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Mitochondrial Reactive Oxygen Species Are Activated by
mGluR5 through IP; and Activate ERK and PKA to Increase
Excitability of Amygdala Neurons and Pain Behavior

Zhen Li,* Guangchen Ji,* and Volker Neugebauer
Department of Neuroscience and Cell Biology, University of Texas Medical Branch, Galveston, Texas 77555-1069,

Reactive oxygen species (ROS) such as superoxide are emerging as important signaling molecules in physiological plasticity but also in
peripheral and spinal cord pain pathology. Underlying mechanisms and pain-related ROS signaling in the brain remain to be determined.
Neuroplasticity in the amygdala plays a key role in emotional-affective pain responses and depends on group I metabotropic glutamate
receptors (mGluRs) and protein kinases. Using patch-clamp, live-cell imaging, and behavioral assays, we tested the hypothesis that
mitochondrial ROS links group I mGluRs to protein kinase activation to increase neuronal excitability and pain behavior. Agonists for
mGluR1/5 (DHPG) or mGluR5 (CHPG) increased neuronal excitability of neurons in the laterocapsular division of the central nucleus of
the amygdala (CeLC). DHPG effects were inhibited by an mGluR5 antagonist (MTEP), IP; receptor blocker (xestospongin C), or ROS
scavengers (PBN, tempol), but not by an mGluR1 antagonist (LY367385) or NO synthase inhibitor (L-NAME). Tempol inhibited the effects
of IP; but not those of a PKC activator, indicating that ROS activation was IP; mediated. Live-cell imaging in CeLC-containing brain slices
directly showed DHPG-induced and synaptically evoked mitochondrial superoxide production. DHPG also increased pain-related vocal-
izations and spinal reflexes through a mechanism that required mGluR5, IP;, and ROS. Combined application of inhibitors of ERK
(U0126) and PKA (KT5720) was necessary to block completely the excitatory effects of a ROS donor (tBOOH). A PKC inhibitor
(GF109203X) had no effect. Antagonists and inhibitors alone did not affect neuronal excitability. The results suggest an important role for

the novel mGluR5- IP;-ROS-ERK/PKA signaling pathway in amygdala pain mechanisms.

Introduction
Reactive oxygen species (ROS), such as superoxide and hydro-
gen peroxide, are emerging as important signaling molecules
in physiological plasticity (Klann, 1998; Hu et al., 2006;
Kishida and Klann, 2007) but also in pain pathophysiology
(Chung, 2004). Biochemical and behavioral data implicate pe-
ripheral (Twining et al., 2004; Keeble et al., 2009) and spinal
(Kim et al., 2004, 2009; Wang et al., 2004; Gao et al., 2007;
Schwartz et al., 2008, 2009) ROS in inflammatory and neuropathic
pain, but direct electrophysiological evidence is sparse. ROS scaven-
gers inhibited the responses of spinal dorsal horn neurons in the
capsaicin pain model (Lee et al., 2007) and C fiber-induced long-
term potentiation in spinal cord slices (Lee et al., 2010).
Mechanisms of pain-related ROS signaling, ROS activation,
and downstream targets remain to be determined. Pain-related
functions of ROS in the brain are largely unknown. The present
study focused on the amygdala, a key player in emotions and
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affective disorders (Maren, 2005; Phelps and Ledoux, 2005; Sey-
mour and Dolan, 2008). Neuroplasticity in the central nucleus of
the amygdala (CeA), particularly its laterocapsular division
(CeLC), contributes critically to the emotional-affective compo-
nent of pain and pain modulation (Gauriau and Bernard, 2002;
Neugebauer et al., 2004, 2009; Minami, 2009). Pharmacologic
inhibition of amygdala hyperactivity decreases nocifensive and
affective responses in animal pain models (Neugebauer et al.,
2004; Carrasquillo and Gereau, 2007; Pedersen et al., 2007; Ansah
et al., 2010; Myers and Greenwood-Van Meerveld, 2010). Con-
versely, pharmacologic CeA activation produces pain behavior in
the absence of tissue injury (Myers et al., 2007; Ansah et al., 2009;
Han et al., 2010; Kolber et al., 2010).

Group I metabotropic glutamate receptors (mGluRs) play a
critical role in pain-related hyperactivity of amygdala neurons
(Neugebauer et al., 2003; Li and Neugebauer, 2004) and
amygdala-mediated pain behaviors (Han and Neugebauer, 2005;
Ansah et al., 2010; Kolber et al., 2010). A recent in vivo study
suggests that facilitatory effects of group I mGluRs on nociceptive
processing in CeLC neurons involve ROS (Ji and Neugebauer,
2010). The mechanistic link between mGluRs and ROS signaling,
cellular site of ROS action, downstream targets, and behavioral
consequences remain to be determined and are addressed here.
Inositol-1,4,5-trisphosphate (IP;)-mediated calcium release in-
creases mitochondrial calcium uptake and ROS production (Ha-
jnoczky et al., 2006; Wu et al., 2007). Group I mGluRs typically
couple to IP; and protein kinase C (PKC) signaling (Varney and
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Gereau, 2002; Lesage, 2004; Neugebauer, 2007) and therefore are
well positioned to activate ROS.

Effector mechanisms of ROS may include protein kinases
(Kishida and Klann, 2007; Huddleston et al., 2008). Extracel-
lular signal-regulated kinase (ERK) (Carrasquillo and Gereau,
2007; Fu et al., 2008; Kolber et al., 2010) and PKA rather than
PKC (Bird et al., 2005; Fu et al., 2008) play an important role
in pain-related amygdala functions. Group I mGluRs, includ-
ing mGluR5, can activate ERK (Karim et al., 2001; Kolber et
al., 2010), but the coupling mechanism remains to be deter-
mined. ERK inhibition does not completely block mGluR5
agonist effects in the amygdala (Kolber et al., 2010). Evidence
from expression systems suggests that group I mGluRs can
also activate PKA (Joly et al., 1995). Here, we report a novel
mGluR5—1IP;—mitochondrial ROS—ERK and PKA signal-
ing cascade in the amygdala that can increase neuronal excit-
ability and pain responses.

Materials and Methods

Male Sprague Dawley rats (150-350 g) were housed in a temperature-
controlled room and maintained on a 12 h day/night cycle. Water and
food were available ad libitum. All experimental procedures were ap-
proved by the Institutional Animal Care and Use Committee (IACUC) at
the University of Texas Medical Branch (UTMB), Galveston, TX, and
conform to the guidelines of the International Association for the Study
of Pain, Seattle, WA, and the National Institutes of Health (NIH), Be-
thesda, MD.

Electrophysiology in brain slices

Slice preparation. Coronal brain slices (300-500 um) containing the
CeLC of the right hemisphere were obtained from normal untreated rats
(150-250 g) as described previously (Han et al., 2005b; Fu and Neuge-
bauer, 2008; Ji et al., 2010). Rats were decapitated without the use of
anesthesia to avoid chemical contamination of the tissue. A single brain
slice was transferred to the recording chamber and submerged in artifi-
cial CSF (ACSF; 31 £ 1°C), which superfused the slice at ~2 ml/min.
ACSEF contained the following (in mm): 117 NaCl, 4.7 KCl, 1.2 NaH, PO,
2.5 CaCl,, 1.2 MgCl,, 25 NaHCOs, and 11 glucose. The ACSF was oxy-
genated and equilibrated to pH 7.4 with a mixture of 95% O,/5% CO.,.
Only one or two brain slices per animal were used, one neuron was
recorded in each slice, and a fresh slice was used for each new experimen-
tal protocol. Numbers in the manuscript refer to the number of neurons
tested for each parameter.

Patch-clamp recording. Whole-cell patch-clamp recordings were ob-
tained from CeLC neurons using the “blind” patch technique as de-
scribed previously (Neugebauer et al., 2003; Han et al., 2005b; Fu and
Neugebauer, 2008). The boundaries of the different amygdalar nuclei are
easily discerned under light microscopy [see Fu and Neugebauer (2008),
their Fig. 1]. Recording pipettes (3—5 M() tip resistance) made from
borosilicate glass (1.5 and 1.12 mm, outer and inner diameter, respec-
tively; Drummond) were filled with intracellular solution containing the
following (in mm): 122 K-gluconate, 5 NaCl, 0.3 CaCl,, 2 MgCl,, 1
EGTA, 10 HEPES, 5 Na,-ATP, and 0.4 Na,-GTP; pH was adjusted to
7.2-7.3 with KOH and osmolarity to 280 mOsm/kg with sucrose. Data
acquisition and analysis of voltage and current signals were done using a
dual four-pole Bessel filter (Warner Instruments), low-noise Digidata
1322 interface (Axon Instruments), Axoclamp-2B amplifier (Axon In-
struments), Pentium PC, and pClamp9 software (Axon Instruments).
Signals were low-pass filtered at 1 kHz and digitized at 5 kHz. Head-stage
voltage was monitored continuously on an oscilloscope to ensure precise
performance of the amplifier. High (>2 G() seal and low (<20 MQ)
series resistances were checked throughout the experiment (using
pClamp9 membrane test function) to ensure high-quality recordings. If
series resistance (monitored with pClamp9 software, Axon Instruments)
changed >10%, the neuron was discarded. Neurons were recorded at
—60 mV. Using concentric bipolar stimulating electrodes (22 kW; SNE-
100; Kopf Instruments), monosynaptic EPSCs (in voltage clamp), or
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action potentials (in current clamp) were evoked in CeLC neurons by
focal electrical stimulation (Grass S88 stimulator) of inputs from the
parabrachial area (PB). For stimulation of the PB-CeLC synapse, the
electrode was positioned under microscopic control on the afferent fiber
tract from the lateral PB, which runs dorsomedial to the central nucleus
(CeA) and ventral to but outside of the caudate-putamen (Han et al.,
2005b; Fu and Neugebauer, 2008). In the vicinity of this tract, no other
afferents to the CeA have been described (Schwaber et al., 1988; Harrigan
et al., 1994). For basal synaptic stimulation, electrical stimuli (200 us
square-wave pulses) were delivered at a frequency of 0.033 Hz. For high-
frequency stimulation, trains of five stimuli delivered at 100 Hz (inter-
train interval of 20 s) were applied. In current-clamp experiments
designed to measure synaptically evoked action potentials, the stimulus
intensity was set to just above the threshold for evoking spikes (typically
10 V). This stimulus intensity was also used in live-cell imaging studies
(see below, Live-cell imaging of superoxide formation in brain slices).
Neuronal excitability was measured by recording action potentials gen-
erated by intracellular current injections (500 ms) of increasing magni-
tude while the cell was held at a starting membrane potential of —60 mV.

Drug application. Drugs were applied by gravity-driven superfusion of
the brain slice in the ACSF (~2 ml/min). Solution flow into the recording
chamber (1 ml volume) was controlled with a three-way stopcock. Some
compounds were also included in the internal solution of the patch pi-
pette for intracellular application (see below, Drugs).

Live-cell imaging of superoxide formation in brain slices

Coronal brain slices containing the CeLC were prepared as in the elec-
trophysiology experiments. Slices were incubated in oxygenated ACSF
for 1-3 h for stabilization. Immediately before imaging, the brain slice
was incubated in a redox-sensitive, mitochondrial-specific fluorescent
dye (MitoSOX, Invitrogen) for 30 min. The reduced form of MitoSOX
does not show fluorescence and penetrates into the cells and sequesters in
the mitochondria. MitoSOX fluoresces red when oxidized by superoxide
produced by mitochondria. For live-cell imaging, one slice was placed in
aperfusion/imaging chamber on an inverted epifluorescence microscope
(confocal system Zeiss LSM 510 META with Zeiss Axiovert 200M) and
continuously perfused with oxygenated ACSF (2 ml/min; 32°C). In some
experiments, focal electrical stimulation of presumed PB afferents at low
frequencies (1 Hz) and high frequencies (100 Hz) was used (see above,
Patch-clamp recording). Scanning parameters, pinhole diameter, and
laser intensity were optimized to minimize photobleaching and other
photodynamic artifacts while maintaining high-image quality (resolu-
tion and signal-to-noise ratio). The viewing field was placed over the
target area of the brain slice (CeLC), and confocal images with red fluo-
rescence were photographed every minute. The time lapse confocal im-
age acquisition was controlled using the LSM 510 META workstation
software (version 3.2) equipped with a “physiology package.” Image
analysis and quantification of regions of interest within each slice (shown
as pseudocolor) was performed “off-line” using the software package
MetaMorph (version 6.2; Molecular Devices). Background fluorescence
was determined from areas containing unlabeled regions under control
conditions. Background-subtracted pixel intensity in the target area was
averaged for each brain slice and measured every minute.

Behavioral tests
Spinal reflexes. Thresholds of hindlimb withdrawal reflexes evoked by
mechanical stimulation of the knee joint were measured as described
previously (Neugebauer et al., 2007). Mechanical stimuli of continuously
increasing intensity were applied to the knee joint using a calibrated
forceps equipped with a force transducer; its output signal was amplified
and displayed in grams on a liquid crystal display screen (Han et al.,
2005a; Neugebauer et al., 2007; Fu and Neugebauer, 2008; Ji et al., 2010).
Three consecutive measurements (2 min intervals) were made under
each experimental condition (predrug, drug) and averaged. Withdrawal
threshold was defined as the minimum stimulus intensity that evoked a
withdrawal reflex.

Vocalizations. Audible and ultrasonic vocalizations were recorded and
analyzed as described previously (Han et al., 2005a; Neugebauer et al.,
2007; Fu and Neugebauer, 2008; Ji et al., 2010). The experimental setup
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(U.S. Patent 7,213,538) included a custom-designed recording chamber,
a condenser microphone (audible range, 20 Hz to 16 kHz) connected to
a preamplifier, an ultrasound detector (25 = 4 kHz), filter and amplifier
(UltraVox four-channel system; Noldus Information Technology), and
data acquisition software (UltraVox 2.0; Noldus Information Technol-
ogy), which automatically monitored the occurrence of vocalizations
within user-defined frequencies and recorded the number and duration
of digitized events (vocalizations). The computerized recording system
was set to suppress nonrelevant audible sounds (background noise) and
ignore ultrasounds outside the defined frequency range. Animals were
placed in the recording chamber for acclimation 1 h before the vocaliza-
tion measurements.

Brief (15 s) innocuous (500 g/30 mm ?) and noxious (2000 g/30 mm*)
mechanical stimuli were applied to the knee using a calibrated forceps
(see above, Spinal reflexes). For colorectal distension (CRD), an inflat-
able latex balloon (5 cm) connected to a sphygmomanometer was in-
serted into the distal colon. Innocuous (20 mmHg), moderate (40
mmHg), and noxious (60 and 80 mmHg) intraluminal pressures (15 s
each) were achieved by inflating the balloon (Ji and Neugebauer, 2010).
The total duration of vocalizations (arithmetic sum of the duration of
individual events) was recorded for 1 min, starting with the onset of the
mechanical stimulus. Audible and ultrasonic vocalizations reflect su-
praspinally organized nocifensive and affective responses to aversive
stimuli (Neugebauer et al., 2007). The results of two to three consecutive
measurements (2 min intervals) were averaged for each experimental
condition (predrug, drug).

Drug application by microdialysis in awake behaving animals. As de-
scribed in detail previously (Neugebauer et al., 2007; Fu and Neugebauer,
2008; Han et al., 2010; Ji et al., 2010), a guide cannula was implanted
stereotaxically the day before behavioral measurements using a stereo-
taxic apparatus (Kopf Instruments). The animal was anesthetized with
pentobarbital sodium (Nembutal; 50 mg/kg, i.p.), and a small unilateral
craniotomy was performed at the sutura frontoparietalis level. The guide
cannula was implanted on the dorsal margin of the CeA in the right
hemisphere using the following coordinates (in mm): 2.0 caudal to breg-
ma; 4.0 lateral to midline; depth, 7.5. In some experiments a guide can-
nula was implanted into the striatum as a placement control using the
following stereotaxic coordinates (in mm): 2.0 caudal to bregma; 4.0
lateral to midline; depth of tip, 6.0. The cannula was fixed to the skull
with dental acrylic (Plastics One). Antibiotic ointment was applied to the
exposed tissue to prevent infection. On the day of the experiment, a
microdialysis probe (CMA11; CMA/Microdialysis ; membrane diame-
ter, 250 wm; membrane length, 1 mm; 8 kDa cutoff, sufficient for the
application of small molecules used in this study) was inserted through
the guide cannula so that the probe protruded by 1 mm. The probe was
connected to a Harvard infusion pump and perfused with ACSF con-
taining the following (in mm): 125.0 NaCl, 2.6 KCl, 2.5 NaH,PO,, 1.3
CaCl,, 0.9 MgCl,, 21.0 NaHCO;, and 3.5 glucose; oxygenated and
equilibrated to pH 7.4 at 5 pl/min. Before each drug application,
ACSF was pumped through the fiber for at least 1 h to establish
equilibrium in the tissue. Drugs were dissolved in ACSF on the day of
the experiment at a concentration 100-fold that predicted to be
needed based on data from our previous microdialysis (Li and Neuge-
bauer, 2004; Han and Neugebauer, 2005), in vitro studies (Neuge-
bauer et al., 2003; Fu et al., 2008), and data in the literature (Lee et al.,
2007; Schwartz et al., 2008; Schwartz et al., 2009). Drug concentration
in the tissue is at least 100 times lower than in the microdialysis probe
as a result of the concentration gradient across the dialysis membrane
and diffusion in the tissue (Ji and Neugebauer, 2007; Han et al., 2010;
Jietal.,2010). Numbers in the text refer to drug concentrations in the
microdialysis fiber.

Histological verification of drug administration sites. At the end of a
behavioral experiment, the animal was killed by decapitation using a
guillotine (Harvard Apparatus decapitator). This method of killing is
consistent with the recommendations of the Panel on Euthanasia of the
American Veterinary Medical Association and approved by the IACUC
of the University of Texas Medical Branch. The brain was removed and
submerged in 10% formalin. Tissues were stored in 20% sucrose before
they were frozen sectioned at 50 wm. Sections were stained with Neutral
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Red, mounted on gel-coated slides, and coverslipped. Positions of the
microdialysis fibers were identified under the microscope (Fu and
Neugebauer, 2008) and plotted on standard diagrams (from Paxinos and
Watson, 1998).

Drugs

The ‘g)llowing compounds were used in this study: (S)-3,5-dihydroxyphe-
nylglycine (DHPG, mGluR1/5 agonist); 2-chloro-5-hydroxyphenyl-glycine
(CHPG, mGluR5 agonist); (S)-(+)-a-amino-4-carboxy-2-methylbenze-
neacetic acid (LY367385, mGluR1 antagonist); 3-((2-methyl-1,3-thiazol-4-
ylethynyl)pyridine hydrochloride (MTEP, mGIuR5 antagonist);
4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl (tempol, ROS scavenger,
superoxide dismutase mimetic); (9R,108,125)-2,3,9,10,11,12-hexahydro-
10-hydroxy-9-methyl-1-0x0-9,12-epoxy-1 H-diindolo[1,2,3-fg:3",2',1"-
kllpyrrolo[3,4-i][1,6]benzodiazocine-10-carboxylic acid, hexyl ester
(KT5720, PKA inhibitor); 1,4-diamino-2,3-dicyano-1,4-bis(2-aminophe-
nylthio)butadiene (U0126, MEK1/2 inhibitor); 1,4-diamino-2,3-dicyano-
1,4-bis(methylthio)butadiene (U0124, inactive structural analog of U0126);
these were purchased from Tocris Bioscience Cookson. Phenyl-N-t-butyl
nitrone (PBN, ROS scavenger); tert-butyl hydroperoxide (tBOOH, ROS do-
nor); N -nitro-L-arginine methyl ester (.-NAME; neuronal nitric oxide syn-
thase [nNOS] inhibitor); phorbol-12-myristate-13-acetate (PMA, phorbol
ester, PKC activator); guanosine 5’-O-(2-thiodiphosphate) (GDP--S, non-
hydorlyzable GDP analog, G protein inhibitor); these were purchased from
Sigma. IP; and xestospongin C (XeC, blocker of IP;-mediated Ca*" release)
were purchased from A.G. Scientific.

Stock solutions of DHPG, MTEP, PBN, tempol, tBOOH, GDP-8-S,
P, and L-NAME were prepared with water. LY367385 was dissolved in
NaOH (3%). DMSO was used for stock solutions of PMA, XeC (30%
DMSO in deionized water), GF109203X (50%), U0124, U0126, and
KT5720 (70%). Drugs were dissolved in ACSF to their final concentra-
tions on the day of the experiment. The dilution factor was 1:10,000 for
NaOH and 1:1000 (PMA, XeC) or 1:10,000 (U0124, U0126, KT5720,
GF109203X) for DMSO. ACSF served as vehicle control in all experi-
ments. PBN, tempol, .L-NAME, GDP- 8-S, IP;, XeC, U0126, and KT5720
were also applied intracellularly through the patch pipette. The pH of the
internal solution was adjusted to 7.2-7.3 and osmolarity to 280 mOsm/
kg. Selectivity and target concentrations have been established in the
literature for mGluRs (Varney and Gereau, 2002; Lesage, 2004; Lea and
Faden, 2006; Neugebauer, 2007; Pernia-Andrade et al., 2009), ROS
(Klann, 1998; Hu et al., 2006; Schwartz et al., 2009; Lee et al., 2010), nitric
oxide synthase (NOS) (Mallozzi et al., 2007), XeC (Steinmann et al.,
2008), and kinase inhibitors (Cabell and Audesirk, 1993; Favata et al.,
1998; Fu et al., 2008; Kolber et al., 2010).

Statistical analysis

All averaged values are given as the mean * SE. Statistical significance
was accepted at the level of p < 0.05. GraphPad Prism 3.0 software was
used for all statistical analyses. For multiple comparisons, one-way
ANOVA or two-way ANOVA was used with appropriate posttests as
indicated in the text and figure legends (Dunnett’s multiple-comparison
test was used to compare all sets of data to a control value; Newman—
Keuls multiple-comparison posttest was used to compare all pairs of data
using GraphPad Prism 3.0 software).

Results

Group I mGluRs act presynaptically to facilitate synaptic trans-
mission in CeLC neurons (Neugebauer et al., 2003), but they may
have additional postsynaptic effects because higher (micromolar)
concentrations of group I mGluR agonists (DHPG and CHPG)
affected membrane properties (slope conductance) of these neu-
rons (Neugebauer et al., 2003). The present study explored direct
actions of group I mGluRs on CeLC neurons to test the hypoth-
esis that mitochondrial ROS are downstream signaling molecules
in these cells. Therefore, patch-clamp analysis focused on action
potential firing as a measure of neuronal excitability and output
function rather than on synaptic transmission. Still, all CeLC
neurons included in this study responded with monosynaptic
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EPSCs to electrical stimulation of the parabrachial input (PB-
CeLC synapse) as in our previous studies (Neugebauer et al.,
2003; Bird et al., 2005; Han et al., 2005b; Fu and Neugebauer,
2008). In some experiments, synaptically evoked action poten-
tials in response to electrical stimulation of the PB input were also
measured.

Group I mGluR5 increases excitability of CeLC neurons
In a majority of CeLC neurons (31 of 45), DHPG (10 uMm, applied
by superfusion of the brain slices) increased the input—output
function of neuronal excitability significantly (F(, 4,0, = 37.52,
p < 0.001, main effect of drug, two-way ANOVA) (Fig. 1a,b).
Whole-cell patch recordings were made in coronal brain slices
from the right hemisphere as in our previous studies, because
accumulating evidence suggests that pain-related amygdala func-
tions are lateralized to the right hemisphere (Carrasquillo and
Gereau, 2007, 2008; Ji and Neugebauer, 2009). Action potentials
were generated by direct intracellular current injections (500 ms)
of increasing magnitude (up to 300 pA in 50 pA steps). DHPG
also increased the input resistance of these neurons significantly
(predrug, 141 = 12 MQ; DHPG, 179 = 17 MQ; n = 12; p < 0.05,
paired t test). In a separate set of experiments, DHPG induced an
inward current (25.86 = 6.43 pA) in eight of eight CeLC neurons
in the presence of TTX (1 uM), indicating a direct membrane
effect. Superfusion of DHPG onto the brain slices had no signif-
icant effect in the presence of GDP-B-S (1 mMm), a nonhydorlyz-
able GDP analog that was included in the patch pipette to inhibit
G protein-mediated intracellular effects (F(, ,,) = 0.84, n = 4;
p > 0.05, main effect of drug, two-way ANOVA) (Fig. 1¢,d).
Because DHPG can activate mGluR1 and mGluR5, we examined
which receptor subtype mediates the facilitatory effects. An mGIuR5
antagonist (MTEP, 1 um, applied by superfusion) decreased the fa-
cilitatory effect of DHPG (10 uM) on neuronal excitability signifi-
cantly (F(, 7o) = 20.14, n = 6 neurons; p < 0.0001, main effect of
drug, two-way ANOVA) (Fig. lef). In contrast, an mGluR1 antag-
onist LY367385 (10 uM; applied by superfusion) had no significant
effect on DHPG-induced increases of excitability (F, 5¢) = 1.95,n =
5 neurons; p > 0.05, main effect of drug, two-way ANOVA) (Fig.
1g,h). Superfusion of MTEP and LY367385 onto the brain slices had
no significant effect on action potential firing in the absence of
DHPG (MTEP, F| 4,, = 0.59, n = 4 neurons, p > 0.05, main effect
of drug, two-way ANOVA, see Fig. 9a; LY367385, F, ;,, = 0.01,n =
6 neurons, p > 0.05, main effect of drug, two-way ANOVA, Fig. 9b).

mGluR5 effects on neuronal excitability require
intracellular ROS
DHPG (10 uM, applied by superfusion) had no significant effects
on neuronal excitability when a ROS scavenger (PBN, 1 mm) was
applied intracellularly through the patch pipette (F, 4, = 0.00,
n = 4 neurons; p > 0.05, main effect of drug, two-way ANOVA)
(Fig. 2a,b). PBN can inhibit the formation of different types of
ROS, including superoxide, hydrogen peroxide, and hydroxyl
radical (Kotake, 1999). Therefore, we also tested a superoxide
dismutase mimetic (tempol) that selectively scavenges superox-
ide (Tal, 1996). In the presence of intracellularly applied tempol
(5 mm), superfusion of DHPG onto the brain slices had no sig-
nificant effect on action potential firing (F, sy = 0.07, n = 5
neurons; p > 0.05, main effect of drug, two-way ANOVA) (Fig.
2¢,d). The data suggest that superoxide is the type of ROS that
mediates the effects of mGluR5 on neuronal excitability.

In these experiments it was impossible to determine whether
DHPG alone had any effect, because the ROS scavengers (PBN or
tempol) were included in the pipette. Therefore, in some exper-
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Figure1.  Group|mGluR5 activation increases excitability of CeLC neurons. @, DHPG (10 um,
10—15min) increased the input— output function of neuronal excitability of CeLC neurons (n =
31) significantly ( p << 0.0001, main effect of drug, two-way ANOVA). Symbols show mean (=
SE) number of spikes per 500 ms calculated from recordings like those in b. Action potentials
were generated by depolarizing current injections of increasing magnitude (50 pA steps). b,
Individual traces of action potentials generated by intracellular current injections (300 pA, 500
ms) before and during DHPG (10 um). ¢, DHPG had no significant effect on neuronal excitability
when a G protein inhibitor (GDP-3-S, 1 mm) was included in the patch pipette (n = 4 neurons;
p > 0.05, two-way ANOVA). d, Individual example of action potentials evoked in a CeLCneuron
with GDP-B3-S included in the patch pipette (10 min after rupturing the cell membrane)
and during the addition of DHPG. e, MTEP (1 wm, 15 min) decreased the facilitatory effect
of DHPG (10 yum) significantly (n = 6 neurons; p < 0.0001, main effect of drug, two-way
ANOVA). f, Action potentials evoked in a CeLC neuron in control (predrug), during DHPG,
and during combined application of DHPG and MTEP. g, LY367385 (10 wm) had no signif-
icant effect on increased excitability induced by DHPG (10 wm) (n = 5 neurons; p > 0.05,
main effect of drug, two-way ANOVA). h, Action potentials evoked in a CeLC neuron in
control (predrug), during DHPG, and during combined application of DHPG and LY367385.
a-g, DHPG, MTEP and LY367385 were superfused onto the brain slices. See Results for
details of the statistical analysis.
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Figure 2.  ROS scavengers, but not a NOS inhibitor, block group | mGluR effects. a, In the
presence of an intracellularly applied ROS scavenger (PBN, 1 mm, included in the patch pipette)
DHPG (10 wum) had nossignificant effect on action potential firing rate (n = 4 neurons; p > 0.05,
main effect of drug, two-way ANOVA). Symbols show mean == SE (see Fig. 1). b, Individual
example of action potentials generated in a CeLC neuron by intracellular current injections (300
pA, 500 ms) before and during DHPG (10 wum) while PBN was injected into the cell through the
patch pipette. ¢, Intracellular application of a superoxide dismutase mimetic (tempol, 5 mmin
the patch pipette) also prevented any significant effects of DHPG (n = 5 neurons; p > 0.05,
main effect of drug, two-way ANOVA). d, Individual example of a CeLC neuron recorded with
tempol in the patch pipette. e, Intracellular application of --NAME (400 um) did not block the
significant effect of DHPG on neuronal excitability (n = 6 neurons; p << 0.01, main effect of
drug, two-way ANOVA). Action potential firing was measured immediately after whole-cell
configuration was obtained, again 10 min after rupturing the membrane, and during applica-
tion of DHPG (10 wm, for 10 min). £, Individual example of a CeLC neuron. a—f, DHPG was
superfused onto the brain slices. See Results for details of the statistical analysis.

iments (n = 6 neurons) PBN (1 mm) was applied by superfusion
after it was established that DHPG (10 uM) had a significant
excitatory effect on the input—output function of neuronal excit-
ability in these cells (F(, ;5, = 22.71, p < 0.0001, main effect of
drug, two-way ANOVA). PBN inhibited the effect of DHPG sig-
nificantly (F, ;) = 8.94, p < 0.01, main effect of drug, two-way
ANOVA).

Mitochondrial superoxide is generated as a metabolic byprod-
uct of the electron transport chain and oxidative phosphoryla-
tion, but some evidence suggests that NOS can also generate
superoxide (Kishida and Klann, 2007). Therefore, we used a well
established NOS inhibitor (L-NAME) to determine the possible
involvement of NOS (Mallozzi et al., 2007). Intracellular appli-
cation of L-NAME (400 um) through the patch pipette did not
significantly affect excitability when comparing action potential
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Figure 3. A ROS scavenger blocks mGIuRS agonist effects. @, CHPG (10 wm, 10-15 min)
increased input— output function of neuronal excitability of CeLC neurons (n = 7) significantly
((p < 0.0001, main effect of drug, two-way ANOVA), thus mimicking the effect of DHPG (see
Fig. 1a,b). Symbols show mean == SE (see Fig. 1). b, Individual example of a CeLC neuron tested
with CHPG. ¢, Intracellular application of PBN (1 mm in the patch pipette) prevented significant
effects of CHPG on neuronal excitability (n = 5 neurons; p > 0.05, main effect of drug, two-way
ANOVA). d, Individual example of CeLC neuron recorded with PBN included in the patch pipette.
a—d, CHPG was superfused onto the brain slices. See Results for details of the statistical analysis.

firing immediately after obtaining whole-cell configuration and
10 min after “break-in” (F(, ;) = 0.19, n = 6 neurons; p > 0.05,
main effect of drug, two-way ANOVA) (Fig. 2e,f). In the presence
of L-NAME, DHPG (10 uMm, applied by superfusion) still in-
creased neuronal excitability significantly (F, ;o) = 11.37,n = 6
neurons; p < 0.01, main effect of drug, two-way ANOVA) (Fig.
2e,f), arguing against a major role of NOS in group I mGluR-
induced effects on CeLC neurons.

Next, we used an mGluR5 agonist (CHPG) to confirm the link
between mGluR5 and ROS. Superfusion of CHPG (10 um) onto
the brain slices significantly increased input—output functions of
neuronal excitability (F(, g4) = 16.27, n = 7 neurons; p < 0.0001,
main effect of drug, two-way ANOVA) (Fig. 3a,b). When PBN
was included in the patch pipette, CHPG (10 uM, applied by
superfusion) had no significant effect (F, s¢) = 0.17, n = 5 neu-
rons; p > 0.05, main effect of drug, two-way ANOVA) (Fig. 3¢,d).

Group I mGluRs increase mitochondrial superoxide
formation

The results so far showed that the facilitatory effects of mGluR5 on
neuronal excitability require ROS, particularly superoxide, the pre-
dominant ROS in mitochondria. Therefore, we sought to determine
whether mitochondrial superoxide formation is induced by group I
mGluR activation by using quantitative fluorescence live-cell imag-
ing in brain slices. Brain slices containing the CeLC were incubated
with a fluorescent dye (MitoSOX, 1.25 um; 30 min) that is specific
for mitochondrial superoxide (Robinson et al., 2008). MitoSOX is
rapidly and selectively targeted to the mitochondria where it is
readily oxidized by superoxide, but not by other ROS- or NO-
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min) (Fig. 4a,d). The data suggest that
group I mGluRs increase mitochondrial
superoxide formation in CeLC neurons.

Synaptically evoked mitochondrial
superoxide formation

Next, we addressed the question of whether
mitochondrial ROS is also formed in re-
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sponse to synaptic activation of the para-
brachial input that carries nociceptive
information to the CeLC (Gauriau and Ber-
nard, 2002; Neugebauer et al., 2004). Using
quantitative fluorescence live-cell imaging
of superoxide formation in the CeLC we
found that high-frequency stimulation

Control DHPG

DHPG + tempol

50 um . .

(three trains of five stimuli at 100Hz; n = 5
brain slices), but not low-frequency synap-
tic stimulation (1 Hz for 5 min; # = 5 brain
slices), significantly increased superoxide-
related fluorescence [p < 0.05, compared
with prestimulation control, paired t test
(Fig. 5¢); individual examples are shown in
Figure 5b]. The data suggest that synaptic
activation of the PB input to the CeLC can
increase ROS formation.

Synaptically evoked activity requires
mGluR5 and ROS

To determine the contribution of the
mGluR5- IP;-ROS signaling cascade to
synaptically evoked activity, we measured
the effect of MTEP (mGluR5 antagonist)
and tempol (superoxide dismutase mi-
metic) on action potentials evoked by syn-
aptic stimulation of the parabrachial

Figure4.  Group | mGluRs increase mitochondrial superoxide in CeLC neurons. Fluorescence generated by oxidation of a mito-
chondrial superoxide specific dye (MitoSOX) was measured in live brain slices containing the CeLC (see Materials and Methods for
quantitative imaging analysis). a, Time course data. After incubation in MitoSOX (1.25 pmin ACSF; 30 min), slices were superfused
with DHPG alone (10 um, 15 min; n = 6 slices; red symbols) or with DHPG followed 5 min later by coapplication of a superoxide
dismutase mimetic (tempol, T mu, 10 min; n = 3 slices; blue symbols). Control slices (n = 6) were superfused with ASCF only
(black symbols). DHPG increased fluorescence intensity significantly compared with control slices ( p << 0.0001, main effect of
drug, two-way ANOVA). Tempol decreased the DHPG effect significantly compared with DHPG-treated slices ( p << 0.0001, main
effect of drug, two-way ANOVA). b, Coronal brain section 2.30 mm posterior to bregma; diagram adapted from Paxinos and
Watson, 1998. Inset shows the central nucleus with its medial (CeM), lateral (CeL), and laterocapsular (CeLC) subdivisions and the
area of the photographs in ¢ (red square) and d (blue square). The image analysis system (see Materials and Methods), measured
superoxide-related fluorescence levelsin individual cells every minute. Values measured in each slice were averaged. Symbols and
error bars show mean == SE of intensity levels averaged for the slices in each of the three experimental groups normalized to
predrug control values (set to 100%). ¢, d, Individual fluorescence images in slices treated with DHPG alone (c) or with DHPG
followed by coapplication of tempol (d). Photographs were taken at 5 (control), 10, and 20 min (see a). See Results for details of the

input. Superfusion of tempol (1 mm, 10
min) had no effect on low-frequency syn-
aptic stimulation (n = 5 neurons) (Fig.
5d,f), but inhibited action potentials gen-
erated by high-frequency stimulation sig-
nificantly (n = 5 neurons; p < 0.05,
Dunnett’s multiple-comparison test)
(Fig. 5¢,¢). MTEP (1 uMm, 10 min) also in-
hibited synaptic activity evoked by high-
frequency stimulation significantly (n = 4
neurons; p < 0.05, Dunnett’s multiple-
comparison test) (Fig. 5h) without signif-

statistical analysis.

generating systems. Oxidized MitoSOX fluoresces red upon
binding to mitochondrial nucleic acids (Liu et al., 2007; Robin-
son et al., 2008). DHPG (10 uM, 15 min) increased fluorescence
intensity significantly in the CeLC (n = 6 slices) compared with
ACSF-treated controls (n = 6 slices; F(; 56,y = 2406.51; p <
0.0001, main effect of drug, two-way ANOVA comparing
DHPG-treated and control slices for a time period of 28 min)
(Fig. 4a,c). The effect of DHPG showed reversibility upon wash-
out. The DHPG-induced increase of superoxide-related fluorescence
was completely inhibited by a superoxide dismutase mimetic
(tempol, 1 mM, 10 min; n = 3 slices; F, 1,0y = 291.65; p <
0.0001, main effect of drug, two-way ANOVA comparing
tempol-treated and DHPG-treated slices for a time period of 20

icantly affecting spike activity evoked by
low-frequency stimulation (# = 4 neu-
rons) (Fig. 57). The data suggest activity-
dependent involvement of mGluR5 and ROS in the synaptic
activation of CeLC neurons.

IP;, but not PKC, links group I mGluRs to ROS signaling

Group I mGluRs couple to IP; formation and PKC activation
(Varney and Gereau, 2002; Lesage, 2004; Neugebauer, 2007). IP5-
mediated calcium release has been linked to mitochondrial ROS
production (Hajnoczky et al., 2006; Wu et al., 2007). To deter-
mine the involvement of IP; in group I mGluR-induced increases
of neuronal excitability, we used XeC, a selective inhibitor of
IP,-induced calcium release (Oka et al., 2002; Steinmann et al.,
2008). Intracellular application of XeC (1 uM in the patch pi-
pette) prevented any significant facilitatory effect of DHPG (10
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M, applied by superfusion; F; ;o) = 0.01,
n = 6 neurons; p > 0.05, main effect of
drug, two-way ANOVA) (Fig. 6a,b). To
link IP; and ROS signaling we determined
the effect of a ROS scavenger on IP; recep-
tor activation with IP; (Ding et al., 2010).
Intracellular application of IP; (1 mMm in
patch pipette) increased neuronal excit-
ability significantly (F(, 55, = 41.78,n =5
neurons; p < 0.0001, main effect of drug,
two-way ANOVA) (Fig. 6¢,d) when com-
paring action potential firing immediately
after obtaining whole-cell configuration
and 10 min after rupturing the mem-
brane. Superfusion of tempol (5 mm)
onto the brain slices inhibited the facilita-
tory effect of IP; significantly (F, s5) =
18.41, n = 5 neurons; p < 0.0001, main
effect of drug, two-way ANOVA) (Fig.
6¢,d). Tempol (5 mMm, applied by superfu-
sion) had no significant effect on action
potential firing in the absence of DHPG
(F1,56) = 1.08, n = 5 neurons; p > 0.05,
main effect of drug, two-way ANOVA)
(Fig. 9¢).

Next we determined whether ROS sig-
naling is downstream of PKC, because
group I mGluRs couple not only to IP; but
also to PKC activation. A commonly used
phorbol ester (PMA, 1 uM, applied by su-
perfusion) had mixed effects in CeLC
neurons. In the presence of intracellularly
applied tempol (5 mm), PMA increased
action potential firing in eight neurons
(F(1,08) = 13.65; p < 0.001, main effect of
drug, two-way ANOVA) (Fig. 7a,b), but
decreased firing rate in seven neurons
(F(1,84) = 19.94; p < 0.0001, main effect of
drug, two-way ANOVA) (Fig. 7¢,d). PMA
alone had excitatory effects in seven neu-
rons (F(; g4y = 11.13; p < 0.01, main effect
of drug, two-way ANOVA) (Fig. 7e), but
decreased firing rate in five neurons
(F1,56) = 14.44; p < 0.001, main effect of
drug, two-way ANOVA) (Fig. 7f). The re-
sults argue against the involvement of
ROS, because the pattern of excitatory
and inhibitory effects of PMA persisted in
the presence of intracellularly applied
tempol. The data are consistent with an
mGluR5- IP;-ROS signaling cascade that
does not involve PKC.

ERK and PKA, but not PKC, are
downstream targets of ROS

Next, we sought to determine the effector
mechanism of ROS. ERK is required for
superoxide-induced synaptic potentia-
tion in the hippocampus (Huddleston et

al., 2008). Group I mGluRs also can activate ERK (Karim et al.,
2001; Giles et al., 2007; Kolber et al., 2010), but the mechanism
is not clearly understood. Therefore, we tested the hypothesis
that ERK acts downstream of ROS in the novel mGluR5- IP;-
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Figure 5.  Synaptically evoked increase of mitochondrial superoxide and modulation of synaptic activity by mGIuR5 and ROS. a, Dia-
gram (adapted from Paxinos and Watson, 1998) shows the central nucleus withiits subdivisions including the CeLC (see Fig. 4b) and the area
of the photographsin b (red square). b, Individual images of fluorescence generated by oxidation of a mitochondrial superoxide specific dye
(MitoSOX) in live brain slices containing the CeLC (see Fig. 4 and Materials and Methods for quantitative imaging analysis). Photographs
were taken before (control) and 10 min after high-frequency stimulation (three trains, five stimuli at 100 Hz; see Materials and Methods).
¢, Bar histograms show averaged fluorescence activity for 10 min before (control) and 10 min after low-frequency (LF, 1Hz, 5 min;n =5
slices) or high-frequency (HF, n = 5slices) electrical stimulation of PB input (see Materials and Methods). Values are normalized to the first
minute of prestimulation control values; *p << 0.05 (compared with prestimulation control, paired test). b, ¢, High-frequency stimulation
increased mitochondrial superoxide fluorescence activity. d, e, Current-clamp recordings of synaptically evoked depolarizations and action
potentials before, during, and after superfusion of tempol (1mm, 10 min) onto the brain slice. Tempol had little effect on synaptic responses
evoked by low-frequency (0.033 Hz) stimulation (d) but inhibited responses to high-frequency stimulation (e, 5 stimuli at 100 Hz) of
PB-input. Scale bars, 100 ms, 15 mV. £, g, Tempol (1 mm, applied by superfusion) had no significant effect on action potential firing evoked
by low-frequency synaptic stimulation (f,n = 5 neurons), but inhibited synaptic activity evoked by high-frequency stimulation (g,n = 5
neurons). h, i, MTEP (1 rm, applied by superfusion) had no significant effect on spike firing evoked by low-frequency stimulation (h,n =
4neurons), butinhibited synaptic activity evoked but high-frequency stimulation (i, n = 4 neurons). f~i, Bar histograms show means =
SE of the number of synaptically evoked spikes per stimulus before (predrug), during (10 min), and after (washout for 10 min) drug
application; n.s., not significant; *p < 0.05 (compared with predrug; Dunnett’s multiple-comparison tests).

ROS-ERK signaling pathway to increase excitability of CeLC neu-
rons. A ROS donor (tBOOH, 100 uM, applied by superfusion)
increased action potential firing of CeLC neurons significantly
(F(1,204) = 21.42,n = 22 neurons; p < 0.0001, main effect of drug,
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Figure6.  IP, links group  mGluRs to ROS. a, In the presence of an intracellularly applied IP,

receptor blocker (XeC, 1 um, included in the patch pipette) superfusion of DHPG (10 um) onto
the brain slices had no significant effect on neuronal excitability (n = 6 neurons; p > 0.05,
main effect of drug, two-way ANOVA). Symbols show mean == SE (see Fig. 1). b, Individual
example of action potentials generated in a CeLC neuron by intracellular current injections (300
pA, 500 ms) before and during DHPG (10 wm, applied by superfusion) while XeC was injected
into the cell. ¢, Intracellular application of [Py (1 mu in the patch pipette) increased action
potential firing significantly (n = 5 neurons; p << 0.0001, main effect of drug, two-way
ANOVA). Superfusion of tempol (5 mu) onto the brain slices inhibited the facilitatory effect of IP,
significantly (n = 5 neurons; p < 0.0001, main effect of drug, two-way ANOVA). Action po-
tential firing was measured immediately after whole-cell configuration was obtained, 10 min
after rupturing the membrane, and during application of tempol for 10 min. d, Individual
example of a CeLC neuron. See Results for details of the statistical analysis.

two-way ANOVA) (Fig. 8a). A similar significant effect was ob-
served when tBOOH was included in the patch pipette for intra-
cellular application (F, g4y = 14.57, n = 7 neurons; p < 0.001,
main effect of drug, two-way ANOVA).

Coapplication of a PKC inhibitor (GF109203X, 1 uMm, applied
by superfusion) did not change the excitatory effect of tBOOH
(100 uM, applied by superfusion; F; 55y = 0.42, n = 5 neurons;
p > 0.05, main effect of drug, two-way ANOVA) (Fig. 8b,f).
Inhibition of ERK with U0126 (500 nM, applied by superfusion)
decreased the excitatory effect of tBOOH significantly without
completely blocking it (F, ;o) = 6.27, n = 6 neurons; p < 0.05,
main effect of drug, two-way ANOVA) (Fig. 8¢,f). An inactive
structural analog of U0126 (U0124, 1 uM) had no significant
effect (n = 5 neurons). Also, Inhibition of ERK did not com-
pletely block the behavioral effect of DHPG in the CeLC in a
recent study (Kolber etal., 2010). PKA, but not PKC, has emerged
as another important signaling molecule in pain-related amyg-
dala function and acts via a mechanism that does not require ERK
(Fuetal., 2008). Group I mGluRs can activate PKA in expression
systems (Joly et al., 1995). A PKA inhibitor (KT5720, 200 nM,
applied by superfusion) decreased, but did not completely block,
the effect of tBOOH (100 um, applied by superfusion; F, ;o) =
5.18, n = 6 neurons; p < 0.05, main effect of drug, two-way
ANOVA) (Fig. 84,).
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Figure 7.  Effects of PKC activation do not involve ROS. a, b, A phorbol ester (PMA, 1 pum,

superfused onto the brain slice) increased neuronal excitability of CeLC neurons significantly
(n = 8 neurons; p << 0.001, main effect of drug, two-way ANOVA) while tempol (5 mm) was
applied intracellularly through the patch pipette. a, Action potential firing was compared be-
fore and during PMA (10 min) in the presence of tempol. Symbols show mean == SE (see Fig. 1).
b, Individual example of action potentials generated in a CeLC neuron by intracellular current
injections (300 pA, 500 ms) before and during PMA (10 wum, applied by superfusion) while
tempol was injected into the cell. ¢, d, In another set of CeLC neurons, PMA (1 wm, superfused
onto the brain slices) inhibited action potential firing of CeLC neurons significantly (n = 7
neurons; p << 0.0001, main effect of drug, two-way ANOVA) while tempol (5 mm) was applied
intracellularly through the patch pipette. Analysis and display asin aand b. e, PMA alone (1 pum,
superfused onto the brain slice) increased action potential firing in seven neurons ( p < 0.01,
main effect of drug, two-way ANOVA). f, In another sample of five neurons, superfusion of PMA
alone inhibited action potential firing ( p << 0.001, main effect of drug, two-way ANOVA). See
Results for details of the statistical analysis.

Therefore, we tested whether the combined application of
KT5720 and U0126 produced greater inhibition than that by each
drug alone. Coapplication of KT5720 and U0126 completely
blocked the effect of tBOOH (F, 56, = 8.45, n = 5 neurons; p <
0.001, main effect of drug, two-way ANOVA) (Fig. 8e,). The
inhibitory effect of the combined application of KT5720 and
U0126 was significantly greater than that of each inhibitor alone
(p < 0.01, Newman—Keuls multiple-comparison test (Fig. 8f).
Drugs were applied by superfusion onto the brain slice. Appro-
priate concentrations of the inhibitors were selected based on
data in the literature (see Materials and Methods). At the concen-
trations used in this study, inhibitors of MEK1/2, PKA, or PKC by
themselves had no effect on neuronal excitability [U0126: 500
nM, F(, ;o) = 0.11, n = 6 neurons, p > 0.05, main effect of drug,
two-way ANOVA (Fig. 9d); KT5720: 200 nM, F, g, = 0.45,n = 3
neurons, p > 0.05, main effect of drug, two-way ANOVA (Fig.
9e); GF109203X, 1 uM, F(, ,5) = 2.92, n = 3 neurons, p > 0.05,
main effect of drug, two-way ANOVA (Fig. 9f)]. The finding is



1122 - J. Neurosci., January 19, 2011 - 31(3):1114-1127

a b
20 -@— Predrug 20— Predrug
E -8-tBOOH E —#-tBOOH
- o 1+ GF109203X
=] )
w L
% 10 %10
£ £
= =
73] 73]
0 0
0 100 200 300 0 100 200 300
Depolarizing current (pA) Depolarizing current (pA)
c d
20— Predrug 20— Predrug
@ —&-tBOOH @ —#-tBOOH
S je+ums S je+kiET0
o ]
% 10 %10
£ £
= =
(73] (73]
0 0
0 100 200 300 0 100 200 300
Depolarizing current (pA) Depolarizing current (pA)
e f
20— Predrug ‘|E||j---rT_-S_--£BQQ—H ------
@ —-tBOOH 5 *kk
é 8- + UD126+<T5720 % 754 k%24
3 - PR
= o
8 " Q 501
= e
w =]
= 254 +++
0
0 100 200 300 T @ P
Depolarizing current (pA) QQq?o’ \\p&&\% oo,{l,
& &

Figure8. ERKand PKA, but not PKC, are downstream targets of ROS to increase excitability.
a, Superfusion of a ROS donor (tBOOH, 100 1um) onto the brain slices increased action potential
firing generated by intracellular current injections (300 pA, 500 ms) significantly (n = 22 CeL.C
neurons; p << 0.0001, two-way ANOVA). Symbols show mean = SE (see Fig. 1). b, Coapplica-
tion of a PKC inhibitor (GF109203X, 1 wum) had no significant effect (n = 5 neurons; p > 0.05,
two-way ANOVA). ¢, An ERK inhibitor (U0126, 500 nm) coapplied with tBOOH decreased, but did
not completely block, the excitatory effect of tBOOH (n = 6 neurons; p << 0.05, two-way
ANOVA). d, A PKA inhibitor (KT5720, 200 nwm) also decreased, but did not completely block, the
effect of tBOOH (n = 6 neurons; p < 0.05, main effect of drug, two-way ANOVA). e, Coappli-
cation of U0126 and KT5720 (n = 5 neurons) completely blocked the effect of tBOOH (n = 5
neurons; p << 0.01, main effect of drug, two-way ANOVA). f, Comparison of the effects of
different inhibitors. The effects of U0126 and KT5720 applied alone or together produced sig-
nificantinhibition of the tBOOH effect. Coapplication of U0126 and KT5720 (KT) (n = 5 neurons)
produced significantly greater inhibition of tBOOH effects than either inhibitor alone. Inhibition
was calculated as follows: (inhibitor — predrug)/(tBOOH — predrug) X 100. Bar histograms
show means = SE; n.s., not significant, ***p < 0.001 (compared with tBOOH); ***p <
0.001 (compared with coapplication of U0126 and KT5720; Newman—Keuls multiple-
comparison test). a—f, All drugs were applied by superfusion of the brain slices.

consistent with the results of our previous study (Fu et al., 2008)
that showed a lack of effect of these compounds on basal synaptic
transmission in the CeLC in brain slices from naive animals. In
summary, the results of the kinase inhibitor experiments suggest
that both ERK and PKA are required for the full effect of ROS on
neuronal excitability.

Activation of mGluR5, but not mGluR1, increases nocifensive
and affective behaviors through an IP; and ROS-dependent
mechanism

To determine the behavioral significance of mGluR5- IP;-ROS
signaling, we analyzed hindlimb withdrawal reflexes and au-
dible and ultrasonic vocalizations (see Materials and Meth-
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Figure9.  Antagonists and inhibitors by themselves have no effect on neuronal excitability.
a, MTEP administered alone (1 wm, 15 min) had no significant effect on input— output functions
of neuronal excitability (n = 4 neurons; p > 0.05, main effect of drug, two-way ANOVA). Action
potentials were generated in CeLC neurons by intracellular current injections of increasing
magnitude (see Fig. 1). Symbols show mean (== SE) number of spikes per 500 ms. b, LY367385
(10 pm) had no significant effect on action potential firing in the absence of DHPG (n = 6
neurons; p > 0.05, main effect of drug, two-way ANOVA). ¢, Application of tempol without
DHPG had no significant effect (n = 5 neurons; p > 0.05, main effect of drug, two-way
ANOVA). d, U0126 (500 nm) alone had no significant effect on action potential firing (n = 6
neurons, p > 0.05, main effect of drug, two-way ANOVA). e, KT5720 (200 nm) did not affect
action potential firing in the absence of DHPG (n = 3 neurons, p > 0.05, main effect of drug,
two-way ANOVA). GF109203X (1 wum) alone had no significant effect (n = 3 neurons, p > 0.05,
main effect of drug, two-way ANOVA). a—f; All drugs were applied by superfusion of the brain
slices. See Results for details of the statistical analysis.

ods). Withdrawal reflexes are spinally organized nocifensive
responses that can be modulated by descending systems such
as from the amygdala, whereas audible and ultrasonic vocal-
izations reflect supraspinally organized nocifensive and affec-
tive behaviors, respectively (Neugebauer et al., 2007, 2009). Our
previous study suggested differential contributions of mGluR1
and mGluRS5 to the processing of somatosensory (mGluR5 only)
and visceral (mGluR1 and mGluR5) nociceptive information in
CeLC neurons (Ji and Neugebauer, 2010). Therefore, we mea-
sured vocalizations to brief (15 s) noxious stimulation of somatic
(compression of the knee joint) and visceral (colorectal disten-
sion or CRD) tissues (Fig. 10). Stereotaxic administration of
DHPG (100 uM, concentration in microdialysis probe; 15 min)
into the CeA increased vocalizations evoked by knee joint com-
pression (Fig. 10a,¢,e,g) and by CRD (Fig. 10b,d,f,h). The facilita-
tory effects of DHPG were blocked by coapplication of MTEP
(100 M, 15 min; n = 9 rats, knee; n = 6 rats, CRD) (Fig. 104a,b),
butnotby LY367385 (1 mm, 15 min; n = 10 rats, knee; n = 6 rats,
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Figure 10.  Activation of mGIuRS- IP;-ROS signaling in the CeA increases vocalizations. Vo-
calizations in the ultrasonic range (25 = 4 kHz; see Materials and Methods) were evoked by
brief (15 s) noxious stimuli (, ¢, e, g, compression of the knee joint, 2000 g/30 mm % b, d, . h,
colorectal distension, 60 mmHg). Duration of vocalizations was measured for 2 min following
the onset of the stimulus. At least two measurements were made and averaged for each animal
before (predrug, in ACSF) and during each drug application. a, b, Administration of DHPG (100
M, concentration in microdialysis probe; 15 min) into the CeA increased the duration of vocal-
izations. Coapplication of MTEP (100 wum; 15 min) blocked the effect (knee compression, n =9
rats; CRD, n = 6 rats). ¢, d, Coapplication of LY367385 (1 mw) did not change the effect of DHPG
(knee compression, n = 10 rats; CRD, n = 6 rats). e, f, Coapplication of PBN (100 mm) blocked
the facilitatory effects of DHPG (knee compression, n = 6 rats; (RD, n = 6 rats). g, h, Coappli-
cation of XeC (100 um) also blocked the effect of DHPG (knee compression, n = 5rats; (RD,n =
5rats). Bar histograms in a—h show means = SE, **p << 0.01, ***p << 0.001 (compared with
predrug in ACSF); *p << 0.01, ***p < 0.001 (compared with DHPG); n.s., not significant
(compared with DHPG; Newman—Keuls multiple-comparison test).

CRD) (Fig. 10c,d). Significance of drug effects was determined
with Newman—Keuls multiple-comparison tests (Fig. 10 shows
results). A higher concentration of LY367385 (1 mm) was used to
exclude the possibility that insufficient drug levels were achieved
in the tissue (100 uM was tested in preliminary experiments and
had no effect). Figure 10 shows the results for ultrasonic vocal-
izations only, because no difference of drug effects was found on
audible and ultrasonic vocalizations. In the absence of DHPG,
mGluR5 or mGluR1 antagonists had no significant effects (p >
0.05, paired ¢ test) on vocalizations to knee joint stimulation
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Figure 11.  Activation of mGIuR5- IP;-ROS signaling in the CeA increases spinal reflexes.
Hindlimb withdrawal thresholds were measured by compressing the knee joint with increasing
intensities using a calibrated forceps (see Materials and Methods). Three measurements were
made and averaged in each animal before (predrug, in ACSF) and during each drug application.
a, Stereotaxic administration of DHPG (100 um, concentration in microdialysis probe; 15 min)
into the CeA decreased the hindlimb withdrawal threshold. Coapplication of MTEP (100 rm, 15
min; n = 6 rats) reversed this facilitatory effect. b, MTEP (100 wum) alone had no significant
effect (n = 5rats). ¢, LY367385 (1 mm, 15 min; n = 6 rats) did not inhibit the effect of DHPG. d,
LY367385 (1 mm) had no significant effect by itself (n = 5 rats). e, PBN (100 mm; n = 6 rats)
reversed the facilitatory effect of DHPG. £, PBN (100 mm) alone had no significant effect (n = 5
rats). g, XeC (100 wum; n = 5 rats) also blocked the effect of DHPG. h, XeC (100 wm) had no
significant effect in the absence of DHPG (n = 5rats). Bar histogramsin a—h show means = SE,
**p < 0.01,**p < 0.001 (compared with predrug in ACSF); **p < 0.01, ***p < 0.001
(compared with DHPG); n.s., not significant (compared with DHPG in g, ¢, e, and g, Newman-—
Keuls multiple-comparison test; compared with predrug in b, d, f, and h, paired ¢ test).

(MTEP, 93.9 * 4.8% of predrug, n = 5 rats; LY367385, 101.7 =
7.0%, n = 5 rats) or to CRD (MTEP, 103.9 * 8.1% of predrug,
n = 5 rats; LY367385, 105.4 £ 7.2%, n = 5 rats).

The analysis of spinal reflexes showed similar results (Fig. 11).
Stereotaxic administration of DHPG (100 uMm, concentration in
microdialysis probe; 15 min) into the CeA decreased the hind-
limb withdrawal threshold, and this facilitatory effect was re-
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versed by MTEP (100 wM, 15 min; n = 6 rats) (Fig. 11a), but not
by LY367385 (1 mMm, 15 min; n = 6 rats) (Fig. 11¢). Significance of
drug effects was determined with the Newman—Keuls multiple-
comparison test (Fig. 11 shows results). Application of the antag-
onists (MTEP, n = 5 rats; LY367385, n = 5 rats) without DHPG
had no significant effect as determined with paired ¢ tests (Fig.
11b,d). The data suggest that the facilitatory effects of group I
mGluRs on spinally and supraspinally organized behaviors are
mediated by mGluR5 rather than mGluR1 under normal condi-
tions in the absence of tissue injury.

The facilitatory effects of DHPG (100 uMm) on vocalizations to
noxious stimuli were blocked significantly ( p < 0.001, Newman—
Keuls multiple-comparison tests) by a ROS scavenger (PBN, 100
mMm; knee joint compression, n = 6 rats; CRD, n = 6 rats) (Fig.
10e,f), confirming the involvement of ROS. PBN had no signifi-
cant effect on its own ( p > 0.05, paired ¢ test; knee, 106.1 = 5.5%
of predrug, n = 5 rats; CRD, 93.2 * 7.0%, n = 5 rats). Inhibition
of IP; receptor function with xestospongin C (100 uMm) also
blocked the facilitatory effects of DHPG on vocalizations signifi-
cantly (p < 0.01-0.001, Newman—Keuls multiple-comparison
tests; knee compression, n = 5 rats; CRD, n = 5 rats) (Fig. 10g,h).
XeC alone had no significant effect on vocalizations ( p > 0.05,
paired ¢ test; knee, 103.3 * 4.6% of predrug, n = 5 rats; CRD,
94.3 = 9.9%, n = 5 rats). No difference was found between drug
effects on audible and ultrasonic vocalizations.

The facilitatory effects of DHPG on spinal reflexes (Fig. 11)
were inhibited by PBN (100 mm; n = 6 rats) (Fig. 11e) and XeC
(100 uM; n = 5 rats) (Fig. 11g). Significance of drug effects was
determined with the Newman—Keuls multiple-comparison test
(Fig. 11 shows results). Application of PBN (n = 5 rats) or XeC
(n = 5 rats) without DHPG had no significant effect as deter-
mined with paired t tests (Fig. 11f,h1). The lack of effects of antag-
onists and inhibitors on baseline spinal reflexes argues against the
contribution of any motor deficits to the inhibition of DHPG-
induced behaviors by blockers of the mGluR5- IP;-ROS signaling
pathway. Concentrations were selected based on data in the lit-
erature (see Materials and Methods), data from slice experiments
(this study), and preliminary concentration—response experi-
ments that determined the maximum concentration that by itself
had no effect on vocalizations.

As a placement control for drug spread, we performed off-site
applications into the neighboring striatum (1.5 mm away from
the CeLC) in some experiments (n = 5 rats). Because the inhib-
itors of the mGluR5- IP;-ROS-ERK and PKA pathway had no
effect on their own, we used the mGluR1/5 agonist DHPG (100
uM). DHPG had no significant effect ( p > 0.05, paired ¢ test) on
vocalizations evoked by noxious knee joint compression
(107.75 £ 10.01% of predrug control, n = 4 rats) or by CRD
(94.95 = 17.23%, n = 4 rats) and on hindlimb withdrawal
thresholds (101.94 * 5.23%, n = 4 rats). The behavioral data are
consistent with the electrophysiological results showing that IP,
and ROS mediate the facilitatory effects of mGluR5 in the CeA.

Discussion

ROS play a critical role in cytotoxicity and oxidative stress (Ma-
her and Schubert, 2000; Chinopoulos and Adam-Vizi, 2006) but
have also emerged as important signaling molecules in physio-
logical plasticity (Klann, 1998; Hu et al., 2006; Kishida and Klann,
2007). More recent evidence suggests that ROS such as superox-
ide and hydrogen peroxide also contribute to peripheral (Twin-
ing et al., 2004; Keeble et al., 2009) and spinal (Kim et al., 2004;
Wang et al., 2004; Gao et al., 2007; Lee et al., 2007; Schwartz et al.,
2008, 2009; Kim et al., 2009; Lee et al., 2010) mechanisms of
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inflammatory and neuropathic pain. However, mechanisms of
ROS activation and downstream effectors related to pain remain
to be determined.

The key finding of the present study is that ROS, specifically
mitochondrial superoxide, link mGluR5 to ERK and PKA
through an IP;-dependent mechanism that does not require PKC
and NO and does not involve mGluR1. The second novelty is that
this signaling cascade can produce pain-like behaviors by increas-
ing the excitability and output of neurons in the amygdala
(CeLC), a brain area that is concerned with emotional-affective
aspects of behavior and pain (Neugebauer et al., 2004, 2009;
Maren, 2005; Phelps and Ledoux, 2005; Seymour and Dolan,
2008).

The rationale for focusing on group I mGluRs as activators of
ROS and on ERK and PKA as effectors was as follows. Pain-
related synaptic plasticity and central sensitization of CeLC neu-
rons depend critically on group I mGluRs (Neugebauer et al.,
2003; Li and Neugebauer, 2004). Antagonists for mGluR1 and
mGluRS5 largely reversed electrophysiological changes of CeLC
neurons in the arthritis pain model (Neugebauer et al., 2003; Li
and Neugebauer, 2004) and also normalized nocifensive and af-
fective responses in arthritic and neuropathic pain models (Han
and Neugebauer, 2005; Ansah et al., 2010). Function of mGluR1
showed a more pronounced change than that of mGluR5 in the
arthritis pain model. Disruption of mGluR5 function in the CeLC
pharmacologically or with a conditional knock-out approach re-
versed and prevented, respectively, formalin-induced mechani-
cal hypersensitivity (Kolber et al., 2010). Conversely, activation of
group I mGluRs in the CeLC under normal conditions increased
neuronal activity and synaptic transmission through a mecha-
nism that mainly involved mGluR5 (Neugebauer et al., 2003; Li
and Neugebauer, 2004; Ji and Neugebauer, 2010). Activation of
mGluRS5 in the CeLC also produced nocifensive behaviors in an-
imals without tissue injury (Kolber et al., 2010). Interestingly,
DHPG in the CeA induced no or negligible avoidance behavior in
normal animals (Ansah et al., 2009), but enhanced fear condi-
tioning when injected into the basolateral amygdala (Rudy and
Matus-Amat, 2009). Possible regional differences of group I
mGluR function related to pain and fear remain to be deter-
mined. Off-site drug applications into the adjacent striatum as
placement controls in our previous studies (for mGluR1 and
mGluR5 antagonists, see Han and Neugebauer, 2005; for
MEK1/2, PKA, and PKC inhibitors, see Fu et al., 2008) and in
the present study show that the spread of drugs applied by
microdialysis does not exceed 0.5-1 mm. Even more impor-
tantly, a drug that can inhibit activity of neurons in the baso-
lateral amygdala when administered into that nucleus has no
effect when administered by microdialysis into the CeA (Ji et
al., 2010). These findings suggest that the pharmacological
manipulations of mGluR5- IP;-ROS signaling targeted the
CeA rather than the basolateral nucleus, although effects on
adjacent structures cannot be excluded entirely in the in vivo
approach.

Group I mGluRs typically couple to IP; formation and PKC
activation via G, protein (Varney and Gereau, 2002; Lesage,
2004; Neugebauer, 2007). They can also activate PKA, at least in
expression systems (Joly et al., 1995), and have been linked to
ERK activation in the spinal cord (Karim et al., 2001; Giles et al.,
2007) and amygdala (Kolber et al., 2010). ERK (Carrasquillo and
Gereau, 2007; Fu et al., 2008) and PKA (Bird et al., 2005; Han et
al., 2005b; Fu and Neugebauer, 2008) appear to play more im-
portant roles than PKC (Fu et al., 2008) in pain-related amygdala
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plasticity and amygdala-mediated pain behaviors. It is not clear
how group I mGluRs couple to the activation of ERK and PKA.

Here, we tested the novel hypothesis that ROS serves as an
important link, because IP;-mediated calcium release increases
ROS production (Hajnoczky et al., 2006; Wu et al., 2007) and
ROS can activate protein kinases probably through redox modi-
fication (Kishida and Klann, 2007; Huddleston et al., 2008). In-
deed, the results of a recent study from our group suggest that the
facilitatory effects of group I mGluRs on nociceptive processing
in CeLC neurons involve ROS (Ji and Neugebauer, 2010), al-
though the in vivo approach did not allow us to determine
whether mGluRs and ROS are linked in the same cell or through
indirect mechanisms such as presynaptic to postsynaptic signal-
ing. The present study used intracellular injections of signaling
blockers and measured excitability changes to link mGluRS5, but
not mGluR1, to ROS activation in the same cell.

The differential effects of mGluR1 and mGluR5 antagonists
on neuronal excitability and behavior argue against nonselective
drug effects. LY367385 is a potent and selective mGluR1 antago-
nist that does not interact with other mGluR subtypes at concen-
trations up to 100 uM (Kingston et al., 2002). LY367385 had no
significant effect at concentrations of 10 uM in slices and up to 1
mM in the microdialysis fiber, which further confirms the appro-
priateness of the factor 100 to estimate tissue concentration (see
Materials and Methods). MTEP is a more selective mGluR5 an-
tagonist than the commonly used compound MPEP and has
fewer off-target effects. Concentrations used in our study (1 um
in slices, 100 uM in microdialysis probe) are well within the con-
centration range (<10 uMm) that is highly selective for mGluR5
(Lea and Faden, 2006).

Importantly, mGluR5-dependent ROS activation required
IP, but not PKC activation. ROS scavengers did not block the
effect of PKC activation with a phorbol ester. Unexpectedly, PKC
activation produced mixed excitatory and inhibitory effects,
which may be explained by known interactions between group I
mGluRs and PKC. On the one hand, PKC is an important signal-
ing molecule for group I mGluR functions (Varney and Gereau,
2002; Conn, 2003; Lesage, 2004). On the other hand, PKC can
desensitize these receptors (Gereau and Heinemann, 1998). The
mixed effects of PKC activation in CeLC neurons may explain
why we have not yet found evidence for the involvement of PKC
in pain-related neuroplasticity in this region and in amygdala-
mediated pain modulation (Bird et al., 2005; Han et al., 2005b; Fu
and Neugebauer, 2008; Fu et al., 2008). Nitric oxide (NO), an-
other important signaling molecule in pain mechanisms (Freire
et al,, 2009), is also not involved in the mGluR5- IP;-ROS path-
way. Superoxide and NO have been shown to act independently
in the spinal cord to generate hyperalgesia in a neuropathic pain
model (Kim et al., 2009).

A novelty of this study is the demonstration that ROS plays an
important role in pain mechanisms in the brain. Evidence for the
involvement of ROS in group I mGluR signaling comes from
live-cell imaging of mitochondrial superoxide production in the
CeLC, but is also based on the pharmacological effects of ROS
scavengers. PBN is the prototype of “spin-trapping” nitrones that
can inhibit the formation of different types of ROS such as super-
oxide, hydrogen peroxide, hydroxyl radical, and peroxynitrates
(Kotake, 1999). The cellular levels of ROS are carefully controlled
by detoxifying enzymes such as the superoxide dismutases
(Hidalgo and Donoso, 2008). Tempol is a potent nontoxic super-
oxide dismutase mimetic that converts superoxide radical to hy-
drogen peroxide, which is further metabolized into molecular
oxygen and water (Tal, 1996). Tempol has been used to deter-
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mine the role of superoxide in pain-related neuroplasticity
(Schwartz et al., 2008, 2009; Lee et al., 2010). The inhibitory
effects of tempol and live-cell imaging of mitochondrial ROS
production suggest that superoxide plays an important role in the
mGluR5- IP;-ROS cascade. This is consistent with circumstantial
evidence that superoxide is necessary for long-term potentiation
whereas other forms of ROS, such as hydrogen peroxide, may
have a negative impact (Knapp and Klann, 2002).

Possible effector mechanisms of ROS include oxidative mod-
ification or phosphorylation of protein kinases such as PKA and
PKC (Hidalgo and Donoso, 2008) and calcium release receptors
of the ryanodine type that can link ROS to ERK activation (Kem-
merling et al., 2007). ERK has emerged as a key signaling mole-
cule in pain-related amygdala functions (Carrasquillo and
Gereau, 2007; Fu et al., 2008; Kolber et al., 2010). Importantly,
ERK activation does not appear to account fully for all effects of
mGluR5-induced signaling in the CeLC. ERK inhibition did not
completely block all pronociceptive effects of mGluR5 activation
in a recent study (Kolber et al., 2010) or the mGluR5-induced
increase of neuronal excitability in the present study. However,
simultaneous inhibition of ERK and PKA completely blocked the
effect of DHPG (Fig. 8). The additive effect may argue against a
simple serial arrangement of PKA and ERK signaling, because
blocking either molecule would be expected to produce the full
effect in this model. We also showed previously that PKA activa-
tion in the CeLC with forskolin is not inhibited by an ERK inhib-
itor (Fu et al., 2008), suggesting some degree of independence of
PKA and ERK signaling in the CeLC.

The ionic mechanisms of mGluR5- IP;-ROS-ERK/PKA-
induced excitability changes remain to be determined. Kv4.2 has
been identified as a key target for ERK to increase excitability of
hippocampal cells (Yuan et al., 2002) and spinal neurons (Hu et
al., 2003). Although Kv4.2 has phosphorylation sites for ERK,
PKA, and PKC (Birnbaum et al., 2004), it was suggested that PKA
and PKC did not modulate channel function directly but acted as
upstream activators of ERK (Yuan et al., 2002; Hu et al., 2003). As
mentioned before, results from our previous study in the CeLC
argue against ERK acting downstream of PKA (Fu et al., 2008).
PKA has also been linked to the modulation of other ion channels
such as Kv3 to regulate excitability of CeLC neurons (Fu and
Neugebauer, 2008). mGluR5- IP;-ROS-ERK/PKA signaling is
likely to target multiple ionic mechanisms. Additive effects of
ERK and PKA inhibitors in this study are consistent with a par-
allel arrangement and separate targets. Their analysis was beyond
the scope of this study.

In summary, novel findings of this study include the impor-
tant role of ROS in the modulation of neuronal excitability of
amygdala neurons and amygdala-mediated behavior, a novel
mGluR5- IP;-ROS-ERK/PKA signaling mechanism that explains
how group I mGluRs couple to ERK and PKA, and ROS as a
critical activator of ERK and PKA to increase neuronal excitabil-
ity and pain behavior. Increased nocifensive and affective re-
sponses as a consequence of altered brain function in the absence
of tissue injury may have important implications for pain disor-
ders with little or no clearly defined tissue pathology, such as
irritable bowel syndrome, fibromyalgia, and others (Gebhart,
2004).
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