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Abstract

Metabotropic glutamate receptors (mGluRs) are found throughout thalamus and cortex and are clearly important
to circuit behavior in both structures, and so considering only participation of ionotropic glutamate receptors (e.g.,
[R,S]-0-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid [AMPA] and N-methyl-d-aspartate receptors [NMDA]
receptors) in glutamatergic processing would be an unfortunate oversimplification. These mGluRs are found both
postsynaptically, on target cells of glutamatergic afferents, and presynaptically, on various synaptic terminals themselves,
and when activated, they produce prolonged effects lasting at least hundreds of msec to several sec and perhaps longer.
Two main types exist: activation of group | mGluRs causes postsynaptic depolarization, and group I, hyperpolarization.
Both types are implicated in synaptic plasticity, both short term and long term.Their evident importance in functioning
of thalamus and cortex makes it critical to develop a better understanding of how these receptors are normally

activated, especially because they also seem implicated in a wide range of neurological and cognitive pathologies.
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In thalamus and cortex,' virtually all information pro-
cessing is thought to be accomplished by pathways that
use glutamate as the neurotransmitter, with other trans-
mitter systems, such as cholinergic, dopaminergic, and
even GABAergic, playing modulatory roles that affect
how glutamatergic inputs are processed. Such modula-
tion can involve changes in synaptic strength, neuronal
responsiveness, and so on, to support various behavioral
demands, such as learning and memory, directed atten-
tion, and overall vigilance. Until fairly recently, models
of such information processing have been based almost
exclusively on the activation by these glutamatergic
inputs of ionotropic glutamate receptors (iGluRs), mostly
(R,S)-a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) and N-methyl-p-aspartate (NMDA) recep-
tors. However, it has become increasingly clear that many
and probably the majority of these glutamatergic affer-
ents also activate very different receptor types, namely
metabotropic glutamate receptors (mGluRs), which are
quite abundant in thalamus (Alexander and Godwin 2005,
2006b; Cox and Sherman 1999; Godwin and others
1996a) and cortex (Ohishi and others 1993a, 1993b,
1995; Petralia and others 1997; Reid and others 1995;
Shigemoto and others 1993). The purpose of this article is
to review our current understanding of the role of mGluRs

in thalamic and cortical processing, which in turn sug-
gests a somewhat novel way to look at information pro-
cessing in these structures.

General Properties of iGluRs and
mGIuRs

Activation of postsynaptic receptors typically leads to
opening or closing of ion channels, allowing charged ions
to move into or out of the cell, thereby changing its mem-
brane potential. For example, depolarization (e.g., an
excitatory postsynaptic potential [EPSP]) occurs when
Na® or Ca** channels open, allowing these ions to enter
the cell, or when K channels close, blocking these ions
from leaving the cell; hyperpolarization (e.g., an inhibi-
tory postsynaptic potential [[PSP]) occurs when Cl™ chan-
nels open, allowing these ions to enter the cell or when K"
channel open, allowing these ions to leave the cell. Other
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Figure |. Schematic depiction of iGIuR (AMPA receptor [AMPAR], in this example) and mGluRs. Each type is shown repeatedly
at different times (time | and time 2 for the AMPAR, and time [, time 2,and time 3 for the mGIuRs), and the evoked postsynaptic
potentials are shown on the right. For the AMPAR, time | represents the period before binding to the transmitter, and time 2 is
the period after binding. The binding leads to a conformational change that opens the ion channel, which forms the central core of
the receptor complex. For the mGluRs, time [ is the period before transmitter binding, and just after binding (time 2) a G-protein
is released, which reacts with an effector protein to produce a cascade of biochemical reactions eventually resulting in opening

or closing of an ion channel, usually a K* channel (time 3). Not shown is the possibility that for some receptors the G-protein can
directly affect the ion channel. Note the much longer time course for the mGIuR example than for the iGIuR one. Note also that
different G-proteins and second messenger systems are involved in the two groups of mGluR: group | mGluRs are associated

with Gg-proteins (yellow square), and group Il, with Gi/o-proteins (yellow star). Further details in the text.iGIuR =
glutamate receptor; mGIuR = metabotropic glutamate receptor.

effects on the cell, beside opening or closing of ion
channels, may also occur on activation of postsynaptic
receptors, especially for metabotropic receptors, and
some examples are given below. For further details of
how these channels are controlled, see Catterall (2010).
Figure 1 schematically shows some of the properties of
mGluRs by contrasting them to iGluRs. A full description
of metabotropic receptors is beyond the scope of this arti-
cle, but further details can be found elsewhere (for metabo-
tropic receptors generally, Nicoll and others 1990; for
mGluRs specifically, Conn and Pin 1997; Pin and Bockaert
1995; Pin and Duvoisin 1995). A typical ionotropic recep-
tor (Fig. 1A) is a complex transmembrane protein composed
of several subunits that may combine in different ways to
subtly affect receptor functioning; the protein molecule

ionotropic

wraps back and forth across the membrane several times
(for details of receptor structure and differences among
them, see Kandel and others 2000). Importantly, each of
these receptor proteins includes an ion channel, but when
the receptor is not in contact with the transmitter molecule,
the channel is blocked. When the receptor comes into con-
tact with a transmitter, such as glutamate, a conformational
change ensues that exposes the ion channel, thereby allow-
ing ions to cross the membrane. In the case of the AMPA
receptor, of which several subtly different varieties exist,
Na' and sometimes Ca”" pass through the channel into the
cell, leading to an EPSP. Partly because of the direct link-
age of the receptor to the ion channel, the response is fast,
with a latency of 1 ms or less and a duration of 10 ms or

SO.2
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In addition to AMPA receptors, iGluRs also include
NMDA and kainite receptors. Kainate receptors play a
rather subtle role in normal adult thalamic and cortical
processing, and so they are not considered further here
(but see Binns and others 2003; Huettner 2003; Kidd and
Isaac 2001; Miyata and Imoto 2009). NMDA receptors
are a major component of postsynaptic iGluR responsive-
ness, and their properties differ in certain ways from the
above description (Mayer and Westbrook 1987). One dif-
ference is their voltage dependency. At a relatively hyper-
polarized level, such as a typical resting potential, Mg**
ions collect in the channel of this receptor and clog it,
thereby blocking passage of other ions (e.g., Na and
Ca®"), but as the cell becomes increasingly depolarized
(by, e.g., activation of AMPA receptors), the Mg®" ions are
increasingly repelled, allowing the ion channel found in
the NMDA receptor to pass ions, which includes Ca*" and
Na' ions (Mayer and Westbrook 1987). This means that
EPSPs dependent on activation of NMDA receptors can
only be evoked once the cell is already somewhat depolar-
ized. A second difference is that the NMDA EPSP lasts
somewhat longer—a few tens of milliseconds—than does
the AMPA EPSP. Finally, activation of NMDA EPSPs
seems to require the presence of glycine and glutamate
(Banke and Traynelis 2003; Gibb, 2004; Hashimoto and
Oka 1997; Kawajiri and Dingledine 1993).

Although metabotropic receptors are simpler proteins
that usually are made up of a single polypeptide, they rep-
resent the start of a much more complicated chain of
events that eventually evoke postsynaptic responses.
Once the neurotransmitter binds to a metabotropic recep-
tor, a series of actions is triggered (see Fig. 1B). Firstis a
conformational change in the receptor that leads to the
release of a G-protein, and this leads to a cascade of bio-
chemical reactions in the postsynaptic cell, a process
known as a “second messenger pathway,” and these reac-
tions in turn lead to several changes in the cell. One such
change is opening or closing of specific ion channels. In
the case of mGluR activation in the thalamus and cortex,
the main effect is on K* channels, although Ca”" and other
channels can also be affected (Anwyl 1999). Postsynaptic
potentials produced in this way have a much longer time
course than seen with ionotropic receptors, with a latency
of 10 ms or more and duration of hundreds of millisec-
onds to several seconds or more (Govindaiah and Cox
2004). The much longer time course of mGluR activation
compared to that of iGluRs is considered further below.
However, whereas metabotropic receptors do evoke post-
synaptic potentials, second messenger systems can affect
other cellular properties besides ion channels, such as
internal Ca®" concentrations, gene expression, and long-
term plastic changes in cell responses (Anwyl 2009;
Gereau and Conn 1994; Luscher and Huber 2010; Tsanov
and Manahan-Vaughan 2009).

There are eight different types of mGluRs recognized
in the brain, and these are distributed into three groups.
Activation of group I (types 1 and 5) mGluRs leads to
prolonged EPSPs, mainly through closing of K™ chan-
nels; activation of group II (types 2 and 3) mGluRs leads
to prolonged IPSPs, mainly through opening of K chan-
nels. Group III mGluRs (types 4, 6, and 8) have not been
much studied in thalamus or cortex and are not further
considered (but see Gu and others 2012; Salt and Eaton
1995). The signaling pathways for groups I and Il mGluRs
differ, as indicated in Figure 1B, involving different
G-proteins (Gq for Group I and Gi/o for Group II) and
other features of the second messenger cascade (for fur-
ther details, see Coutinho and Knopfel 2002; Kim and
others 2008).

Metabotropic receptors, in general, and mGluRs spe-
cifically, are found both presynaptically, on synaptic ter-
minals, as well as postsynaptically, on target dendrites
(see below).? Regarding postsynaptic distribution, there
is evidence that, whereas iGluRs are found within the
synaptic zone, mGluRs tend to be located perisynapti-
cally (Kennedy 2000; Lujan and others 1996; Nusser and
others 1994). This may explain why mGluRs generally
require higher levels of presynaptic activity for their acti-
vation than do iGluRs, presumably because more gluta-
mate must be released presynaptically to reach mGluRs;
however, mGluRs can nonetheless be activated by fairly
low levels of presynaptic activation (Viaene and others
2013). Activation of presynaptic mGluRs requires an
even greater movement of glutamate from synapses,
because, except for triadic arrangements found in thala-
mus (see below), the terminals on which the mGluRs are
found are not themselves postsynaptic to other inputs.
The presynaptic actions of mGluRs are thought to involve
the same mechanisms as described above: activating
these receptors can affect Ca®" concentrations inside the
terminal, and thus probability of transmitter release, both
by affecting membrane potential and by affecting internal
Ca®' stores.

Relationship of Postsynaptic
mMGIuRs to Type of Afferent

There exists a tendency when analyzing any brain circuit
to treat all inputs to the circuit as some sort of anatomical
democracy, giving equal functional weight to each input.
A clear improvement on this is to classify the different
inputs and recognize their different functional properties.
Often this is limited to transmitter systems for which
three general classes are recognized: specific excitatory
(i.e., glutamatergic), specific inhibitory (i.e., GABAergic),
and less specific modulatory (e.g., cholinergic, noradren-
ergic, etc.). The implicit assumption in this scheme is that
glutamatergic inputs are the dominant ones in thalamus
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Table I. Class | and 2 Properties

Class | (driver) Class 2 (modulator)

Activates only ionotropic receptors Activates metabotropic
receptors

Synapses show paired-pulse
depression (high p)*

Large initial EPSPs

Little or no convergence onto target

Synapses show paired-pulse
facilitation (low p)

Small initial EPSPs

Much convergence onto
target

Thick axons Thin axons

Small terminals on distal
dendrites

Large terminals on proximal
dendrites

Dense, well localized terminal arbors Delicate terminal arbors

EPSP = excitatory postsynaptic potential.
“For slight variation in this property among thalamocortical inputs, see Viaene
and others (201 Ic).

and cortex for transmission and processing of informa-
tion, whereas the other inputs modify how that informa-
tion is processed, but as we argue below, this view needs
to be reconsidered.

Classes of Glutamatergic Afferent

We have recently made the point that glutamatergic
inputs can also be classified into different functional
types, and so far two have emerged in the circuitry of
thalamus and cortex (Sherman 2012; Sherman and
Guillery 2006, 2011). They have been called Class 1 and
Class 2 inputs, and a major difference between them
involves mGluRs: Class 1 inputs activate only iGluRs on
their target cells, whereas Class 2 inputs activate both
iGluRs and mGluRs. Table 1 shows the main criteria
used to identify each type, and Figure 2 shows some of
the properties that distinguish these glutamatergic input
types plus the robustness of this classification scheme.
That at least two different types of glutamatergic input
exist (more may be discovered as thalamic and cortical
circuitry are further explored) is clear, and this suggests
that they have different functions in circuitry. Thus, iden-
tifying the different types of glutamatergic input with an
understanding of each function offers new insights into
understanding thalamic and cortical circuitry.

Examples of identified Class 1 and Class 2 inputs are
shown in Table 2 (details in Sherman and Guillery 2006).

Hypothesis for Function of Glutamatergic
Input Types

We have suggested previously that Class 1 inputs carry
the basic information to be processed, and are thus the
driver inputs, whereas Class 2 inputs represent another
modulatory input, acting much like cholinergic, norad-
renergic, and so on, inputs with some specific features
noted below (Sherman and Guillery 2006).

There are several examples that offer strong support
that Class 1 inputs are the driver inputs, and these involve
the elaboration of receptive field properties. The best
example is the Class 1 retinal input to the lateral genicu-
late nucleus. It is clear that the basic center/surround
receptive field properties of geniculate relay cells are pro-
vided by inputs from one or a small number of retinal
afferents (Cleland and others 1971; Cleland and Lee
1985; Mastronarde 1987; Usrey and others 1999).
Similarly, lemniscal inputs to the ventral posterior
(medial/lateral) and inferior collicular inputs to the ven-
tral medial geniculate nucleus provide relay cells there
with their basic receptive field properties (Mountcastle
1980). Another example in the visual system is the genic-
ulocortical input to layer 4 cells, which is Class 1 (Lee
and Sherman 2008): The basic receptive field properties
of these target cells are established fundamentally from
integration of their geniculate inputs (Alonso and others
2001; Ferster 1987; Ferster and others 1996; Hubel and
Wiesel 1962).

Likewise, in select cases, mostly involving layer 6 cor-
ticothalamic inputs, which are Class 2 (Sherman 2012;
Sherman and Guillery 2006, 2011), it is clear that these
serve as modulatory, rather than driving inputs. For
example, the receptive fields of corticogeniculate cells
are elongated, show orientation and direction selectivity,
and are usually binocularly driven (Gilbert and Wiesel
1979), properties not present for receptive fields of genic-
ulate relay cells. Instead, this input provides more subtle
effects on geniculate relay cells that can be classified as
modulatory, such as minor adjustments to receptive field
properties (Andolina and others, 2007; Baker and Malpeli
1977; Geisert and others 1981; Kalil and Chase 1970;
McClurkin and Marrocco 1984; McClurkin and others
1994; Schmielau and Singer 1977) and controlling the
burst/tonic firing mode transition (Andolina and others
2012; Godwin and others 1996b).

However, for the most part, direct evidence identify-
ing Class 1 inputs as drivers and Class 2 as modulators is
presently unavailable. Nonetheless, the properties of each
glutamatergic input type are consistent with this func-
tional assignment, and the difference in activation of
mGluRs is central to this hypothesis. Class 1 properties
are consistent with those expected of a main information
source (see Table 1): Large EPSPs are clearly useful for
processing of information; paired-pulse depression is
usually associated with high probability of transmitter
release (Dobrunz and Stevens 1997) and may serve to
dynamically regulate neuronal sensitivity (Chung and
others 2002); and lack of an mGIuR response ensures
relatively brief EPSPs, allowing a more faithful relay of
temporal information. Some Class 2 properties plausibly
serve a modulatory function: these weaker and more con-
vergent inputs can combine in many different ways to
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Figure 2. Some properties of Class | and 2 inputs in thalamus and cortex; data are from slice preparations of mouse brain
(reviewed in Sherman 2012; Sherman and Guillery 2006, 201 I). (A) Some Class | properties. At lower frequency stimulation

(15 Hz), the evoked EPSPs show paired-pulse depression (i), and the responses at this frequency are completely abolished with
application of iGIuR antagonists (ii). High-frequency stimulation (10 shocks at 130 Hz) in the presence of iGluR antagonists evokes
no mGIuR response (jii). (B) Some Class 2 properties, conventions as in (A). Stimulation at |5 Hz leads to paired-pulse facilitation
(i); responses at |5 Hz are blocked by iGIuR (ii), but high-frequency stimulation evokes a sustained EPSP (iiia) that is blocked by
further addition of a group | (type 1) mGIuR antagonist (jiib). (C) More Class 2 properties, which are the same as shown in (B),
except that the mGluRs activated are group Il and thus produce a sustained IPSP (iii). (C) Three-dimensional scatterplot showing
distribution of parameters for Class | and 2 inputs. The parameters shown are the ratio of the amplitude of the second EPSP
evoked in a train to that of the first (Paired-Pulse Effects), the amplitude of the first EPSP evoked in a train (first EPSP Amplitude),
and the maximum voltage change evoked in the 300-ms period after high-frequency stimulation in the presence of jGIuR
antagonists (Max. mGluR Response). iGluR = ionotropic glutamate receptor; mGIuR = metabotropic glutamate receptor; EPSP =
excitatory postsynaptic potential; IPSP = inhibitory postsynaptic potential. From Sherman (2012).
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Table 2. Examples of Identified Class | and Class 2 Inputs

Class | inputs Class 2 inputs

Retina to lateral geniculate nucleus

Medial lemniscus to ventral posterior
(medial and lateral) nucleus

Inferior colliculus to ventral medial
geniculate nucleus

Lateral mamillary nucleus to
anterodorsal nucleus

Cortical layer 6 to thalamus
Layer 6 to layer 4 of cortex

Layers 2/3 to layers 2/3 of
cortex

Inferior colliculus to dorsal
medial geniculate nucleus

Most thalamocortical inputs
to layers 2/3

Various corticocortical
pathways

Cerebellar to ventral lateral nucleus

Thalamocortical inputs to layers 4-6
and some to layers 2/3

Layer 4 to layers 2/3 of cortex

Cortical layer 5 to higher order
thalamic nuclei

Various corticocortical pathways

provide a variety of modulatory functions; the prolonged
mGIuR response provides an effective control for various
time- and voltage-dependent conductances with long
time constants for inactivation kinetics (e.g., IT, Ih, and | %
reviewed in Sherman and Guillery 2006); furthermore,
the response outlasts activity in the input, often by sec-
onds (Govindaiah and Cox 2004), which may be useful
for modulation but distorts the transmission of temporal
information.

Different Effects of Activating
Group | and Group Il mGluRs

Because of the variety of mGIuR subtypes, Class 2 inputs
can in theory have a wide range of modulatory effects.
Whereas activation of group I mGluRs inputs provide
prolonged EPSPs, certain Class 2 inputs in cortex acti-
vate group II mGluRs, which leads to prolonged IPSPs
and thus inhibition, thereby establishing these Class 2
inputs as potentially inhibitory (Covic and Sherman
2011; DePasquale and Sherman 2011; Lee and Sherman
2009a). It follows that not all inhibition in cortex is
because of GABAergic inputs but may also include some
glutamatergic ones. Furthermore, mGluR activation trig-
gers intracellular second messenger pathways that can
affect many neuronal functions other than the state of K*
or Ca?" channels, such as synaptic plasticity (see below)
and gene expression (Anwyl 2009; Bellone and others
2008; Jia and others 2001; Kullmann and Lamsa 2008;
Mao and others 2008; Tsanov and Manahan-Vaughan
2009). Indeed, postsynaptic mGluR activation can
strongly affect the strength of a Class 1 input (see below).
Moreover, mGluR activation in a postsynaptic cell can
modulate its synaptic inputs through the release of endo-
cannabinoids that act retrogradely on afferent synaptic
terminals (Brown and others 2003; Zhang and Alger

2010; Zhang and others 2009). Finally, it is worth reem-
phasizing the long time course of mGluR effects, imply-
ing that their role in modulation is relatively prolonged
and delayed compared with iGluR activation. Thus, for
example, the Class 2 input of the layer 6 corticothalamic
projection has an early, fast iGluR effect followed by a
prolonged mGluR one.

Technical Issues

Some technical limitations to our knowledge of effects of
mGluR activation in thalamus and cortex must be noted.
Virtually all of the studies described below involved in
vitro recording from brain slice preparations, usually
from rats or mice, and the usual issues with this approach
must be considered, such as circuitry absent or cut, gen-
eral lack of background activity, general lack of classic
modulatory actions (e.g., from cholinergic or noradrener-
gic inputs), and so forth. Most of these studies have
described effects on recorded cells of applying various
agonists or antagonists to mGluRs. Such an approach
does not identify possible glutamatergic inputs that under
physiological conditions would be expected to activate
the mGluRs in question. Finally, whereas a limited subset
of studies does identify glutamatergic afferents (i.e.,
Class 2 inputs) that activate mGluRs, these have involved
activation of populations of afferent axons, so it remains
unclear the extent to which individual axons contribute to
the mGluR activation described in such cases.

Effects in Thalamus

Both groups I and II mGluRs are found in thalamus and
serve to modulate the thalamic relay to cortex. Group I
mGluRs are found in several locations (Alexander and
Godwin 2005, 2006b; Cox and Sherman 1999; Godwin
and others 1996a). One location is relay cell dendrites
postsynaptic to layer 6 inputs, and here, increased firing
in the layer 6 input evokes a prolonged EPSP in the target
relay cell. This, among other things, promotes tonic as
opposed to burst firing in the relay cell by inactivating
the T-type Ca®" channels that underlie bursting (Godwin
and others 1996b).

Another location for these group I mGluRs relates to
triadic circuitry, which is shown schematically in Figure 3
(reviewed in Sherman 2004; Sherman and Guillery
20006). In the lateral geniculate nucleus, this involves a
synaptic terminal from a retinal axon that synapses onto
both a relay cell dendritic appendage® and a synaptic ter-
minal from a dendrite of a GABAergic interneuron, and
the GABAergic terminal synapses onto the same relay
cell dendrite. Therefore, three synapses are involved (and
thus “triad”): from the retinal terminal to the relay cell
dendrite, from the retinal terminal to the GABAergic
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Figure 3. Schematic view of triad in lateral geniculate nucleus.
Shown are the various synaptic contacts (arrows), whether
they are inhibitory or excitatory, and the related postsynaptic
receptors.The triad includes terminals from a retinal axon
(green) and interneuron dendrite (black) and involves three
synapses: from the retinal terminal to the interneuron
terminal, from the retinal terminal to an appendage of the
relay cell dendrite (orange), and from the interneuron terminal
to the same appendage.

terminal, and from the GABAergic terminal to the same
relay cell dendrite. Note also that the GABAergic termi-
nal is both presynaptic and postsynaptic. Triadic circuitry
exists throughout thalamus in complex synaptic zones
known as glomeruli, and the main information to be
relayed (i.e., the Class 1 or driver input) is organized in
these triads as is the retinal input to the lateral geniculate
nucleus; thus, for instance, this would be the lemniscal
input to the ventral posterior nucleus, and so on. Note that
not all relay cells receive their driver input via triads and
instead receive simple synapses from Class 1 terminals
onto their dendrites (Sherman and Guillery 2006; Wilson
and others 1984).

One important feature of the triadic circuit is the nature
of glutamate receptors activated by the retinal terminal: on
the relay cell dendrite, these are strictly iGluRs, whereas
on the GABAergic terminals, these are both iGluRs and
mGluRs, the latter being group I (Cox and others 1998;
Govindaiah and Cox 2004) (Figure 3). Whereas the func-
tioning of the triad and role of mGluRs present is far from
clear, one suggestion is that it provides for a gain control
mechanism that, in the visual relay of the lateral genicu-
late nucleus, could serve as a partial basis for contrast gain
control (Sherman 2004). The reasoning for this is as fol-
lows. At very low firing rates, relatively large monosynap-
tic EPSPs are seen in the relay cell, and disynaptic IPSPs
through the GABAergic terminal are relatively small,
because mGluR activation generally requires higher affer-
ent firing rates (Batchelor and Garthwaite 1997; Brasnjo
and Otis 2001; Huang and others 2004); but see Viaene

and others 2013). Thus, at low retinal firing rates, the post-
synaptic relay cell response shows a relatively large
advantage of EPSPs versus IPSPs through the triad.
Increasing contrast evokes higher firing levels in the reti-
nal afferent, and this will lead to relatively more mGIluR
activation on the GABAergic terminal, and thus relatively
larger IPSPs in the relay cell. Therefore, as contrast, and
thus retinal firing increases, the gain through the triad onto
the relay cells is reduced, and this would serve to increase
the input/output effective range before postsynaptic
response saturation is reached. Furthermore, the pro-
longed response of the mGluR activation means that, for a
period after an elevated retinal firing rate drops to baseline
levels, IPSPs would still be generated through the triad,
and the gain would be lower; this period for the triad in the
lateral geniculate nucleus has been measured to be several
seconds (Govindaiah and Cox 2004), which is roughly the
time constant for contrast adaptation effects seen
psychophysically.

Also, group I mGluRs are found presynaptically on
retinal terminals in the lateral geniculate nucleus, and
activation of these mGluRs reduces transmitter release
and thus evoked EPSPs in relay cells (Govindaiah and
others 2012).

Both groups I and II mGluRs are found on thalamic
reticular nucleus (TRN) cells, meaning the glutamatergic
inputs can either depolarize (group I) or hyperpolarize
(group II) these cells (Cox and Sherman 1999). The main
glutamatergic inputs to these TRN cells are branches of
axons from layer 6 corticothalamic cells and from tha-
lamic relay cells, and it is not known whether one or both
of these inputs activate these mGluRs. Also, activation of
mGluRs (group unspecified) produces a long-term reduc-
tion in electric coupling via gap junctions in TRN cells
(Landisman and Connors 2005).

Finally, group II mGluRs are found presynaptically on
terminals from layer 6 axons in the thalamus, and activa-
tion of these mGluRs reduces the amplitude of cortico-
thalamic EPSPs evoked in the target thalamic cells
(Alexander and Godwin 2005, 2006b; Hermes and
Renaud 2011).

Effects in Cortex

Evidence for the widespread and heterogeneous effects
of mGluR activation in cortex is clear. Both groups I and
IT mGluRs are present there (Ohishi and others 1993a,
1993b, 1995; Petralia and others 1997; Reid and others
1995; Shigemoto and others 1993), and whereas both
groups are found postsynaptically, presynaptic presence
is mostly limited to group II mGluRs. The effects vary
and include the following: relatively prolonged changes
in membrane potential (i.e., a prolonged EPSP or IPSP),
which also affects voltage-gated properties of the cell;
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Figure 4. Pattern of Class 2 afferents that activate postsynaptic metabotropic glutamate receptors (mGluRs) at various targets as

shown. FO = first-order thalamic relay; HO = higher order thalamic relay. See text for further details.

changes in short term plasticity, such as affecting the size
of evoked PSPs for a time period roughly equivalent to
mGluR-evoked PSPs; a different plasticity effect involv-
ing a role in endocannabinoid retrograde control of syn-
aptic strength (e.g., Hashimotodani and others 2007;
Pattij and others 2008); and longer term plastic changes,
such as long-term potentiation or depression (LTP or
LTD). Examples of these are described below.

Postsynaptic PSPs. Many reports exist of cortical cells
showing changes in membrane potential in response to
application of mGluR agonists, and both depolarization
(group I mGluRs) as well as hyperpolarization (group II
mGluRs) have been noted, although group I responses
are more common. In slices of mouse cortex, some
afferent pathways have been shown to evoke responses
in certain of these mGluRs, and in each case this is
because of a Class 2 input that has been activated. Exam-
ples are shown schematically in Figure 4 and include the
following:

e Primary or first-order thalamic input to layers
2/3 of primary cortical areas (i.e., the ventral
posterior medial nucleus to primary somato-
sensory cortex or the ventral medial geniculate
nucleus to primary auditory cortex) activates
group I mGluRs in roughly three fourths of the
target cells, whereas the remaining input tha-
lamic input to these layers and all to layers 4 to
6 are Class 1 and thus do not activate mGluRs
(Viaene and others 2011b, 2011c¢).

o In the case of activating the higher order posterior
medial nucleus input to primary somatosensory

cortex, target cells in all layers receive input that
activates group I mGluR responses (Viaene and
others 2011a).

The input from layer 6 to layer 4 activates both
group I and group I mGluRs (Lee and Sherman
2009a, 2009b). As noted above, it is not clear if
this pattern is because of some individual layer
6 axons activating group I mGluRs, and others,
group II, or whether many or all activate both
groups.

The lateral input from layers 2/3 to other cells
in those layers activates group II mGluRs
(DePasquale and Sherman 2012).

Finally, the projections between primary and
secondary visual and auditory cortices in both
directions evokes both groups of mGluR with a
complicated laminar relationship, the details of
which can be found elsewhere (Covic and Sher-
man 2011; DePasquale and Sherman 2011) but
with the following generalizations. There is little
difference in the laminar patterns either between
sensory modalities or between the feedback
and feedforward direction of the projection.
All layers give rise to Class 2 projections that
evoke mGluRs, but, with few exceptions, cells
in layer 5b receive only Class 1 inputs through
these corticocortical routes and thus show no
mGluR responses, all cells in layers 5a and 6
receive only Class 2 inputs and do show mGIuR
responses, whereas some cells in layers 2 to 4
receive Class 1 inputs, and the others, Class 2
inputs. Group II mGluR responses are found
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for cells only in target layers 4 and 5a, whereas
group I responses are found for cells in layers 2
to 5a and 6.

Short-term plasticity. Numerous reports exist regarding
the effect of mGluR agonists on synaptic processing in
cortex. Most studies have investigated the effects of ago-
nist or antagonist application on evoked potentials with
extracellular recording or on PSPs with intracellular
recording. For example, recordings of pyramidal cells in
the prefrontal cortex have shown that application of
group II mGluR agonists enhances NMDA currents
(Tyszkiewicz and others 2004), and application of group
I mGluR agonists enhances feedforward inhibition (Sun
and Neugebauer 2011).

There is also evidence of specific Class 2 inputs that
lead to similar effects on EPSPs. For instance, layer 6 input
to layer 4 thalamorecipient cells activates presynaptic
group II mGluRs on thalamocortical terminals to reduce
the amplitude of their EPSPs (Lee and Sherman 2012;
Mateo and Porter, 2007). Likewise, Class 2 input from
nearby cells in layers 2/3 causes a reduction of EPSPs from
layer 4 input to these cells by activating postsynaptic group
IT mGluRs (DePasquale and Sherman 2012).

A final form of short-term plasticity seen in many parts
of'the brain is based on the involvement of group I mGluRs
in endocannabinoid retrograde signaling, generally to
reduce the amplitude of evoked EPSPs (Hashimotodani
and others 2007; Safo and others 2006). There is evidence
for such plasticity in cortex as well (Hashimotodani and
others 2007; Kiritoshi and others 2013; Marinelli and oth-
ers 2008; Trettel and others 2004).

LTP and LTD. The role played by mGluRs in the pro-
duction of long term potentiation (LTP) and long term
depression (LTD) in cortex is varied and complex but
also widespread (Anwyl, 2009). In different studies, both
groups I and II mGluRs have been implicated and these
are involved in different ways in the production of both
LTD and LTP, although examples of involvement in LTD
are more common. The descriptions of effects are so var-
ied that it is not clear so far if any common features can
be described. In these experiments, agonists or antago-
nists were applied to determine effects of mGluR activa-
tion on LTP and LTD, so there has as yet been no
identification of any afferent glutamatergic pathway
involved in evoking these mGluR responses.

In prefrontal cortex, both groups I and II mGluRs are
required for LTD (Gerber and others 2000; Huang and
others 2007; Otani and others 1999, 2002; Zhong and
others 2008), and group II mGlIuR involvement in retro-
grade endocannabinoid signaling described above is
required for LTD (Barbara and others 2003). In visual
cortex, group I mGluR activation is needed for LTD in
one study (Tsanov and Manahan-Vaughan 2009), and

mGluR activation unspecified as to group is required for
LTP in another study (Huemmeke and others 2002).
Presynaptic group I mGIuR activation in thalamic inputs
to auditory cortex are needed to express LTD (Blundon
and others 2011). Finally, in somatosensory cortex, two
examples of mGIuR activation, unspecified as to group,
are required for LTD: One involves retrograde endocan-
nabinoid signaling (Nevian and Sakmann 2006), and the
other apparently does not (Stiefel and others 2005).

Cortical and Thalamic mGIluRs
and Disease

Because of the multiple roles mGluRs play in cortical
and thus cognitive functioning, a great deal of attention
has been directed at the application of mGluR antagonists
and agonists for potential therapeutic use (Doherty and
Dingledine 2003; Niswender and Conn 2010; Ritzen
and others 2005). The implication here is that abnormal
processing involving mGluRs can lead to various patho-
logical states. In some cases, specific roles for mGluRs
have been suggested, such as abnormal LTD production in
fragile X syndrome (Bear and others 2004; Goebel-Goody
and Lombroso 2012; Zhang and Alger 2010), and group I
mGIuR involvement in endocannabinoid control of synap-
tic processing in schizophrenia and addiction (Melis and
others 2004), but for the most part, the actual role of
mGluRs in various diseases remains to be elucidated or
even suggested. Cognitive diseases that have been so far
implicated with regard to mGluR functioning include
schizophrenia, anxiety disorders, mental retardation, frag-
ile X syndrome and autism, Alzheimer’s, Parkinson’s,
Huntingdon’s, anxiety, depression, addiction, and epilepsy
(Alexander and Godwin 2006a; Harrison and others 2008;
Huang and others 2007; Luscher and Huber 2010; Marek
2010; Ribeiro and others 2011; Tamminga 2006; Ure and
others 2006; Wong and others 1999).

Concluding Remarks

The plethora of mGluRs in thalamus and cortex abso-
lutely requires that we consider their functions as part of
glutamatergic circuitry there. This requirement is under-
scored by the potential of therapeutic advances based on
further knowledge of mGluR functioning as described
briefly above. In particular, the observation that one type
(Class 2) of glutamatergic afferent in these structures
activates postsynaptic mGluRs and the other (Class 1)
does not also points to the need to parse glutamatergic
afferent types in order to understand these complex cir-
cuits. Available evidence suggests that Class 2 inputs act
like modulators, much like classical modulatory inputs
(e.g., cholinergic and noradrenergic), and what these all
have in common as a key part of their modulatory actions
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is the ability to activate metabotropic receptors. Perhaps
one thing that sets off Class 2 inputs from these other
modulatory inputs is that these glutamatergic inputs are
generally highly topographical in organization, whereas
most other modulatory inputs are not, suggesting that
Class 2 inputs can uniquely bring highly localized modu-
latory influences to thalamic and cortical circuits.

Activation of mGluRs, much like activation of metabo-
tropic receptors related to other modulatory inputs (e.g.,
muscarinic), leads to effects with a longer time constant than
those generally associated with activation of iGluRs. These
include two major categories. One includes shorter term
effects that last roughly as long as the evoked mGluR-asso-
ciated PSPs, that is, hundreds of milliseconds to several sec-
onds. Many of these effects reduce synaptic transmission,
either by postsynaptic hyperpolarizing actions of group II
mGluRs or presynaptic effects that reduce transmitter
release. Among other possibilities, these reductions in cir-
cuit activity might be a general substrate for gain control:
that is, as activity in a circuit increases, including that of
Class 2 inputs that can activate the relevant mGluRs, such a
process would serve to dampen such increases; a special
case of such gain control suggested above is the action of the
triadic synaptic arrangements in thalamus (Sherman 2004).
It should also be reiterated that postsynaptic activation of
group II mGluRs, especially in cortex, provides a basis for
glutamatergic inhibition, suggesting that the great impor-
tance often associated with inhibitory inputs in cortical cir-
cuits and assumed to be dependent solely on GABAergic
inputs (Anderson and others 2000; Ferster and Miller 2000;
Hirsch and Martinez, 2006; Monier and others 2003) may
also include glutamatergic inputs. Less clear is the function
of the prolonged depolarization cause by activation of group
I mGluRs, except that this will likely play a role at least in
controlling voltage-gated events in target cells, such as acti-
vation of NMDA receptors and various voltage-gated con-
ductances. Finally, their participation in LTP and LTD
indicates a clear role of mGluRs in longer term plasticity
underlying such processes as learning and memory.

One feature generally missing from the description of
mGluRs in this review is an understanding of which glu-
tamatergic afferents activate them, and under what condi-
tions. Limited data cited above suggest that Class 2
glutamatergic inputs are the chief player here, at least for
activating postsynaptic mGluRs. However, some exam-
ples exist of Class 1 inputs activating mGluRs, apparently
as a gain control mechanism: the retinal input to the triad
activates mGluRs on the inhibitory terminal (see Figure 3),
and both retinogeniculate and thalamocortical terminals
have presynaptic mGluRs that can be activated by high
firing rates in these inputs (Govindaiah and others 2012;
Lee and Sherman 2012). However, it is clear that we need
more information about mGluRs and especially how they
are activated under physiological conditions.
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Notes

1. Unless otherwise noted, by “thalamus,” we mean dorsal
thalamus (i.e., the thalamic nuclei that project to neocortex),
and by “cortex,” we mean neocortex.

2. The underlying synaptic conductance changes lead to cur-
rent flow across the membrane. Because of the resistive—
capacitive properties of the membrane, the voltage changes
seen across the membrane last longer than the current flow,
and this relates to the membrane time constant. Thus mea-
sures of synaptic events recorded with the technique of volt-
age clamp, which measure postsynaptic currents (e.g.,
EPSCs), produce briefer events than the same events mea-
sured during current clamp, which measure postsynaptic
voltages (e.g., EPSPs).

3. For the purposes of this article, a “postsynaptic” site for a
receptor is just adjacent to a synaptic terminal and is usually
found on dendrites of the postsynaptic target, whereas a
“presynaptic” site is on a synaptic terminal, which, with one
exception, is not itself clearly postsynaptic to any other ter-
minal. The exception is found in complex thalamic circuits
known as triads, in which a GABAergic terminal from an
interneuron is both presynaptic to a relay cell dendrite and
postsynaptic to a glutamatergic terminal (Sherman 2004;
Sherman and Guillery 2006). Further details of triads are
presented subsequently.

4. These appendages are not spines, as seen, for instance, in
cortical cells, because they lack features such as the spine
apparatus; they appear instead to be small protrusions of
dendritic shafts.
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