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Abstract

Neuroplasticity in the central nucleus of the amygdala (CeA), particularly its latero-capsular division (Cel.C), is an
important contributor to the emotional-affective aspects of pain. Previous studies showed synaptic plasticity of
excitatory transmission to the CelLC in different pain models, but pain-related changes of inhibitory transmission
remain to be determined. The CelC receives convergent excitatory inputs from the parabrachial nucleus in the
brainstem and from the basolateral amygdala (BLA). In addition, feedforward inhibition of CeA neurons is driven by
glutamatergic projections from the BLA area to a cluster of GABAergic neurons in the intercalated cell masses (ITC).
Using patch-clamp in rat brain slices we measured monosynaptic excitatory postsynaptic currents (EPSCs) and poly-
synaptic inhibitory currents (IPSCs) that were evoked by electrical stimulation in the BLA. In brain slices from
arthritic rats, input-output functions of excitatory synaptic transmission were enhanced whereas inhibitory synaptic
transmission was decreased compared to control slices from normal untreated rats. A non-NMDA receptor antago-
nist (NBQX) blocked the EPSCs and reduced the IPSCs, suggesting that non-NMDA receptors mediate excitatory
transmission and also contribute to glutamate-driven feed-forward inhibition of CeLC neurons. IPSCs were blocked
by a GABAA receptor antagonist (bicuculline). Bicuculline increased EPSCs under normal conditions but not in slices
from arthritic rats, which indicates a loss of GABAergic control of excitatory transmission. A metabotropic glutamate
receptor subtype 1 (MGIuR1) antagonist (LY367385) reversed both the increase of excitatory transmission and the
decrease of inhibitory transmission in the arthritis pain model but had no effect on basal synaptic transmission in
control slices from normal rats. The inhibitory effect of LY367385 on excitatory transmission was blocked by bicu-
culline suggesting the involvement of a GABAergic mechanism. An mGIluR5 antagonist (MTEP) inhibited both exci-
tatory and inhibitory transmission in slices from normal and from arthritic rats. The analysis of spontaneous and
miniature EPSCs and IPSCs showed that mGIuR1 acted presynaptically whereas mGluR5 had postsynaptic effects. In
conclusion, mGIuR1 rather than mGIuR5 can account for the pain-related changes of excitatory and inhibitory
synaptic transmission in the CelLC through a mechanism that involves inhibition of inhibitory transmission
(disinhibition).

Background

Pain has a strong emotional component and is signifi-
cantly associated with anxiety and depression. The
amygdala plays a key role in emotional learning and
memory as well as in affective disorders [1-4] and is
also important for the emotional-affective dimension of
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pain and pain modulation [5-8]. Pharmacologic inhibi-
tion of amygdala hyperactivity has been shown to
decrease nocifensive and affective responses in animal
pain models [5,8-13]. Conversely, pharmacologic activa-
tion can produce pain behavior even in the absence of
tissue injury [14-17].

The amygdala consists of several anatomically and
functionally distinct nuclei [2,18]. The laterocapsular
division of the central nucleus (CeLC) has been termed
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the “nociceptive amygdala” because it receives nocicep-
tive-specific information from the spinal cord and brain-
stem (external parabrachial area, PB) and the vast
majority of CeLC neurons respond exclusively or prefer-
entially to noxious stimuli [5,8,19]. Synaptic plasticity of
PB inputs to the CeLC has been shown in models of
arthritic pain [20-23], visceral pain [24] and chronic
neuropathic pain [25] and is associated with pain-related
central sensitization of CeLC neurons [21,26-31]. Highly
processed multimodal, including nociceptive, informa-
tion reaches the CeLC from thalamus and cortex
through the lateral-basolateral (LA-BLA) network [5,8].
The LA-BLA circuitry is critical for the emotional eva-
luation of sensory stimuli and for acquisition and conso-
lidation of aversive associations [2,3,32,33]. Our previous
studies showed pain-related synaptic plasticity of excita-
tory transmission at the LA-BLA and BLA-CeLC
synapses [10,20,23]. The BLA can influence CeA pro-
cesses via direct glutamatergic projections and through
indirect disynaptic routes involving GABAergic neurons
in the intercalated cell masses (ITC) that project to the
CeA [2,32,34]. Activation of inhibitory ITC neurons and
subsequent inhibition of CeA neurons has been sug-
gested to play an important role in fear extinction
[2,35]. However, the role of synaptic inhibition of CeLC
neurons in pain-related plasticity remains to be deter-
mined and was addressed in this study.

Another focus of this study was on the involvement of
group I metabotropic glutamate receptors (mGluRs) in
synaptic inhibition of CeLC neurons, because our pre-
vious studies showed that these receptors are important
modulators of excitatory synaptic transmission in the
CeLC [20]. Group I mGluRs comprise mGluR1 and
mGluR5 subtypes and are involved in neuroplasticity
associated with normal brain functions as well as in
neurological and psychiatric disorders [36-39] and in
pain mechanisms [40-42]. Group I mGluRs play a criti-
cal role in pain-related central sensitization of amygdala
neurons [20,27] and in amygdala-mediated pain beha-
viors [9,15,43]. Using patch-clamp recordings in brain
slices from arthritic rats (kaolin-carrageenan model) and
from controls, we measured and compared pain-related
changes in inhibitory and excitatory transmission from
the BLA to the CeLC and the contribution of group I
mGluRs to these changes.

Results

Pain-related increase of excitatory transmission and
decrease of glutamate-driven inhibitory transmission in
CeLC neurons

Excitatory and inhibitory postsynaptic currents (EPSCs
and IPSCs, respectively) were evoked in CeLC neurons
by electrical stimulation in the BLA (Figure 1A and 1B).
Monosynaptic EPSCs recorded in voltage-clamp at
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Figure 1 Monosynaptic excitatory and polysynaptic inhibitory
synaptic transmission in CeLC neurons. (A) Coronal brain slices
containing the right amygdala were obtained from normal rats and
arthritic rats 4-6 h after injections of kaolin and carrageenan (K/C)
into the left knee joint. Magnified area shows position of the patch-
clamp electrode ("Recording”) in the CelC; stimulation electrode in
the BLA to activate direct glutamatergic projections and indirect
disynaptic connections that involve GABAergic neurons in the
intercalated cell masses (ITC). Diagrams are from [66]. (B) Biphasic
synaptic responses were evoked at different holding potentials (-70,
-30, and 0 mV). () Individual traces (average of 8-10) of synaptic
responses evoked at -70 mV (downward deflections, EPSCs;
inhibited by NBQX, 10 uM) and at 0 mV (upward deflections, IPSCs;
blocked by bicuculline, 10 uM). Scale bars, 50 pA, 30 ms. (D)
Monosynaptic EPSCs, but not polysynaptic IPSCs, follow high-
frequency stimulation (20 Hz; 6 individual traces each). Scale bars, 50
pA, 30 ms. (E) Individual EPSCs and IPSCs evoked with twice-
threshold stimulation (30 sweeps each). Latencies of IPSCs were
longer and more variable. Calibration: 50 pA, 3 ms. (F) Distribution
of EPSC and IPSC latencies measured from stimulus artifact to onset
of synaptic current in one neuron (n = 100 events). (G) Bar
histograms show average latencies (means + SE) of EPSCs and IPSCs
in 10 neurons. ** P < 0.01, paired t-test. (H) Bar histograms show
the number of neurons that did not respond to the second or third
high-frequency stimulus (HFS, 20 Hz). The failure rate is normalized
for each neuron and averaged across the sample of neurons (n =
15; 0, no failure; 1, no IPSC). ** P < 0.01, compared to 1% stimulus
(no failure), Dunnett's multiple comparison test.
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-70 mV were mediated by non-NMDA receptors
because they were completely blocked by NBQX (10
uM, Figure 1C). IPSCs recorded at 0 mV holding poten-
tial were blocked by a GABAA receptor antagonist
(bicuculline, 10 uM, Figure 1C). EPSCs, but not IPSCs,
followed high-frequency (20 Hz) synaptic stimulation
reliably (Figure 1D). EPSCs had a fixed latency whereas
the latencies of IPSCs showed larger variability (Figure
1E and 1F). Average latency of EPSCs (from stimulus
artifact to onset of synaptic current) was significantly
shorter than that of IPSCs (see individual example in
Figure 1F; data are summarized in Figure 1G, n = 10
neurons; P < 0.01, paired t-test). Failure to follow high-
frequency synaptic stimulation was significant in the
sample of neurons (n = 15; P < 0.01, Dunnett’s multiple
comparison test, Figure 1H). The data show that CeLC
neurons receive monosynaptic excitatory and polysynap-
tic inhibitory inputs from the BLA.

To determine pain-related changes of excitatory and
inhibitory synaptic inputs, input-output (I/O) relation-
ships were obtained by measuring peak amplitudes of
EPSCs and IPSCs as a function of afferent fiber stimulus
intensity for each neuron (see examples in Figure 2A
and 2B). CeLC neurons were recorded in slices from
normal untreated rats and in slices from arthritic rats
(4-6 hr after induction of arthritis in one knee joint; see
Methods). Compared with controls (n = 11 neurons), I/
O function of monosynaptic EPSCs at the BLA-CeLC
synapse increased significantly in the arthritis pain
model (n = 12 neurons, F;53; = 30.49, P < 0.0001, main
effect of treatment, two-way ANOVA; Figure 2A),
whereas the I/O function of IPSCs decreased signifi-
cantly (control, n = 11 neurons; arthritis, n = 12 neu-
rons; Fja.3; = 22.15, P < 0.0001, main effect of
treatment, two-way ANOVA; Figure 2B). The increase
of excitatory transmission relative to inhibitory trans-
mission in the arthritis pain model is reflected in the
significantly increased EPSC/IPSC ratio (P < 0.001,
unpaired t test; Figure 2C).

Next we tested the hypothesis that polysynaptic inhibi-
tory transmission is glutamate- driven. IPSCs were
inhibited by a non-NMDA receptor antagonist (NBQX,
10 uM; Figure 3) in slices from normal animals (n = 5
neurons, Fjgg = 24.11, P < 0.0001, main effect of drug,
two-way ANOVA; Figure 3A) and in slices from
arthritic rats (n = 5 neurons, F; gg = 36.18, P < 0.0001,
main effect of drug, two-way ANOVA; Figure 3B). The
effect of NBQX on I/O functions of inhibitory transmis-
sion was not significantly different in arthritis compared
to normal conditions (P > 0.05, unpaired t-test; Figure
3C). The pharmacological profile (blockade by NBQX)
and synaptic characteristics (longer and more variable
latencies and inability to follow high-frequency stimula-
tion) indicate that IPSCs recorded in CeLC neurons are
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Figure 2 Increased excitatory and decreased inhibitory
transmission in CeLC neurons in a model of arthritic pain. (A)
Input-output (I/0) functions of monosynaptic EPSCs (recorded at -70
mV) increased significantly (P < 0.0001, two-way ANOVA, see
Results) in slices from arthritis rats (n = 12 neurons) compared with
control slices from normal rats (n = 11 neurons). Traces show EPSCs
evoked with stimulus intensities of 0.3, 0.6 and 0.9 mA in one CelL.C
neuron from a normal rat and in another CeLC neuron from an
arthritic rat. Scale bars, 50 pA, 10 ms. (B) 1/0O function of IPSCs
(recorded at 0 mV) decreased significantly (P < 0.0001, two-way
ANOVA, see Results) in slices from arthritic rats (n = 12 neurons)
compared with slices from normal rats (n = 11 neurons). Individual
traces show IPSCs evoked with stimulation intensities of 0.3, 0.6 and
0.9 mA. Scale bars, 50 pA, 10 ms. (C) The ratio of EPSCs and IPSCs
evoked with a stimulation intensity of T mA increased significantly
in slices from arthritic rats (n = 12 neurons) compared to controls
(n =11 neurons). *** P < 0.001, unpaired t-test. (A-C) Symbols and
error bars represent means + SE.
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Figure 3 Inhibitory transmission onto CeLC neurons is driven
by non-NMDA receptors. (A) A non-NMDA receptor antagonist
(NBQX, 10 uM) decreased input-output (I/0) functions of IPSCs
(recorded at 0 mV) in slices from normal rats significantly (n = 5
neurons, P < 0.0001, two-way ANOVA; see Results). Traces show
IPSCs evoked in one CelC neuron before (Predrug) and during
NBQX. Stimulus intensity, 0.9 mA; scale bars, 50 pA, 10 ms. (B) NBOX
also decreased 1/O function of IPSCs (recorded at 0 mV) in slices
from arthritic rats (n = 5 neurons) significantly (n = 5 neurons, P <
0.0001, two-way ANOVA; see Results). Individual traces show IPSCs
evoked in one Cel.C neuron before (Predrug) and during NBQX.
Stimulus intensity, 0.9 mA; scale bars, 50 pA, 10 ms. (C) The effect of
NBQX normalized to predrug values (set to 1.0) was not significantly
different between slices from arthritic rats and normal controls (P >
0.05, unpaired t-test). (A-C) Symbols and error bars represent

means + SE.
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polysynaptic, involving a glutamatergic synapse. The
results are consistent with morphological and functional
evidence for glutamatergic projections from the BLA to
GABAergic interneurons in the ITC [2,35] and suggest
that CeLC neurons receive disynaptic feedforward
inhibition.

Pain-related loss of GABAergic inhibition of excitatory
transmission

We sought to determine if feedforward inhibition of
CeLC neurons modulates excitatory synaptic transmis-
sion from the BLA and if that effect changes in the
arthritis pain state. A GABA4 receptor antagonist (bicu-
culline, 10 pM) significantly increased I/O function of
excitatory transmission at the BLA-CeLC synapse under
normal conditions (n = 5 neurons, F; gg = 8.80, P < 0.01,
main effect of drug, two-way ANOVA; Figure 4A), sug-
gesting GABAergic control of excitatory inputs to the
CeLC. In slices from arthritic rats, however, bicuculline
had no significant effect on EPSCs evoked in CeLC neu-
rons (n = 5 neurons, Fy gg = 2.67, P > 0.05, main effect
of drug, two-way ANOVA; Figure 4B). The significantly
decreased facilitatory effect of bicuculline in the arthritis
model (P < 0.05, unpaired t-test; Figure 4C) may suggest
that loss of inhibition contributes at least in part to the
pain-related increase of excitatory transmission (see
Figure 2A).

mGluR1, but not mGIuR5, can account for the pain-
related changes of excitatory and inhibitory transmission
in CeLC neurons

Our previous studies showed that mGIluR1 and mGIuR5
modulate excitatory transmission in the CeLC and upre-
gulation of mGluR1 is associated with pain-related
synaptic plasticity [20]. Here we examined the modula-
tion of inhibitory transmission by mGluR1 and mGluR5.
Confirming the results of our previous study obtained
with a different mGluR1 antagonist (CPCCOEt) [20], a
selective mGluR1 antagonist (LY367385, 10 pM) inhib-
ited excitatory synaptic transmission in CeLC neurons in
slices from arthritic rats (n = 5 neurons, F; gg = 37.10, P <
0.0001, main effect of drug, two-way ANOVA; Figure 5B)
but had no significant effect under normal conditions
(n = 3 neurons, F; 44 = 1.03, P > 0.05, main effect of drug,
two-way ANOVA; Figure 5A). The inhibitory effect of
LY367385 in the pain model was significantly different
from that under normal conditions (P < 0.05, unpaired
t-test; Figure 5C). LY367385 increased inhibitory synaptic
transmission in slices from arthritic rats significantly (n =
5 neurons, F; gg = 15.91, P < 0.0001, main effect of drug,
two-way ANOVA; Figure 5E) but had no significant
effect under normal conditions (n = 3 neurons, Fj 44 =
0.56, P > 0.05, main effect of drug, two-way ANOVA;
Figure 5D). The facilitatory effect of LY367385 in the
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Figure 4 GABAergic inhibition is lost in a model of arthritic
pain. (A) A GABA, receptor antagonist (bicuculline, 10 uM)
significantly increased 1/0 function of EPSCs evoked in CelLC
neurons in slices from normal rats (n = 5 neurons, P < 0.001, two-
way ANOVA; see Results). Individual traces show EPSCs evoked in
one Cel.C before (Predrug) and during bicuculline. Stimulus
intensity, 0.9 mA. Scale bars: 50 pA, 10 ms. (B) Bicuculline had no
significant effect on EPSCs recorded in CeLC neurons in slices from
arthritic rats (n = 5 neurons, P > 0.05, two-way ANOVA; see Results).
Traces show EPSCs recorded in one CelLC neuron before (Predrug)
and during bicuculline; they were nearly identical as bicuculline had
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Figure 5 Blockade of mGIuR1 reverses the pain-related
increase of excitatory transmission and the decrease of
inhibitory transmission in CeLC neurons. (A) A selective mGIluR]1
antagonist (LY367385, 10 uM) had no significant effect on 1/0
functions of EPSCs at the BLA-Cel.C synapse in slices from normal
rats (n = 3 neurons, P > 0.05, two-way ANOVA; see Results). (B)
LY367385 inhibited excitatory transmission in slices from arthritic
rats (n = 5 neurons, P < 0.0001, two-way ANOVA; see Results). (C)
The inhibitory effect of LY367385 (normalized to predrug; set to 1.0)
in the arthritis pain model was significantly different from that
under normal conditions. * P < 0.05, unpaired t-test. (D) LY367385
had no significant effect on I/O functions of IPSCs in slices from
normal rats (n = 3 neurons, P > 0.05, two-way ANOVA; see Results).
(E) LY367385 increased inhibitory transmission in slices from arthritic
rats significantly (n = 5 neurons, P < 0.0001, two-way ANOVA; see
Results). (F) The facilitatory effect of LY367385 (normalized to
predrug; set to 1.0) in the arthritis pain model was significantly
different from that under normal conditions. * P < 0.05, unpaired t-

test. (A-F) Symbols and error bars represent means + SE.

pain state was significantly different from that under nor-
mal conditions (P < 0.05, unpaired t-test; Figure 5F). The
results show that LY367385 can reverse pain-related
changes of excitatory as well as inhibitory transmission in
the CeLC.

no effect. Stimulus intensity, 0.9 mA; scale bars, 50 pA, 10 ms. (C)
Bar histograms show the significantly greater facilitatory effect of
bicuculline on EPSCs (normalized to predrug; set to 1.0) in slices
from normal rats compared to arthritic rats. * P < 0.05, unpaired t-
test. (A-C) Symbols and error bars represent means + SE.
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Figure 6 Blockade of mGIuR5 inhibits excitatory and inhibitory
transmission under normal conditions and in arthritis. (A) A
selective mGIUR5 antagonist (MTEP, 1 uM) decreased 1/O functions
of excitatory transmission in slices from normal rats significantly (n =
5 neurons, P < 0.01, two-way ANOVA; see Results). (B) MTEP
inhibited EPSCs in slices from arthritic rats significantly (n = 5
neurons, P < 0.0001, two-way ANOVA; see Results). (C) Normalized
effects (to predrug; set to 1.0) of MTEP on EPSCs were not
significantly between arthritis and normal conditions (P > 0.05,
unpaired t-test). (D) MTEP decreased 1/O functions of inhibitory
synaptic transmission in slices from normal animals (n = 5 neurons,
P < 0.0001, two-way ANOVA; see Results). (E) MTEP decreased IPSCs
in slices from arthritic rats significantly (n = 5 neurons, P < 0.01,
two-way ANOVA; see Results). (F) Normalized effects (to predrug; set
to 1.0) of MTEP on IPSCs were not significantly different between
normal and arthritis conditions (P > 0.05, unpaired t-test). (A-F)
Symbols and error bars represent means + SE.

Like the mGIuR1 antagonist, a selective mGluR5
antagonist (MTEP, 1 uM) significantly decreased the
input-output functions of excitatory synaptic transmis-
sion in slices from arthritic rats (n = 5 neurons, F; gg =
16.12, P < 0.0001, main effect of drug, two-way
ANOVA; Figure 6B). Unlike LY367385, however, MTEP
had inhibitory effects in slices from normal rats (n = 5
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neurons, F;gg = 5.75, P < 0.01, main effect of drug, two-
way ANOVA; Figure 6A). The inhibitory effects on exci-
tatory transmission were not significantly different
between arthritis and normal conditions (P > 0.05,
unpaired t-test; Figure 6C). MTEP also decreased inhibi-
tory synaptic transmission in slices from arthritic rats (n
= 5 neurons, F; gg = 10.13, P < 0.01, main effect of drug,
two-way ANOVA; Figure 6E) and in slices from normal
animals (n = 5 neurons, F; gg = 22.54, P < 0.0001, main
effect of drug, two-way ANOVA; Figure 6D). The inhi-
bitory effects of MTEP on IPSCs were not significantly
different between normal and arthritis conditions (P >
0.05, unpaired t-test; Figure 6F). The results show that
mGluR5 are involved in excitatory and inhibitory synap-
tic transmission under normal conditions and in the
pain state, whereas mGluR1 contribute only to the pain-
related changes of excitatory and inhibitory transmission
in CeLC neurons.

Presynaptic action potential-dependent action of mGIuR1
and postsynaptic action of mGIuR5
The analysis of spontaneous and miniature EPSCs and
IPSCs is a well established electrophysiological approach
to determine pre- versus postsynaptic mechanisms. Pre-
synaptic changes at the transmitter release site affect
frequency, whereas changes at the postsynaptic mem-
brane would alter amplitude (quantal size) [44]. In slices
from arthritic rats, LY367385 (10 puM) decreased fre-
quency (Figure 7B), but not amplitude (Figure 7C), of
spontaneous EPSCs (sEPSCs) significantly (cumulative
frequency distribution, P < 0.05, Kolmogorov Smirnov
test; mean frequency, P < 0.01, paired t-test; n = 6 neu-
rons). Original recordings of sEPSCs are shown in
Figure 7A. Recordings were made in slices from arthritic
rats, because LY367385 had no significant effect under
normal conditions (see Figure 5). LY367385 (10 uM)
had no significant effect on frequency (Figure 7E) and
amplitude (Figure 7F) of miniature EPSCs (mEPSCs)
recorded in TTX (1 puM) in slices from arthritic rats
(cumulative distribution, P > 0.05, Kolmogorov-Smirnov
test; mean frequency and amplitude, n = 8 neurons, P >
0.05, paired t-test; original traces are shown in Figure
7D). The lack of effect on mEPSCs suggests an action
potential-dependent site of action. LY367385 (10 uM)
increased frequency, but not amplitude, of sIPSCs (n =
7 neurons; Figure 7G-I) and mIPSCs (n = 7 neurons;
Figure 7]J-L) significantly (cumulative frequency distribu-
tion, P < 0.05, Kolmogorov-Smirnov test; mean fre-
quency, P < 0.01, paired t-test). The data suggest that
mGluR1 act presynaptically on GABAergic terminals to
regulate glutamatergic transmission in the arthritis pain
model.

MTEP (10 uM) decreased the amplitude, but not fre-
quency, of SEPSCs (n = 5 neurons; Figure 8A-C) and
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Figure 7 Effects of LY367385 on spontaneous and miniature excitatory and inhibitory postsynaptic currents in CeLC neurons from
arthritic rats. (A) Original current traces of spontaneous EPSCs (sEPSC) in an individual CeLC neuron (held at -70 mV) from an arthritic rat
before (Predrug) and during LY367385 (10 uM). (B, €) Cumulative distribution analysis of sEPSC frequency (B) and amplitude (C). LY367385
caused a significant shift toward larger inter-event intervals (lower frequency; P < 0.05, Kolmogorov-Smirnov test). LY367385 decreased mean
SEPSC frequency (B), but not amplitude (C), significantly (n = 6 neurons, P < 0.01, paired t-test). (D) Current traces of miniature EPSCs (mEPSCs)
recorded in the presence of TTX (1 uM) in one CelLC neuron from an arthritic rat before (Predrug) and during LY367385 (10 uM). (E, F) LY367385
(10 uM) had no significant effect on frequency (E) and amplitude (F) of mEPSC (cumulative distribution, P > 0.05, Kolmogorov-Smirnov test;
means + SE, n = 8 neurons, P > 0.05, paired t-test). (G) Current traces of sIPSCs recorded in one CelLC neuron (held at 0 mV) in a brain slice
from an arthritic rat before (Predrug) and during LY367385 (10 uM). (H, 1) LY367385 (10 uM) increased frequency (H), but not amplitude (1), of
sIPSCs significantly (cumulative frequency distribution, P < 0.05, Kolmogorov-Smirnov test; mean frequency, n = 7 neurons, P < 0.01, paired
t-test). (J) Current traces of mIPSCs in the presence of TTX (1 uM) in one CeLC neuron from an arthritic rat before (Predrug) and during
LY367385 (10 uM). (K, L) LY367385 (10 puM) increased frequency (K), but not amplitude (L), of mIPSCs significantly (cumulative frequency
distribution, P < 0.05, Kolmogorov-Smirmnov test; mean frequency, n = 7 neurons, P < 0.01, paired t-test). (A, D, G, J) Scale bars, 10 pA, 2 s.

(B, G, E, F, H, I, K, L) Bar histograms show means + SE.
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Figure 8 Effects of MTEP on spontaneous and miniature excitatory and inhibitory postsynaptic currents in CeLC neurons from
arthritic rats. (A) Original current traces of sEPSCs in an individual CeL.C neuron (held at -70 mV) from an arthritic rat before (Predrug) and
during MTEP (1 uM). (B, ©) MTEP (1 uM) decreased sEPSC amplitude (C), but not frequency (B), significantly (cumulative amplitude distribution,

P < 0.05, Kolmogorov-Smirnov test; mean amplitude, n = 5 neurons, P < 0.01, paired t-test). (D) Current traces of mEPSCs recorded in the
presence of TTX (1 uM) in one CelLC neuron from an arthritic rat before (Predrug) and during MTEP (1 uM). (E, F) MTEP (1 uM) decreased mEPSC
amplitude (F), but not frequency (E), significantly (cumulative amplitude distribution, P < 0.05, Kolmogorov-Smirnov test; mean amplitude, n = 5
neurons, P < 0.01, paired t-test). (G) Current traces of sIPSCs recorded in one CelLC neuron (held at 0 mV) in a brain slice from an arthritic rat
before (Predrug) and during MTEP (1 uM). (H, I) MTEP (1 uM) decreased amplitude (I), but not frequency (H), of sIPSCs significantly (cumulative
amplitude distribution, P < 0.05, Kolmogorov-Smirnov test; mean amplitude, n = 4 neurons, P < 0.001, paired t-test). (J) Current traces of mIPSCs
in the presence of TTX (1 uM) in one CeLC neuron from an arthritic rat before (Predrug) and during MTEP (1 uM). (K, L) MTEP (1 uM) decreased
amplitude (L), but not frequency (K), of mIPSCs significantly (cumulative amplitude distribution, P < 0.05, Kolmogorov-Smirnov test; mean
amplitude, n = 4 neurons, P < 0.001, paired t-test). (A, D, G, J) Scale bars, 10 pA, 2 s. (B, C, E, F, H, I, K, L) Bar histograms show means + SE.
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mEPSCs (n = 5 neurons; Figure 8D-F) recorded in CeLC
neurons in slices from arthritic rats (cumulative ampli-
tude distribution, P < 0.05, Kolmogorov-Smirnov test;
mean amplitude, P < 0.01, paired t-test). MTEP also
decreased the amplitude (n = 4 neurons; Figure 8G-I),
but not frequency (n = 4 neurons; Figure 8J-L), of
sIPSCs and mIPSCs in CeLC neurons significantly
(cumulative amplitude distribution, P < 0.05, Kolmo-
gorov-Smirnov test; mean amplitude, P < 0.001, paired
t-test). The data suggest that mGluR5 regulate both
excitatory and inhibitory synaptic transmission in CeLC
neurons through a postsynaptic mechanism of action.

Presynaptic modulation of excitatory transmission by
mGluR1 involves GABAA receptors

The data presented so far show that mGIuR1 acts presy-
naptically to inhibit GABAergic transmission but also
increases excitatory transmission through an action
potential dependent “presynaptic” mechanism. We
tested the hypothesis that the inhibitory action of
mGluR1 on GABAergic terminals is a mechanism by
which mGluR1 increase excitatory transmission.
LY367385 (10 uM) decreased excitatory synaptic trans-
mission (EPSCs, n = 5 neurons, F; gg = 42.06, P <
0.0001, main effect of drug, two-way ANOVA; Figure
9A) and the number of synaptically evoked spikes (n =
5 neurons, P < 0.05, ANOVA with Bonferroni posttest;
Figure 9B) in CeLC neurons in slices from arthritic rats.
The addition of bicuculline (10 uM) partially reversed
the inhibitory effect of LY367385 on EPSCs (n = 5 neu-
rons, Fj gg = 14.85, P < 0.001, main effect of drug, two-
way ANOVA; Figure 9A) and on synaptically evoked
spikes (n = 5 neurons, P < 0.05, ANOVA with Bonfer-
roni posttest; Figure 9B), whereas bicuculline alone had
no effect in the arthritis pain state (see Figure 4B). The
data suggest that removal of the mGluR1-mediated
blockade of inhibitory transmission with an mGluR1
antagonist restores inhibitory control of excitatory
synaptic transmission as is evident from the facilitatory
effect of a GABAA-receptor antagonist that was lost in
the arthritis pain model. Therefore, activation of
mGluR1 in arthritis may explain the loss of inhibitory
control (disinhibition) of excitatory transmission in the
CeLC.

Monosynaptic IPSCs are not under control of mGIuR1 in
the arthritis pain model

IPSCs evoked in some CeLC neurons showed little varia-
bility in latency and followed high-frequency stimulation,
suggesting that they were monosynaptic (Figure 10A and
10B). NBQX (10 uM) had no significant effect on mono-
synaptic IPSCs (n = 3 neurons, P > 0.05, paired t-test;
Figure 10C). In contrast to its facilitatory effect on poly-
synaptic IPSCs associated with feedforward inhibition of
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Figure 9 Blockade of mGluR1 restores facilitatory effects of
bicuculline on excitatory transmission in the arthritis pain
model. (A) LY367385 (10 uM) decreased I/O function of excitatory
synaptic transmission significantly (n = 5 neurons, P < 0.0001, main
effect of drug, two-way ANOVA; see Results). Coapplication of
bicuculline (10 uM) partially reversed the inhibitory effect of
LY367385 (n = 5 neurons, P < 0.001, main effect of drug, two-way
ANOVA: see Results). Current traces of EPSCs recorded in one Cel.C
neuron in a brain slice from an arthritic rat before (Predrug) and
during application of LY367385 alone and together with bicuculline.
Scale bars, 50 pA, 10 ms. (B) Current-clamp recordings show that
LY367385 (10 uM) decreased the number of synaptically evoked
action potentials in CeLC neurons in slices from arthritic rats (n = 5
neurons, P < 0.05, ANOVA with Bonferroni posttest). The addition of
bicuculline (10 uM) partially reversed the inhibitory effect of
LY367385 (n = 5 neurons, P < 0.05, ANOVA with Bonferroni
posttest). Bar histograms show the number of spikes per 10 synaptic
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neuron in a slice from an arthritic rat. Scale bars, 20 mV, 5 ms. (A, B)
Symbols and error bars represent means + SE.
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Figure 10 Blockade of mGIuR1 has no effect on monosynaptic
IPSCs in the arthritis pain model. (A, B) Individual traces of
monosynaptic IPSCs recorded in one CeLC neuron at 0 mV show
little variability in latency (10 sweeps) and follow high-frequency
stimulation (20 Hz, 6 sweeps). Scale bars 50 pA, 10 ms. (C) NBOX (10
pM) had no significant effect on monosynaptic IPSCs (n = 3
neurons; P > 0.05, paired t-test). (D) LY367385 (10 uM) had no
significant effect on monosynaptic IPSCs (n = 3 neurons; P > 0.05,
paired t-test). (C, D) Individual traces show monosynaptic IPSCs
before (Predrug) and during drug application. Stimulus intensity, 0.9
mA; scale bars, 50 pA, 10 ms. Bar histograms show means + SE.

CeLC neurons (Figure 5E and 5F), LY367385 (10 uM)
had no significant effect on monosynaptic IPSCs in slices
from arthritic rats (n = 3 neurons, P > 0.05, paired t-test;
Figure 10D). The origin of these monosynaptic inhibitory
inputs remains to be determined.

Discussion

The novel key findings of this study on amygdala func-
tion related to pain are as follows. 1) In contrast to the
increase in excitatory synaptic transmission, inhibitory
feedforward inhibition of CeLC neurons decreases in a
model of arthritis pain, shifting the balance toward a
dominance of excitatory inputs. 2) The differential
change of excitatory and inhibitory transmission
involves mGluR1 acting presynaptically on GABAergic
terminals to decrease inhibitory and enhance excitatory
transmission. 3) Postsynaptic mGIuR5 contribute to
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both excitatory and inhibitory synaptic transmission
under normal conditions and in the arthritis pain
model; their effect on synaptic inputs does not change
in the pain state. To conclude, the data confirm the
results of our previous studies [20,27] that a change in
the function of mGluR1 rather than mGIluR5 contributes
to enhanced excitatory transmission and increased activ-
ity of CeLC neurons; importantly, the present study pro-
vides novel insight into underlying mechanism by
showing that mGIuR1 exert their facilitatory effect
through disinhibition, i.e., inhibition of inhibitory con-
trol of excitatory inputs to the CeLC (see Figure 11).
The conclusion is supported by the following observa-
tions. We show for the first time a change in feedfor-
ward inhibition of CeLC neurons in a pain model.
Pharmacological evidence (blockade by NBQX) and
synaptic characteristics (longer and more variable laten-
cies and inability to follow high-frequency stimulation
reliably) indicate that synaptic inhibition of CeLC neu-
rons is polysynaptic, involving a glutamatergic synapse.
The results are consistent with reports in the literature
that glutamatergic projections from the BLA do not
only reach the CeA directly but also target a cluster of
GABAergic interneurons in the ITC that are interposed
between BLA and CeA [2,18,35,45,46]. The CeA serves
as the output nucleus for major amygdala functions and
regulates behavioral responses through projections to
hypothalamic nuclei and brainstem areas [4,45,47]. The
CeA receives affect-related information that is generated
in the LA-BLA network through associative processes
[3,4,18,32]. BLA axons projecting toward the CeA form
excitatory synapses with ITC neurons that project to the
CeA where they generate feed-forward inhibition

GABA
mGIuR1

GIutamaty"

Glutamate

mGIuR5

g

Figure 11 Proposed circuitry. CeLC neurons receive direct
excitatory input from the lateral-basolateral (BLA) nuclei that
contains highly processed multimodal, including nociceptive,
information [5,8]. ITC cells provide inhibitory inputs that contact
Cel.C directly, acting on GABAA receptors, but also regulate
glutamatergic inputs to the Cel.C. Presynaptic mGIuR1 inhibit
GABAergic afferents. In the pain state, increased glutamatergic
transmission to the CelC activates not only postsynaptic mGIuR5
but also presynaptic mGIuR1 that inhibit GABAergic transmission.
BLA, basolateral amygdala; ITC, intercalated cell masses; CelC, latero-
capsular division of the central nucleus of the amygdala; GABA
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[45,48,49]. Accumulating evidence suggests that direct
glutamatergic projections from the BLA to the CeA are
important for fear expression whereas activation of ITC
neurons that inhibit CeA output neurons might account
for the reduction of fear expression after extinction
[2,35,50,51].

Our results show that feedforward inhibition controls
excitatory inputs to the CeA under normal conditions
but not in a pain state. The fact that bicuculline
enhanced excitatory transmission while the CeLC neu-
ron was held at -70 mV, the equilibrium potential for
chloride ions, may suggest that GABAA-receptors mod-
ulate excitatory inputs indirectly through a “presynaptic”
site of action or in the network rather than on the
CeLC neuron itself. The significantly decreased facilita-
tory effect of bicuculline in the arthritis model suggests
that a loss of inhibition that may contribute at least in
part to the pain-related increase of excitatory transmis-
sion mediated by mGlIuR1.

The results obtained with highly selective antagonists
for mGluR1 and mGlIuR5 [40,42,52,53] show that presy-
naptic mGluR1, but not postsynaptic mGIluR5, can
account for the pain-related changes of excitatory and
inhibitory transmission in CeLC neurons. The interac-
tion between mGluR1 and GABAergic transmission
further suggests that pain-related decrease of inhibitory
transmission is an active process that involves activation
of mGluR1. Based on the analysis of spontaneous and
miniature synaptic events, mGluR1 act presynaptically
on GABAergic inputs whereas their effect on excitatory
transmission is indirect through a process that requires
action potential dependent network activity. Excitatory
transmission is under GABAergic inhibition that is lost
in arthritis through a mechanism that involves mGIuR1.
Removal of the mGluR1-mediated blockade of inhibitory
transmission with an mGluR1 antagonist restores inhibi-
tory control of excitatory synaptic transmission. There-
fore, activation of mGluR1 that is seen in arthritis but
not under normal conditions may explain the loss of
inhibitory control (disinhibition) of excitatory transmis-
sion in the CeLC.

Group I mGluR subtypes mGluR1 and mGIuR5 play
important roles in physiological neuroplasticity as well
as in neurological and psychiatric disorders [36-39] and
in pain mechanisms [40-42]. Our previous studies
showed that in the amygdala, activation of mGluR5, but
not mGluR1, enhanced the excitatory responses of
CeLC neurons to innocuous and noxious stimuli in
naive animals [54,55]. In the arthritis pain model, block-
ade of mGluR1 and mGluR5 decreased the enhanced
activity of CeLC neurons to normal-like levels, suggest-
ing a major change in the function of mGluR1 in pain.
The underlying mechanism included presynaptic facilita-
tion of excitatory transmission from the parabrachial
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area and the BLA to CeLC neurons by mGIluR5 under
normal conditions and by mGluR1 and mGIuR5 in the
arthritis pain model [20]. Largely based on agonist data
we assumed that both mGluR1 and mGIluR5 acted pre-
synaptically in that model. However, the detailed analy-
sis of miniature events in the present study suggests
that mGIluR5 are postsynaptic and mGIluR1 have presy-
naptic effects. The new results further show that the
action of mGluR1 on excitatory transmission involves
the inhibition of disynaptic inhibitory inputs from the
BLA (disinhibition). Inhibition of inhibitory synaptic
transmission by group I mGluRs has been shown in the
hippocampus (mGluR1 [56,57]), striatum (mGluR1 [58]),
cerebellum (mGIluR1 [59]), midbrain [60,61] and peria-
queductal gray (mGIuR5 [62]). The mechanism of inhi-
bition was typically presynaptic, and some evidence
suggests the involvement of retrograde endogenous can-
nabinoid signaling through CB1 receptors [62-64].

Conclusion

Both increased excitatory transmission and decreased
inhibitory transmission in the CeLC in a model of
arthritis pain involve mGluR1. These receptors act pre-
synaptically to decrease synaptic inhibition, thus dis-
inhibiting excitatory inputs to the CeLC, which may
explain the loss of inhibitory control and increase in
excitatory transmission observed in the arthritis pain
model. mGluR5 act postsynaptically to facilitate both
excitatory and inhibitory inputs, but they cannot
account for the differential pain-related changes that
involve loss of presynaptic GABAergic control of excita-
tory transmission to the CeLC. The concept of disinhibi-
tion of amygdala function may provide important
insights into emotional-affective pain mechanisms and
potential therapeutic strategies.

Methods

Animals

Male Sprague Dawley rats (120-250 g) were individually
housed in standard plastic cages (40 x 20 cm) in a tem-
perature-controlled room and maintained on a 12 hr
day/night cycle. Standard laboratory chow and tap water
were available ad libitum. On the day of the experiment,
rats were transferred from the animal facility and
allowed to acclimate to the laboratory for at least 1 hr.

Arthritis pain model

In one group of rats ("arthritis”), arthritis was induced in
one knee joint as described in detail previously [65]. A
kaolin suspension (4%, 80-100 pl) was slowly injected
into the joint cavity through the patellar ligament with a
syringe and needle (1 ml,). After repetitive flexions and
extensions of the knee for 15 min, a carrageenan solu-
tion (2%, 80-100 pl) was injected into the knee joint
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cavity, and the leg was flexed and extended for another
5 min. This treatment paradigm reliably leads to loca-
lized inflammation and swelling of the injected knee
within 1-3 hr. The inflammation persists for up to
2 weeks. It does not spread systemically [65]. Another
group of rats ("normal”) did not receive any injections
but was kept under the same conditions as the arthritis
rats before brain slices were obtained for electrophysio-
logical studies.

Electrophysiology

Amyagdala slice preparation

Brain slices containing the CeA were obtained from nor-
mal rats and from arthritic rats (4-6 h after arthritis
induction) as described before [10,20,21,23]. Rats were
decapitated, and the brains quickly were dissected out
and blocked in cold (4°C) artificial cerebrospinal fluid
(ACSF). ACSF contained the following (in mM): 117
NaCl, 4.7 KCl, 1.2 NaH,POy,, 2.5 CaCl,, 1.2 MgCl,, 25
NaHCOs3, and 11 glucose. ACSF was oxygenated and
equilibrated to pH 7.4 with a mixture of 95% O,/5%
CO2. Coronal brain slices (500 um) were prepared using
a Vibroslice (Camden Instruments, London, UK). After
incubation in ACSF at room temperature (21°C) for at
least 1 h, a single brain slice was transferred to the
recording chamber and submerged in ACSF (31 + 1°C),
which superfused the slice at 2 ml/min.

Whole-cell patch-clamp recording

Whole-cell voltage-clamp recordings were made from
CeLC neurons (see Figure 1A and 1B) in brain slices
from normal and arthritic rats using the “blind” patch
technique as in our previous studies [10,20,21,23]. One
neuron was recorded in each slice and 1 or 2 slices were
used per animal. Patch electrodes (4-6 MQ tip resis-
tance) were made from borosilicate glass capillaries (1.5
and 1.12 mm, outer and inner diameter, respectively;
Drummond, Broomall, PA) pulled on a Flaming-Brown
micropipette puller (P-97/PC; Sutter Instruments,
Novato, CA). The internal solution of the recording
electrodes contained (in mM): 122 K-gluconate, 5 NaCl,
0.3 CaCl,, 2 MgCl,, 1 EGTA, 10 HEPES, 5 Na,-ATP,
and 0.4 Na3-GTP, pH was adjusted to 7.2-7.3 with KOH
and osmolarity to 280 mOsm/kg with sucrose. Data
acquisition of current signals was done using a dual
four-pole Bessel filter (Warner Instruments), a low-noise
Digidata 1322 interface (Molecular Devices), an Axo-
clamp-2B amplifier (Molecular Devices) and a Pentium
personal computer. Evoked current data were acquired
and analyzed using pCLAMP10 software (Axon Instru-
ments). Head-stage voltage was monitored continuously
on an oscilloscope to ensure precise performance of
the amplifier. Neurons were voltage-clamped at -70
(chloride reversal potential) or 0 mV (reversal potential
of EPSCs) for the study of excitatory and inhibitory
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transmission, respectively. High gigaohm seal and low
series (20 MQ) resistances were checked throughout the
experiment (using pClamp9 membrane test function) to
ensure high-quality recordings.

Synaptic transmission

Excitatory and inhibitory postsynaptic currents (EPSCs
and IPSCs, respectively) were evoked in CeLC neurons
(held at -70 mV or 0 mV) by electrical stimulation
(150 ps square-wave pulses; S88 stimulator; Grass Instru-
ments) of BLA afferents (see Figure 1B) using a con-
centric bipolar stimulating electrode (David Kopf
Instruments). The distance between stimulation and
recording electrode was about 1 mm. Input-output rela-
tionships were obtained by increasing the stimulus inten-
sity in 0.1 mA steps. For evaluation of a drug effect on
synaptically evoked responses, the stimulus intensity was
adjusted to 80% of the intensity required for the maxi-
mum response. Spontaneous and miniature (in 1 pM
TTX) EPSCs and IPSCs were recorded at -70 and 0 mV,
respectively [23]. A fixed length of traces (5 min) was
analyzed for frequency and amplitude distributions using
MiniAnalysis program 5.3 (Synaptosoft). The root mean
square (RMS) of the background noise was computed for
each set of data. The detection threshold for an event
was set to 3-4 times the RMS value. Peaks were detected
automatically, but each detected event was then visually
inspected to avoid the inclusion of false data.

Drugs

The following drugs were used: 2,3-dioxo-6-nitro-1,2,3,4-
tetrahydrobenzo[f]quinoxaline-7- sulfonamide disodium
salt (NBQX; non-NMDA receptor antagonist); bicuculline
(GABAA receptor antagonist); o.-amino-4-carboxy-2-
methylbenzeneacetic acid (LY367385; selective mGluR1
antagonist) and 3-((2-Methyl-1,3-thiazol-4-yl)ethynyl)pyri-
dine hydrochloride (MTEP; selective mGIuR5 antagonist).
Drugs were purchased from Tocris Cookson (Bristol,
UK). All drugs were dissolved in ACSF to their final con-
centration on the day of the experiment. Selectivity and
target concentrations have been established in the litera-
ture [40,42,52,53]. Drugs were applied to the brain slice
by gravity-driven superfusion in the ACSF. ACSF con-
tained (in mM): 117 NaCl, 4.7 KCl, 1.2 NaH,PO4, 2.5
CaCl,, 1.2 MgCl,, 25 NaHCO3, and 11 glucose. Solution
flow into the recording chamber (1 ml volume) was con-
trolled with a three-way stopcock. Drugs were applied for
at least 8-10 min to establish equilibrium in the tissue.
ACSF served as vehicle control in all experiments.

Statistical analysis

All averaged values are given as the mean + SE. Statisti-
cal significance was accepted at the level P < 0.05.
GraphPad Prism 3.0 software (Graph-Pad Software, San
Diego, CA) was used for all statistical analysis. For



Ren and Neugebauer Molecular Pain 2010, 6:93
http://www.molecularpain.com/content/6/1/93

multiple comparisons of I/O functions, one-way
ANOVA or two-way ANOVA was used with appropri-
ate posttests (Bonferroni to compare selected pairs of
data; Dunnett’s multiple comparison test to compare all
data to a control value). Student’s t test (paired or
unpaired when appropriate) was used to compare two
sets of data that have Gaussian distribution and similar
variances. Kolmogorov-Smirnov test was used for cumu-
lative distribution analysis of spontaneous and miniature
synaptic events (MiniAnalysis program 5.3, Synaptosoft
Inc., Decatur, GA).

List of abbreviations

BLA: basolateral nucleus of the amygdale; CeA: central nucleus of the
amygdale; CelLC: latero-capsular division of the CeA; EPSC: excitatory
postsynaptic current; IPSC: inhibitory postsynaptic current; ITC: intercalated
cell masses; LA: lateral nucleus of the amygdale; mEPSC: miniature EPSC;
mIPSC: miniature IPSC; sEPSC: spontaneous EPSG; sIPSC: spontaneous IPSC

Acknowledgements
This work was supported by National Institute of Neurological Disorders and
Stroke Grants NS-38261 and NS-11255.

Authors’ contributions

WR performed patch-clamp recordings, analyzed electrophysiology data,
provided figures and wrote the first draft of the manuscript. VN
conceptualized the hypothesis, designed and supervised the experiments,
directed the data analysis, and finalized the manuscript. All authors read and
approved the manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 8 November 2010 Accepted: 16 December 2010
Published: 16 December 2010

References

1. Seymour B, Dolan R: Emotion, decision making, and the amygdala.
Neuron 2008, 58:662-671.

2. Pape HC, Pare D: Plastic synaptic networks of the amygdala for the
acquisition, expression, and extinction of conditioned fear. Physiol Rev
2010, 90:419-463.

3. Maren S: Synaptic Mechanisms of Associative Memory in the Amygdala.
Neuron 2005, 47:783-786.

4. Phelps EA, Ledoux JE: Contributions of the Amygdala to Emotion
Processing: From Animal Models to Human Behavior. Neuron 2005,
48:175-187.

5. Neugebauer V, Galhardo V, Maione S, Mackey SC: Forebrain pain
mechanisms. Brain Res Rev 2009, 60:226-242.

6. Gauriau C, Bernard J-F: Pain pathways and parabrachial circuits in the rat.
Exp Physiol 2002, 87:251-258.

7. Minami M: Neuronal mechanisms for pain-induced aversion behavioral
studies using a conditioned place aversion test. Int Rev Neurobiol 2009,
85:135-144.

8. Neugebauer V, Li W, Bird GC, Han JS: The amygdala and persistent pain.
Neuroscientist 2004, 10:221-234.

9. Ansah OB, Bourbia N, Goncalves L, Aimeida A, Pertovaara A: Influence of
amygdaloid glutamatergic receptors on sensory and emotional pain-
related behavior in the neuropathic rat. Behav Brain Res 2010,
209:174-178.

10. Ji G, Sun H, Fu Y, Li Z, Pais-Vieira M, Galhardo V, Neugebauer V: Cognitive
impairment in pain through amygdala-driven prefrontal cortical
deactivation. J Neurosci 2010, 30:5451-5464.

11. Myers B, Greenwood-Van Meerveld B: Divergent effects of amygdala
glucocorticoid and mineralocorticoid receptors in the regulation of

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Page 13 of 14

visceral and somatic pain. Am J Physiol Gastrointest Liver Physiol 2010, 298:
G295-G303.

Pedersen LH, Scheel-Kruger J, Blackburn-Munro G: Amygdala GABA-A
receptor involvement in mediating sensory-discriminative and affective-
motivational pain responses in a rat model of peripheral nerve injury.
Pain 2007, 127:17-26.

Carrasquillo Y, Gereau RW: Activation of the extracellular signal-regulated
kinase in the amygdala modulates pain perception. J Neurosci 2007,
27:1543-1551.

Han JS, Adwanikar H, Li Z, Ji G, Neugebauer V: Facilitation of synaptic
transmission and pain responses by CGRP in the amygdala of normal
rats. Mol Pain 2010, 6:10-23.

Kolber BJ, Montana MC, Carrasquillo Y, Xu J, Heinemann SF, Muglia LJ,
Gereau RW: Activation of metabotropic glutamate receptor 5 in the
amygdala modulates pain-like behavior. J Neurosci 2010, 30:8203-8213.
Myers B, Dittmeyer K, Greenwood-Van Meerveld B: Involvement of
amygdaloid corticosterone in altered visceral and somatic sensation.
Behav Brain Res 2007, 181:163-167.

Ansah OB, Goncalves L, Almeida A, Pertovaara A: Enhanced pronociception
by amygdaloid group | metabotropic glutamate receptors in nerve-
injured animals. Exp Neurol 2009, 216:66-74.

Sah P, Faber ES, Lopez de AM, Power J: The amygdaloid complex:
anatomy and physiology. Physiol Rev 2003, 83:803-834.

Gauriau C, Bernard J-F: A comparative reappraisal of projections from the
superficial laminae of the dorsal horn in the rat: the forebrain. J/ Comp
Neurol 2004, 468:24-56.

Neugebauer V, Li W, Bird GC, Bhave G, Gereau RW: Synaptic plasticity in
the amygdala in a model of arthritic pain: differential roles of
metabotropic glutamate receptors 1 and 5. J Neurosci 2003, 23:52-63.
Han JS, Li W, Neugebauer V: Critical role of calcitonin gene-related
peptide 1 receptors in the amygdala in synaptic plasticity and pain
behavior. J Neurosci 2005, 25:10717-10728.

Bird GC, Lash LL, Han JS, Zou X, Willis WD, Neugebauer V: Protein kinase
A-dependent enhanced NMDA receptor function in pain-related
synaptic plasticity in rat amygdala neurones. J Physiol 2005, 564:907-921.
Fu Y, Neugebauer V: Differential mechanisms of CRF1 and CRF2 receptor
functions in the amygdala in pain-related synaptic facilitation and
behavior. J Neurosci 2008, 28:3861-3876.

Han JS, Neugebauer V: Synaptic plasticity in the amygdala in a visceral
pain model in rats. Neuroscience Letters 2004, 361:254-257.

lkeda R, Takahashi Y, Inoue K, Kato F: NMDA receptor-independent
synaptic plasticity in the central amygdala in the rat model of
neuropathic pain. Pain 2007, 127:161-172.

Neugebauer V, Li W: Differential sensitization of amygdala neurons to
afferent inputs in a model of arthritic pain. J Neurophysiol 2003,
89:716-727.

Li W, Neugebauer V: Differential roles of mGIuR1 and mGIuR5 in brief
and prolonged nociceptive processing in central amygdala neurons.

J Neurophysiol 2004, 91:13-24.

Li W, Neugebauer V: Block of NMDA and non-NMDA receptor activation
results in reduced background and evoked activity of central amygdala
neurons in a model of arthritic pain. Pain 2004, 110:112-122.

Li W, Neugebauer V: Differential changes of group Il and group Il mGIuR
function in central amygdala neurons in a model of arthritic pain.

J Neurophysiol 2006, 96:1803-1815.

Ji G, Neugebauer V: Differential effects of CRF1 and CRF2 receptor
antagonists on pain-related sensitization of neurons in the central
nucleus of the amygdala. J Neurophysiol 2007, 97:3893-3904.

Ji G, Neugebauer V: Hemispheric lateralization of pain processing by
amygdala neurons. J Neurophysiol 2009, 102(4):2253-2264.

Pare D, Quirk GJ, Ledoux JE: New Vistas on Amygdala Networks in
Conditioned Fear. J Neurophysiol 2004, 92:1-9.

Schafe GE, Doyere V, Ledoux JE: Tracking the Fear Engram: The Lateral
Amygdala Is an Essential Locus of Fear Memory Storage. J Neurosci 2005,
25:10010-10014.

Pitkanen A, Savander V, LeDoux JE: Organization of intra-amygdaloid
circuitries in the rat: an emerging framework for understanding
functions of the amygdala. Trends Neurosci 1997, 20:517-523.

Amano T, Unal CT, Pare D: Synaptic correlates of fear extinction in the
amygdala. Nat Neurosci 2010, 13:489-494.


http://www.ncbi.nlm.nih.gov/pubmed/18549779?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20393190?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20393190?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16157273?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16242399?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16242399?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19162070?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19162070?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11856971?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19607966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19607966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15155061?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20097232?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20097232?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20097232?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20392966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20392966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20392966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19875699?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19875699?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19875699?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16965855?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16965855?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16965855?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17301163?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17301163?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20144185?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20144185?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20144185?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20554871?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20554871?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17481745?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17481745?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19094988?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19094988?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19094988?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12843409?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12843409?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14648689?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14648689?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12514201?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12514201?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12514201?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16291945?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16291945?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16291945?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15760935?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15760935?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15760935?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18400885?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18400885?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18400885?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15135941?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15135941?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17055162?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17055162?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17055162?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12574449?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12574449?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/13679408?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/13679408?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15275758?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15275758?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15275758?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16760343?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16760343?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17392412?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17392412?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17392412?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19625541?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19625541?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15212433?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15212433?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16251449?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16251449?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9364666?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9364666?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9364666?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20208529?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20208529?dopt=Abstract

Ren and Neugebauer Molecular Pain 2010, 6:93
http://www.molecularpain.com/content/6/1/93

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Lesage A, Steckler T: Metabotropic glutamate mGlu1 receptor stimulation
and blockade: therapeutic opportunities in psychiatric illness. Fur J
Pharmacol 2010, 639:2-16.

Pinheiro PS, Mulle C: Presynaptic glutamate receptors: physiological
functions and mechanisms of action. Nat Rev Neurosci 2008, 9:423-436.
Olive MF: Cognitive effects of Group | metabotropic glutamate receptor
ligands in the context of drug addiction. Fur J Pharmacol 2010, 639:47-58.
Niswender CM, Conn PJ: Metabotropic glutamate receptors: physiology,
pharmacology, and disease. Annu Rev Pharmacol Toxicol 2010, 50:295-322.
Lesage ASJ: Role of group | metabotropic glutamate receptors mGlu1
and mGlu5 in nociceptive signalling. Current Neuropharm 2004, 2:363-393.
Varney MA, Gereau RW: Metabotropic glutamate receptor involvement in
models of acute and persistent pain: prospects for the development of
novel analgesics. Current Drug Targets 2002, 1:215-225.

Neugebauer V: Glutamate receptor ligands. Handb Exp Pharmacol 2007,
177:217-249.

Han JS, Neugebauer V: mGIuR1 and mGIuR5 antagonists in the amygdala
inhibit different components of audible and ultrasonic vocalizations in a
model of arthritic pain. Pain 2005, 113:211-222.

Wyllie DJ, Manabe T, Nicoll RA: A rise in postsynaptic Ca2+ potentiates
miniature excitatory postsynaptic currents and AMPA responses in
hippocampal neurons. Neuron 1994, 12:127-138.

Ehrlich I, Humeau Y, Grenier F, Ciocchi S, Herry C, Luthi A: Amygdala
inhibitory circuits and the control of fear memory. Neuron 2009,
62:757-771.

Millhouse OE: The intercalated cells of the amygdala. J Comp Neurol 1986,

247:246-271.

Maren S, Quirk GJ: Neuronal signalling of fear memory. Nat Rev Neurosci
2004, 5:844-852.

Royer S, Pare D: Bidirectional synaptic plasticity in intercalated amygdala
neurons and the extinction of conditioned fear responses. Neuroscience
2002, 115:455-462.

Jungling K Seidenbecher T, Sosulina L, Lesting J, Sangha S, Clark SD,
Okamura N, Duangdao DM, Xu YL, Reinscheid RK, et al: Neuropeptide S-
mediated control of fear expression and extinction: role of intercalated
GABAergic neurons in the amygdala. Neuron 2008, 59:298-310.
Sotres-Bayon F, Quirk GJ: Prefrontal control of fear: more than just
extinction. Curr Opin Neurobiol 2010, 20:231-235.

Likhtik E, Popa D, pergis-Schoute J, Fidacaro GA, Pare D: Amygdala
intercalated neurons are required for expression of fear extinction.
Nature 2008, 454:642-645.

Lea PM, Faden Al: Metabotropic glutamate receptor subtype 5
antagonists MPEP and MTEP. CNS Drug Rev 2006, 12:149-166.
Pernia-Andrade AJ, Kato A, Witschi R, Nyilas R, Katona |, Freund TF,
Watanabe M, Filitz J, Koppert W, Schuttler J, et al: Spinal
endocannabinoids and CB1 receptors mediate C-fiber-induced
heterosynaptic pain sensitization. Science 2009, 325:760-764.

Li W, Neugebauer V: Differential roles of mGIuR1 and mGIuR5 in brief
and prolonged nociceptive processing in central amygdala neurons. J
Neurophysiol 2004, 91:13-24.

Ji G, Neugebauer V: Reactive oxygen species are involved in group |
mGluR-mediated facilitation of nociceptive processing in amygdala
neurons. J Neurophysiol 2010, 104(1):218-229.

Cozzi A, Meli E, Carla V, Pellicciari R, Moroni F, Pellegrini-Giampietro DE:
Metabotropic glutamate 1 (mGlu1) receptor antagonists enhance
GABAergic neurotransmission: a mechanism for the attenuation of post-
ischemic injury and epileptiform activity? Neuropharmacology 2002,
43:119-130.

Gereau RW IV, Conn PJ: Multiple presynaptic metabotropic glutamate
receptors modulate excitatory and inhibitory synaptic transmission in
hippocampal area Ca1. J Neurosci 1995, 15:6879-6889.

Battaglia G, Bruno V, Pisani A, Centonze D, Catania MV, Calabresi P,
Nicoletti F: Selective blockade of type-1 metabotropic glutamate
receptors induces neuroprotection by enhancing gabaergic
transmission. Mol Cell Neurosci 2001, 17:1071-1083.

Galante M, Diana MA: Group | metabotropic glutamate receptors inhibit
GABA release at interneuron-Purkinje cell synapses through
endocannabinoid production. J Neurosci 2004, 24:4865-4874.

Bonci A, Grillner P, Siniscalchi A, Mercuri NB, Bernardi G: Glutamate
metabotropic receptor agonists depress excitatory and inhibitory

Page 14 of 14

transmission on rat mesencephalic principal neurons. Eur J Neurosci 1997,
9:2359-2369.

61. Zheng F, Johnson SW: Dual modulation of gabaergic transmission by
metabotropic glutamate receptors in rat ventral tegmental area.
Neuroscience 2003, 119:453-460.

62. Drew GM, Mitchell VA, Vaughan CW: Glutamate Spillover Modulates
GABAergic Synaptic Transmission in the Rat Midbrain Periaqueductal
Grey via Metabotropic Glutamate Receptors and Endocannabinoid
Signaling. J Neurosci 2008, 28:808-815.

63. Galante M, Diana MA: Group | metabotropic glutamate receptors inhibit
GABA release at interneuron-Purkinje cell synapses through
endocannabinoid production. J Neurosci 2004, 24:4865-4874.

64. Varma N, Carlson GC, Ledent C, Alger BE: Metabotropic glutamate
receptors drive the endocannabinoid system in hippocampus. J Neurosci
2001, 21:RC188.

65. Neugebauer V, Han JS, Adwanikar H, Fu Y, Ji G: Techniques for assessing
knee joint pain in arthritis. Mol Pain 2007, 3:8-20.

66. Paxinos G, Watson C: The rat brain in stereotaxic coordinates New York:
Academic Press; 1998.

doi:10.1186/1744-8069-6-93

Cite this article as: Ren and Neugebauer: Pain-related increase of
excitatory transmission and decrease of inhibitory transmission in the
central nucleus of the amygdala are mediated by mGIuR1. Molecular
Pain 2010 6:93.

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

e Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BioMed Central



http://www.ncbi.nlm.nih.gov/pubmed/20371230?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20371230?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18464791?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18464791?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20371237?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20371237?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20055706?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20055706?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17087125?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15621382?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15621382?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15621382?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7507335?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7507335?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7507335?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19555645?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19555645?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2424941?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15496862?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12421611?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12421611?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18667157?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18667157?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18667157?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20303254?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20303254?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18615014?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18615014?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16958988?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16958988?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19661434?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19661434?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19661434?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/13679408?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/13679408?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20463194?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20463194?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20463194?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12213266?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12213266?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12213266?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7472445?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7472445?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7472445?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11414795?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11414795?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11414795?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15152047?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15152047?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15152047?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9464930?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9464930?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9464930?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12770559?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12770559?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18216189?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18216189?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18216189?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18216189?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15152047?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15152047?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15152047?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11734603?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11734603?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17391515?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17391515?dopt=Abstract

	Abstract
	Background
	Results
	Pain-related increase of excitatory transmission and decrease of glutamate-driven inhibitory transmission in CeLC neurons
	Pain-related loss of GABAergic inhibition of excitatory transmission
	mGluR1, but not mGluR5, can account for the pain-related changes of excitatory and inhibitory transmission in CeLC neurons
	Presynaptic action potential-dependent action of mGluR1 and postsynaptic action of mGluR5
	Presynaptic modulation of excitatory transmission by mGluR1 involves GABAA receptors
	Monosynaptic IPSCs are not under control of mGluR1 in the arthritis pain model

	Discussion
	Conclusion
	Methods
	Animals
	Arthritis pain model
	Electrophysiology
	Amygdala slice preparation
	Whole-cell patch-clamp recording
	Synaptic transmission

	Drugs
	Statistical analysis

	Acknowledgements
	Authors' contributions
	Competing interests
	References

