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Abbreviations
AC: Auditory Cortex
AVCN: Anteroventral Cochlear Nucleus
CN: Cochlear Nucleus
DCN: Dorsal Cochlear Nucleus
EPSC/P: Excitatory Postsynaptic Current/Potential
GABABR: GABAB Receptor
GIRK: G-Protein- Coupled Inward Rectifier K+

HF: High-Frequency
IC: Inferior Colliculus
IGluR: Ionotropic Glutamate Receptor
IHC: Inner Hair Cell
IPSC/P: Inhibitory Postsynaptic Current/Potential
LF: Low Frequency
LSO: Lateral Superior Live
LTD/P: Long-Term Depression/Potentiation
MF: Middle-Frequency
MGB: Medial Geniculate Body
mGluR: Metabotropic Glutamate Receptor
MNTB: Medial Nucleus of Trapezoid Body
MSO: Medial Superior Olive
mRNA: Messenger Ribonucleic Acid
NA: Nucleus Angularis
NL: Nucleus Laminaris
NM: Nucleus Magnocellularis
OHC: Outer Hair Cell
PVCN: Posteroventral Cochlear Nucleus
SON: Superior Olivary Nucleus
VCN: Ventral Cochlear Nucleus
VGCC: Voltage-Gated Ca2+ Channel

Introduction
 mGluRs were discovered more than 30 years ago [1-3]. To date, 
eight members of mGluRs have been identified and divided into three 
major groups (group I: mGluR1 and 5; group II: mGluR2 and 3; and 
group III: mGluR4, 6, 7, and 8) based on their amino acid sequence, 
pharmacological properties, and signaling transduction pathways [4]. 
mGluRs are expressed widely in the peripheral and central nervous 
system, exhibit a high degree of homology across different animal 
species, and exert neuromodulatory actions via multiple signaling 
pathways [5-7]. Group I mGluRs are predominantly expressed at 
postsynaptic loci and are coupled primarily to Gq/G11 proteins as-
sociated with stimulation of the phospholipase C pathway. Group 
II and III mGluRs are predominantly expressed at presynaptic loci 
and are coupled to Gi/Go proteins associated with inhibition of the 
adenylyl cyclase pathway. Because mGluRs play modulatory roles 
in various physiological and pathological conditions, mGluRs have 
been implicated in multiple brain disorders [8,9] and drugs targeting 
mGluRs have been tested via clinical trials to treat schizophrenia [10] 
and autism [11]. Unfortunately, no successful clinical trials have been 
yielded yet. While this review is focused on mGluRs in the auditory 
system of both mammals and birds, readers are referred to several 
excellent reviews on the general topics of mGluRs [4,6,9,12-16].
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Abstract
 Glutamate, as the major excitatory neurotransmitter used in the 
vertebrate brain, activates ionotropic and metabotropic glutamate 
receptors (iGluRs and mGluRs), which mediate fast and slow neu-
ronal actions, respectively. mGluRs play important modulatory roles 
in many brain areas, forming potential targets for drugs developed 
to treat brain disorders. Here, we review studies on mGluRs in the 
mammalian and avian auditory system. Although anatomical expres-
sion of mGluRs in the cochlear nucleus has been well character-
ized, data for other auditory nuclei await more systematic investi-
gations especially at the electron microscopy level. The physiology 
of mGluRs has been extensively studied using in vitro brain slice 
preparations, with a focus on the auditory circuitry in the brainstem. 
These in vitro physiological studies have demonstrated that mGluRs 
participate in synaptic transmission, regulate ionic homeostasis, 
induce synaptic plasticity, and maintain the balance between Exci-
tation and Inhibition (E/I) in a variety of auditory structures. However, 
the modulatory roles of mGluRs in auditory processing remain large-
ly unclear at the system and behavioral levels, and the functions of 
mGluRs in auditory disorders remain entirely unknown.
Keywords: Auditory processing; Excitotoxicity; mGluR; Neuromod-
ulation; Neurotransmission; Synaptic plasticity
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 It is conceivable that mGluRs are involved in auditory information 
processing, considering that glutamate is used as the major excitatory 
neurotransmitter from the peripheral hearing organ (the cochlea) all 
the way up to the Auditory Cortex (AC), and that mGluRs have been 
found to be expressed throughout the auditory nervous system. Un-
derstanding the anatomy (expression and distribution) and physiology 
of mGluRs at each level of the auditory system will not only provide a 
deep understanding of modulatory mechanisms that underlie auditory 
processing, but may also help design potential therapeutic approaches 
targeting mGluRs for the treatment of hearing disorders. Here, we 
will review the anatomical expression and physiology of mGluRs in 
the mammalian as well as the avian auditory system, with a focus on 
the subcortical structures.

Overview of mGluRs Expression and Physiological 
Methods
 Table 1 summarizes the anatomical data on mGluR expression in 
the mammalian auditory system, based on two primary sources. First,  
data are available from anatomical studies that examined expression 
of mGluRs throughout the whole brain [17-22]. Because the auditory 
system is not the focus, the data on mGluR expression in these studies 
lack details for mGluRs in auditory structures. 

 An exception is the expression of mGluRs in the Cochlear Nu-
cleus (CN), which has been well studied [20,21,23-30]. Second, the 
expression of mGluRs in a number of auditory structures are avail-
able from physiological studies where anatomical data were used 
to support the physiology [31-33]. Generally, these studies did not 
provide in-depth details about the anatomy of mGluRs. Therefore,  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
the anatomical data of mGluRs in the auditory system are far from 
being complete. One general impression, however, is that mGluRs 
are extensively expressed in cells at each and all levels of the auditory 
system. More systematical investigation of the expression of mGluRs 
in the auditory system is warranted for the future, both at the light and 
electron microscopy levels.

 Physiological studies on mGluRs in the central auditory system 
have been performed mostly using in vitro brain slice preparations. 
The use of such a method allows for stable and reliable intracellular 
whole-cell recordings for long periods of time [46,47], rending studies  
of both short- and long-term effects of mGluRs on neuronal properties 
possible. This approach also allows for application of pharmacological 
agents at known concentrations, which is important for studying the 
effects of mGluR agonists and antagonists, considering their concen-
tration dependent specificity [6]. The physiological results reviewed 
below are mostly obtained using whole-cell recordings. Some of the 
experiments were also performed using an advanced patch recording 
method, perforated patch recording. Because perforated patch record-
ing usually can better preserve the intracellular signaling molecules 
[48-50] it is a critical method when examining the effect of mGluRs 
in large postsynaptic cells, because under whole-cell recording mode, 
one could potentially wash out intracellular signaling molecules that 
are required for G protein-coupled receptors to function [51-53]. The 
disruption of the signaling pathway would consequently lead to ob-
servation of false-negative results. Supporting this notion, we recent-
ly observed that activation of mGluRs enhanced high voltage-gated 
K+ channel currents in timing coding neurons in the auditory brain-
stem. Critically, the modulation was only detected under perforated 
patch recording but not under conventional whole-cell recording [54].  

Table 1: Anatomical expression of mGluRs in the mammalian auditory system.

Yes: Positive expression of mRNA, or protein, or both
n.d.: No data
++: Positive protein expression detected by immunohistochemistry or western blot
(+): Positive mRNA expression detected by RT-PCR
-/+: Weak or no expression
?+: Unknown expression of specific mGluR member
#: Postsynaptic expression only
§: Both presynaptic and postsynaptic expression
†: Presynaptic expression only

Structure mGluR Group mGluR I mGluR II mGluR III References

 I II III 1 5 2 3 4 6 7 8  

Cochlea Yes .n.d Yes (+) .n.d .n.d .n.d .n.d .n.d ++ .n.d [34,35]

CN

AVCN Yes Yes Yes ++ .n.d ++ .n.d (+) .n.d (+) .n.d

[20-30]PVCN Yes Yes Yes ++ .n.d ++ .n.d (+) .n.d (+) .n.d

DCN Yes Yes Yes ++ -/+ ++ ?+ (+) .n.d (+) .n.d

SOC

MNTB Yes Yes Yes (#)++ .n.d (§)++ (§)++ (†)++ .n.d .n.d .n.d [31,36,37]

LSO .n.d Yes .n.d .n.d .n.d ?+ ?+ .n.d .n.d .n.d .n.d [38]

Others .n.d .n.d .n.d          

IC Yes .n.d Yes + + .n.d .n.d ?+ (+) ?+ ?+ [39-41]

MGB Yes Yes .n.d ++ .n.d ?+ ?+ .n.d .n.d .n.d .n.d [42-44]

AC .n.d Yes .n.d .n.d .n.d ?+ ?+ .n.d .n.d .n.d .n.d [33,45]

http://doi.org/10.24966/TAP-7752/100001


Citation: Zheng-Quan Tang, Lu Y (2018) Anatomy and Physiology of Metabotropic Glutamate Receptors in Mammalian and Avian Auditory System. Trends 
Anat Physiol 1: 001.

• Page 3 of 13 •

Trends Anat Physiol ISSN: 2640-7752, Open Access Journal
DOI: 10.24966/TAP-7752/100001

Volume 1 • Issue 1 • 100001

 This emphasizes the need and importance of using perforated 
patch recording to examine mGluR effects on postsynaptic properties, 
especially when negative results are observed by using conventional 
whole-cell recordings.

mGluRs in Mammalian Peripheral Hearing Organ 
(The Cochlea)
 Glutamate is the main excitatory transmitter used at the synapses 
between hair cells and spiral ganglion neurons, and both iGluRs and 
mGluRs are expressed in the cochlea [38,55]. Of group I mGluRs, 
messenger RNA (mRNA) for mGluR1 has been detected in both type 
I and type II ganglion neurons in mammalian cochlea of the rat and 
guinea pig [34]. Anatomical data on group II mGluRs in the cochlea 
are lacking, although a physiological study suggested that group II 
mGluRs are expressed on the efferent lateral olivocochlear GAB-
Aergic fibers in the guinea pig cochlea [56]. Of group III mGluRs, 
mGluR7, is expressed in both Inner and Outer Hair Cells (IHCs and 
OHCs), as well as in spiral ganglion cells in mouse and human tissues 
[35]. The expression of mGluR7 exists at birth (Postnatal day 1, P1) 
and persists into maturation (P21 and adult) in the mouse cochlea 
[35].

 Of the mGluRs shown to express in the cochlea, physiological ev-
idence for involvement of group I mGluR1 and group III mGluR7 
in neurotransmission at the synapses between hair cells and the den-
drites of spiral ganglion neurons, as well as mGluR II on the efferent 
input to IHCs, has been reported. Group I and II mGluRs are involved 
in modulation of neurotransmission at the lateral olivocochlear ef-
ferent system (Figure 1). An excitatory action mediated by group I 
mGluRs on the afferent terminals of spiral ganglion cells has been 
demonstrated. Application of DHPG, an agonist for group I mGluRs, 
increases the spike firing in spiral ganglion neurons [57,58], followed 
by an increase in intracellular Ca2+ concentration [59]. Consistently, 
ACPD (Aminocyclopentane-1,3-dicarboxylic acid), an agonist for 
group I and II mGluRs, produces an inward current under voltage 
clamp, and causes membrane depolarization and spiking under cur-
rent clamp in spiral ganglion neurons [59]. These studies indicate that 
group I mGluRs are located postsynaptically on the IHC afferents of 
spiral ganglion neurons. The excitatory effects of group I mGluRs in 
the cochlea generally last longer than those mediated by iGluRs. This 
suggests that mGluRs do not mediate the fast neurotransmission in 
the cochlea where a high speed of transmission is essential for trans-
duction of acoustic signals, but instead may be more important for 
enhancing the cellular excitability of spiral ganglion neurons under 
high frequency inputs.

 In contrast with postsynaptic excitation by group I mGluRs, mod-
ulation by group I and II mGluRs on the efferent system has been re-
ported. Group I mGluRs, specifically mGluR1, enhance acetylcholine 
release from the efferent terminals, which in turn activate nicotinic 
receptors and subsequently SK2 channels, resulting in increased in-
hibition in IHCs [60]. More importantly, this enhanced inhibition in 
IHCs could be mediated by glutamate released from IHCs themselves, 
forming a feedback control mechanism on IHC excitability. In vitro 
microvolume superfusion on guinea pig cochlea preparations shows 
that activation of group mGluRs, but not group I and III mGluRs, in-
creases dopamine release at the dopaminergic synapses of the lateral 
olivocochlear system [56]. Consequently, dopamine can activate D2 
receptors on IHC afferents, and may lead to protective effects against 

excitotoxicity caused by excessive glutamate release from the IHCs 
in response to noise exposure. It is believed that the mechanism for 
increased dopamine release is via a sequence of modulatory actions at 
multiple synapses, including activation of group II mGluRs on GAB-
Aergic terminals, which suppresses GABA release, leading to disin-
hibition of dopaminergic terminals innervating IHC afferents [56]. 
Given the complexity of this hypothetical pathway, physiological re-
cordings such as patch recordings from the IHC afferents are needed 
to confirm the direct and indirect actions of mGluRs on GABA and 
dopamine release. Physiological data on group III mGluRs in the co-
chlea are lacking, although there is evidence that mGluR7 variants 
are involved in conferring susceptibility to age-related hearing loss 
[35]. Because mGluR7 is expressed at both pre- and postsynaptic loci 
at the synapses between hair cells and spiral ganglion neurons [35], 
the protein may provide protection for ganglion neurons against glu-
tamate excitotoxicity via inhibition of glutamatergic transmission in 
the cochlea.

 Because group I and the other two groups of mGluRs have oppo-
site effects on excitatory transmission at IHC synapses, one would 
expect that antagonists for group I and agonists for group II or III 
mGluRs may have the same effect to protect against excitotoxicity. 
The idea of using antagonism for one group of mGluRs and agonism 
for other groups of mGluRs to achieve the same purpose reflects the 
complexity of mGluR mediated actions, and the highly likelihood 
of cross-talks among different mGluR members [61]. Indeed, even 
for the same group mGluRs, there seem to be conflicting proposals 
regarding whether and how they provide protection of the cochlea 
against acoustic damage. For instance, protective effects by mGluR1 
antagonism against pathological conditions were proposed based on 
the observation that mGluR1 level was up-regulated in response to 
excitotoxic insults [62]. In contrast, blockage of group I mGluRs in  
the cochlea reduces the amplitude of compound action potentials in 
response to loud sound without altering the hearing threshold [59].
This suggests that antagonism, rather than up-regulation of group I 
mGluRs, may provide protective effects to the cochlea against acous-
tic trauma.

mGluRs in Mammalian Central Auditory System
 Cochlear Nucleus (CN) - Among the auditory structures, the CN, 
especially the dorsal cochlear nucleus [63], is the most extensively 
studied in terms of mGluRs expression [64]. Of the two group I sub-
types, the expression of mGluR1 in the CN has been detected in mice 
[26], rats [24,25], guinea pigs [23], and bats [28]. At both the mRNA 
and protein levels, expression of mGluR1 varies among different di-
visions of the CN, as well as among different cell types even within 
the same division [23,24,26]. The overall expression level of mGluR1 
is strongest in the DCN, moderate in the Anteroventral CN (AVCN), 
and weak in the Posteroventral CN (PVCN) [17,25,26,28]. Within the 
DCN of the rodent, mGluR1 is strongly expressed in unipolar brush 
cells and cartwheel cells [23,30], and is most commonly observed 
in postsynaptic compartments of DCN neurons [23,24]. Although 
mGluR1 is absent in granule cells in the molecular and fusiform cell 
layers [26], it is detected on terminal axons in the molecular layer 
and small cell shell of the DCN [26], suggesting possible presynaptic 
actions mediated by mGluR1. Although data on subcellular distribu-
tion of mGluRs in the auditory system are largely lacking, a few studies 
utilizing electron microscopy have reported that mGluR1 is expressed 
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in the basal dendrites (receiving auditory nerve inputs), but not in the 
apical dendrites (receiving parallel fiber inputs) in DCN fusiform cells 
[65,66]. In the Ventral CN (VCN), mGluR1 is strongly expressed in 
globular bushy cells and stellate cells [26]. The expression of mGluR5 
is weak or non-detectable in the DCN [24], and its expression in the 
VCN is not known. Among group II subtypes, mGluR2 expression 
was detected in the DCN of the rat and mouse [21], with strong ex-
pression in the granular domain. The cell types expressing mGluR2 in 
the DCN seem to be the unipolar brush cells and Golgi cells [29,44] 
which is similar to expression of mGluR2 in the cerebellum [21]. In 
addition, expression of mGluR2 was observed in both the soma-den-
dritic domain and the axonal domain in the DCN [21,44], suggesting 
that mGluR2 may exert both pre- and postsynaptic modulation on 
CN neurons. The mGluR2 immunoreactivity is also present in the 
VCN in sparsely scattered cells [21], which are presumptive stellate 
cells with thin dendrites. No data are available for the expression of 
mGluR3 in the CN. Compared to group I and II mGluRs, data are 
much less available about the expression of group III mGluRs in the 
CN. A low level of mGluR4 mRNA and a moderate level of mGluR7 
mRNA was observed in the CN of the rat [20]. Among the few studies 
that investigated protein expression of mGluR7 in the CN, results are 
not consistent. [22] reported positive expression of mGluR7 in the 
DCN of the rat, whereas [27] did not detect immunoreactive labelling 
for mGluR7 in the same animal species. Because these studies exam-
ine the expression of mGluRs in the whole brain without a focus on 
the auditory system, firm conclusions on the expression of group III 
mGluRs in the CN cannot yet be drawn.

 While a relatively large number of studies have focused on the 
expression of mGluRs in the CN (Table 1), only a few studies have 
examined the physiological roles of mGluRs using in vitro brain slice 
preparations [29,67-69] (Figure 1). In the CN, one study, using field 
potential recordings in guinea pig brain slices, discovered that all 
three groups of mGluRs appear to depress the field responses evoked 
by electrical stimulation of the parallel fibers in the DCN [67]. Us-
ing whole-cell patch-clamp recording from mouse brain slices, [29] 
found that activation of group II mGluRs in Golgi cells generates a 
membrane hyperpolarization, which is mediated by the activation of 
G-Protein-Coupled Inward Rectifier K+ (GIRK) channels. Important-
ly, a novel long-term plasticity mediated by mGluRs was discovered 
in the mouse DCN [68], which is unusual for brain stem circuits. In 
this study, both of group II and III mGluRs, but not group I mGluRs, 
presumably contribute to the induction of both Long-Term Potentia-
tion (LTP) and Long-Term Depression (LTD) of Excitatory Postsyn-
aptic Currents (EPSCs) in fusiform and cartwheel cells in the DCN. 
Interestingly, such long-term plasticity is pathway-specific. The plas-
ticity is induced for the parallel fiber multisensory pathway, but not 
the auditory fiber nerve pathway [68]. Such a bidirectional synap-
tic plasticity (both LTP and LTD) induced by mGluRs in the same 
neurons suggest that mGluRs may contribute to auditory learning. 
In the VCN, even though the expression of mGluR5 is not known 
and its expression in DCN is weak [24], a study clearly showed that 
pharmacological activation of group I mGluRs (primarily mGluR5) 
can depolarize bushy cells in the AVCN, and more importantly tonic 
activity of group I mGluRs is present [68]. Thus, it is proposed that 
group I mGluRs facilitate the excitability of bushy cells to counteract 
presynaptic inhibition mediated by GABAB Receptors (GABABRs) 
[69].

Figure 1: Schematic drawing summarizing the anatomy and physiology of 
mGluRs in the mammalian auditory system.
At the cochlea, postsynaptic group I mGluRs participate in the excitatory 
trans mission at the synapses between Inner Hair Cells (IHC) and Spiral 
Ganglion (SG) neurons, and presynaptic group I mGluRs enhance the 
release of ACH by the olivocochlear efferent fibers. Group II mGluRs 
suppress GABA release of the efferent system via a presynaptic mecha-
nism. Postsynaptic group II and III mGluRs contribute to the induction 
of long-term plasticity of the excitatory input in the Dorsal Cochlear Nu-
cleus (DCN). In the Ventral Cochlear Nucleus (VCN), postsynaptic group 
I mGluRs increase the excitability of bushy cells. In the Medial Nucleus 
of Trapezoid Body (MNTB), postsynaptic group I mGluRs mediate a ret-
ro-suppression of glutamatergic transmission, whereas presynaptic group 
III mGluRs inhibit glutamate release via modulating voltage-gated Ca2+ 

channels. The inhibitory input from the MNTB to the Lateral Superior 
Olive (LSO) is modulated b y presynaptic group II mGluRs, whereas the 
excitatory input from the VCN to the LSO is modulated by presynaptic 
group II and III mGluRs. Postsynaptic group I an d II mGluRs regulate 
intracellular Ca2+ concentration in developing LSO neurons. In the Inferior 
Colliculus (IC), presynaptic group II mGluRs suppress both synaptic exci-
tation and inhibition. Postsynaptic group I mGluRs enhance while group II 
mGluRs suppress the cellular excitability. In the thalamus, weak evidence 
suggests that postsynaptic group I and II mGluRs depolarize neurons of the 
Medial Geniculate Body (MGB). There exist multiple cell types in most of 
the structures depicted here especially in the DCN, VCN, and the IC. The 
schematic drawing does not reflect this complexity, and limited informa-
tion on the physiology of mGluRs in different cell types is available. In lay-
ers 2/3 pyramidal cells in the Auditory Cortex (AC), presynaptic mGluRs 
(possibly group I and II mGluRs) inhibit both excitatory and inhibitory 
inputs that originate from layer 6. Postsynaptic group I mGluRs are acti-
vated by the thalamocortical input and mediate membrane depolarization 
in class 2 cells (modulator neurons). In layer 4, group I mGluRs activated 
by the intracortical pathway from layer 6 depolarize pyramidal neurons, 
whereas postsynaptic group II mGluRs produce inhibition via activation 
o f GIRK channels. Also in layer 4, presynaptic group II mGluRs produce 
strong inhibition of excitatory transmission of the thalamocortical pathway. 
In layers 3/4, group I mGluRs are required for the induction of LTD and 
LTP of the thalamocortical excitatory transmission. In layers 2/3 and 4, 
presynaptic group II mGluRs suppress GABA release. In this and the sub-
sequent figure, pre- and post-: presynaptic and postsynaptic, respectively. I, 
II, and III: group I, II, and III mGluRs.
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 Studies using in vivo recording approaches to examine the physio-
logical roles of mGluRs in auditory processing are quite few. To date, 
there is only one in vivo study on mGluRs done in the CN of the cat 
and gerbil at the systems level [70]. In this study, bidirectional mod-
ulation of neuronal firing in the DCN by iontophoretic application 
of generic mGluR agonists (ACPD or CCG) was observed [70]. The 
varying effects of mGluRs on the auditory responses of DCN neurons 
could be attributed to the presence of multiple subtypes of mGluRs on 
different loci of varying cell types. Further studies combining mGluR 
drugs that target specific mGluR members and recordings from iden-
tified cell types should be performed. The difficulty of distinguishing 
the anatomically intermingled multiple cell types in the CN may be 
reduced dramatically with the development of new tools, such as an 
optogenetic approach that allows activation of specific cell types us-
ing light stimuli.

 Medial Nucleus of Trapezoid Body (MNTB) - Expression of 
mGluRs in the MNTB has been reported, with varying receptor lo-
cations depending on the subtype of mGluRs. mGluR1 is found to 
be exclusively expressed in MNTB neurons in the rat [31]. These re-
ceptors are presumably located on the postsynaptic membrane that is 
opposite to presynaptic cannabinoid type 1 receptors [31].

 Immunoreactivity for mGluR2/3, members of group II mGluRs, 
was present at both presynaptic and postsynaptic domains of MNTB 
neurons in the rat [37]. Group II mGluRs are also present on glial cells 
exclusively during postnatal development [37]. Among members of 
group III mGluRs, mGluR4, is identified at the presynaptic glutama-
tergic terminals innervating MNTB principle neurons in the rat. The 
mGluR4 expression is highly developmentally regulated, with strong 
activity in a short period (P7-12) before hearing onset (at around 
P13) [36]. These results suggest that group II mGluRs and the group 
III mGluR4 may play a role in the development of synapses in the 
MNTB. Whether group I mGluRs in the MNTB experience similar 
developmental change is not known.

 Activation of postsynaptic mGluR1 in MNTB neurons induces the 
release of endocannabinoids, which in return activate type 1 cannabi-
noid receptors on the presynaptic terminal (calyx of Held), resulting 
in inhibition of Ca2+ channels and subsequent suppression of gluta-
mate release [31] (Figure 1). Besides mediating such retro-suppres-
sion of neurotransmission, activation of group I mGluRs modulates 
the phosphorylation of Kv3.1b [71], which is a critical factor defining 
the ability of MNTB neurons to follow high frequency inputs [72]. 
Physiological function of group II mGluRs in MNTB is not known. 
However, because group II mGluRs are expressed at both pre- and 
postsynaptic loci in MNTB [37], it is conceivable that modulation of 
glutamatergic transmission via actions on both sites exists. Activation 
of group III mGluRs has been shown to reduce EPSC amplitude in 
MNTB neurons [73]. Interestingly, blocking the endogenous activi-
ty of group III mGluRs with antagonists does not change excitatory 
synaptic strength. Rather, it lowers release probability and increases 
the size of the readily releasable pool [73]. This raises an intrigu-
ing possibility that, in the auditory brainstem, endogenous activity 
of mGluRs may change the synaptic state even when modulation of 
synaptic strength by antagonism of mGluRs is not detectable.

 Lateral Superior Olive (LSO) - In the LSO of the rat, group II 
mGluRs (mGluR2/3) are most highly expressed during early devel-
opmental age (P4), and the expression diminishes days after the on-
set of hearing [32]. The loci of group II mGluRs in the LSO are not  

known, although physiological data suggest that group II mGluRs are 
localized at both presynaptic glutamatergic and glycinergic terminals 
[32,74], as well as postsynaptic loci [75,76]. Consistent with anatom-
ical evidence that the expression of mGluRs peaks during develop-
ment and diminishes after maturation [32], the physiological role of 
mGluRs in the LSO has been detected mainly in developing neurons 
(Figure 1). The application of ACPD, the non-specific mGluR ago-
nist, depolarizes LSO neurons in P8-14 gerbils, and the effect can 
last ~20 min [75]. Further calcium imaging studies show that acti-
vation of group I and II, but not III, mGluRs increases intracellular  
Ca2+ concentration in developing LSO neurons (P0-4) [76], but the 
response amplitude declines over the period of hearing development 
(from P0 to P20) [77]. The group I mGluR-mediated Ca2+ signaling 
is partially due to Ca2+ influx through transient receptor potential-like 
channels in response to activation of mGluR1 [78]. The effects of 
mGluRs observed in these studies [75-77] are attributed to activation 
of postsynaptic mGluRs, because the parameters measured are prop-
erties directly obtained from postsynaptic cells. Modulatory effects of 
presynaptic mGluRs at LSO synapses have been reported (Figure 1). 
Modulation by group II mGluRs of the inhibitory glycinergic trans-
mission at the MNTB-LSO synapse has been also reported [32]. It is 
proposed that glutamate molecules, released from VCN neurons at the 
LSO, spill over and activate mGluRs on MNTB terminals innervating 
LSO neurons, producing heterosynaptic modulation. This modulation 
diminishes gradually in early development and is not detectable just 
a few days after hearing onset [32], which suggests that mGluRs may 
play an important role in the development of this synapse. Further, the 
non-specific mGluR agonist ACPD inhibits Excitatory Postsynaptic  
Potentials (EPSPs) of LSO neurons in P14-22 rats, and at least group 
III mGluRs are involved [74]. Overall, mGluRs modulate the function 
of the LSO in development across multiple animal species.

 Inferior Colliculus (IC) - Using Real-Time-PCR method for detec-
tion of mRNA for group I mGluRs (mGluR1, 5), it is shown that the 
expression level of these mGluRs is developmentally down regulated 
in the rat IC [40] and overlapped with Transient Receptor Potential 
(TRPC1) channels [41]. All members of group III mGluRs (mGluR 4, 
6, 7, and 8) are also detected in the rat IC [39]. Although it is believed 
that mGluR6 is expressed exclusively in the retina [79], mGluR6 is 
present in the IC tissues [39]. Consistently, expression of mGluR6 in 
non-retinal neural tissues has also been reported [80,81]. The IC is 
a hub of the central auditory system, which receives ascending and 
descending inputs from many auditory nuclei. In addition, the IC is 
divided into multiple sub-nuclei, each of which contains multiple cell 
types with distinct morphological and intrinsic properties. Based on 
the currently available data, it is largely unknown which areas and 
cell types in the IC express which mGluRs.

 A few studies have examined the physiological role of mGluRs 
in the IC, with a focus on the central part of the IC (Figure 1). 
MCPG (Methyl-4-Carboxyphenylglycine), a non-specific antagonist 
mGluRs, increases the gain in action potential firing of IC neurons 
[82]. Consistently, antagonism of group II mGluRs also increases fir-
ing of IC neurons in vivo [83], suggesting suppression of neuronal ex-
citability by endogenous activity of group II mGluRs. Using whole-
cell patch recordings in brains slices, [84] showed that activation of 
presynaptic group II mGluRs suppresses both EPSCs and Inhibitory 
Postsynaptic Currents (IPSCs) in IC neurons. In contrast, agonists for 
group I or III mGluRs do not affect synaptic and intrinsic proper-
ties [84]. However, the negative results on group I mGluRs in this  
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study appear to conflict with those reported by other research groups. 
For example, activation of group I mGluRs induces an increase in 
intracellular Ca2+ concentration in IC neurons [40], and iontophoretic 
application of group I mGluR agonists increases firing rate of IC neu-
rons in vivo [83]. However, because iontophoretic application does 
not allow one to precisely estimate the concentration of drug [85], 
alternative approaches that apply drugs with known concentration 
such as pressure ejection may be utilized in future studies. Finally, 
anticonvulsant actions of mGluRs, especially by group III mGluRs 
in genetically epilepsy-prone animals have been reported [39,86], 
raising the possibility that drugs targeting mGluRs could be used to 
treat audiogenic seizures.

 Auditory thalamus (the Medial Geniculate Body-MGB) - There 
are very limited data on mGluR expression in the MGB from a few 
papers that examined mGluR expression in the rat brain. Protein 
expression of the group I mGluR1 was detected in the MGB, and 
seems to be present at postsynaptic cells only [41,43]. Furthermore, 
the expression of group II mGluRs is present in the MGB, as detect-
ed with an antibody against mGluR2/3 [44]. Very few studies have 
examined the physiology of mGluRs in the MGB. The application of 
the non-specific mGluR agonist ACPD causes a depolarizing effect 
in MGB neurons recorded in slice preparations [87,88]. mGluR-me-
diated responses in the thalamus were observed via the descending 
glutamatergic input only [89,90], suggesting that the effect may be 
mediated via the descending input from the AC, but not from the as-
cending input from the IC. Because ACPD is a non-specific mGluR 
agonist, it is unclear which member and group of mGluRs is involved 
in the response. Based on the concentration of ACPD (50 µM) and its 
EC50 on mGluRs (105-170 µM for mGluR1, and 5 µM for mGluR2), 
however, the authors suggested that both mGluR1 and mGluR2 might 
be involved [87] (Figure 1). It is worth pointing out that while the 
ascending input from the IC via the lemniscal pathway to MGB neu-
rons does not activate mGluRs, the ascending input from the IC via 
the non-lemniscal pathway to the dorsal part of the auditory thalamus 
does involve a mGluR1 component [91]. Further works are required 
to examine if and how mGluRs modulate synaptic transmission in the 
auditory thalamus. 

 Auditory Cortex (AC) - Among three groups of mGluRs, at the 
light microscopy level, group II mGluRs (mGluR2/3) are expressed 
in various neocortical regions including the AC, and these mGluRs 
co-localize with vesicular glutamate transporter 2 [33,45], which sug-
gests the presence of presynaptic group II mGluRs on the excitatory 
inputs in the AC.

 The AC is composed of six structurally distinct layers, and there 
exist multiple cell types in a single layer. Neurons in the AC receive 
ascending inputs primarily from the auditory thalamus, and form in-
tracortical circuits among different layers. The function of mGluRs 
in the AC has also been [92]. Involvement of mGluRs in neuromod-
ulation of the AC circuits is dependent on the input pathways (Fig-
ure 1). Bidirectional regulation by mGluRs of synaptic transmission 
and cellular excitability in pyramidal neurons in layers 2 and 3 has 
been reported. Presynaptic mGluRs activated by ACPD suppress both 
EPSPs and Inhibitory Postsynaptic Potentials (IPSPs) in response to 
stimulation of the synaptic inputs originating from layer 6 of the AC. 
The involvement of mGluR component in the excitatory responses 
of pyramidal cells are cell type-dependent, in that a group I mGluR 
component exists in class 2 cells (modulator neurons) but not in class 

1 cells (driver neurons) [93]. Stimulation of the afferents at high fre-
quency (125 Hz) but not low frequency (10 Hz) causes activation of 
group I mGluRs in class 2 cells [93], consistent with the idea that 
mGluRs may be activated only under conditions of strong and re-
petitive sensory inputs. Group II mGluRs also modulate GABAergic 
input to layers2/3 cells from layer 4 [94]. In addition, activation of 
postsynaptic group I mGluRs in layers 2 and 3 fast spiking neurons 
increases cellular excitability [95,96].

 Modulation by group I mGluRs of the excitatory responses of py-
ramidal cells in layer 4 depends on the source of the synaptic inputs.  
For instance, there is no mGluR component in the EPSPs of layer 4 
pyramidal neurons when the thalamocortical pathway to layer 4 is 
activated [97], however, activation of the intracortical pathway from  
layer 6 depolarizes layer 4 neurons via group I mGluRs [98]. Inter-
estingly, activation of postsynaptic group II mGluRs by glutamate 
release from the layer 6 input produces an inhibitory effect in layer 4 
cells via activation of downstream target GIRK channels [45]. There-
fore, two different mGluRs (group I versus II here) can be activated 
by the same pathway (e.g., layer 6 input), and generates exactly the 
opposite effects on cellular excitability, providing bidirectional regu-
lation and thus maintenance of homeostasis of excitability. Similarly, 
at the synapses formed between the primary and the secondary AC, 
postsynaptic group I mGluRs facilitate while group II mGluRs inhibit 
cellular excitability of neurons. This effect occurs only for neurons 
that express small but not large EPSPs [99], indicating synapse-spe-
cific activation of mGluRs. In addition, group II mGluRs strongly in-
hibit excitatory transmission of the thalamocortical pathway via pre-
synaptic action [33], and modulate GABAergic input to layer 4 [94].  
Similarly, involvement of mGluRs in long-term synaptic plasticity in 
layer 4 neurons is also input pathway dependent. Application of the 
nonspecific mGluR antagonist MCPG did not affect Long-Term Plas-
ticity (LTP or LTD of field EPSPs) of excitatory transmission from 
layer 6 to layer 4 cells, suggesting the absence of mGluR involve-
ment in long-term plasticity at this synapse [100]. In contrast, group 
I mGluRs are required for the induction of LTD and LTP of EPSCs 
in layers 3 and 4 cells when the thalamocortical pathway is activated 
[101,102]. No mGluR component is found in the excitatory responses 
from the thalamic inputs to layers 5 and 6 [103].

 Overall, the physiological roles of mGluRs in the AC are com-
plicated, due to that mGluR-mediated modulation depends on the 
combination of a number of factors including the sources of synaptic 
inputs, the cell types, and the location of the cells. Future experiments 
need to take these issues into consideration and tease out the functions 
of mGluRs at various synapses in order to better understand the roles 
of mGluR modulation in AC circuits.

mGluRs in Avian Auditory Brainstem
 The chicken auditory brainstem has been used for decades as an 
excellent model for studying mechanisms underlying auditory sig-
nal processing [104-106]. Because of the specialized anatomy and 
well-characterized functions, the auditory nuclei in this model system 
provide a unique opportunity to study mGluR-mediated modulation 
in specific functional auditory circuits (Figure 2). After entering the 
brainstem, the auditory nerve (8th n.) branches and innervates the co-
chlear Nucleus Angularis (NA) and Nucleus Magnocellularis (NM), 
two subnuclei of the cochlear nucleus in birds. Bilateral projections 
from the NM innervate the Nucleus Laminaris (NL). The NM and NL 
are involved in coding temporal information of sound, whereas the  
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NA is primarily involved in coding sound intensity among other fea-
tures. All three nuclei (NM, NL, and NA) receive feedback inhibition 
from the ipsilateral Superior Olivary Nucleus (SON), which receives 
its excitatory inputs from the NL and NA. These auditory nuclei are 
structurally distinct and easily identified in brain slice preparations. 
More importantly, the synaptic connections among these nuclei are 
largely intact in brain slice preparations. These distinct features make 
the avian auditory brainstem an excellent model to study the phys-
iological roles of mGluRs in the CNS. In addition, the avian audi-
tory brainstem provides a more feasible model as compared to the 
mammalian system, because of the relatively high homogeneity of 
cell types and the ease of identification of cells in slice preparations.

 Anatomical expression of mGluRs in the avian auditory sys-
tem has been reported in a few studies. Immunohistochemistry has 
revealed expression of group I mGluRs (both mGluR1 and mGluR5) in 
NM neurons [107], group II mGluRs in NM [108], NL [109,110], and  
groups and III mGluRs in NA neurons [111]. There are yet no anatom-
ical data identifying presynaptic versus postsynaptic loci of mGluRs 
in the avian auditory brainstem. About 10 years after mGluRs dis-
covered, Rubel and colleagues [112] discovered that activation of 
mGluRs increases phosphatidylinositol metabolism in NM neurons. 
Following up this study, mGluR-mediated regulation of Ca2+ signal-
ing in NM neurons was extensively studied primarily by the same 
research group [113-120]. The key findings from these studies are that 

mGluRs, especially group I mGluRs, play critical roles in regulating 
Ca2+ signaling and maintaining Ca2+ homeostasis and cell survival in 
NM neurons [121]. Recently, we extended these previous studies by 
examining synaptic activity-induced Ca2+ signaling and found that 
glutamate release can induce an increase of intracellular Ca2+ concen-
tration by activation of mGluRs in NM neurons [122]. Maintenance 
and survival of NM neurons depend on their afferent excitatory input 
from the auditory nerve [104]. Another parallel line of research by 
Hyson and colleagues has focused on mGluR-mediated regulation of 
protein synthesis in NM neurons. They found that deprivation of the 
auditory nerve input disrupts protein synthesis in NM neurons [123]. 
Further studies have shown that this activity-dependent regulation of 
protein synthesis relies on activity of mGluRs [124,125], but not in-
volve iGluRs [126]. Specifically, group I and II mGluRs are required 
to maintain protein synthesis in NM neurons, because blocking either 
group I or II mGluRs eliminates activity-dependent regulation of ri-
bosomes in vitro [127,128] as well as in vivo [129]. Together, these 
studies demonstrate the regulatory roles of mGluRs in Ca2+ signaling 
and protein synthesis, suggesting potential neuroprotective effects of 
mGluRs under both normal and abnormal hearing conditions. 

 NM - Previously a Ca2+ imaging study found that activation of 
postsynaptic mGluRs modulated Ca2+ influx via Voltage-Gated Ca2+ 
Channels (VGCCs) in NM neurons [113]. Consistently, by using 
electrophysiological approaches that allow higher resolution in mon-
itoring subtle changes in membrane Ca2+ currents, [130] character-
ized VGCC types using various blockers specific for different sub-
types of VGCCs, and found that NM neurons possess both low- and 
high-threshold VGCCs, with N-type channels being dominant. Acti-
vation of mGluRs with agonists for selectively targeting individual 
subtypes of mGluRs reduces VGCC current [130], indicating that 
multiple mGluRs are present on postsynaptic NM neurons and are 
involved in regulating Ca2+ influx through membrane VGCCs.

 Besides modulation of intrinsic properties by postsynaptic 
mGluRs, regulation of synaptic properties via presynaptic mGluRs 
has been commonly observed in the CNS [131]. Indeed, a series of 
studies examining mGluR-mediated modulation of synaptic trans-
mission in the chicken auditory brainstem have been undertaken, 
with a focus on mGluR-mediated heteroreceptor modulation of the 
inhibitory inputs to NM and NL. The inhibitory input, primarily from 
the ipsilateral SON in the avian auditory brainstem neurons, bears 
an unusual feature in that it is depolarizing but potently inhibitory in 
NM [132-134] NL [135], and NA [136] neurons. The depolarized re-
versal potential of the inhibitory transmission in these neurons makes 
it possible that overdriving of the inhibitory afferent can generate 
GABA-induced action potentials [133,135,136]. Because such unusu-
al spiking activity could disrupt phase-locking fidelity of the timing 
coding neurons in response to their excitatory inputs, multiple mech-
anisms have been discovered to prevent GABA-induced spiking. For 
example, regulation of the inhibitory synaptic strength in NM neurons 
is achieved partially by intrinsic low-threshold Kv conductance [134], 
by a feedback mechanism via presynaptic GABABRs [137], and by 
heterosynaptic inhibition of GABA release at NM through activation 
of presynaptic mGluRs [138]. Based on these results, we proposed “a 
dual modulation model” stating that mGluRs exert a tonic modulation 
of GABA release in NM neurons, while GABABRs provide a feed-
back mechanism limiting over-activation of the inhibitory system.

 Interestingly, we discovered a novel form of heterosynaptic long-
term synaptic plasticity, mGluR II-mediated Long-Term Depression  

Figure 2: Schematic drawing summarizing the anatomy and physiology of 
mGluRs in the avian auditory brainstem.
After entering the brainstem, the auditory nerve (8th n.) bifurcates and 
innervates the two subnuclei of the cochlear nucleus, NA and NM. The 
NL receives bilateral excitatory inputs from NM. All three nuclei (NM, 
NL, NA) receive feedback inhibition from the ipsilateral SON, which is 
driven by excitatory inputs from NL and NA. All three groups of mGluRs 
are involved in presynaptic modulation of the inhibitory transmission in 
NM neurons. Multiple mGluRs (with controversial identity) suppress both 
excitatory and inhibitory transmission in NL, possibly in a tuning frequen-
cy-dependent manner. Presynaptic mGluRs also modulate the excitatory 
transmission at NA, without affecting the excitatory inputs to NM. Post-
synaptic mGluRs regulate cellular excitability of NA neurons, and modu-
late voltage-gated Ca2+ channels in NM neurons. In NL, postsynaptic group 
II mGluRs enhance high-threshold Kv channels. Studies on mGluR-medi-
ated modulation in the SON are completely lacking. NA: Cochlear Nucleus 
Angularis; NM: Cochlear Nucleus Magnocellularis; NL: Nucleus Laminar-
is; SON: Superior Olivary Nucleus.
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(LTD) of GABAergic transmission in NM neurons [108]. This novel 
form of plasticity could serve several potential physiological func-
tions, such as contribution to synaptogenesis and synaptic refinement 
during development, or in dendritic retraction after afferent depriva-
tion. In mature animals, such LTD is proposed to be able to prevent 
spikes induced by over-activation of the GABAergic input, ensuring 
high fidelity of phase-locking and precise temporal processing of 
sounds. Unusually, mGluRs did not act as autoreceptors to modulate 
the excitatory transmission in NM [108,139]. However, whether there 
is mGluR-mediated modulation of EPSCs in Low-Frequency (LF) 
neurons needs to be further examined because these LF neurons are 
different from Middle/High-Frequency (MF/HF) neurons in terms of  
cellular morphology and physiology [140-142], and LF neurons have 
been generally excluded in our previous recordings for consistency of 
sampled cell populations.

 While in vitro studies have established functional roles of mGluRs 
in modulation of intrinsic and synaptic properties in NM neurons, 
in vivo studies examining roles of mGluRs in temporal coding in 
NM neurons are completely lacking. Based on our observation that 
mGluRs control the inhibitory strength in NM neurons to prevent 
generation of GABA-induced spike that are not phase-locked to the 
excitatory input from the auditory nerve, we propose that mGluRs 
enhance the phase-locking fidelity of NM neurons and consequently 
improve coincidence detection in NL neurons.

 NL - Given the similarities in neuronal properties between NM 
and NL neurons, it is not surprising that “the dual-modulation model” 
proposed for NM neurons also applies to NL neurons. Indeed, we con-
firmed this prediction by showing that both GABABRs and mGluRs 
modulate inhibitory input in NL neurons [135,143]. The difference in 
modulation between NM and NL is that group II and III mGluRs, but 
not group I mGluRs, are involved in the modulation at NL. Although 
we discovered a mGluR II-LTD in NM neurons, whether group II 
mGluRs induce LTD of GABA release in NL awaits further inves-
tigation. Although strong, the dual neuromodulation of the synaptic 
inhibition in NL neurons did not change the temporal profile of IPSPs 
evoked by stimulation of the afferent inputs at high rates [144]. This is 
critical for the tonic GABAergic inhibition to function as a gain con-
trol mechanism in sharpening coincidence detection window in NL 
neurons. Indeed, GABABRs reduce tonic inhibition via presynaptic 
modulation of GABA release [145], and we predict that mGluRs have 
similar effects on tonic inhibition because they, like GABABRs, re-
duce GABA release via presynaptic actions [135]. Taken together, we 
propose that mGluR-mediated modulation of synaptic inhibition in 
NL is highly potent and dynamic, ensuring proper inhibitory strength 
in binaural hearing processing.

 Modulation of the excitatory transmission by mGluRs in NL neurons 
awaits further clarification, because the reported results from different 
research groups are not consistent. We found that neither GABABRs 
nor mGluRs modulated EPSCs in neurons sampled primarily from the 
MF and HF regions of NL in late embryos [135]. Okuda et al. [109] 
showed that mGluRs (mainly group II and possibly group III) sup-
pressed EPSCs of NL neurons in chick hatchlings in a graded manner 
along the frequency axis of NL, with a strong modulation occurred in 
LF neurons, less modulation detected in MF neurons, and even small-
er modulation observed in HF neurons. Consistent with the physiol-
ogy of mGluRs, a graded expression of group II mGluRs along the 
frequency axis of NL was observed [109]. The authors reasoned that 
the discrepancy between the two studies is due to the use of animals 

of different age, and they showed that the expression of mGluRs in 
late embryos was weak. Our more recent results showed that groups I 
and II but not III mGluRs suppressed glutamatergic transmission pre-
dominantly in LF NL neurons (data not shown). Identity of mGluRs 
modulating the excitatory input to NL needs further investigation.

 Synaptic excitation in NL neurons is tonotopically distributed in 
a graded manner, with EPSCs becoming faster and larger with in-
creasing tuning frequency [146,147]. Consistently, synaptic inhibi-
tion appears to be distributed in a graded manner, with fast IPSCs 
and minimal tonic inhibition in LF neurons but much slow IPSCs and 
strong tonic inhibition in MF/HF neurons [145,148,149]. Based on  
these findings, we hypothesized that neuromodulation is tonotopical-
ly distributed to improve synaptic integration at particular sound fre-
quencies. Specifically, we propose that mGluR-mediated modulation 
of synaptic transmission in NL is tonotopically distributed in a man-
ner complementary to the tonotopic distribution of synaptic excitation 
and inhibition. In other words, mGluRs modulate synaptic excitation 
in LF neurons and the modulation rapidly diminishes in MF/HF neu-
rons, whereas mGluRs exert a graded modulation of synaptic inhibi-
tion across the frequency axis in NL. This complementary mode of 
neuromodulation could maintain a balance of synaptic excitation and 
inhibition in neurons across the frequency axis. Equally important, we 
recently reported tonotopically distributed modulation by mGluRs of 
intrinsic properties of NL neurons [54]. Using perforated patch clamp 
recordings, we found that activation of group II mGluRs enhanced the 
high threshold voltage-gated potassium (Kv) currents in NL neurons. 
The enhancement was also induced by synaptically released gluta-
mate. The modulation was frequency-coding region dependent, being 
pronounced in low frequency neurons. The intracellular mechanism 
involved the Gβγ signaling pathway leading to activation of phospho-
lipase C and protein kinase C. In perforated current-clamp recordings, 
the modulation strengthened membrane outward rectification, sharp-
ened action potentials, and improved the ability of NL neurons to fol-
low high frequency inputs, suggesting that group II mGluRs provides 
a feedforward modulatory mechanism to regulate temporal process-
ing under the condition of heightened synaptic inputs.

 In vivo physiological experiments examining the roles of mGluRs 
in the NL are of great significance but currently completely lack-
ing. Based on the previous in vitro studies, mechanisms underlying 
mGluR-mediated modulation on coincidence detection and ITD cod-
ing in NL are likely to be highly dependent on frequency regions. In LF 
neurons, mGluRs may improve coincidence detection by sharpening 
the excitatory responses and regulating the strength of inhibitory  
input, whereas in MF/HF neurons, mGluRs may improve ITD coding 
primarily via controlling the inhibitory synaptic strength. It is plausi-
ble that mGluRs provide a gain control mechanism for ITD coding, 
resulting in neuronal adaptation in sound localization, similar to the 
GABABRs modulatory function in the MSO [150].

 NA - In contrast to the relatively and extensively studied mGluR 
modulation in the avian timing coding pathway, i.e., NM and NL, the  
physiology of mGluRs in the intensity coding pathway starting with 
the NA are less understood. The majority of NA neurons are believed 
to be multi-functional including encoding intensity of sounds [151], 
and have large dynamic range (the range of sound intensity within 
which a neuron fires spikes between 5% and 95% of its maximal 
spike rate), suggesting of high sensitivity of NA neurons to changes 
in sound intensity [152]. Our recent study [111] showed that groups 
II and III mGluRs suppressed, while group I mGluRs enhanced the 
cellular excitability of non-onset firing NA neurons. Activation of all  
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three groups of mGluRs with their respective agonists inhibited the 
glutamatergic transmission in NA neurons, in a cell type-independent 
manner and via presynaptic actions. Given that mGluRs are likely to 
be activated in response to repetitive stimuli at high intensity, mGluRs 
may play a role in shaping non-monotonic input-output functions in 
the NA. Therefore, mGluRs may improve intensity coding in NA neu-
rons and consequently enhance the precision for sound localization 
using interaural intensity difference as a cue in higher order auditory 
nuclei.

 In summary, postsynaptic mGluRs regulate Ca2+ signaling and 
protein synthesis in NM neurons and presynaptic mGluRs modulate 
synaptic transmission in NM and NL in a frequency region dependent 
manner. While modulation by mGluRs on synaptic inhibition is large-
ly similar between NM and NL, modulation on synaptic excitation is 
more complex. Further, mGluRs in the avian auditory system have 
been intensively studied using in vitro methods, it is imperative to test 
how mGluRs affect auditory processing at the systems level using in 
vivo physiological methods.

 Taken together, mGluRs in the avian auditory brainstem, similar to 
that in the mammalian lower auditory brainstem, modulate neuronal 
properties through both pre and postsynaptic mechanisms. However, 
a meaningful comparison of mGluR modulation between the avian 
auditory brainstem neurons (in NM and NL) and their mammalian 
counterparts (AVCN bushy cells and MSO) cannot yet be formed, 
because there are little data on mGluRs for mammalian bushy cells, 
and literally there are no data on mGluRs for the MSO. This again 
points to the need for further in-depth investigation of mGluRs in the 
auditory system across different animal models.

Concluding Remarks
 In this article, we mainly reviewed the anatomy and physiology 
of mGluRs at cellular level in both mammalian and avian auditory 
systems. It remains a huge challenge to investigate the modulatory 
effects and mechanisms of mGluRs in particular cell types, especial-
ly at the system and behavior levels. Strategies utilizing an array of 
approaches in multiple animal model systems are required in order to 
tackle these issues and shed light on the roles of mGluRs in auditory 
processing. Many fundamental questions regarding the essential roles 
of mGluRs in auditory processing remain unanswered. Do mGluRs 
play critical roles in the development of auditory circuits? How do  
mGluRs modulate auditory processing at the systems level? Are 
mGluRs tonotopically distributed in the mammalian auditory system? 
If so, do they play a role in frequency tuning? Do mGluRs provide 
protection against hearing loss? Do mGluRs play potential roles in 
auditory disorders, such as tinnitus and deafness? Future investiga-
tions are warranted to tackle these important questions.
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