; a similar 
mechanism for the induction of LTP may also be at play in 
the hippocampus [57]. mGlu1 activation also leads to 
increases in intracellular calcium and depolarization of CA1 
pyramidal cells, all of which could facilitate LTP induction 
[58]. Thus, taken together, these results suggest that, while 
mGlu1 may participate in regulation of LTP, this receptor is 
not necessary for the induction or maintenance of LTP at 
SC-CA1.  

 The second member of the group I mGlu receptor family 
is mGlu5, which has been extensively characterized as a 
major regulator of LTP at SC-CA1 [59, 60]. Genetic deletion 
of mGlu5 [61, 62] or application of the mGlu5 selective 
antagonist MPEP [60] can reduce induction of LTP (using 
both TBS and 3 trains of 100 Hz stimulation) at the SC-CA1 
synapse [63, 64], while the mGlu1/5 agonist DHPG primes 
LTP induction using either one train of 100 Hz stimulation 
or a sub-maximal TBS induction paradigm (5 bursts of 100 
Hz, 200 ms inter-burst interval) [65, 66]. mGlu5 activation 
leads to potentiation of NMDA receptor currents due to a 
coupling mechanism that involves scaffolding through both 
postsynaptic density protein 95 (PSD-95) and Homer [58, 
67]. This may contribute to the regulation of LTP by mGlu5. 
In addition, recent studies suggest that TBS-induced 
activation of mGlu5 can induce a form of “metaplasticity” 
that is mediated by release of endocannabinoids (eCBs) from 
CA1 pyramidal cells and eCB activation of CB1 receptors to 
induce depression of transmission at inhibitory synapses 
onto CA1 pyramidal cells [68-70]. This disinhibition, 
combined with the ability of mGlu5 to potentiate NMDA 
receptor currents, could be a major component of the role of 
mGlu5 in “priming” SC-CA1 synapses for induction of LTP 
reported in earlier studies [65, 66]. 

 The persistent portion of LTP is dependent upon de novo 
protein synthesis [71-73] and is also regulated by activation 
of mGlu5 [63]. Therefore, activation of mGlu5 potentiates 
both the induction and maintenance of LTP at SC-CA1 
synapses. Indeed, a threshold-level of LTP induced with one 
train of TBS can be significantly potentiated when slices are 
pre-treated with mGlu5 PAMs [74, 75]. This pre-treatment 
results in an increase in short term plasticity, termed post-
tetanic potentiation (PTP), as well as the induction of LTP 
[74]. Taken together, mGlu5 plays an important role in 
regulating both the induction and maintenance of LTP at SC-
CA1, and compounds that potentiate mGlu5 function may 
also help to restore LTP in settings where SC-CA1 plasticity 
is compromised. 

 The expression of group II receptors at SC-CA1 is 
extremely low [27, 76, 77]. There is a distinct lack of mGlu2 
expression at the SC-CA1 synapse and mGlu3 expression is 
restricted to astrocytes in area CA1 [27, 77]. Antagonism of 
mGlu2 and mGlu3 using the orthosteric antagonist, MCCG, 

does not block LTP (induced using eight trains of 200 Hz 
stimulation) at this synapse, suggesting that activation of 
these receptors is not necessary for induction of LTP [78]. In 
contrast, agonism of mGlu2 and mGlu3 using the orthosteric 
agonist, (1S,3S)-ACPD, prevents the formation of LTP but 
retains much of the PTP using the same induction paradigm 
listed above [78]. The authors suggest that activation of 
group II mGlu receptors may increase the threshold for LTP 
induction by reducing presynaptic glutamate release; 
however, this hypothesis has not been directly tested at the 
SC-CA1 synapse [78]. Additionally, activation of group II 
mGlu receptors with concentrations of the group II agonist, 
DCG-IV, that are selective for these receptors does not affect 
basal excitatory transmission at SC-CA1, and the direct 
effects of DCG-IV on LTP induction has not been 
investigated [79]. However, when group II mGlu receptors 
are co-activated with a Gs coupled-receptor, such as a β-
adrenergic receptor (βAR), a profound depression of 
synaptic transmission results [80, 81]. These effects are due 
to synergistic signaling of group II mGlu receptors and βARs 
on astrocytes, resulting in release of adenosine and 
subsequent activation of A1 adenosine receptors on SC 
terminals [29]. This mechanism is thought to be mediated by 
mGlu3, as it is the only group II mGlu receptor subtype 
localized on astrocytes throughout the brain, including in 
CA1 [77]. Given the recent evidence indicating that 
astrocytes play an important role in neuronal network 
function, including the induction of LTP [82], mGlu3 may 
play an important role in this unique form of associative 
plasticity at this synapse.  

 The group III receptors, which consist of mGlu4, mGlu6, 
mGlu7, and mGlu8, are also presynaptic Gi/o-coupled 
receptors that traditionally function as autoreceptors to 
decrease neurotransmitter release [83]. Among these 
receptors, mGlu7 and mGlu8 are the only members of this 
group that have been shown to be functional at SC-CA1 
synapses [32, 34]. mGlu6 is expressed almost exclusively in 
the retina [31] and evidence for expression of functional 
mGlu4 at SC-CA1 synapses has not been found [26, 32, 34, 
84]. Group III receptors are expressed presynaptically on 
synaptic terminals from CA3 where their activation results in 
a reduction in glutamatergic transmission [32, 34, 79, 85, 
86]. Reductions in transmission have primarily been shown 
using the group III orthosteric agonist, L-AP4. L-AP4 
activates all group III receptors over a wide range of 
concentrations, with rank order potency (from most potent to 
least potent) of mGlu4>mGlu8>>mGlu7 [32, 87]. As such, 
when concentrations of L-AP4 are used that should 
selectively activate mGlu4, no reduction in glutamatergic 
transmission is observed [32]. Additionally, the mGlu4-
selective PAM, PHCCC, fails to potentiate the effects of L-
AP4 at this synapse [32]. In neonatal animals, there is strong 
evidence that mGlu8 is the only group III receptor subtype 
present at SC-CA1 synapses; however, there is a developmental 
switch that occurs where mGlu7 expression replaces mGlu8 
in adulthood [32, 88]. Due to this change in receptor 
expression, there have been no studies to date that have 
investigated the role of mGlu8 in LTP in adult animals. It 
will be interesting, however, to determine if perhaps it plays 
a role in LTP early in development. 
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 Finally, despite clear evidence that mGlu7 is expressed 
presynaptically at SC-CA1 synapses in adult animals, few 
studies have directly investigated the role of this receptor in 
LTP [37, 89, 90]. One study in mGlu7 knockout mice 
demonstrated that there was a deficit in PTP and short-term 
potentiation (STP), but no effect on LTP (induced using one 
train of 100 Hz stimulation) [89]. This suggests that mGlu7 
may play a more important role in short-term, but not long-
term, plasticity at this synapse. Additional evidence for 
mGlu7-modulated control of STP comes from studies of 
basal synaptic transmission [34]. Application of the group III 
agonist, LSP4-2022, with and without two distinct group III 
PAMs, VU0155094 and VU0422288, results in a decrease in 
transmission at SC-CA1 synapses with a concomitant 
increase in paired-pulse ratio (PPR) [34]. Additionally, 
application of L-AP4 also results in a depression of 
transmission at the SC-CA1 synapse, which is reversed by a 
novel mGlu7-selective NAM, ADX71743 [85]. These studies 
indicate that transmission at SC-CA1 can be reduced by 
activation of presynaptic mGlu7. There have also been 
numerous studies in vivo indicating that mGlu7 knockout 
mice or mice treated with a selective mGlu7 NAM, MMPIP, 
show deficits in behavioral tasks that rely on proper 
hippocampal plasticity [91-95]. Interpretation of data using 
MMPIP, however, is hampered by the fact that this 
compound displays context-dependent pharmacology [86]; 
despite robust NAM activity in certain in vitro cellular 
assays, MMPIP fails to block L-AP4-mediated depression of 
synaptic transmission at SC-CA1, whereas ADX71743 
robustly blocks depression of transmission [85, 86]. 
Therefore, mGlu7 could potentially play an important role in 
the induction of LTP, yet progress in this area has been 
delayed due to a lack of compounds that can differentiate 
mGlu7 from the other group III receptors. 

2.2. Long-term Depression 

 There are three distinct forms of mGlu receptor-
modulated LTD that are commonly studied at SC-CA1 
synapses. The first is a chemical LTD which is induced by 
application of the group I orthosteric agonist, DHPG [96-98]. 
DHPG-LTD is NMDA receptor-independent; however, it 
relies on rapid extracellular signal-regulated kinase (ERK)-
dependent dendritic messenger RNA (mRNA) translation 
without new transcription [74, 97-99]. Several studies 
suggest that this mechanism of LTD involves changes in 
both post and presynaptic function. Indeed, DHPG application 
results in a lasting reduction in postsynaptic AMPA receptor 
expression [100] as well as a reduction in presynaptic 
glutamate release [101]. The second form of LTD is 
mediated by synaptically-released glutamate and is induced 
by applying a low-frequency stimulation (900 stimuli delivered 
at 1 Hz, LFS) [44]. This LTD is developmentally regulated, 
as a robust form of LTD is observed in young rats (aged 12-
20 days), whereas this LTD is absent in adult animals [102] 
and is also dependent upon de novo postsynaptic protein 
synthesis [54]. Additionally, a third form of LTD can be 
induced by applying 900 paired stimulations at 1 Hz (PP-
LFS) [97, 103, 104]. This LTD persists at all ages; however, 
the requirement for NMDA receptor activation seems to 
change with age. In young animals (younger than 50 day old 
rats), NMDA receptor antagonists prevent induction of LTD; 

in contrast, LTD can still be induced even in the presence of 
the NMDA receptor antagonist, AP5, in adult animals (rats 
aged 12-15 weeks) [102]. There is, however, a form of PP-
LFS that is still NMDA receptor-dependent in adult animals. 
This can be achieved by adjusting the paired-pulse interval 
(PPI) from 50 to 200 ms. Additionally, these separate forms 
of LTD (LFS, PP-LFS) occur via different downstream 
mechanisms, as the induction of one cannot be occluded by 
prior saturation of the other [102].  

 There is strong evidence that the different forms of LTD 
present at SC-CA1 synapses are differentially regulated by 
group I mGlu receptors [54, 74, 98]. There is evidence that 
mGlu1 and mGlu5 play distinct roles in the regulation of CA1 
cell excitability [58]. mGlu1 activation is responsible for 
increasing postsynaptic intracellular Ca2+ concentrations and 
depolarization of CA1 cells, whereas mGlu5 activation 
results in the suppression of a Ca2+-activated potassium 
current and direct potentiation of NMDA receptors [58]. In 
addition, there are clear differences in the roles of these 
receptors in regulation of LTD at SC-CA1 synapses [54]. For 
example, antagonism of mGlu1 using LY367385 prior to 
induction of LTD using LFS results in a complete blockade 
of LTD [54]. This effect of mGlu1 antagonism was specific 
to the induction phase of LTD, as application of an mGlu1 
antagonist after LFS does not prevent LTD [54]. This finding 
points to a specific role for mGlu1 in regulating the 
induction, rather than the maintenance, of LFS-LTD. In 
contrast, selective antagonism of mGlu5 with MPEP results 
in blockade of LFS-LTD regardless of whether the NAM is 
applied before or after LFS [54], indicating that there is a 
mechanistic difference in the ability of mGlu1 and mGlu5 to 
activate downstream signaling pathways necessary for LFS-
LTD. It is interesting to note, however, that application of 
the mGlu5 PAM, VU-29, does not potentiate LFS-LTD [74]. 
One explanation for this phenomenon could be that LFS 
induction requires saturating recruitment of mGlu5 for 
induction, such that a PAM provides no further efficacy of 
LTD induction. In contrast to LFS-LTD, application of VU-
29 results in a potentiation of PP-LFS LTD and DHPG-LTD 
when a sub-maximal concentration of DHPG (25 µM) is 
used [74]. These results suggest that mGlu5 PAMs maintain 
the proper form and direction of synaptic plasticity depending 
upon the stimulation paradigm. 

 Few studies to date have found evidence for a direct role 
of group II receptors at SC-CA1 synapses using subtype-
selective compounds in the modulation of LTD [105, 106]. 
One study found that the non-selective group I/II mGlu 
receptor antagonist, 4CPG, and the group II antagonists 
MSOPPE and EGLU, blocked LFS-LTD induced in vivo in 
awake, behaving rats [105]. Additionally, activation of group 
II receptors using 5 µM DCG-IV, along with concomitant 
elevations in cyclic guanosine monophosphate (cGMP), 
leads to a weak LTD at SC-CA1 synapses [106]. However, 
the requirement for the use of 5 µM DCG-IV to observe this 
effect does not rule out off-target activity at other receptors, 
as this concentration is sufficient to activate NMDA receptors 
[107, 108]. Specific involvement of group II receptors in 
common forms of LTD discussed earlier has not been 
directly studied and both mGlu2 and mGlu3 have been shown 
to be involved in the induction of LTD in other brain regions 
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[109-112]. Thus, it will be important to investigate the 
involvement of these receptors in various forms of LTD using 
newer generation, selective antagonists of these receptors. 

 As described earlier, the primary group III receptor 
expressed at SC-CA1 synapses in adult animals is mGlu7 [32, 
34, 88]. Due to the lack of sub-type selective compounds, 
direct investigation of mGlu7 in LTD has not been performed. 
There are several reports, however, indicating that antagonism 
of group III mGlu receptors blocks LTD at SC-CA1 synapses 
[113]. When considered with anatomical expression patterns 
and functional studies at SC-CA1, it is possible that these 
effects can be attributed to mGlu7 [32, 34, 37, 38, 85, 86]. 
Additionally, one study found that intracerebroventricular 
(ICV) injection of L-AP4 resulted in a slow-onset 
chemically-induced LTD observed in vivo in area CA1 
[114]. However, despite these studies, direct investigation 
using selective compounds targeting mGlu7 have not been 
performed and, as such, the precise involvement of mGlu7 in 
the regulation of LTD has not been determined. 

3. SYNAPTIC PLASTICITY AT MOSSY FIBER-CA3 
SYNAPSES 
 Due to the difficulty of studying this synapse in isolation, 
hippocampal MF synapses have been studied far less 

extensively relative to SC-CA1 synapses [6, 115]. However, 
similar to the SC-CA1 synapse, the MF synapse can undergo 
various forms of short-term and long-term plasticity. Since 
excitatory transmission at this synapse is mediated by 
glutamate, activation of mGlu receptors localized both at 
presynaptic and postsynaptic sites has also been heavily 
implicated in the induction and expression of MF synaptic 
plasticity (see Fig. 2). In this section, we will review the 
different forms of plasticity that have been described at these 
synapses, with emphasis on regulation by the mGlu receptors. 

3.1. Short-term Plasticity 

 Properties of synaptic plasticity at the MF synapses 
depend on the postsynaptic target [116]. MF-pyramidal 
neuron synapses characteristically show uniquely large 
paired-pulse facilitation (PPF) [117]. This is a distinct form 
of STP which is not observed at other hippocampal or 
cortical synapses, including SC-CA1. This PPF is at least 
two times greater in magnitude than the PPF observed at 
commissural/associational (C/A) synapses [5]. These 
synapses are distinct inputs to the CA3 area originating from 
other CA3 cells either from the same or opposite hemisphere 
[5]. MF synapses also exhibit strong frequency facilitation, 
as increasing stimulation frequency results in a significant 

 

Fig. (2). Summary of expression and role of mGlu receptors in synaptic plasticity at MF synapses. Projections from dentate gyrus 
granule cells (termed mossy fibers) form connections with both CA3 pyramidal cells and interneurons. mGlu2 is expressed on large, mossy 
fiber boutons which innervate CA3 pyramidal cells, where it is thought to facilitate induction of LTD and regulate short term plasticity (both 
frequency facilitation and paired-pulse facilitation). Both mGlu1 and mGlu5 are expressed postsynaptically on CA3 pyramidal cells and play 
a potential role in facilitation of LTP. mGlu7 is expressed presynaptically at MF-SLIN synapses that express calcium-permeable AMPA 
receptors postsynaptically, where it acts as a metaplastic switch for bidirectional plasticity. Abbreviations: LTP- long term potentiation, 
LTD- long term depression, SLIN- stratum lucidum interneuron, STP- short term plasticity, CP-AMPA- calcium-permeable AMPA receptors. 
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increase in synaptic strength [118]. Unlike the C/A synapses, 
frequency facilitation at MF synapses is observed at inter-
stimulus intervals (ISI) as long as 40 seconds and is 
generally much greater in magnitude [5]. In contrast, MF-
interneuron synapses show much smaller PPF or even 
exhibit synaptic depression in response to paired-pulse 
stimulation [116] due to a higher neurotransmitter basal 
release probability [119, 120]. In addition, the PTP observed 
after LTP induction is significantly prolonged when compared 
to SC-CA1 synapses [5, 121].  

 Several factors have been implicated in regulating STP at 
the MF synapses, including Ca2+, A1 adenosine receptors, 
and kainate receptors [122-125]. Additionally, mGlu 
receptors also play an important role in STP at MF synapses. 
Presynaptic group II mGlu receptors located specifically at 
MF-pyramidal neuron synapses act as autoreceptors and 
have been implicated in regulating PPF and frequency 
facilitation [6, 126]. It is proposed that activation of group II 
mGlu receptors suppresses glutamate release by inhibiting 
Ca2+ channels via a membrane-delimited mechanism [6, 126]. 
Indeed, DCG-IV (1 µM) significantly reduces presynaptic 
Ca2+ transients at the MF-pyramidal neuron synapse  
while simultaneously reducing synaptic transmission [126]. 
Additionally, electron microscopy immunostaining reveals 
that mGlu2 is the predominant subtype found in the 
presynaptic locus [30] and is thought to be the mGlu receptor 
mediating regulation of short-term plasticity.  

 mGlu2 receptors, however, are located at the pre-terminal 
zone on MF afferents [30]. Due to their remote location, LFS 
may not result in sufficient glutamate release to activate 
these receptors [127]. In support of this hypothesis, non-
selective mGlu receptor antagonists have no effect on 
baseline excitatory postsynaptic currents (EPSCs) evoked in 
CA3 pyramidal cells by MF stimulation with LFS (0.5 Hz) 
[128]. However, an enhancement of synaptic transmission is 
observed in the presence of mGlu receptor antagonists when 
MF afferents are stimulated at a higher frequency (1 Hz) [128]. 
This inhibitory action of presynaptic mGlu receptors is not 
limited to the activated synapse but also affects neighboring 
MF-pyramidal cell synapses [129]. Thus, group II mGlu 
receptors can act as a brake to limit the magnitude of 
frequency facilitation as well as inhibit surrounding synapses 
[6]. Importantly, there are possible species differences in  
the role that mGlu receptors play in the regulation of MF-
pyramidal neuron synapses. 

 In addition to group II mGlu receptors, group III mGlu 
receptors have also been identified at the MF-pyramidal 
neurons of guinea pig, but not in other rodents [130, 131]. 
Whole cell recording of CA3 pyramidal neurons in guinea 
pigs reveals that activation of group III mGlu receptors by L-
AP4 selectively depresses MF, but not C/A, transmission 
[117]. With respect to the MF-stratum lucidum interneuron 
synapses that are physiologically distinct in terms of their 
plasticity characteristics, localization of mGlu7 has been 
confirmed using mGlu subtype specific antibodies and 
electron microscopy [30, 37, 90]. However, the specific 
physiological role of these receptors at this synapse has not 
been elucidated. It is thought that mGlu2 and mGlu7 
primarily act as negative feedback regulators of STP at the 

MF-pyramidal neuron synapses; yet, the involvement of 
other mGlu receptors, specifically mGlu1 and mGlu5, 
requires further investigation. 

3.2. Long-term Potentiation 

 Like SC-CA1 synapses, MF synapses also exhibit 
activity-dependent, long-term changes in synaptic strength 
(e.g., LTP). However, there are fundamental differences in 
the mechanisms governing such LTP at this synapse. Several 
forms of LTP have been described, including an NMDA-
dependent, NMDA-independent, and a chemical form of 
LTP. The most commonly reported form of LTP in the MF 
pathway is induced by HFS (100 Hz for 1s/0.5s or 25 Hz for 
5s) [6]. In contrast to SC-CA1, HFS-LTP in this pathway is 
independent of NMDA receptor activation [121, 132]. 
Although NMDA receptor expression [133] and evoked 
NMDA receptor currents [134] are observed at MF synapses, 
the expression of this NMDA receptor-independent form of 
LTP is exclusively presynaptic. This is due to a characteristic 
increase in neurotransmitter release probability, as evident 
from changes in PPR [121, 135, 136], as well as from 
quantal analysis involving analysis of coefficient of variation 
(CV), failure rate, and miniature synaptic events [136-138].  

 The mechanisms governing LTP induction at MF 
synapses and the role of mGlu receptors have yet to be 
definitively resolved. Despite extensive pharmacological and 
genetic studies, there are conflicting reports on the role of 
mGlu1 and mGlu5 receptors in MF-LTP. Early reports of 
mGlu receptor involvement in MF-LTP came from use of 
the mGlu receptor antagonist, DL-AP3, which blocks HFS-
LTP (induced by two trains of 100 Hz for 1 second), at this 
synapse [139]. Concurrently, the mGlu receptor agonist, 
ibotenate, induces LTP even in absence of any tetanic 
stimulation [139]. Additionally, MCPG also blocks this 
NMDA receptor-independent HFS-LTP (induced by one 
train of 100 Hz for 1 second) [140]. Group I mGlu receptors 
may modulate MF-LTP by triggering a delayed rise in 
postsynaptic Ca2+ via IP3-mediated release from internal 
stores [141]. Competitive and non-competitive group I mGlu 
receptor antagonists such as AIDA, MCPG, and CPCCOEt 
reversibly block the rise in postsynaptic Ca2+ observed 
during MF tetanic stimulation in presence of the ionotropic 
glutamate receptor blocker, kynurenate, and also prevent the 
induction of MF-LTP [141]. Furthermore, mGlu1 knockout 
mice display impaired HFS-LTP (induced by one train of 
100 Hz for 1 second) at the MF synapses but not at the C/A 
synapses [53]. In contrast, mGlu5 knockout mice have no 
deficits in MF HFS-LTP (induced by one train of 100 Hz for 
0.5 seconds) [62]. However, there is evidence that both 
mGlu1 and mGlu5 may act synergistically to regulate MF-
LTP [142]. As such, the nonselective group I antagonist, 
MCPG, blocks MF HFS-LTP (induced by one train of 100 
Hz for 1 second). Consistent with the MCPG result, a 
combination of LY367385 (mGlu1 antagonist) and MPEP 
(mGlu5 NAM), also block this form of MF HFS-LTP; in 
contrast, either antagonist alone is ineffective. Interestingly, 
co-application of both an mGlu1 and mGlu5 antagonist 
decreases Ca2+ entry into individual presynaptic MF boutons, 
thus providing a mechanism by which group I mGlu 
receptors can modulate induction of MF-LTP [142].  
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 In spite of this evidence, there are several conflicting 
reports which suggest that there is no involvement of group I 
mGlu receptors in MF-LTP. For example, some studies have 
reported that group I mGlu receptor antagonists have no 
effect on MF-LTP (induced by one train of 100 Hz for 1 
second) [143-145]. Additionally, others have reported that 
mGlu1 knockout mice do not show any deficit in this form of 
MF HFS-LTP [143]. Similarly, some studies suggest that the 
rise in postsynaptic Ca2+ downstream of group I mGlu receptor 
activation is unnecessary for 100 Hz-induced MF LTP [121, 
138, 145-147]. This discrepancy may be due to several 
issues, including the use of non-selective pharmacological 
agents, differences in animal ages, and differences in the 
tetanus protocol used for inducing MF-LTP. Thus, future 
studies controlling for these variables and utilizing recently 
discovered subtype selective pharmacological agents will be 
critical in definitively determining the role of group I mGlu 
receptors in MF-LTP. 

 Interestingly, group I mGlu receptors are involved in 
inducing a chemical form of LTP at this synapse [142]. 
Although activation of group I mGlu receptors alone with 
DHPG does not induce LTP, potentiation of MF synaptic 
responses can occur when DHPG is co-applied with an 
ineffective concentration of the kainate receptor agonist, 
ATPA. Importantly, this potentiation occurs in presence of 
AP5, indicating that, similar to tetanus-induced MF-LTP, 
NMDA-independent LTP can be induced by a synergistic 
activation of group I mGlu receptors and kainate receptors. 
This chemical form of NMDA-independent LTP is not 
blocked by application of either MPEP or LY367385 alone, 
indicating that activation of either mGlu1 or mGlu5, along 
with kainate receptors, is sufficient to induce chemical LTP. 
Finally, chemical LTP was also found to be dependent on 
Ca2+ released from intracellular stores. The ryanodine receptor 
blocker, ryanodine, completely blocks the induction of 
chemical LTP and also results in an increase in Ca2+ signaling 
in presynaptic MF boutons [142]. The results of these studies 
also help to explain some of the discrepancies related to 
mGlu receptor involvement in MF-LTP induced by tetanus. 
First, they show that activation of either mGlu1 or mGlu5 is 
sufficient for LTP and provides a possible explanation for 
the lack of effect of MF-LTP deficits in mGlu1 or mGlu5 
knockout mice. Second, they show that group I mGlu 
receptors may affect presynaptic Ca2+ pools in MF boutons. 
Although no direct mechanism for this phenomenon is 
known, it is possible that it could occur either by activation 
of presynaptically located group I mGlu receptors or via 
activation of postsynaptic group I mGlu receptors, leading to 
the production of retrograde messengers. This might account 
for the discrepancy observed in certain studies where 
chelation of postsynaptic Ca2+ is not sufficient to block MF-
LTP [121, 138, 145-147].  

 An additional form of NMDA-independent and mGlu 
receptor-dependent LTP has also been reported at MF 
synapses. This LTP at MF synapses is induced by a 
combination of postsynaptic membrane hyperpolarization 
and paired pulse low frequency stimulation [148]. It is 
dependent upon mGlu receptor activation, as MCPG 
application blocks induction, and is also dependent upon 
postsynaptic elevation in Ca2+ levels [148]. Thus, the current 

evidence provides a strong basis for the involvement of 
group I mGlu receptors in regulation of the induction of 
NMDA-independent MF-LTP by stimulating the release of 
internal Ca2+ from the presynaptic MF boutons and/or 
postsynaptic CA3 neurons. 

 Recently, an NMDA-dependent form of LTP has been 
described at the MF-pyramidal neuron synapse [149, 150]. 
Delivery of a short tetanus (24 stimuli at 25 Hz) potentiates 
NMDA receptor-mediated EPSCs but has no effect on 
AMPA receptor-mediated EPSCs [149, 150]. This potentiation 
of NMDA transmission is input-specific, as it is only observed 
at MF synapses and not at C/A synapses. Interestingly, this 
form of LTP is mediated postsynaptically and is dependent 
on Ca2+ released from inositol triphosphate (IP3)-sensitive 
stores [149, 150]. It can also be blocked by the MPEP but 
not the mGlu1 NAM, CPCCOEt. Thus, this NMDA-dependent 
MF-LTP requires co-activation of mGlu5 and NMDA 
receptors [149]. The role of other mGlu receptors in this 
form of LTP has not yet been elucidated and further studies 
are required to investigate the involvement of other subtypes. 

 The MF-LTP described above is primarily based on 
investigations of the MF-CA3 pyramidal neuron synapses. In 
contrast, much less is known about LTP at MF-interneuron 
synapses. There is evidence, however, that plasticity at these 
synapses is governed by a distinct set of mechanisms that are 
separate from what is observed at the MF-pyramidal neuron 
synapses. For example, HFS (induced by three trains of  
100 pulses at 100 Hz repeated every 10 seconds) of the  
MF induces LTP in CA3 pyramidal neurons and in CA3  
stratum lacunosome-moleculare (L-M) interneurons [151, 
152]; however, it induces LTD in CA3 stratum lucidum 
interneurons (SLIN) (see next section), suggesting that  
there is target cell-dependent plasticity within the MF-CA3 
circuit [153]. The hebbian form of LTP observed in L-M 
interneurons is dependent on mGlu1 [151], and mGlu1-
mediated Ca2+ signaling is thought to control the polarity of 
MF plasticity at these synapses [151]. HFS induces LTP in 
control conditions, whereas HFS in the presence of the 
mGlu1 antagonist, LY367385, results in LTD [151]. This 
phenomenon may be specific to mGlu1; however, the role of 
other mGlu receptor subtypes in LTP induction of the MF-
interneuron synapses has not been investigated. 

3.3. Long-term Depression 

 MF-CA3 pyramidal neuron synapses also exhibit LTD. 
Repetitive LFS, such as 1Hz for 15 min, induces LTD at this 
synapse [127, 142, 154]. This form of LFS-LTD is NMDA 
receptor-dependent at other synapses; however, the 
mechanism governing this form of plasticity at the MF-CA3 
pyramidal neuron synapse is fundamentally different [6]. In 
this case, LFS-induced LTD at MF synapses is heavily 
dependent upon mGlu2 receptor activation. For example, 
LFS-LTD is lost in mGlu2 knockout mice, despite normal 
histological features, basal synaptic transmission properties, 
and LTP induced by HFS [127]. MF-LTD is independent of 
NMDA receptor activation and relies on a presynaptic 
expression pattern characterized by a reduction of 
neurotransmitter release [154]. This form of LTD is also 
blocked by application of MCPG [154], thus reiterating the 
role of mGlu receptors in this form of MF-LTD. Further 
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studies suggest that mGlu2 activation leads to decreases  
in cAMP levels and PKA activation [155], followed by a  
rise in presynaptic Ca2+ [154, 155], which in turn leads  
to the subsequent expression of MF-LTD. Additionally, 
pharmacological activation of mGlu2 alone using DCG-IV is 
sufficient to induce LTD at this synapse, corroborating the 
role of mGlu2 in MF-LTD [110]. Similarly, application of 
the mGlu2 agonist, LY395756, also induces significant LTD 
of the MF-pyramidal neuron synapses. Interestingly, this 
form of LTD can be reversed by application of the group II 
mGlu receptor antagonist, LY341495, applied after LTD 
expression, indicating that mGlu2 may remain active even 
during the MF-LTD and long after the exogenous agonist 
has washed out [110]. 

 In addition to the conventional form of MF-pyramidal 
neuron LTD, there is also evidence for target cell-specific 
LTD at MF-interneuron synapses. Interestingly, the same 
HFS protocol (three-four trains of 100 Hz for 1 second 
repeated every 10 seconds) that induces LTP at MF-
pyramidal neuron synapses leads to a presynaptically 
expressed form of LTD at MF-SLIN synapses [116, 156-
158]. Unlike the LTP at MF-pyramidal neuron synapses, 
tetanus-induced LTD at MF-SLIN synapses is independent 
of adenylyl cyclase activation [157], indicating that there is 
anatomical segregation of distinct biochemical signaling 
cascades to functionally divergent presynaptic terminals of 
the same afferent [4, 159]. There are also two different forms 
of tetanus-induced MF-SLIN LTD which depend on specific 
postsynaptic architecture of AMPA receptors in the SLINs. 
A small portion of SLINs, primarily expressing GluR2-
containing, Ca2+ impermeable, AMPA receptors, exhibit the 
more common postsynaptic form of LTD, which is 
dependent on Ca2+ influx through NMDA receptors and 
subsequent internalization of AMPA receptors [156, 160, 
161]. On the other hand, a major subgroup of SLINs 
expressing GluR2-lacking Ca2+ permeable AMPA receptors 
exhibit a presynaptically expressed NMDA-independent 
LTD following tetanic stimulation (three trains of 100 pulses 
at 100 Hz repeated every 10 seconds) of the MF afferents 
[156, 161]. Several studies have indicated that this form of 
LTD is mediated by mGlu7, which is strongly expressed in 
the MF stratum lucidum [30, 153]. Accordingly, application 
of the group III antagonist, MSOP, prevents NMDA-
independent MF-SLIN LTD without altering basal transmission 
[158]. Moreover, application of L-AP4 at a concentration 
high enough to activate mGlu7, but not the group II agonist, 
DCG-IV, induces a chemical form of LTD at the MF-SLIN 
synapses that shares the presynaptic expression profile 
observed for tetanus-induced LTD [157, 158]. Interestingly, 
this form of chemical LTD is absent when presynaptic 
stimulation is interrupted during L-AP4 treatment [158] or 
when postsynaptic Ca2+ influx is blocked [156, 158], 
indicating that this group III mGlu receptor-mediated LTD is 
hebbian in nature. In further studies, it has been shown that 
MF-SLIN LTD relies on mGlu7-mediated PKC signaling and 
subsequent reduction in the activity of P/Q-type voltage 
gated Ca2+ channels [158, 162].  

 The MF-SLIN synapses also show bidirectional 
metaplasticity, where the polarity of tetanus-induced-
plasticity depends upon the recent history of the synapse. 

Therefore, if MF-SLIN synapses first undergo L-AP4-
induced LTD, a subsequent tetanic stimulation reverses this 
depression by persistently enhancing neurotransmitter 
release [158]. It is hypothesized that mGlu7 plays an 
important role in this bidirectional plasticity and acts as a 
‘metaplastic switch’ [153]. Indeed, exogenous agonist 
treatment can lead to mGlu7 internalization from MF-SLIN 
synapses [158, 159] and the absence of mGlu7 in the 
presynaptic terminal can be the deciding factor for the 
direction of tetanus induced synaptic plasticity observed. 
However, the special emphasis on mGlu7 is entirely based on 
the combination of histological localization of this subtype 
and the use of nonselective group III mGlu receptor agonists 
and antagonists. Further studies need to be performed using 
more selective compounds, such as the recently discovered 
mGlu7 NAM, ADX71743 [85], to reinforce the involvement 
of this subtype among the group III mGlu receptors as the 
primary candidate in regulating MF-interneuron plasticity. 

4. APPLICATIONS OF MGLU RECEPTOR ALLOSTERIC 
MODULATORS TO NEURODEVELOPMENTAL AND 
PSYCHIATRIC DISEASES 
 There are several psychiatric and neurodevelopmental 
disorders that are associated with deficits in hippocampal 
synaptic plasticity, including autism spectrum disorders, 
schizophrenia, and Alzheimer’s disease [76, 163-172]. 
Additionally, these deficits occur in forms of synaptic 
plasticity that are known to be modulated or mediated by 
mGlu receptors, as discussed in the above sections. As such, 
several efforts have been undertaken to develop novel 
allosteric modulators targeting various mGlu receptors with 
the hope of restoring such synaptic plasticity deficits and 
thus identifying novel therapeutics for these disorders. 

 Several monogenic autism spectrum disorders are 
associated with deficits in hippocampal plasticity and 
cognitive function [163, 164, 166, 168, 169, 171-179]. 
Specifically, synaptic plasticity deficits have been reported 
that are associated with Fragile X syndrome, Tuberous 
Sclerosis, Rett Syndrome, and human chromosome 16p11.2 
microdeletion. Fragile X syndrome is a X-linked disorder 
associated with trinucleotide repeat expansion in the 5’ 
untranslated region of the Fragile X mental retardation 1 
(FMR1) gene, which leads to decreased expression of Fragile 
X mental retardation protein (FMRP) [173, 174, 178]. As 
FMRP is responsible for repressing translation of mRNAs in 
the brain that are associated with downstream signaling of 
mGlu1 and mGlu5 activation, loss of FMRP leads to 
excessive protein synthesis and results in enhanced mGlu 
receptor-mediated LTD at SC-CA1 synapses [166]. 
Excitingly, it has been found that antagonists or NAMs of 
mGlu5, such as MPEP and CTEP, are efficacious in reducing 
enhanced DHPG-LTD and reversing some of the phenotypic 
deficits observed in FMRP knockout mice [180, 181]. There 
is also additional evidence that mGlu1 NAMs may also be 
efficacious as treatments for Fragile X syndrome [181]. 
Indeed, one study found that antagonism of mGlu1 using the 
NAM, JNJ16259685, was also sufficient to decrease Fragile 
X syndrome phenotypes in animal models, such as marble 
burying and pre-pulse inhibition [181]. The direct effects of 
mGlu1 NAMs on DHPG-induced LTD have not yet been 
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studied; however, this would be important to understand the 
contribution of mGlu1 activity to hippocampal function. 
 A second monogenic form of autism, termed Tuberous 
Sclerosis, has also been suggested to involve changes in 
mGlu5 function in the hippocampus [164]. As opposed to 
FMRP knockout mice, genetic deletion of or the introduction 
of inactivating mutations into tuberous sclerosis complex 
(Tsc) 1 or 2 results in hyper activation of the mammalian 
Target of Rapamycin (mTOR) [182]. Genetic deletion of 
Tsc2 results in reduced DHPG-LTD and PP-LFS LTD with 
no change in the induction of LFS-LTD at SC-CA1 synapses 
[164]. Because Tsc2 KO mice display opposite electro- 
physiological phenotypes to FMRP KO mice, this indicates 
that mGlu5 PAMs could be efficacious in restoring proper 
levels of LTD in these animals [164]. Indeed, application of 
the mGlu5 PAM, CDPPB, resulted in an enhancement of 
DHPG-LTD [164].  
 A third form of monogenic autism is the X-linked 
disorder Rett Syndrome, which results from loss-of-function 
mutations in the transcription factor, methyl CpG binding 
protein 2 (Mecp2) [176]. Knockout or mutation of the Mecp2 
gene in mice results in specific deficits in SC-CA1 plasticity. 
Specifically, Mecp2 knockout and mutant mice display a 
significant decrease in PPR, suggesting that there are deficits 
in presynaptic regulation of neurotransmitter release [163]. 
These mice also display reduced TBS and HFS-induced LTP 
[163, 168, 172]. Interestingly, while deficits in the induction 
of PP-LFS LTD are observed, DHPG-LTD remains intact 
[168].  
 MECP2-Duplication syndrome is another form of 
monogenic autism which results from the duplication, rather 
than the loss, of the MECP2 gene [183, 184]. Despite 
genetically opposing levels of Mecp2, mouse models of 
Mecp2 duplication syndrome display similar synaptic 
plasticity deficits [169], and these mice display deficits in 
HFS-LTP at SC-CA1 [169]. However, it is interesting to 
note that these mice display an increase in PPR, which is the 
opposite effect observed in Mecp2 knockout mice [163, 
169]. This could potentially indicate that Mecp2 functions to 
regulate an aspect of synaptic transmission such that 
opposing effects on STP are observed between Mecp2 
knockout and Mecp2 Duplication; however, both of these 
changes would be sufficient to cause a deficit in LTP.  
 Finally, human chromosome 16p11.2 microdeletion is 
another genetic form of autism associated with deficits in 
hippocampal synaptic plasticity [171, 175, 177, 179]. Mice 
with a genetic deletion mimicking this microdeletion display 
alterations in DHPG-LTD and PP-LFS LTD at SC-CA1 
synapses [171]. While no deficit in the magnitude of LTD is 
observed when compared to wild-type mice, in both cases, 
the persistent phase of the LTD is no longer protein-
synthesis dependent, as treatment with the protein synthesis 
inhibitor, cyclohexamine, prevents the late phase of LTD in 
wild-type but not mutant mice [171]. No deficits were 
observed in TBS-LTP or LFS-LTD, perhaps indicating that 
this microdeletion results in changes specifically associated 
with the mechanisms involved in DHPG- and PP-LFS LTD.  
 In addition to autism spectrum disorders, there is also 
evidence for hippocampal synaptic plasticity deficits in 

animal models of schizophrenia [167, 170]. For example, the 
reelin knockout mouse is a model of schizophrenia that 
mimics many of the cognitive phenotypes observed in 
patients as evidenced by deficits in contextual fear 
conditioning and the Morris water maze tasks [170]. In 
addition, these mice also display deficits in TBS-LTP and 
LFS-LTD [170]. A second model of schizophrenia, in which 
rodents are treated for 7 days with the NMDA receptor open 
channel blocker MK-801, also display severe cognitive 
impairments in spatial working memory [167]. Additionally, 
this is associated with a profound deficit in HFS-induced 
LTP [167]. While the reelin knockout mouse model displays 
a deficit in LFS-LTD, no deficit was observed in the sub-
chronic MK-801 model [167, 170]. Taken together, both of 
these models, while different in their mechanism of induction, 
result in similar deficits in LTP in the hippocampus, perhaps 
indicating that they arise from a common mechanism. 
 Finally, Alzheimer’s disease is the most common form of 
dementia, and is characterized by memory loss and a decline 
in cognitive function [185]. Hallmarks of the disorder 
include the accumulation of amyloid β (Aβ) and progressive 
neurodegeneration [185]. A prominently studied rodent 
model of Alzheimer’s disease is the CK-p25 mouse model 
[76]. In this model, there is an over-expression of the protein 
p25, which is a truncated version of p35 generated from 
enzymatic conversion [76]. p35 normally functions as a 
regulator of the serine/threonine kinase, Cdk5 [76]. In contrast 
to p35, p25 activity leads to hyper-activation of cyclin-
dependent kinase 5 (Cdk5) and results in neurodegeneration 
[165]. As such, prolonged over-expression of p25 leads to 
long-lasting Cdk5 activity, which results in cognitive 
impairments and significant deficits in HFS-LTP at SC-CA1 
synapses [165]. 
 Unlike SC-CA1 synaptic plasticity, very little is known 
about the contribution of MF synaptic plasticity to 
behavioral dysfunctions observed in neurological disorders. 
There is even debate on the importance of long-term 
plasticity in this pathway, with views speculating that there 
is a more important role for short-term plasticity in this 
pathway than LTP and LTD [186]. However, emerging 
reports suggest that both forms of plasticity in the MF 
pathway may have significance in learning and memory and 
can have implications for cognitive defects observed in 
neurological and neuropsychiatric disorders. In freely 
moving rats, exploration of a novel environment results in 
facilitation of LTP at MF synapses, whereas exploration of 
large spatial landmarks results in facilitation of LTD at MF-
CA3 pyramidal neuron synapses [187]. Data from mGlu1 
knockout mice show that impairment in MF-LTP, but not 
SC-CA1 LTP, results in a gross deficit in reference memory 
during performance in the Morris water maze task [53]. 
Additionally, infusion of DCG-IV in area CA3 in vivo, 
which is implicated in disruption of LTD and STP at MF 
synapses, leads to an inhibition of contextual fear memory in 
rodents [188]. Taken together, these results suggest an 
important, and possibly independent, role for MF synaptic 
plasticity in spatial learning and memory. Furthermore, 
recent evidence also suggests that MF plasticity may be 
disrupted in specific neurodegenerative disorders [189]. The 
R6/2 and complexin II knockout mouse models of 
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Huntington’s disease, which display spatial learning deficits 
similar to those observed in Huntington’s patients, also 
exhibit selective impairments in MF-LTP with no changes in 
basal synaptic transmission in the CA3 region [189]. 
Similarly, a transgenic Alzheimer’s disease mouse model 
that age-dependently overproduces Aß peptide display a 
significant loss of short-term frequency facilitation at MF 
synapses without changes in the basic properties of synaptic 
transmission [190]. In addition, HFS NMDA receptor-
independent LTP was absent at MF synapses in these 
transgenic mice [190]. If MF LTP is dependent on group I 
mGlu receptors, then either mGlu1 or mGlu5 PAMs might be 
rendered as possible candidates to reverse such deficits, 
potentially providing evidence for therapeutic efficacy in 
improving cognitive function in Huntington’s and 
Alzheimer’s patients. Taken together, these studies provide 
convincing evidence that plasticity at MF synapses has 
equally important physiological and functional implications 
as SC-CA1 synapses with indications that impaired MF 
synaptic plasticity could be a pathophysiological feature 
characteristic of or underlying certain neurological disorders. 
As mGlu receptors play a central role in regulating synaptic 
plasticity at this synapse, selective activation of mGlu 
receptors may be a promising strategy to rescue deficits in 
MF plasticity in specific disease states. 

 In summary, there are multiple neurodegenerative, 
neurodevelopmental, and psychiatric diseases that are 
associated with cognitive impairment and deficits in 
hippocampal synaptic plasticity. While some have clear ties 
to mGlu receptor function, for example, Fragile X syndrome, 
many of the others have not been rigorously investigated 
[174]. As such, it will be important to determine if modulation 
of mGlu receptor function can ameliorate hippocampal 
plasticity deficits in these animal models. Additionally, 
many novel, highly selective tool compounds have recently 
been developed, which makes it possible to rigorously test 
the function of individual mGlu receptor subtypes [85, 112, 
191-194]. While mGlu5 PAMs and NAMs have been well-
studied in the literature, there are far fewer mGlu1 PAMs and 
NAMs available for study [75, 191, 192, 195-199]. More 
recently, novel, selective mGlu1 PAMs have been developed 
that are highly selective for mGlu1 over other mGlu receptors 
[192]. Additionally, some novel mGlu1 NAMs have also 
been reported [192, 193]. Together, these tool compounds 
will allow for an investigation into the precise role that 
mGlu1 plays in the induction of LTP and LTD.  

 There are also two new reports describing the discovery 
of a selective mGlu3 NAM and an mGlu2 NAM, both of 
which show promise as tool compounds for both in vitro and 
in vivo use [112, 194]. These two compounds will finally 
allow for the careful investigation of mGlu2 vs. mGlu3 in 
order to tease apart distinct functions governed by each 
receptor. Finally, the discovery of selective group III 
compounds has been by far the biggest challenge in the field. 
For the study of hippocampal plasticity, compounds that 
selectively target mGlu7 and mGlu8 would be most useful. 
Despite the availability of the selective mGlu8 agonist, 
DCPG, the development of selective agonists for mGlu7 has 
not been as successful. The discovery of LSP4-2022, a group 
III orthosteric agonist, provides selectivity for mGlu7 over 

mGlu8 [200]. This compound, however, is still much more 
potent at mGlu4 over mGlu7 and mGlu8, [200] which makes 
its use at synapses expressing all of the group III receptors 
limited. Additionally, two novel group III PAMs have been 
reported and have shown to be efficacious in decreasing 
glutamatergic transmission at SC-CA1 synapses when used 
in combination with LSP4-2022 [34]; again, these compounds 
are not selective for mGlu7. Finally, the development of 
ADX71743 provides a novel mGlu7 NAM for use both in  
in vitro and in vivo studies [85]; it is important to note that 
ADX71743 can potentially be used in combination with 
nonselective compounds to isolate an mGlu7-specific 
component to a given response. 

5. CONCLUSION 

 The involvement of specific mGlu receptors in distinct 
forms of synaptic plasticity suggests that modulation of 
mGlu receptors may be efficacious in treating cognitive 
impairments associated with several neurodevelopmental, 
neurodegenerative, and psychiatric disorders. It is interesting 
that, at both SC-CA1 and MF synapses, regulation of 
plasticity seems to be dominated by only a few mGlu 
receptors. At SC-CA1 synapses, the majority of evidence 
indicates that mGlu5 plays a pivotal role in the induction and 
maintenance of both LTP and LTD [59, 60, 63, 74, 98]. 
Importantly, it has been shown that mGlu5 PAMs have the 
ability to bi-directionally potentiate synaptic plasticity [74]. 
This is a key finding, as it indicates that, regardless of the 
direction of plasticity, potentiation of mGlu5 could rescue 
deficits without disrupting the ratio between potentiation and 
depression. Additionally, the role of mGlu5 in MF-LTP is, if 
at all, to potentiate MF-CA3 pyramidal cell LTP [141]. On a 
network level, this could indicate that potentiation of mGlu5 
might result in a potentiation of CA3 afferent activity into 
area CA1 and lead to a net increase in activity in CA1. 

 Based on expression patterns, there is a distinct separation 
of the group II receptors between SC-CA1 and MF synapses 
[27, 77]. At SC-CA1, mGlu3 plays a unique role in a coincident 
form of transient depression that relies on both glutamatergic 
and noradrenergic signaling in astrocytes [28, 29]. However, 
the relevance of this phenomenon to plasticity at this synapse 
is not clear at this point. In contrast to mGlu3, mGlu2 does 
not play a role in the regulation of synaptic plasticity at SC-
CA1 [110, 154, 155]. Instead, mGlu2 activation leads to LTD 
at MF-CA3 pyramidal cell synapses, which, from a network 
perspective, could reduce the drive into and out of CA3. 
Theoretically, as this form of LTD occurs via a presynaptic 
mechanism, this could indicate that mGlu2 activation may 
trigger an LTD and result in decreased output from CA3 in 
response to increased drive from DG granule cells. 

 Finally, there is clear involvement of mGlu7 in mediating 
a bidirectional switch between LTP and LTD at MF 
synapses. Activation of mGlu7 in the CA3 interneurons 
during MF-HFS leads to LTD in the interneurons, [153, 157, 
159, 162], which in turn may facilitate the induction and/or 
maintenance of HFS mediated LTP observed in the CA3 
pyramidal cells. This target-specific HFS mediated plasticity 
seems to lead to a net disinhibition of CA3 pyramidal cells, 
resulting in increased drive out of CA3. Thus, there is a clear 
link between the involvement of mGlu receptors in the 
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mechanisms required to induce or maintain several forms of 
plasticity throughout the hippocampus. However, several 
aspects still require extensive future studies to further tease 
apart the intricate regulation of SC-CA1 and MF plasticity 
by the different mGlu receptor subtypes. One interesting 
aspect that requires further attention is the developmental 
regulation of hippocampal plasticity by mGlu receptors. 
There is already evidence showing that a developmental 
switch exists in the regulation of mGlu dependent LTD in 
the SC-CA1 synapses [201]. In addition, it is well-known 
that a developmental switch occurs at SC-CA1 synapses 
between the expression of mGlu8 and mGlu7, with mGlu8 
being the predominant group III mGlu receptor expressed in 
neonatal animals and mGlu7 expression occurring in 
adulthood [32]. Thus it will be interesting to investigate 
whether such developmental nuances exist in other mGlu 
receptor dependent plasticity mechanisms in SC-CA1 and 
MF synapses.  

 Additionally, as there have been many reports linking 
plasticity deficits to cognitive impairments in various 
psychiatric and neurodegenerative, and neurodevelopmental 
diseases, there has been progress to develop novel, selective 
ligands, including allosteric modulators, as new therapeutic 
treatment options for these disorders. Several mGlu receptors 
have a long history of involvement in autism and schizophrenia, 
whereas investigation into others is just beginning. The use 
of new and novel ligands targeting members of the mGlu 
receptor family is anticipated to provide insight into the 
function of these receptors in synaptic plasticity and diseases. 
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