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Group I Metabotropic Glutamate Receptor Activation
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Activation of group I metabotropic glutamate receptors (mGluRs) has been suggested to modulate development of auditory neurons.
However, the acute effects of mGluR activation on physiological response properties are unclear. To address this, we studied the effects of
mGluRs in bushy cells (BCs) of the mammalian anteroventral cochlear nucleus (AVCN). Activation of mGluRs with dihydroxyphenyl-
glycine (DHPG) caused depolarization of BCs in mice as old as P42, but did not affect neurotransmitter release by presynaptic auditory
nerve (AN) fibers. Application of mGluR antagonists indicated that mGluRs are tonically active, and are highly sensitive to small
elevations in ambient glutamate by the glutamate reuptake blocker threo-�-benzyloxyaspartic acid (TBOA). mGluR-mediated depolar-
ization enhanced the firing probability in response to AN stimulation, and reduced the latency and jitter. Furthermore, excitation through
postsynaptic mGluRs can significantly counterbalance the inhibitory effects of presynaptic GABAB receptors. Thus, interaction between
these two modulatory pathways may provide additional flexibility for fine-tuning the BC relay.

Introduction
In the auditory pathway, the effects of group I mGluRs have been
studied with most emphasis on their contribution to rises in in-
tracellular calcium (Zirpel and Rubel, 1996; Ene et al., 2007;
Martinez-Galan et al., 2010) and endocannabinoid release
(Kushmerick et al., 2004). mGluR activation can also have elec-
trophysiological consequences (Anwyl, 1999; Ferraguti et al.,
2008). However, it is not well understood how mGluR activation
would affect firing properties of auditory neurons, nor how it
would interact with other modulatory influences.

We addressed the functional consequences of mGluR activa-
tion in the anteroventral cochlear nucleus (AVCN). The AVCN
contains bushy cells (BCs), which receive direct synaptic input
from auditory nerve (AN) fibers through large, glutamatergic
synapses called “endbulbs of Held” (Brawer and Morest, 1975;
Lorente de Nó, 1981; Limb and Ryugo, 2000). BCs relay the tem-
poral information in AN spike trains to higher centers for sound
localization (Grothe et al., 2010). Endbulbs show short-term de-
pression during high-frequency activity (Oleskevich and Walms-
ley, 2002; Wang and Manis, 2008; Yang and Xu-Friedman, 2008;
Chanda and Xu-Friedman, 2010a,b), and modulation in re-
sponse to GABAB receptor (GABABR) activation (Chanda and
Xu-Friedman, 2010a). Both these processes reduce the likelihood
of BC response to AN activity, raising the question of whether

there are modulatory mechanisms that maintain or enhance the
response properties of BCs.

To examine these issues, we made patch-clamp recordings
from BCs and activated mGluRs using the specific agonist
DHPG. Application of DHPG depolarized BCs, but had no mea-
surable effect on neurotransmitter release from endbulbs. The
depolarization enhanced the response of BCs in response to AN
activity, offsetting the effects of depression. Furthermore, mGluR
activation largely restored spiking after GABABR activation, sug-
gesting that these two modulatory pathways could interact to
tune the response properties of BCs.

Materials and Methods
Experimental procedures were approved by Institutional Animal Care
and Use Committee. The methods were described previously (Chanda
and Xu-Friedman, 2010b). Briefly, sagittal slices (150 �m) of the AVCN
were cut from P16 –P42 CBA/CaJ mice of either sex. Recordings were
made at �34°C in external solution containing the following (in mM):
125 NaCl, 26 NaHCO3, 20 glucose, 2.5 KCl, 1.25 NaH2PO4, 1 MgCl2, 1.5
CaCl2, 4 Na L-lactate, 2 Na-pyruvate, 0.4 Na L-ascorbate, and 0.01 strych-
nine, bubbled with 95% O2 and 5% CO2.

Patch pipettes were 1–2 M�, filled with (in mM) 130 KMeSO3 (current
clamp) or CsMeSO3 (voltage clamp), 10 NaCl, 10 HEPES, 2 MgCl2, 0.5
EGTA, 0.16 CaCl2, 4 Na2ATP, 0.4 NaGTP, 14 Tris-creatine phosphate,
and 1 QX-314 (voltage clamp), pH 7.3, 310 mOsm. Single AN fibers were
stimulated using 6 –20 �A pulses passed through a small glass micropi-
pette placed in the neuropil. For voltage clamp, the holding potential was
�70 mV with access resistance 3–7 M�, compensated to 70%; for cur-
rent clamp, we set the initial resting membrane potential (Vrest) to �61
mV using a small, constant holding current, which was not adjusted
thereafter except where specified. BCs were identified in current clamp
by undershooting spikes (Oertel, 1983). We confirmed the morphology
by including 10 �M Alexa 594 (Invitrogen) in the patch pipette for some
experiments (Fig. 1 A). In voltage clamp, BCs were identified by paired-
pulse depression and fast EPSC kinetics (Chanda and Xu-Friedman,
2010b). Methods for perforated-patch recordings are described by
Chanda and Xu-Friedman (2010a).
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The pharmacological agents were DHPG (group I mGluR agonist, 50 �M)
(Ito et al., 1992), MPEP (mGluR5-specific antagonist, 100 �M) (Gasparini et
al., 1999), CPCCOEt (mGluR1-specific antagonist, 100 �M) (Litschig et al.,
1999), NBQX (AMPA-type glutamate receptor antagonist, 10 �M) (Shear-

down et al., 1990), CPP (NMDA-type glutamate
receptor antagonist, 5 �M) (Harris et al., 1986),
TBOA (glutamate transporter antagonist, 250
�M) (Shimamoto et al., 1998), GABA (50 �M),
TTX (voltage-gated sodium channel antagonist,
0.5 �M), CGP55845 (GABABR-specific antago-
nist, 2 �M) (Brugger et al., 1993), and baclofen
(GABABR-specific agonist, 2 �M) (Hill and Bow-
ery, 1981). DHPG, MPEP, CPCCOEt, CPP, and
TTX were obtained from Ascent Scientific;
TBOA, CGP55845, and NBQX from Tocris Bio-
science; and other chemicals from Sigma.

Data are presented as mean � SE. Significance
was determined using the paired, one-tailed, Stu-
dent’s t test, except where otherwise specified.

Results
Activation of BC mGluRs
We made current-clamp recordings from
BCs and bath applied the group I mGluR
agonist DHPG (Fig. 1B,C). DHPG depo-
larized BCs from �61.1 � 0.1 mV to
�56.0 � 0.2 mV (39 cells, p � 0.001) (Fig.
1C,G). This depolarization was unaffected
by TTX, suggesting a direct effect on BCs
(6 cells) (Fig. 1G). Similar depolarization
occurred in perforated-patch experi-
ments (7 cells) (Fig. 1G), indicating that
our whole-cell recordings did not disrupt

the intracellular signaling environment. Similar effects were also
found in P42 animals, suggesting that mGluRs play a role in
mature auditory function (3 cells) (Fig. 1G).

Figure 1. Activation of group I mGluRs depolarizes BCs. A, Confocal image of a representative BC loaded with Alexa-594. Arrow indicates BC dendrite. Inset, Response to current pulses of �150,
0, or 600 pA, used to identify the cell type. Scale bar, 10 �m. Calibration: 10 ms, 20 mV. B, Response of a representative BC to DHPG application. C, Average Vrest for experiments similar to B. Data
points are averages of 3–7 experiments. D–F, Representative experiments showing the effects of DHPG on Vrest, in the presence of MPEP (D), CPCCOEt (E), and MPEP�CPCCOEt (F ). G, Relative
depolarization for experiments similar to B–F. Asterisks indicate depolarizations significantly lower than in DHPG alone. Bars are averages of 3–39 experiments. H–J, Average effects on Vrest of
MPEP�CPCCOEt (H, 7 cells), TBOA (I, 5 cells), and TBOA�MPEP�CPCCOEt (J, 3 cells). K, Relative depolarization for experiments similar to H–J. Asterisks indicate significant hyperpolarization or
depolarization. Bars are averages of 3–9 experiments.

Figure 2. No presynaptic effect of DHPG at the endbulb of Held. A, Representative EPSC traces recorded from a BC in control
conditions (top) and in DHPG (middle) while stimulating a single AN input with pairs of pulses at different intervals. EPSCs overlaid
from two conditions for comparison (bottom). B, EPSC1 amplitudes from six experiments similar to A plotted as a cumulative
histogram. Squares represent averages in control conditions (black) and DHPG (red). C, Average paired-pulse ratio (PPR �
EPSC2/EPSC1) for six cells, plotted against different interpulse intervals (�t). Inset expands short intervals. D, Effects of DHPG on
mEPSCs for a representative cell. i, Example traces in control conditions and DHPG. ii, Cumulative histogram of mEPSC amplitude.
E, F, Cumulative histograms of mEPSC frequencies (E) and amplitudes (F ) from 12 experiments similar to D. Squares indicate
overall averages.
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We evaluated the contributions of different group I mGluR
isoforms by applying specific blockers 3–5 min before DHPG.
Vrest was corrected to �61 mV as needed during this period, but
not thereafter. Preapplication of the mGluR5-specific blocker
MPEP significantly reduced the depolarization ( p � 0.001, un-
paired t test, 5 MPEP vs 39 control cells) (Fig. 1D,G). The
mGluR1-specific blocker CPCCOEt also decreased the depolar-
ization ( p � 0.005, unpaired t test, 5 CPCCOEt vs 39 control
cells) (Fig. 1E,G). Coapplication of MPEP and CPCCOEt com-
pletely blocked the depolarization by DHPG ( p � 0.001, un-
paired t test, 4 MPEP�CPCCOEt vs 39 control cells) (Fig. 1F,G).
Thus, DHPG depolarizes BCs primarily through mGluR5, with a
smaller contribution through mGluR1.

We also applied MPEP and CPCCOEt in the absence of
DHPG, and observed a small but significant hyperpolarization (7
cells, p � 0.002) (Fig. 1H,K). Furthermore, application of the
glutamate reuptake inhibitor TBOA (in the presence of CPP and
NBQX, which are NMDA and AMPA receptor antagonists, re-
spectively) significantly depolarized the BC (9 cells, p � 0.001)
(Fig. 1 I,K). TBOA-induced depolarization was blocked in
MPEP�CPCCOEt (3 cells, p 	 0.1) (Fig. 1 J,K). These results
indicate that mGluRs on BCs are sensitive to fluctuations in am-
bient glutamate concentration.

Presynaptic effects
At the calyx of Held, mGluR activation by DHPG drives release of
endocannabinoids, which reduce presynaptic neurotransmitter
release (Kushmerick et al., 2004). We tested this possibility at the
endbulb by making voltage-clamp recordings from BCs and
stimulating presynaptic AN fibers with pairs of pulses at different
intervals. Application of DHPG had no significant effect on the
amplitude or kinetics of the first EPSC (EPSC1) (Fig. 2A,B) or the
second EPSC in a pair ( p 	 0.2, 6 cells) (Fig. 2A,C). These results
indicate that mGluR activation does not affect the probability of
release at the endbulb.

We also confirmed that other aspects of synaptic transmission
were unaffected by mGluR activation by examining mEPSCs in
the presence of TTX (Fig. 2D). Neither the frequency ( p 	 0.2)
(Fig. 2E) nor the amplitude ( p 	 0.4, 12 cells) (Fig. 2F) of mEPSCs
changed significantly with DHPG application. This indicates that
mGluR activation had no effect on postsynaptic AMPA receptors,
nor on the presynaptic release machinery.

Effect of mGluR activation on postsynaptic firing
We next examined how mGluRs influenced spike generation in
BCs. In an example experiment, a 0.2 nA depolarizing current
pulse triggered a spike in the presence of DHPG but not in con-

Figure 3. Effects of group I mGluR activation on spike generation in BCs. Filled symbols indicate values significantly different from control conditions ( p � 0.05). A, Representative current-clamp
traces (lower traces) in response to current pulses (upper traces) in control conditions (black) and in DHPG (red). Left, Responses to �0.15 and 0.2 nA pulses. Right, Responses to 0.6 nA pulses. B,
Average number of spikes generated for current pulses of different amplitudes from experiments similar to A. Squares indicate effects of DHPG (33 cells), and triangles indicate effects of
depolarization to �56 mV (9 cells). C, Average measurements from 33 experiments similar to A, showing effects of DHPG on spike latency (top panel), peak voltage (middle), and threshold voltage
(bottom). D, Modulation of BC spiking during stimulation of single AN inputs at 100 Hz. Three representative cells show effects of DHPG and DHPG while maintaining Vrest close to �61 mV with a
constant holding current (i), depolarization to �56 mV with constant holding current (ii), and application of MPEP�CPCCOEt (iii). Dotted lines in center traces indicate Vrest in control conditions.
E, Average effects of DHPG on BC firing probability, latency, and jitter for seven experiments similar to Di. Spike probability and timing are quantified in response to pulse 1, and for pulses 11–20 at
100, 200, and 333 Hz stimulation frequency. F, Relative changes in spike probability (top), latency (middle), and jitter (bottom) for the various experimental manipulations in D. Symbols are averages
of 7–9 experiments.
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trol conditions (Fig. 3A, left). A greater current pulse (0.6 nA) led
to spiking in both cases, but DHPG application led to an addi-
tional spike (Fig. 3A, right). On average, mGluR activation in-
creased the number of spikes and decreased the latency of the first
spike (33 cells, p � 0.002) (Fig. 3B,C) without significantly af-
fecting the AP peak or threshold voltage ( p 	 0.2) (Fig. 3C).
These effects could have resulted simply from depolarization
bringing the BC closer to threshold. We used a small holding
current to depolarize BCs to a Vrest of �56 mV in the absence
of DHPG. Subsequent application of current pulses under
these conditions also led to increased spiking, similar to that in
DHPG (8 cells) (Fig. 3B). This indicates that the principal
effects of mGluR activation on spiking are mediated through
depolarization.

We next studied how DHPG affected BC spiking during AN
activity (Fig. 3D). We activated AN fibers using trains of 20 stim-
uli at physiological firing rates (100, 200, and 333 Hz). In control
conditions, BCs fired reliably early in 100 Hz trains, but became

less reliable at later pulses (Fig. 3Di, left),
presumably because of synaptic depres-
sion. DHPG application increased the
probability of spiking for those later
pulses (Fig. 3Di, middle). We considered
the effects of mGluR activation on spike
probability and timing for the first pulse,
as well as for pulses 11–20, where the
EPSC amplitudes are near steady-state
levels of depression. We quantified spike
latency from each stimulus to the imme-
diately following spike, and spike jitter as
SD in the latency. In DHPG, the spike
probability increased for the steady-state
part of the train, and spike latency and
jitter both decreased (7 cells, p � 0.05)
(Fig. 3E). Repolarizing the BC to �61 mV
using current injection, in the continued
presence of DHPG, reversed the changes
in firing probability, latency, and jitter
(9 cells) (Fig. 3Di, right, F ). Further-
more, depolarizing the BC to �56 mV
in the absence of DHPG had nearly
identical effects (8 cells, p � 0.05) (Fig.
3Dii,F ), suggesting that the increase in
firing could be accounted for by simple
depolarization.

We also examined how the endoge-
nous, tonic activation of mGluRs influ-
enced BC firing. Application of MPEP�
CPCCOEt decreased the spike probability
for 200 and 333 Hz trains, while the la-
tency of the first pulse and of 100 Hz trains
increased significantly (7 cells, p � 0.05)
(Fig. 3Diii,F ). There was no significant
change in jitter. Thus, the tonic mGluR-
dependent depolarization had a mea-
surable impact on the firing properties
of BCs.

We wanted to understand how mGluR
activation could interact with the larger
modulatory environment of the AVCN,
particularly the inhibitory modulator
GABA. Application of 50 �M GABA
blocked EPSC1 by 	75% (Fig. 4A,B) and

changed short-term plasticity from depressing to facilitating (Fig.
4A,C), reflecting a drop in the presynaptic release probability
(Chanda and Xu-Friedman, 2010a). Further application of
DHPG had no additional effect (Fig. 4A–C), indicating that the
two modulators have no synergistic presynaptic interaction.
Application of CGP55845 restored the EPSC to control levels
(Fig. 4A–C), confirming that GABA acted through presynaptic
GABABR.

We examined the consequences of these effects on the EPSC
using current-clamp recordings. Single AN stimuli caused reli-
able spiking (Fig. 4D, top traces), but after applying GABA, many
EPSPs failed to elicit spikes (middle traces in Fig. 4D, open red
symbols in Fig. 4F). This did not result from postsynaptic effects
of GABA as there were no significant changes in Vrest (Fig. 4D,E,
middle traces) (�60.6 � 0.2 mV in control conditions vs
�60.9 � 0.2 mV in GABA, p 	 0.05, 6 cells), action potential
threshold (�42.9 � 0.9 mV in control conditions vs �43.9 � 1.2

Figure 4. Interaction between GABABR- and mGluR-mediated modulation. A, Representative voltage-clamp experiment
showing presynaptic effects of 50 �M GABA on EPSCs during 100 Hz trains of AN activation. Compared to control (black), EPSCs in
GABA are reduced, and show facilitation (red). Addition of DHPG has no further effect (blue), and all the effects are blocked by the
GABABR antagonist CGP55845 (green). Sample traces (i) and normalized EPSC1 and EPSC20 (ii) are shown. B, C, Average effects
of GABA and DHPG from five experiments. The effects on EPSC1 amplitude (B) and normalized train EPSCs (C) are shown. The
amplitude of EPSC1 does not differ significantly between GABA and GABA�DHPG ( p 	 0.2). The EPSC in GABA�DHPG�CGP is
not significantly different from control ( p 	 0.3). D, E, Two representative experiments showing the interaction between mGluR
and GABABR activation in current clamp. AN inputs were stimulated with single pulses (D) or a train of 20 pulses at 100 Hz (E). The
effects on BC spiking were recorded in control conditions (upper traces), in the presence of GABA (middle), and in DHPG�GABA
(lower). Dotted lines indicate Vrest in control conditions. Calibration: 10 mV, 20 ms. F, Average firing probabilities for experiments
similar to D and E using GABA (red and blue open symbols, 6 cells), or baclofen (closed symbols, 5 cells).
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mV in GABA, p 	 0.05, 4 cells), or input resistance (40.9 � 2.9
M� in control conditions vs 42.3 � 6.4 M� in GABA at �61 mV,
p 	 0.3, 4 cells). Furthermore, GABA had similar effects on BC
firing even in the presence of GABAA receptor antagonist bicuc-
ulline (data not shown). Thus, the drop in spiking was likely
caused by the decrease in EPSP amplitude following GABABR
activation.

When we next added DHPG, firing was restored to a consid-
erable extent (Fig. 4D,E, bottom traces). In six experiments,
GABA application reduced the firing probability throughout the
train (Fig. 4F) ( p � 0.003), and mGluR activation significantly
restored it ( p � 0.005) (Fig. 4F, open blue symbols). We con-
firmed that GABA activated GABABRs using CGP55845: the
firing probability in DHPG alone was the same as in
DHPG�GABA�CGP (Pspike � 1 � 0 in both conditions for
pulse 1, and 0.91 � 0.07 vs 0.90 � 0.08 for pulses 11–20, p 	 0.5,
3 cells). Similarly, in five experiments, spiking was strongly
blocked by the GABABR-specific agonist baclofen ( p � 0.001),
and subsequent DHPG application caused significant recovery
( p � 0.02) (Fig. 4F, closed symbols).

Discussion
We show here that group I mGluRs play an active role in modu-
lating BC membrane potential. mGluR-mediated depolarization
enhances firing properties of BCs in response to AN activity.
Hyperpolarization by mGluR antagonists and depolarization by
the glutamate reuptake inhibitor TBOA indicate that ambient
glutamate is sufficient to activate mGluRs, and the membrane
potential could be sensitive to fluctuations in local glutamate
concentration. We also show that this excitatory modulation can
interact with inhibitory modulation to enhance or suppress the
efficacy of AN endbulbs at driving BCs to fire spikes. This could
provide considerable flexibility in the functional state of this
synapse.

The fidelity of spiking in BCs is particularly important because
they relay temporal information about sounds to higher centers.
Activation of mGluRs increased the probability of BC spiking by
20% during trains of activity, while blocking the tonic activation
decreased spike probability by 10%. Thus, these receptors influ-
ence spike probability over a wide range. Furthermore, mGluR
activation decreased spike latency by 	100 �s, much greater than
the behavioral sensitivity to timing in the auditory system, which
is on the order of 10 �s (Klumpp and Eady, 1956). Thus, mGluRs
likely have a large impact on BCs’ role in the sound localization
pathway.

Group I mGluRs do not appear to influence neurotransmitter
release from the endbulb. This differs from the related calyx of
Held, where mGluR activation by itself is sufficient to cause en-
docannabinoid release (Kushmerick et al., 2004). Activation of
mGluRs alone can also drive endocannabinoid release in hip-
pocampus and cerebellum (Maejima et al., 2001; Varma et al.,
2001; Brown et al., 2003). Endbulbs do appear to express canna-
binoid receptors (our unpublished observations), but DHPG ev-
idently is insufficient to activate them. Thus endocannabinoid
release in the AVCN probably requires other factors.

Our experiments provide insights into how mGluRs may be
normally activated. In our slice experiments, mGluRs were toni-
cally active, and TBOA increased that activation. AN fibers form
the only known glutamatergic terminals onto BCs, but they are
silent in slices, except for infrequent mEPSC release (�5 vesicles/s).
It is unclear whether this would be sufficient to activate mGluRs.
Alternatively, glutamatergic sources other than endbulbs may
have been overlooked if their synapses lack conventional, AMPA

receptor-mediated EPSCs. Another possibility is that mGluRs are
extrasynaptic and sense the ambient level of glutamate in the
environment. This glutamate signal could be contributed to by
multiple cell types in the AVCN, including stellate cells and BCs
themselves, as a global indicator of activity, similar to what has
been proposed for nitric oxide in the superior olive (Steinert et
al., 2008). Additional experiments will be necessary to evaluate
these different possibilities.

Our results establish a clear distinction between the mGluR
and GABABR systems, that they act at separate loci, one presyn-
aptic and one postsynaptic. We study for the first time how these
two systems could interact. Our results indicate that this may give
important flexibility to the AN to BC synapse, which could affect
its function during sound processing. One possibility is that these
two pathways are triggered independently, and GABA and gluta-
mate sources compete to push the BC relay toward more or less
reliable (Fig. 4). Alternatively, the two pathways could be coordi-
nated to extend the dynamic range of the synapse. For example,
when AN fibers fire at high rates, mGluR activation could allow
them to drive BCs effectively despite short-term depression. At
low AN firing rates, the endbulb shows little depression and is
highly saturating; GABABR activation would keep it below satu-
rated levels so firing is not at 100% probability. Another inter-
esting possibility is that GABABR activation could be input
specific, while the effects of mGluR activation could affect all
synaptic inputs at once. It would be interesting to evaluate these
different scenarios by applying specific blockers of these recep-
tors during normal sound processing in vivo (Brückner and Hy-
son, 1998; Fukui et al., 2010). It will also be important to evaluate
how the depolarization caused by mGluR activation interacts
with the other inhibitory influences, e.g., GABAA and glycine
receptor activation (Wu and Oertel, 1986; Caspary et al., 1994;
Kopp-Scheinpflug et al., 2002; Gai and Carney, 2008).
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