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Abstract: The hippocampus supports the acquisition
of both spatial representations and long-term spatial
memory. This is enabled by a triumvirate of physiologi-
cal processes comprising information organisation and
transfer by means of neuronal oscillations, creation of
context-dependent spatial maps by means of place cells,
and long-term storage of spatial experience by means of
synaptic plasticity. All three processes are enabled by the
glutamatergic system. Glutamate binding to ionotropic
glutamate receptors enables both fast excitatory synap-
tic transmission (via AMPA receptors) and the initiation
of long-term synaptic storage (via NMDA receptors). But
glutamate also binds to metabotropic glutamate (mGlu) re-
ceptors. These receptors not only contribute to the stabil-
ity of hippocampal encoding and the longevity of synap-
tic plasticity, they can also support synaptic information
storage independent of NMDA receptor activation and are
important for the acquisition and retention of long-term
memory.
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Introduction

The hippocampus serves as a central hub for the creation
of memories for events (in non-human animals (Eichen-
baum, 2017), or episodes (in humans)(Horner & Doeller,
2017), and its prominent role in enabling spatial cognition
is likely to support these processes. The hippocampus
integrates sensory experience into spatial representa-
tions and long-term spatial memory (Manahan-Vaughan,
2017). It does so by enabling long-term alterations of syn-
aptic efficacy in the form of synaptic plasticity (Bliss and
Collingridge, 1993; Martin and Buno 2005; Kemp and Man-
ahan-Vaughan 2007; Manahan-Vaughan, 2017), network
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oscillatory activity (Buzsaki and Draguhn 2004; Hasselmo
2005), and place field formation (O’Keefe and Dostrovsky
1971; Knierim et al. 1995). The neurotransmitter glutamate
is of paramount importance for these processes. Gluta-
mate binds to two categories of neurotransmitter recep-
tors, comprising ionotropic and metabotropic glutamate
receptors. Ionotropic glutamate receptors are ligand-gated
ion channels that include the a-amino-3-hydroxy-5-me-
thyl-4-isoxazolepropionic acid (AMPA), kainate and
N-methyl-D-aspartate (NMDA) receptors. Whereas AMPA
receptors enable fast excitatory synaptic transmission,
NMDA receptors are key elements in the induction of syn-
aptic plasticity processes, such as long-term potentiation
(LTP) (Bliss et al., this Neuroforum issue). Metabotropic
glutamate (mGlu) receptors are G-protein coupled recep-
tors that act via second messenger systems and regulate
intracellular levels of adenylyl cyclase or phospholipase C
(Table 1). These receptors play a very important role in

Table 1: Classification of mGlu receptors and synaptic distribution

mGlu Subtypes Hippocampal Coupling

Receptor expression

Group | mGlul, mGlu5 Mainly Phospholipase C
postsynaptic

Group I mGlu2 mGlu3 Mainly Adenylyl cyclase
presynaptic

Group Il mGlu4,mGlué*, Mainly Adenylyl cyclase

mGlu7,mGlu8 presynaptic

Receptors are classified on the basis of their signal transduction
mechanisms and pharmacological properties (see: Mukherjee and
Manahan-Vaughan, 2013 for overview). Group | mGlu receptors are
positively coupled to phospholipase C and are mainly postsynapti-
cally localised in the hippocampus. Groups Il and Ill receptors are
negatively coupled to adenylyl cyclase and presynaptically local-
ised (Ohishi et al., 1993; Mukherjee and Manahan-Vaughan, 2012;
Goddyn et al., 2015;Tanabe et al., 1993; Okamoto et al., 1994; Corti
et al., 1998). *N.B.: mGlué is expressed exclusively in the retina
(Nomura et al., 1994).
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aspects of hippocampal information processing that relate
to the long-term retention of spatial experience (Mukher-
jee and Manahan-Vaughan, 2012).

Place cells, synaptic plasticity,
neuronal oscillations

Place cells are pyramidal neurons that are mainly found
in the CA1 and CA3 regions of the hippocampus of rodents
(Grieves & Jeffery, 2017) and humans (Ekstrom et al., 2003),
that exhibit high-frequency discharges when animals trav-
erse a specific location of an environment. The location
where the place cell fires, is called the ‘place field’ (O’Keefe
and Dostrovsky in 1971) (Fig. 1). The firing behaviour of
place cells is specifically related to the context in which
the animal finds itself, whereby it can use sensory cues
from different modalities as a substrate to create a place
map (Zhang and Manahan-Vaughan, 2015). Whereas place
fields develop and stabilise while an animal navigates
through and becomes familiar with a spatial environment,
the long-term retention of spatial experience in the form
of long-term memory is enabled by hippocampal synap-
tic plasticity: it has been shown in rodents, that synaptic
plasticity, in the forms of long-term potentiation (LTP) and
long-term depression (LTD), that persist for more than 24h,
is strongly associated with the acquisition and retention
of spatial memory (Kemp and Manahan-Vaughan, 2007,
2008; Manahan-Vaughan, 2017). In fact, in mice, it has
been shown that synaptic plasticity can be directly trig-
gered by spatial experience (Goh and Manahan-Vaughan,
2013a).

Neuronal oscillations are an intrinsic component of
functional neuronal networks, that in turn support re-
al-time and long-term information encoding related to
spatial experience. Modification of hippocampal synaptic
strength occurs rapidly during animal behaviour, whereby
neuronal oscillations at theta and gamma frequencies
play a crucial role in this process (see for review: Buzsaki,
2005; Buzsaki and Draguhn, 2004). Hence, hippocampal
theta and gamma oscillations are functionally associated
and derive from intrinsic oscillatory properties of principal
cells and interneurons, the rhythmic activation of which
is driven by intra- and extrahippocampal connections
(Bartos et al., 2007). Synaptic plasticity and theta-gamma
neuronal oscillations are interdependent: changes in the-
ta-gamma frequency coupling during the induction of LTP
predict whether the induction attempt will be successful
(Bikbaev and Manahan-Vaughan, 2007, 2008) and ap-
plying stimuli on the peak or the trough of hippocampal
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theta results in the induction of LTP, or LTD, respectively
(Holscher at al, 1997).
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Figure 1: Regulation of hippocampal place fields and synaptic
plasticity by mGlu5 receptors

A: The thin black line shows the path taken by a rat as it explored a
80 x 80cm square environment during tetrode recordings from the
hippocampal CA1l region.

The green, blue and red dots show the respective regions of the env-
ronment where three different place cells fired, the region covered
by one colour corresponds to the place field of that cell.

B: Animals that first showed stable place fields during exploration of
a square environment were treated with an mGlu5 receptor antago-
nist and then allowed to explore a novel (round) environment. Expo-
sure to the same environment one day later was associated with
place field remapping, indicating that the stabilisation and consol-
idation of the place fields was compromised by mGlu5 antagonism.
The examples represent (left to right: two exposures to the novel
environment on day 1 followed by two exposures to the same envi-
ronment on day 2. Top to bottom: place fields of place cells recorded
from three different animals. (From Zhang and Manahan-Vaughan,
2014).

C: Antagonism of mGlu5 prevents hippocampal LTP that would
normally last for longer than 24h in rats.

High-frequency stimulation (HFS) (4 trains of 100 pulses at 100 Hz)
of MF-CA3 synapses, elicits LTP (>24h) in vehicle-injected freely
behaving animals. Intracerebral application of the mGlu5 antago-
nist, MPEP (1.8 pg), prior to HFS significantly blocks LTP.

D: Analog responses evoked during LTP experiment

Analogs represent fEPSPs evoked (i) pre-HFS, (ii) 5 min post-HFS and
(iii) 24 h post-HFS from) MF-CA3 synapses of vehicle-treated (closed
circles i. e. top row) or MPEP-treated animals (open circles i. e.
bottom row). (From Hagena and Manahan-Vaughan, 2015).
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Involvement of mGlu receptors in
place fields, synaptic plasticity and
neuronal oscillations

Group | mGlu receptors

Although the involvement of NMDA receptors in the estab-
lishment of place fields has been shown (Kentros et al.,
1998), few studies have addressed to what extent mGlu
receptors contribute to place field generation or stability.
In rats, pharmacological antagonism of the mGlu5 recep-
tor prevents long-term stability of place fields and reduces
informational content and place cell firing rates in a novel
environment (Zhang and Manahan-Vaughan 2014, Fig.
1). This finding creates an intriguing link between spatial
mapping by means of place cells and the long-term en-
coding of spatial experience by means of synaptic plas-
ticity: the mGlu5 receptor is of pivotal importance for both
persistent forms of synaptic plasticity and for long-term
memory (Hagena and Manahan-Vaughan, 2017). Further-
more, mGlu5 receptors are required for the abovemen-
tioned tetanisation-induced changes of theta and gamma
oscillations that in turn predict the successful expression
of LTP (Bikbaev and Manahan-Vaughan, 2017), and are
also required for cell-specific plasticity induced by neu-
ronal oscillations (Zarndadze et al., 2016). Of all of the
mGlu receptors, the mGlu5 receptor may be the most im-
portant for hippocampal encoding processes: activation of
this receptor is required for reference memory (Naie and
Manahan-Vaughan, 2004; Manahan-Vaughan and Braun-
ewell, 2005), recognition memory (Marszalek-Grabska
et al., 2018) and extinction learning (André et al, 2015).
MGlus5 receptors also mediate improvements of LTP that
occur following environmental enrichment (Buschler and
Manahan-Vaughan, 2017). Activation of the receptor is
essential for the expression of forms of LTP and LTD that
are facilitated by spatial learning (Popkirov and Mana-
han-Vaughan, 2011; Goh and Manahan-Vaughan, 2013b;
Hagena and Manahan-Vaughan, 2015) and can induce pro-
tein-synthesis forms of synaptic plasticity in the absence
of NMDA receptor activation (Huber et al., 2001; Naie and
Manahan-Vaughan, 2006).

Its counterpart the mGlul receptor, is also intrinsically
involved in hippocampal synaptic plasticity and memory
processes (Naie and Manahan-Vaughan, 2005), including
in hippocampus-dependent associative learning forms
that are not related to spatial learning (Gil-Sanz et al.,
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2008). Whereas mGlu5 supports the (late) protein-syn-
thesis phase of LTP and LTD (Balschun and Wetzel, 2002;
Naie and Manahan-Vaughan, 2004; Popkirov and Mana-
han-Vaughan, 2011), mGlul receptors support the induc-
tion of LTP (Neymann and Manahan-Vaughan 2008; Naie
and Manahan-Vaughan, 2005), The mechanism is likely to
involve increases in intracellular Ca* concentrations, neu-
ronal depolarization, elevations in the frequency of spon-
taneous inhibitory post-synaptic potentials (Mannaioni et
al., 2001), as well as regulation of NMDA receptor currents
(Skeberdis et al. 2001) and cycling (Lan et al., 2001).

Group Il mGlu receptors

Group I mGlu receptors regulate both hippocampal LTP
and LTD, but group II mGlu receptors may only be di-
rectly involved in LTD. Antagonism of these receptors
prevents the expression of persistent forms of LTD (Man-
ahan-Vaughan, 1997; Kulla et al., 1999) and interestingly
also prevents long-term reference memory (Altinbilek and
Manahan-Vaughan, 2009). Agonist activation of these re-
ceptors can prevent LTP, however, even when ligand doses
are used that have no effect on basal synaptic transmis-
sion (Kulla et al., 1999). This may relate to regulation of
hippocampal excitability: group II receptors are mostly
located presynaptically in the hippocampus (Shigemoto
et al., 1997) and predominantly subserve an autoreceptor
function (Mukherjee and Manahan-Vaughan, 2013). Al-
though their postsynaptic expression is weaker (Petralia
et al., 1996), a role for postsynaptic group II mGlu recep-
tors in the regulation of CA3 network activity has been de-
scribed (Ster et al., 2011) that may be crucial for informa-
tion processing related to theta activity.

MGIu2 receptor involvement in recognition memory
has been proposed (Marszalek-Grabska et al., 2018) and a
role for this receptor in spatial working memory has been
demonstrated in transgenic mice (de Filippis et al., 2015).
Transgenic mice that lack both mGlu2 and mGlu3 recep-
tors are also impaired in spatial working memory tasks
(Lyon et al., 2011). These findings in turn provide valuable
insights as to the possible relationship between LTP, LTD
and components of spatial memory: novel object-place
learning, related to recognition memory, triggers LTD in
the mouse hippocampus, whereas it has been suggested
that the magnitude of LTD can serve as an index of spatial
working memory ability (Nakao et al., 2002).
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Group Il mGlu receptors

Similar to reports with regard to group II mGlu receptors,
antagonism of group III mGlu receptors impair the expres-
sion of persistent (>24 h) LTD, but not LTP, in both the CA1
region and dentate gyrus (Klausnitzer et al., 2004; Altin-
bilek and Manahan-Vaughan, 2007). Transgenic mice that
lack mGlu7, also exhibit deficits in short-term potentia-
tion (Bushell et al., 2002). Receptor antagonism impairs
spatial reference memory in a radial arm maze task (Altin-
bilek and Manahan-Vaughan, 2007) and both group Il and
III mGlu receptors have been implicated in the retrieval
of context-dependent fear memory (Szapiro et al, 2001)
Transgenic mice that lack mGlu7 receptors are impaired
in reference memory acquisition in a water maze task,
whereas mGlu4 and mGlu8 receptor knockout mice did
not exhibit deficits of this kind (Goddyn et al., 2015). This
suggests that mGlu7 receptors may be of particular im-
portance for hippocampal information processing. In line
with this it was shown that positive allosteric modulation
of the mGlu7 receptor restores LTP in a mouse model of
Rett syndrome and improves both contextual fear learning
and novel object recognition (Gogliotti et al., 2017).

Conclusions

MG]lu receptors not only are intrinsically important for
hippocampal information encoding, but the different sub-
types of these receptors also assume different functional
roles. This is reflected by the role of group I receptors in
bidirectional forms for hippocampal synaptic plasticity,
the bias towards group II and II receptor involvement in
LTD and the distinctions in terms of memory forms that are
regulated by mGlu receptor groups. It is clear that a tight
interplay between mGlu receptors is a key determinant of
hippocampal information processing: on the one hand, it
has been shown that group I receptors regulate the expres-
sion of group I and II receptors (Marszalek-Grabska et al.,
2008; Bikbaev et al., 2008). On the other hand, specific role
of these receptors in enabling synaptic plasticity within
synaptic subcompartments has been demonstrated. For
example, the mGlu7 receptor is important for bidirec-
tional plasticity at the mossy fibre synapses, whereby the
direction of change of synaptic weight is determined by
the relative activation and expression state of the recep-
tor (Pelkey et al., 2005). By contrast, the mGlu5 receptor
determines the direction of change of synaptic strength
at mossy fibre versus commissural association (AC)-CA3
synapses: pharmacological antagonism of mGlu5 recep-
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tors impairs mossy fibre LTP, but not LTD (Fig. 1), whereas
mGlu5 receptor antagonism impairs AC-CA3 LTD, but not
LTP (Hagena and Manahan-Vaughan, 2015). Taken to-
gether, the importance of these receptors for hippocampal
information encoding and the long-term storage of spatial
experience should not be underestimated.
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