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Facilitation and Behavior
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A major site of extrahypothalamic expression of corticotropin-releasing factor (CRF) and its G-protein-coupled CRF1 and CRF2 receptors
is the amygdala, a key player in emotions and affective disorders. Pain-related plasticity in the laterocapsular division of the central
nucleus of the amygdala (CeLC) generates emotional-affective responses and anxiety-like behavior. CRF1 receptor antagonists have
anxiolytic effects. Although both CRF1 and CRF2 receptors couple positively to adenylyl cyclase, they can have opposite effects, but the
underlying mechanism is unknown. This study addressed CRF1 and CRF2 receptor functions and mechanisms in the amygdala in a model
of arthritic pain. Using whole-cell patch-clamp recordings of CeLC neurons, we found that a selective CRF1 receptor antagonist
(NBI27914 [5-chloro-4-(N-(cyclopropyl)methyl-N-propylamino)-2-methyl-6-(2,4,6-trichlorophenyl)]) amino-pyridine inhibited synap-
tic facilitation in brain slices from arthritic rats through a postsynaptic mechanism. Inhibition of the NMDA receptor-mediated synaptic
component was occluded by a protein kinase A (PKA) inhibitor, consistent with our previous demonstration of PKA-dependent increased
NMDA receptor function in arthritis pain-related plasticity. NBI27914 also decreased neuronal excitability through inhibition of highly
tetraethylammonium (TEA)-sensitive ion channels that contribute to action potential repolarization and firing rate. In contrast, a CRF2
receptor antagonist (astressin-2B [cyclo(31–34) [D-Phe11,His12,C�MeLeu13,39, Nle17, Glu31, Lys34] Ac-Sauvagine(8 – 40)]) facilitated
synaptic transmission through presynaptic inhibition of GABAergic transmission (disinhibition). NBI27914 inhibited arthritis pain-
related behaviors (audible and ultrasonic vocalizations and hindlimb withdrawal reflexes). Astressin-2B had no significant behavioral
effect. The data suggest that endogenous CRF1 receptor activation in the amygdala contributes to pain-related synaptic facilitation,
increased excitability, and pain behavior through a postsynaptic mechanism involving activation of PKA and highly TEA-sensitive
K �-currents. Presynaptic CRF2 receptor-mediated inhibition does not reach behavioral significance.
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Introduction
The present study focused on the role of corticotropin-releasing
factor 1 (CRF1) and CRF2 receptors in the amygdala in pain-
related facilitation and behavior. The amygdala is a major site of
extrahypothalamic CRF expression and a key element of the cir-
cuitry through which CRF contributes to anxiety and affective
disorders (Gray, 1993; Reul and Holsboer, 2002; Bale and Vale,
2004; Asan et al., 2005). CRF1 receptors have emerged as drug
targets for depression and anxiety disorders (Chalmers et al.,
1996; Takahashi, 2001; Dautzenberg and Hauger, 2002; Reul and
Holsboer, 2002; Charney, 2003; Bale and Vale, 2004). CRF1 re-
ceptor antagonists have been used successfully in humans for
depression and anxiety (Zobel et al., 2000; Kunzel et al., 2005).

Pain carries a negative affective valence and is closely related to
anxiety and depression (Rome and Rome, 2000; Grachev et al.,
2001; Rhudy and Meagher, 2003; Turk, 2003; Gallagher and
Verma, 2004). The amygdala is now recognized as an important
player in the emotional-affective dimension of pain (Heinricher
and McGaraughty, 1999; Rhudy and Meagher, 2001; Gauriau and
Bernard, 2002; Neugebauer et al., 2004; Neugebauer, 2006; Ji et
al., 2007; Pedersen et al., 2007). Our previous studies demon-
strated central sensitization (Neugebauer and Li, 2003; Li and
Neugebauer, 2004a,b, 2006; Han et al., 2005b; Ji and Neugebauer
et al., 2007) and synaptic plasticity (Neugebauer et al., 2003; Han
et al., 2004, 2005b, 2006; Bird et al., 2005) in the laterocapsular
division of the central nucleus of the amygdala (CeLC) in the
kaolin/carrageenan-induced arthritis pain model. Pain-related
synaptic plasticity in the CeLC was confirmed in a model of
chronic neuropathic pain (Ikeda et al., 2007) and was mimicked
by tetanic stimulation of presumed nociceptive inputs from the
parabrachial area (PB) (Lopez de Armentia and Sah, 2007). Phar-
macologic inhibition of the central nucleus decreased nocifensive
and affective pain responses in arthritic (Han and Neugebauer,
2005; Han et al., 2005b), visceral (Tanimoto et al., 2003), and
neuropathic pain (Pedersen et al., 2007) models and in the pro-
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longed phase of the Formalin test (Carrasquillo and Gereau,
2007).

Arthritis pain-related plasticity in the CeLC requires protein
kinase A (PKA)-dependent increased NMDA receptor function
(Bird et al., 2005). CRF binds to G-protein-coupled CRF1 and
CRF2 receptors, both of which typically activate the cAMP–PKA
signal transduction pathway (Dautzenberg and Hauger, 2002;
Reul and Holsboer, 2002; Blank et al., 2003; Arzt and Holsboer,
2006). Despite similar effector mechanisms and a 70% sequence
homology, these receptors can mediate different, sometimes op-
posing functions (Reul and Holsboer, 2002; Charney, 2003; Bale
and Vale, 2004). Selective antagonists have become available, in-
cluding NBI27914 [5-chloro-4-(N-(cyclopropyl)methyl-N-
propylamino)-2-methyl-6-(2,4,6-trichlorophenyl) amino-
pyridine] (Hoare et al., 2003) and astressin-2B [Cyclo(31–34)
[D-Phe11,His12,C�MeLeu13,39, Nle17, Glu31, Lys34] Ac-Sau-
vagine(8 – 40)] (CRF2) (Rivier et al., 2002), which were used in
the present study.

Previous biochemical (Sinniger et al., 2004; Greenwood-Van
Meerveld et al., 2006; Ulrich-Lai et al., 2006) and behavioral
(Lariviere and Melzack, 2000; McNally and Akil, 2002) studies
point to the amygdala as an important site of CRF-mediated pain
modulation, but the role of endogenously activated CRF1 and
CRF2 receptors in the amygdala is not known. The present study
used a multidisciplinary approach at the system and cellular lev-
els to determine the effects of selective CRF1 and CRF2 receptor
antagonists on pain-related synaptic facilitation in the amygdala,
the underlying mechanisms and behavioral consequences.

Materials and Methods
Arthritis pain model
A mono-arthritis was induced in the left knee joint of adult rats as de-
scribed in detail previously (Neugebauer and Li, 2003; Neugebauer et al.,
2003). A kaolin suspension (4%, 80 –100 �l) was injected into the joint
cavity through the patellar ligament with a syringe (1 ml, 25 G5/8). After
repetitive flexions and extensions of the knee for 15 min, a carrageenan
solution (2%, 80 –100 �l) was injected into the knee joint cavity, and the
leg was flexed and extended for another 5 min. This treatment paradigm
reliably leads to inflammation and swelling of the knee within 1–3 h,
reaches a maximum plateau at 5– 6 h, and persists for days (Neugebauer
et al., 2007). Electrophysiological and behavior measurements of arthritis
pain-related changes were made at the 6 h time point (plateau phase).

Electrophysiology: patch-clamp recording
Amygdala slice preparation. Brain slices containing the central nucleus of
the amygdala (CeA) were obtained from arthritic rats and normal rats
(150 –250 g; Sprague Dawley). Rats were decapitated, and the brains were
quickly dissected out and blocked in cold (4°C) artificial CSF (ACSF).
ACSF contained the following (in mM): 117 NaCl, 4.7 KCl, 1.2 NaH2PO4,
2.5 CaCl2, 1.2 MgCl2, 25 NaHCO3, and 11 glucose. ACSF was oxygenated
and equilibrated to pH 7.4 with a mixture of 95% O2/5% CO2. Coronal
brain slices (500 �m) were prepared using a Vibroslice (Camden Instru-
ments, 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. 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
experimental protocol. Numbers in the manuscript refer to the number
of neurons tested for each parameter.

Whole-cell patch-clamp recording. Whole-cell recordings using the
“blind” patch technique were obtained from neurons in the CeLC (see
Fig. 1) as described previously (Neugebauer et al., 2003; Han et al., 2004,
2005b, 2006; Bird et al., 2005). The different nuclei of the amygdala and
the CeA subdivisions are easily discerned under the microscope (see Fig.
1). Patch electrodes (4 – 6 M� tip resistance) were made from borosili-
cate glass capillaries (1.5 and 1.12 mm, outer and inner diameter, respec-
tively; Drummond Scientific, Broomall, PA), using a Flaming-Brown

micropipette puller (P-80/PC; Sutter Instruments, Novato, CA). The
internal solution of the recording electrodes contained the following (in
mM): 122 K-gluconate, 5 NaCl, 0.3 CaCl2, 2 MgCl2, 1 EGTA, 10 HEPES,
5 Na2-ATP, and 0.4 Na3-GTP, pH adjusted to 7.2–7.3 with KOH (osmo-
larity to 280 mOsm/kg with sucrose). After tight (�2 G�) seals were
formed and the whole-cell configuration was obtained, neurons were
included in the sample if the resting membrane potential (RMP) was
more negative than �50 mV and action potentials overshooting 0 mV
were evoked by direct depolarizing current injections.

Voltage and current signals were low-pass filtered at 1 kHz with a dual
four-pole Bessel filter (Warner Instruments, Hamden, CT), digitized at 5
kHz (Digidata 1322A interface; Molecular Devices, Sunnyvale, CA), and
stored on a computer (Dell Pentium 4; Dell Computer Company, Round
Rock, TX). Data were also continuously recorded on an ink chart re-
corder (Gould 3400; Gould Instrument Systems, Valley View, OH).
Current- and voltage-clamp (discontinuous single-electrode voltage
clamp) recordings were made using an Axoclamp-2B amplifier (Molec-
ular Devices) with a switching frequency of 5– 6 kHz (30% duty cycle),
gain of 3– 8 nA/mV, and time constant of 20 ms. Phase shift and anti-alias
filter were optimized. The head-stage voltage was monitored continu-
ously on a digital oscilloscope (Gould 400; Gould Instrument Systems) to
ensure precise performance of the amplifier. If series resistance (moni-
tored with pClamp9 software; Molecular Devices) changed �10%, the
neuron was discarded to minimize any potentially confounding influ-
ences of series and space clamp changes. Voltage and current data were
analyzed with pClamp9 software (Molecular Devices). Neurons were
voltage clamped at �60 mV except for the analysis of inhibitory synaptic
transmission (recorded at �40 mV).

Synaptic stimulation. Using two concentric bipolar stimulating elec-
trodes (SNE-100, 22 k�; David Kopf Instruments, Tujunga, CA), mono-
synaptic EPSCs were evoked in CeLC neurons by electrical stimulation
[using a Grass Instruments (Quincy, MA) S88 stimulator] of two distinct
lines of input (see Fig. 1): the PB–CeLC synapse, which contains afferents
from the lateral parabrachial area and provides presumed nociceptive
input from the spino-parabrachio-amygdaloid pain pathway, and the
basolateral amygdala (BLA)–CeLC synapse, which transmits highly inte-
grated polymodal information from thalamic and cortical areas and is
part of the fear/anxiety circuitry (Neugebauer et al., 2004; Neugebauer,
2006; Lopez de Armentia and Sah, 2007). 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 CeA and ventral to but outside of the caudate–putamen (Neugebauer
et al., 2003; Lopez de Armentia and Sah, 2004, 2007; Bird et al., 2005; Han
et al., 2005b; Ikeda et al., 2007). In the vicinity of this tract, no other
afferents to the CeA have been described (Schwaber et al., 1988; Harrigan
et al., 1994; Alheid et al., 1995).

Electrical stimuli (150 �s square-wave pulses) were delivered at low
frequencies (�0.25 Hz). Input– output functions were obtained by in-
creasing the stimulus intensity in 100 �A steps. For evaluation of a drug
effect on synaptically evoked responses, the stimulus intensity was ad-
justed to 75– 80% of the intensity required for orthodromic spike gener-
ation (Neugebauer et al., 2003; Bird et al., 2005; Han et al., 2005b).

Paired-pulse ratio (PPR) analysis allows to determine presynaptic ver-
sus postsynaptic mechanisms in the CNS (McKernan and Shinnick-
Gallagher, 1997) and has been applied successfully to the study of drug
effects in the CeLC (Neugebauer et al., 2003; Bird et al., 2005). Two
orthodromic synaptic stimuli of equal intensity were applied at varying
intervals, and the resulting EPSCs were recorded in whole-cell voltage
clamp. Peak amplitudes of the initial EPSC (EPSC1) and the second
EPSC (EPSC2) were measured as the difference between the current level
before the stimulus artifact and the peak of the EPSC. PPR was calculated
as the ratio of EPSC2 over EPSC1 and expressed in percentage. Any
alterations in PPR suggest a presynaptic site of action (McKernan and
Shinnick-Gallagher, 1997; Neugebauer et al., 2003; Bird et al., 2005). PPR
was measured before and during drug application.

Miniature EPSCs and IPSCs. The analysis of miniature events is a well
established tool to determine the site of drug actions within a specific
synapse (Schrader and Tasker, 1997) and has been used successfully in
our previous studies of synaptic transmission in the amygdala (Han et al.,
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2004, 2005b, 2006; Bird et al., 2005). Presynaptic changes at the trans-
mitter release site affect frequency, whereas changes at the postsynaptic
membrane would alter amplitude (quantal size) of the miniature events
(Wyllie et al., 1994). For the recording of miniature EPSCs (mEPSCs) or
mIPSCs, tetrodotoxin (TTX) (1 �M) was added to the ACSF to block
action potential-dependent synaptic transmission. mEPSCs were recorded
in the presence of bicuculline (30 �M); mIPSCs were isolated pharmacolog-
ically with DL-2-amino-5-phosphonopentanoic acid (AP-5) (50 �M) and
2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide
disodium salt (NBQX) (20 �M) and were recorded at �40 mV. A fixed
length of traces (5 min) was analyzed for frequency and amplitude distribu-
tions of mEPSCs or mIPSCs using MiniAnalysis program 5.3 (Synaptosoft,
Decatur, GA). 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
three to four times the RMS value. The peaks were detected automatically,
but each detected event was then visually inspected to prevent the inclusion
of false data.

Drugs. The following selective CRF receptor antagonists were used.
NBI27914 (CRF1 receptor antagonist) (Hoare et al., 2003; Pollandt et al.,
2006; Ji and Neugebauer, 2007) was purchased from Tocris Bioscience
(Ellisville, MO). Astressin-2B (CRF2 receptor antagonist) (Rivier et al.,
2002; Hoare et al., 2005; Pollandt et al., 2006; Ji and Neugebauer, 2007)
was a generous gift from Dr. Jean Rivier of The Salk Institute (La Jolla, CA);
additionalamountswerepurchasedfromSigma(St.Louis,MO).AP-5(NMDA
receptor antagonist), NBQX (non-NMDA receptor antagonist), bicuculline
([R-(R*,S*)]-6-(5,6,7,8-tetrahydro-6-methyl-1,3-dioxolo[4,5-g]isoquinolin-5-
yl)furo[3,4-e]-1,3-benzodioxol-8(6H)-one) (GABAA receptor antagonist), and
CGP 35348 [3-aminopropyl)(diethoxymethyl)phosphinic acid] (GABAB re-
ceptor antagonist) (Porter and Nieves, 2004) were purchased from Toc-
ris Bioscience. KT5720, a potent and selective PKA inhibitor (Cabell and
Audesirk, 1993; Bird et al., 2005), was purchased from Tocris Bioscience.
Drugs were dissolved in ACSF on the day of the experiment and applied
to the brain slice by gravity-driven superfusion in the ACSF (�2 ml/
min). Solution flow into the recording chamber (1 ml volume) was con-
trolled with a three-way stopcock.

Drugs were applied for at least 15 min to establish equilibrium in the
tissue. Based on initial observations showing that drug effects reached a
plateau after 10 min, the 12–15 min time point was selected for the full set
of tests (input– output functions, current–voltage relationships, paired-
pulse ratio, mEPSC and mIPSC analysis, and action potential firing
properties; see above) and for the comparison of drug effects.

Behavior: vocalizations and hindlimb withdrawal reflexes
Experimental protocol. On day 1, a guide cannula for drug (and ACSF
vehicle) application by microdialysis was stereotaxically inserted into the
CeLC. Baseline (before arthritis) vocalizations and spinal withdrawal
reflexes were measured in normal rats in the afternoon of day 2. The
behavioral tests were repeated in the afternoon of day 3 in the same
animals before drug administration (ACSF vehicle control), during drug
administration (15 min), and after drug administration (30 min washout
with ACSF). Animals tested on day 3 were either normal (no arthritis) or
arthritic (6 h after arthritis induction in one knee; see above, Arthritis
pain model).

Drug application by microdialysis. As described in detail previously
(Han and Neugebauer, 2005; Han et al., 2005b; Ji et al., 2007), rats were
anesthetized with pentobarbital sodium (50 mg/kg, i.p.), and a small
unilateral craniotomy was performed at the sutura frontoparietalis level.
Using a stereotaxic apparatus (David Kopf Instruments), a guide cannula
was implanted on the dorsal margin of the CeLC as described previously
in detail (Han and Neugebauer, 2005; Han et al., 2005b), using the fol-
lowing coordinates (Paxinos and Watson, 1998): 1.8 –2.0 mm caudal to
bregma, 4.0 mm lateral to midline, 7.0 mm depth. In some experiments,
a guide cannula was implanted into the striatum as a placement control,
using the following stereotaxic coordinates: 2.0 mm caudal to bregma,
4.5 mm lateral to midline, 5.0 mm depth of tip. The cannula was fixed to
the skull with dental acrylic (Plastics One, Roanoke, VA). Antibiotic
ointment was applied to the exposed tissue to prevent infection. On the
day of the experiment, a microdialysis probe (CMA/Microdialysis 11;
membrane diameter, 250 �m; membrane length, 1 mm; CMA/Microdi-

alysis, Solna, Sweden) was inserted into the CeLC through the guide
cannula so that the probe protruded by 1 mm. Using polyethylene-50
tubing, the probe was connected to a Harvard infusion pump and per-
fused with ACSF (2 �l/min) containing the following (in mM): 125.0
NaCl, 2.6 KCl, 2.5 NaH2PO4, 1.3 CaCl2, 0.9 MgCl2, 21.0 NaHCO3, and
3.5 glucose, oxygenated and equilibrated to pH 7.4. Before each drug
application, ACSF was pumped through the fiber for at least 1 h to
establish equilibrium in the tissue.

CRF1 and CRF2 receptor antagonists (see above, Electrophysiology:
patch-clamp recording) were dissolved in ACSF on the day of the exper-
iment at a concentration 100 times that predicted to be needed based on
published data (Rivier et al., 2002; Hoare et al., 2003, 2005; Pollandt et al.,
2006), our previous microdialysis studies (Ji and Neugebauer, 2007; Ji et
al., 2007), and our own in vitro data (this study) because of the concen-
tration gradient across the dialysis membrane and diffusion in the tissue
(Li and Neugebauer, 2004a,b, 2006; Han et al., 2005b; Ji and Neugebauer,
2007). The numbers given in this article refer to the drug concentrations
in the microdialysis fiber. ACSF administered alone served as a vehicle
control. Behavior was measured at 15–20 min during continued drug
administration and again at 30 min of washout with ACSF.

Audible and ultrasonic vocalizations. Vocalizations were recorded and
analyzed as described in detail previously (Han and Neugebauer, 2005).
The experimental setup (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 4-channel system; Noldus
Information Technology, Leesburg, VA), and data acquisition software
(UltraVox 2.0; Noldus Information Technology), which automatically
monitored the occurrence of vocalizations within user-defined frequen-
cies and recorded number and duration of digitized events (audible and
ultrasonic vocalizations). This computerized recording system was set to
suppress nonrelevant audible sounds (background noise) and to ignore
ultrasounds outside the defined frequency range. Animals were placed in
the recording chamber for acclimation 1 h before the vocalization mea-
surements and for habituation (1 h on 2 d). The recording chamber
ensured the stable positioning of the animal at a fixed distance from the
sound detectors and allowed the reproducible stimulation of the knee
joint through openings for the hindlimbs. Brief (15 s) innocuous (100
g/30 mm 2) and noxious (2000 g/30 mm 2) mechanical stimuli were ap-
plied to the knee, using a calibrated forceps equipped with force trans-
ducer whose output was displayed on a liquid crystal display screen. The
chamber also had an opening for drug administration into the amygdala
through the microdialysis probe inserted into the implanted guide can-
nula. The total duration of vocalizations (arithmetic sum of the duration
of individual events) were recorded for 1 min, starting with the onset of
the mechanical stimulus. Audible and ultrasonic vocalizations reflect
supraspinally organized nocifensive and affective responses to aversive
stimuli (Borszcz and Leaton, 2003; Neugebauer et al., 2007).

Hindlimb withdrawal reflex. Thresholds of spinal withdrawal reflexes
evoked by mechanical stimulation of the knee joint were measured sub-
sequently to the vocalization measurements as described in detail previ-
ously (Han et al., 2005a; Neugebauer et al., 2007). Mechanical stimuli of
continuously increasing intensity were applied to the knee joint using a
calibrated forceps with a force transducer as in the vocalization experi-
ments. Withdrawal threshold was defined as the minimum stimulus in-
tensity that evoked a withdrawal reflex.

Histology
At the end of each behavioral experiment, the position of the microdi-
alysis probe in the CeLC or striatum (placement control) was confirmed
histologically. The brain was removed and submerged in 10% Formalin.
Tissues were stored in 20% sucrose before they were frozen sectioned at
50 �m. Sections were stained with Neutral Red, mounted on gel-coated
slides, and coverslipped. Lesion sites were plotted on standard diagrams.

Data analysis and statistics
All averaged values are given as the mean � SEM. Statistical 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 except
when noted.

Fu and Neugebauer • CRF Receptors and Pain-Related Amygdala Function J. Neurosci., April 9, 2008 • 28(15):3861–3876 • 3863



Electrophysiology
Input– output functions and PPR were compared using repeated-
measures two-way ANOVA followed by post hoc tests when appropriate.
One-way ANOVA with post hoc tests was used to compare membrane
properties of neurons from normal and from arthritic animals and to
determine the significance of drug effects on EPSCs and IPSCs when
more than one drug was tested. The paired t test was used to compare
evoked EPSC or IPSC amplitudes and mean mEPSC or mIPSC ampli-
tudes before and during a single drug application. mEPSCs and mIPSCs
were analyzed for frequency and amplitude distributions using the Mini-
Analysis program 5.3 (Synaptosoft). The Kolmogorov–Smirnov test was
used for statistical analysis of the cumulative distribution of mEPSC and
mIPSC amplitude and frequency.

Behavior
Duration of audible and ultrasonic vocalizations was defined as the arith-
metic sum (total amount) of the durations of individual vocalization
events in a 1 min recording period. The paired t test was used to evaluate
the significance of drug effects on vocalizations and withdrawal thresh-
olds in the same animal under normal conditions (“normal” group).
Newman–Keuls multiple comparison test was used to compare behav-
iors under normal conditions, in arthritis, and during drug administra-
tion in a separate group of animals (“arthritis” group).

Results
Electrophysiological changes of CeLC neurons in the arthritis
pain model
Whole-cell patch-clamp recordings were made of neurons in the
CeLC in brain slices from normal rats (n � 55 neurons) and from
arthritic rats (6 h after induction; n � 43 neurons). Only one or
two brain slices per animal were used, and one neuron was re-
corded in each slice. The different nuclei of the amygdala and
subdivisions of the central nucleus are easily discerned under the
microscope (Fig. 1). CeLC neurons in this study were character-
ized by their convergent inputs from the parabrachial area (PB–
CeLC synapse) and from the basolateral circuitry (BLA–CeLC)
(see Materials and Methods, Synaptic stimulation). Our previous
studies showed that neurons with convergent inputs develop
pain-related plasticity in vitro and resemble multireceptive neu-
rons that become sensitized in vivo (Neugebauer et al., 2004;
Neugebauer, 2006). Based on their action potential firing prop-
erties, these neurons were non-accommodating, repetitive and
regular spiking, which is the prevalent type of neurons in this
division of the amygdala (Schiess et al., 1999; Dumont et al., 2002;
Neugebauer et al., 2003; Lopez de Armentia and Sah, 2004, 2007).

In agreement with published data from our group (Neuge-
bauer et al., 2003; Bird et al., 2005; Han et al., 2005b, 2006) and
others (Ikeda et al., 2007), enhanced synaptic transmission was
recorded in the CeLC in brain slices from arthritic rats compared
with control CeLC neurons from normal rats. Enhanced synaptic
transmission preserved in the slice preparation indicates “synap-
tic plasticity” because it is maintained independently of periph-
eral or spinal mechanisms. Pain-related synaptic plasticity was
evident from the increased synaptic strength measured as in-
creased peak amplitudes of monosynaptic EPSCs evoked at the
nociceptive PB–CeLC synapse (Fig. 2B,D) and the polymodal
BLA–CeLC synapse (data not shown) (Neugebauer et al., 2004,
2007) in the arthritis pain model (for details of synaptic stimula-
tion, see Materials and Methods). CeLC neurons in slices from
arthritic animals also had a significantly more depolarized RMP
(�58.0 � 1.1 mV, n � 55, arthritis; �61.7 � 0.5 mV, n � 43,
normal; p � 0.01, one-way ANOVA) and decreased input resis-
tance (Ri) (193.8 � 8.2 M�, arthritis; 243.4 � 5.7, normal; p �
0.01) as described previously (Neugebauer et al., 2003; Bird et al.,
2005).

Differential effects of CRF1 and CRF2 receptor antagonists on
pain-related synaptic facilitation
Input– output functions of the PB–CeLC synapse were measured
before and during application of antagonists for CRF1
(NBI27914, 500 nM) (Fig. 2A,B) and CRF2 (astressin-2B, 500
nM) (Fig. 2C,D). In brain slices from normal rats (Fig. 2A,C), the
antagonists had no effects on basal synaptic transmission
(NBI27914, n � 10; astressin-2B, n � 5). However, in brain slices
from arthritic rats (Fig. 2B,D), NBI27914 inhibited synaptic fa-
cilitation significantly (n � 10, p � 0.0001, F(1,99) � 48.55,
repeated-measures two-way ANOVA; GraphPad Prism),
whereas astressin-2B further increased synaptic transmission
(n � 5, p � 0.0001, F(1,44) � 44.93).

The normalized results obtained with CRF1 and CRF2 antag-
onists at the PB–CeLC and BLA–CeLC synapses in the arthritis
pain model are summarized in Figure 3. NBI27914 (500 nM)
inhibited synaptic facilitation at the PB–CeLC synapse (Fig. 3A)
(n � 10, p � 0.001, paired t test) and at the BLA–CeLC synapse
(Fig. 3B) (n � 11, p � 0.001), whereas astressin-2B facilitated
transmission at the PB–CeLC synapse (Fig. 3C) (n � 5, p � 0.05,
paired t test) and at the BLA–CeLC synapse (Fig. 3D) (n � 8, p �
0.05). Synaptic responses were evoked by a stimulus intensity
adjusted to 70 – 80% of that required for generating the maxi-
mum EPSC amplitude. These data suggest that enhanced activa-
tion of CRF1 receptors by the endogenous ligand represents an
important mechanism of pain-related synaptic facilitation in the
amygdala. At the same time, the endogenous activation of CRF2
receptors exerts a latent inhibitory influence.

Figure 1. Recording and stimulation sites in amygdala brain slices. The different nuclei of
the amygdala and subdivisions of the central nucleus are easily discerned. Stimulation elec-
trodes were positioned in the BLA and on fibers that contained afferents from the PB to stimu-
late the BLA–CeLC and PB–CeLC synapses, respectively (Neugebauer et al., 2003; Lopez de
Armentia and Sah, 2004, 2007; Neugebauer, 2006; Ikeda et al., 2007). The patch electrode was
positioned in the CeLC. CeM, CeL, CeLC, Medial, lateral, and laterocapsular divisions of the
central nucleus, respectively.
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Differential mechanisms of CRF1 and CRF2
receptor function
Next we sought to determine whether the differential effects of
CRF1 and CRF2 antagonists in the CeLC were attributable to
different sites and modes of action. The results show for the first
time that, in the arthritis pain model, postsynaptic CRF1 recep-

Figure 2. Increased synaptic transmission in the arthritis pain model is reduced by a CRF1
receptor antagonist but not by a CRF2 receptor antagonist. Input– output functions of the
PB–CeLC synapse were obtained by measuring EPSC peak amplitude (picoamperes) as a func-
tion of afferent fiber volley stimulus intensity (microamperes) for each neuron. Monosynaptic
EPSCs were evoked by electrical stimulation of increasing intensities. Insets show original traces
of evoked EPSCs (average of 2–3 EPSCs) at different stimulus intensities. A–D, Synaptic trans-
mission was studied in brain slices from normal rats (A, C) and from arthritic rats (B, D). Input–
output functions were measured before and during application of antagonists for CRF1
(NBI27914, 500 nM, 15 min; A, B) and CRF2 (astressin-2B, 500 nM, 15 min; C, D) receptors. The
antagonists had no effects under normal conditions (NBI27914, n � 10; astressin-2B, n � 5).
NBI27914 significantly inhibited enhanced synaptic transmission in the arthritis pain model
(n � 10), whereas astressin-2B had facilitatory effects (n � 5). Whole-cell voltage-clamp
recordings of CeLC neurons held at �60 mV. *p � 0.05, **p � 0.01, ***p � 0.001 (repeated-
measures two-way ANOVA followed by Bonferroni’s post hoc tests).

Figure 3. A–D, Normalized results obtained with CRF1 and CRF2 antagonists at the PB–CeLC
and BLA–CeLC synapses in the arthritis pain model. NBI27914 (NBI, 500 nM, 15 min) inhibited
synaptic facilitation at both synapses (A, PB–CeLC, n � 10; B, BLA–CeLC, n � 11), whereas
astressin-2B (A-2B, 500 nM, 15 min) facilitated transmission (C, PB–CeLC, n � 5; D, BLA–CeLC,
n � 8). Synaptic responses were evoked by a stimulus intensity adjusted to 70 – 80% of that
required for generating the maximum EPSC amplitude. Insets show original traces of evoked
EPSCs (average of 8 –10) before, during, and after (15 min wash) drug application. Calibration:
50 pA, 10 ms. Whole-cell voltage-clamp recordings of CeLC neurons held at �60 mV. *p �
0.05, ***p � 0.001 (paired t test).
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tors enhance NMDA receptor function through a PKA-
dependent mechanism, whereas presynaptic CRF2 receptors in-
crease GABAergic transmission.

Presynaptic versus postsynaptic sites of action
To assess whether the CRF1 and CRF2 receptor antagonists act
on presynaptic or postsynaptic sites in the CeLC, we used a num-
ber of well established electrophysiological methods, including
quantal analysis of mEPSCs (see Figs. 4A,B, 5A,B) and PPR (see
Figs. 4C, 5C). These parameters were measured before and dur-
ing application of the antagonists in amygdala brain slices from
arthritic rats (the antagonists had no effects under normal
conditions).

The analysis of amplitude and frequency distribution of mEP-
SCs in the presence of TTX can be used to determine presynaptic
versus postsynaptic mechanisms. Presynaptic changes at the
transmitter release site affect mEPSC frequency, whereas changes
at the postsynaptic membrane alter mEPSC amplitude (quantal
size) (Wyllie et al., 1994; Han et al., 2004, 2005b). Blockade of
CRF1 receptors decreased the amplitude, but not frequency, of
mEPSCs recorded in CeLC neurons (n � 4) in slices from ar-
thritic rats (Fig. 4A,B). NBI27914 (500 nM) caused a shift of the
cumulative mEPSC amplitude distribution toward smaller am-
plitudes ( p � 0.01, Kolmogorov–Smirnov test) (Fig. 4A) and
decreased the mean mEPSC amplitude significantly ( p � 0.05,
paired t test) (Fig. 4A, bar histogram). The effects of NBI27914
were reversible after washout for 15–20 min. NBI27914 had no
effect on the frequency of mEPSCs (cumulative interevent inter-
val distribution, p � 0.05, Kolmogorov–Smirnov test; mean
mEPSC frequency, p � 0.05, paired t test) (Fig. 4B).

In contrast, blockade of CRF2 receptors increased the fre-
quency, but not amplitude, of mEPSCs recorded in CeLC neu-
rons (n � 5) in slices from arthritic rats (Fig. 5A,B), suggesting a
presynaptic mechanism. Astressin-2B shifted the cumulative in-
terevent interval distribution toward shorter intervals ( p � 0.05,
Kolmogorov–Smirnov test) (Fig. 5B), thus increasing the mean
frequency significantly ( p � 0.05, paired t test) (Fig. 5B, bar
histogram). The effects of astressin-2B were reversible after wash-
out for 20 min. Astressin-2B had no effect on the mEPSC ampli-
tude distribution ( p � 0.05, Kolmogorov–Smirnov test) (Fig.
5A) and mean mEPSC amplitude ( p � 0.05, paired t test) (Fig.
5A, bar histogram).

Next, we used another measure of presynaptic mechanisms,
PPR. Any changes in PPR suggest a presynaptic site of action
(McKernan and Shinnick-Gallagher, 1997; Neugebauer et al.,
2003; Bird et al., 2005; Han et al., 2005b). PPR was calculated as
the ratio of the second and the first of two consecutive EPSCs
evoked at the BLA–CeLC and PB–CeLC synapses by two electri-
cal stimuli of equal intensity at increasing interstimulus intervals
(Figs. 4C,D, 5C,D). PPR was studied only in brain slices from
arthritic rats because the antagonists had no effects on synaptic
transmission under normal conditions (Fig. 2). NBI27914 (500
nM) had no significant effect on PPR at various interstimulus
intervals (BLA–CeLC, n � 5, p � 0.05, F(1,20) � 1.79; PB–CeLC,
n � 5, p � 0.05, F(1,20) � 0.06, repeated-measures two-way
ANOVA) (Fig. 4C,D), arguing against a presynaptic action. In
contrast, astressin-2B (500 nM) significantly decreased the PPR at
the BLA–CeLC synapse (n � 5, p � 0.001, F(1,20) � 18.81,
repeated-measures two-way ANOVA with Bonferroni’s post hoc
tests) (Fig. 5C) and at the PB–CeLC synapse (n � 5, p � 0.05,
F(1,20) � 5.02) (Fig. 5D). The effects of astressin-2B were revers-
ible after washout for 20 min.

Together, the results from the analysis of mEPSCs and PPR

suggest that the endogenous CRF1 receptor activation occurs at a
postsynaptic site in CeLC neurons, whereas CRF2 receptor acti-
vation is presynaptic.

Modulation of glutamatergic versus GABAergic transmission
Our previous studies showed that postsynaptic NMDA receptor
activation though a PKA-dependent mechanism plays a critical
role in arthritis pain-related synaptic plasticity in the CeLC (Bird
et al., 2005). Furthermore, PKA activation in CeLC neurons re-
sults at least in part from the activation of neuropeptide receptors
that couple to the activation of adenylyl cyclase, such as the cal-
citonin gene-related peptide receptor CGRP1 (Han et al., 2005b).
Both CRF1 and CRF2 receptors are known to couple to the acti-
vation of the cAMP–PKA signaling pathway (Dautzenberg and
Hauger, 2002; Reul and Holsboer, 2002; Blank et al., 2003; Hoare

Figure 4. Evidence for postsynaptic effects of a CRF1 receptor antagonist. Analysis of mEPSC
amplitude (A) and frequency (B) in the presence of TTX (1 �M) and bicuculline (30 �M) showed
that NBI27914 (NBI, 500 nM) significantly reduced the cumulative amplitude distribution ( p �
0.01, Kolmogorov–Smirnov test; A) and mean amplitude ( p � 0.05, paired t test; A, bar
histogram; n � 4) but not interevent interval distribution ( p � 0.05, Kolmogorov–Smirnov
test; B) and mean frequency (events per second; p � 0.05, paired t test; B, bar histogram; n �
4). C, D, The PPR, a measure of presynaptic mechanisms, was not changed by NBI27914 (500
nM). PPR was calculated as the ratio of the second and the first of two consecutive EPSCs evoked
at the BLA–CeLC synapse by two electrical stimuli of equal intensity at increasing interstimulus
intervals. Peak EPSC amplitudes were measured as the difference between the current level
before the stimulus artifact and the peak of the EPSC. NBI27914 had no significant effect on the
PPR ratio at various stimulus intervals at the BLA–CeLC (n � 5) and PB–CeLC synapse (n � 5,
p � 0.05, repeated-measures two-way ANOVA), further arguing against a presynaptic action.
Insets show current traces (average of 8 –10 EPSCs) recorded in an individual CeLC neuron to
illustrate that PPR (50 ms stimulus interval) was not affected by NBI27914. Symbols and error
bars represent mean � SE (A–D). Neurons were recorded in voltage clamp at �60 mV in slices
from arthritic rats (6 h after induction). *p � 0.05.
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et al., 2003, 2005; Arzt and Holsboer, 2006). Because CRF1 recep-
tors act postsynaptically to facilitate synaptic transmission (see
results of this study), we tested the hypothesis that the endoge-
nous activation of CRF1 receptors modulates PKA-dependent
NMDA receptor function.

NBI27914 (500 nM) inhibited the pharmacologically (with
NBQX, 20 �M) isolated NMDA receptor-mediated synaptic
component in the arthritis pain model (Fig. 6A, individual exam-
ple; C, summary). The NMDA receptor-mediated EPSC was also
reduced by a selective membrane-permeable PKA inhibitor
(KT5720, 1 �M) (Fig. 6B, individual example; 6C, summary) as in
our previous studies (Bird et al., 2005; Han et al., 2005b). In the
presence of the PKA inhibitor, NBI27914 produced no additional
inhibition (Fig. 6B, individual example; C, summary), suggesting
that CRF1 receptor activation requires PKA, because the effects of
NBI27914 were occluded by the PKA inhibitor. These experi-
ments were done only in slices from arthritic animals because
NBI27914 had no effect on basal synaptic transmission in slices

Figure 5. Evidence for presynaptic effects of a CRF2 receptor antagonist. Analysis of mEPSC
amplitude (A) and frequency (B) in the presence of TTX (1 �M) and bicuculline (30 �M).
Astressin-2B (A-2B, 500 nM) significantly shifted the cumulative interevent interval distribution
toward shorter intervals ( p � 0.05, Kolmogorov–Smirnov test; B) and increased the mean
frequency (events per second; p � 0.05, paired t test; B, bar histograms; n � 5). Astressin-2B
had no significant effect on the cumulative amplitude distribution ( p � 0.05, Kolmogorov–
Smirnov test; A) and mean amplitude ( p � 0.05, paired t test; A, bar histograms; n � 5). C, D,
PPR, a measure of presynaptic mechanisms, was decreased by astressin-2B (500 nM) at the
BLA–CeLC synapse (n � 5, p � 0.001, repeated-measures two-way ANOVA) and the PB–CeLC
synapse (n � 5, p � 0.05). PPR was calculated as described in Figure 4. Insets show current
traces (average of 8 –10 EPSCs) recorded in an individual CeLC neuron to demonstrate that there
was no PPR at the 50 ms interstimulus interval in the presence of astressin-2B. A–D, CeLC
neurons were recorded at �60 mV in slices from arthritic rats (6 h after induction). *p � 0.05,
**p � 0.01.

Figure 6. Inhibition of NMDA receptor-mediated synaptic facilitation by a CRF1 receptor antago-
nist is occluded by a PKA inhibitor. A, NBI27914 (500 nM) inhibited the pharmacologically isolated
NMDA receptor-mediated synaptic component. Monosynaptic EPSCs (average of 8 –10 traces) re-
corded in an individual CeLC neuron in a brain slice from an arthritic rat were inhibited by NBQX (20
�M) and further reduced by NBI27914 in the continued presence of NBQX. B, A selective membrane-
permeable PKA inhibitor (KT5720, 1 �M) also reduced the NMDA receptor-mediated EPSC and oc-
cludedtheeffectofNBI27914.MonosynapticEPSCs(averageof8 –10traces)recordedinanindividual
CeLC neuron in a brain slice from an arthritic rat were inhibited by NBQX and further reduced by
KT5720. Coapplication of NBI27914 with KT5720 had no additional effects (in the continued presence
of NBQX). C, Summary of the significant inhibition of synaptic facilitation (peak EPSC amplitude) by
NBQX(n�4)andNBI27914(n�4).TheinhibitoryeffectsofNBI27914andKT5720(n�4)werenot
significantly different from each other. Coapplication of NBI27914 and KT5720 (n � 4) did not pro-
duce an additional effect. Calibration: 50 pA, 25 ms. **p � 0.01, ***p � 0.001 (ANOVA followed by
Newman–Keuls multiple comparison test).
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from normal animals (Fig. 2). Further-
more, our previous studies showed that
NMDA receptors and PKA do not contrib-
ute to basal synaptic transmission under
normal conditions (Bird et al., 2005; Han
et al., 2005b). These data suggest that the
endogenous activation of postsynaptic
CRF1 receptors contributes to arthritis
pain-related synaptic facilitation through
increased PKA-dependent NMDA recep-
tor function.

CRF2 receptors also couple to the
cAMP–PKA signaling pathway, but they
mediate effects opposite to those of CRF1
receptors (Figs. 2, 3) and are presynaptic.
Therefore, we hypothesized that a CRF2
receptor antagonist produced its facilita-
tory effects through disinhibition, i.e., pre-
synaptic inhibition of inhibitory GABAer-
gic transmission. In slices from arthritic
animals, astressin-2B (500 nM) inhibited
the pharmacologically isolated (with
NBQX, 20 �M and AP-5, 50 �M) IPSC that
was evoked in CeLC neurons by electrical
stimulation in the BLA (n � 6) (Fig. 7A).
The IPSC was GABAergic because it was
blocked with bicuculline (30 �M). In con-
trast, NBI27914 (500 nM) had no effect on
the evoked IPSC (n � 5) (Fig. 7B). Analysis
of pharmacologically isolated (with
NBQX, 20 �M and AP-5, 50 �M) mIPSCs
in the presence of TTX (1 �M) showed that
astressin-2B decreased the frequency but
not amplitude (Fig. 7C–E), suggesting a
presynaptic site of action. Astressin-2B
had no effect on mIPSC amplitude distri-
bution (n � 5, p � 0.05, Kolmogorov–
Smirnov test) (Fig. 7D) and mean mIPSC
amplitude (bar histogram). However,
astressin-2B shifted the cumulative inter-
event interval distribution toward longer
intervals (n � 5, p � 0.01, Kolmogorov–
Smirnov test) (Fig. 7E), thus decreasing
the mean frequency significantly ( p �
0.001, Dunnett’s multiple comparison
test; bar histogram). The mIPSCs were significantly blocked by
bicuculline (30 �M; p � 0.001, Dunnett’s multiple comparison
test) (Fig. 7D,E, bar histograms).

Next we measured the effects of astressin-2B on excitatory and
inhibitory transmission in slices from arthritic rats while block-
ing either postsynaptic GABAA receptors with bicuculline or pre-
synaptic GABAB receptors with CGP35348 (Olpe et al., 1990;
Pitler and Alger, 1994; Deisz et al., 1997; Porter and Nieves,
2004). GABAB receptors can serve as presynaptic heteroreceptors
on glutamatergic terminals in which they inhibit voltage-
dependent Ca 2� channels and thus presynaptic calcium influx to
decrease glutamate release (Misgeld et al., 1995; Wu and Saggau,
1997; Porter and Nieves, 2004; Potes et al., 2006). We hypothe-
sized that presynaptic CRF2 receptors on GABAergic terminals
increase GABAergic inhibitory transmission. As a consequence,
postsynaptic GABAA receptor-mediated IPSCs increase, whereas
EPSCs are decreased by presynaptic GABAB receptor activation
on glutamatergic terminals. Bicuculline (30 �M) affected neither

EPSCs nor the ability of astressin-2B (500 nM) to facilitate EPSCs
(Fig. 8A). IPSCs were blocked by bicuculline and astressin-2B
had no additional effect (Fig. 8B). Blockade of GABAB receptors
with CGP35348 (100 �M) increased EPSCs (Fig. 8C) and oc-
cluded the facilitatory effect of astressin-2B (500 nM), suggesting
the involvement of GABAB receptors in the modulation of EPSCs
by CRF2 receptors. CGP35348 had no effect on IPSCs (Fig. 8D),
arguing against a role of GABAB autoreceptors. In the presence of
CGP35348, astressin-2B continued to depress IPSCs (Fig. 8D),
which is consistent with the involvement of CRF2 receptors on
GABAergic terminals.

These results suggest that blockade of presynaptic CRF2 re-
ceptors by astressin-2B decreases GABAA receptor-mediated in-
hibitory transmission and increases excitatory transmission
through the decreased activation of presynaptic GABAB receptors
that regulate glutamate release. In contrast, postsynaptic CRF1
receptors activate PKA to increase NMDA receptor-mediated
transmission.

Figure 7. A CRF2 receptor antagonist presynaptically inhibits inhibitory synaptic transmission (disinhibition). A, Astressin-2B
(500 nM) inhibited pharmacologically isolated (with NBQX, 20 �M and AP-5, 50 �M) IPSCs that were evoked in CeLC neurons by
electrical stimulation in the BLA (n � 6; bar histogram, IPSC amplitude normalized to predrug control). Individual traces show the
average of 8 –10 IPSCs in one CeLC neuron. The IPSC was blocked with bicuculline (30 �M). B, In contrast, NBI27914 (500 nM) had
no effect on evoked IPSCs (n � 5), but bicuculline (30 �M) blocked the IPSCs. C–E, Astressin-2B decreased the frequency but not
amplitude of pharmacologically (with NBQX, 20 �M and AP-5, 50 �M) isolated mIPSCs in the presence of TTX (1 �M), suggesting
a presynaptic site of action. C, Original traces of mIPSCs in an individual neuron before and during application of astressin-2B. D,
Astressin-2B had no effect on mIPSC amplitude distribution (n � 5, p � 0.05, Kolmogorov–Smirnov test) and mean mIPSC
amplitude ( p � 0.05, Dunnett’s multiple comparison test; bar histogram). E, Astressin-2B shifted the cumulative interevent
interval distribution toward longer intervals (n � 5, p � 0.01, Kolmogorov–Smirnov test), decreasing the mean frequency
significantly ( p � 0.001, Dunnett’s multiple comparison test; bar histogram). D, E, Bicuculline (30 �M) blocked the mIPSCs
significantly (n � 3, p � 0.001, Dunnett’s multiple comparison test). Miniature and evoked IPSCs were recorded at �40 mV in
slices from arthritic animals (6 h after induction). ***p � 0.001.
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CRF1, but not CRF2, receptors modulate neuronal
excitability through highly TEA-sensitive ion channels
The effects of CRF1 and CRF2 receptor antagonists on neuronal
excitability were determined by measuring the action potential
firing rate, duration (spike width), and decay time. Action poten-
tials were evoked in current-clamp mode by direct intracellular
current injections of increasing magnitude through the patch
electrode (50 pA steps, 500 ms). Recordings were performed at
�60 mV. Input– output functions of neuronal excitability were

obtained by averaging the frequency of action potentials evoked
at each current intensity as in our previous studies (Neugebauer
et al., 2003; Bird et al., 2005; Han et al., 2005b). NBI27914 (500
nM) significantly decreased the input– output function of CeLC
neurons from arthritic rats (n � 8, p � 0.0001, F(1,56) � 174.67,
repeated-measures two-way ANOVA) (Fig. 9A). The slowing of
action potential firing was accompanied by a broadening of the
action potential measured as increased duration (spike width)
and longer decay time (n � 8, p � 0.05, paired t test) (Fig. 9B). In
slices from normal animals, neither NBI27914 (n � 5) nor
astressin-2B (n � 5) had a significant effect on the input– output
functions of neuronal excitability ( p � 0.05, F(1,32) � 0.46 and
1.27, respectively, repeated-measures two-way ANOVA) and on
action potential kinetics ( p � 0.05, paired t test).

A number of ionic mechanisms are involved in spike broad-
ening during repetitive firing, including several types of K� cur-
rents (Martina et al., 1998; Erisir et al., 1999; Rudy et al., 1999;
Faber and Sah, 2003). Published data (Martina et al., 1998; Erisir
et al., 1999; Rudy et al., 1999; McKay and Turner, 2004) suggest
that blockade of K� channels containing subunits of the Kv3
family is most likely to account for spike broadening and reduced
firing frequency as observed with the CRF1 receptor antagonist in
the present study (Fig. 9A,B). Kv3 channels, which are expressed
in the amygdala, including the CeA (McDonald and Mascagni,
2006), can be distinguished pharmacologically because of their
high sensitivity to extracellular TEA (Martina et al., 1998; Erisir et
al., 1999; Rudy et al., 1999; Sacco et al., 2006). Blockade of other
known K� channels that are sensitive to TEA would be expected
to produce opposite or no effects on spike firing (Erisir et al.,
1999; Rudy and McBain, 2001; Faber and Sah, 2003; Kasten et al.,
2007).

Therefore, we studied the effect of a very low concentration of
extracellular TEA (50 �M) on action potential firing frequency
and spike shape to determine whether inactivation of a highly
TEA-sensitive ion channel could account for the effects of block-
ing CRF1 receptors with NBI27914. TEA produced a reduction of
the steady repetitive firing rate, thereby decreasing the input–
output function of neuronal excitability ( p � 0.001, n � 3, F(1,16)

� 71.02, repeated-measures two-way ANOVA) (Fig. 9C). TEA
also increased spike width and decay time ( p � 0.01, repeated-
measures ANOVA followed by Newman–Keuls multiple com-
parison test) (Fig. 9D). In the presence of TEA, NBI27914 had no
additional effects (Fig. 9C,D), suggesting that NBI27914 and TEA
act through a common mechanism. Astressin-2B (500 nM, n � 6)
had no effect on neuronal excitability (Fig. 9E) and action poten-
tial kinetics (Fig. 9F), further arguing against a postsynaptic
membrane site of action of CRF2 receptors. Neither NBI27914
nor astressin-2B changed the resting membrane potential, input
resistance, and capacitance.

Differential effects of CRF1 and CRF2 receptor antagonists on
pain behaviors
To validate the significance of the endogenous CRF1 and CRF2
receptor activation observed in the electrophysiological studies,
we analyzed the effects of CRF1 and CRF2 antagonists on su-
praspinally (vocalizations) and spinally (hindlimb withdrawal re-
flexes) organized pain behavior in awake animals (Fig. 10). The
antagonists were administered into the lateral/laterocapsular di-
visions of the CeA (CeLC) by microdialysis in two groups of
animals: normal animals without arthritis (n � 11) and arthritic
animals (6 h postinduction of arthritis, n � 17). In each group,
pain behaviors were measured before (in ACSF), during (15–20
min), and after (30 min washout) drug administration. In the

Figure 8. A–D, Contribution of GABAA and GABAB receptors to CRF2 receptor-mediated
effects on excitatory and inhibitory synaptic transmission. EPSCs (A, C) and IPSCs (B, D) evoked
at the BLA–CeLC synapse were recorded in slices from arthritic animals (6 h after induction). A,
In the presence of bicuculline (30 �M) to block GABAA receptors, astressin-2B (500 nM) contin-
ued to facilitate EPSCs (n � 3, p � 0.001). B, IPSCs were blocked by bicuculline administered
alone or together with astressin-2B (n � 3, p � 0.001). C, A GABAB receptor antagonist
(CGP35348, 100 �M) alone or together with astressin-2B increased EPSCs significantly (n � 3,
p � 0.05). D, CGP35348 had no effect on IPSCs. In the presence of CGP35348, astressin-2B
continued to depress IPSCs (n � 3, p � 0.001). Original traces are averages of 8 –10 EPSCs or
IPSCs. EPSCs were recorded at �60 mV; IPSCs were recorded at �40 mV. Calibration: 25 pA, 25
ms. *p�0.05, ***p�0.001 (compared with predrug controls; Dunnett’s multiple comparison
test).
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arthritis group, pain behaviors were also
measured the day before arthritis induc-
tion to obtain baseline controls. Drugs
were administered into the right CeA con-
tralateral to the arthritis because of the
strong contralateral projection of the
spino-parabrachio-amygdaloid pain path-
way (Gauriau and Bernard, 2002) and
published data showing that the right CeA
is the site of pain-related plasticity and
pain modulation (Neugebauer et al., 2004;
Neugebauer, 2006; Carrasquillo and Ge-
reau, 2007). All animals had guide cannu-
las for the microdialysis probes implanted
on the day before the behavioral tests.

Vocalizations
Audible (�16 kHz) (Fig. 10A,B) and ul-
trasonic (25 � 4 kHz) (Fig. 10C,D) vocal-
izations evoked by noxious stimuli repre-
sent supraspinally organized nocifensive
and affective responses, respectively (for
details, see Han and Neugebauer, 2005;
Neugebauer et al., 2007). As in our previ-
ous studies (Han and Neugebauer, 2005;
Han et al., 2005a,b; Neugebauer et al.,
2007; Ji et al., 2007), the total duration of
audible and ultrasonic vocalizations in-
creased in rats with arthritis compared
with the baseline vocalizations of the same
animals under normal conditions (arthri-
tis CRF1 group, n � 11; arthritis CRF2
group, n � 6; p � 0.01– 0.001, Newman–
Keuls multiple comparison test) (Fig.
10A–D). Vocalizations were evoked by
brief (15 s) noxious (2000 g/30 mm 2)
stimulation of the knee with a calibrated
forceps. NBI27914 (50 �M, concentration
in microdialysis probe; 15–20 min) inhib-
ited the increased audible and ultrasonic
vocalizations in arthritic rats ( p � 0.01–
0.001, Newman–Keuls multiple compari-
son test) but had no significant effect on
baseline vocalizations of normal animals
without arthritis (normal CRF1 group,
n � 5; arthritis CRF1 group, n � 11) (Fig.
10A,C). Astressin-2B (50 �M, concentra-
tion in microdialysis fiber; 15–20 min) had
no effect on vocalizations of normal ani-

Figure 9. CRF1, but not CRF2, receptors modulate neuronal excitability though K � channels. Action potentials were evoked in
current-clamp mode by direct intracellular current injections of increasing magnitude through the patch electrode (50 pA steps,
500 ms) at a holding potential �60 mV. Input– output functions of neuronal excitability were obtained by averaging the
frequency of action potentials evoked at each current intensity (Neugebauer et al., 2003; Bird et al., 2005; Han et al., 2005b). A,
NBI27914 (NBI, 500 nM) significantly decreased the input– output function of CeLC neurons in slices from arthritic rats (n �8, p �
0.0001, F(1,56) � 174.67, repeated-measures two-way ANOVA followed by Bonferroni’s post hoc tests). B, NBI27914 also in-
creased the spike duration (spike width) and decay time (n � 8, p � 0.05, paired t test). C, D, A very low concentration of the
K �-channel blocker TEA (50 �M) decreased the input– output function of CeLC neurons from arthritic rats (C; p � 0.001, n � 3,

4

F(1,16) � 71.02, repeated-measures two-way ANOVA fol-
lowed by Bonferroni’s post hoc tests) and increased spike
width and decay time (D; p � 0.01, repeated-measures
ANOVA followed by Newman–Keuls multiple comparison
test). NBI27914 coapplied with TEA had no additional effect,
suggesting that NBI27914 and TEA act through a common
mechanism such as inhibition of Kv3 channels (see Results). E,
F, Astressin-2B (A-2B, 500 nM) had no effect on neuronal ex-
citability (E; n � 6, p � 0.05, repeated-measures two-way
ANOVA) and action potential kinetics (F; n � 6, p � 0.05,
paired t test), which is consistent with a presynaptic rather
than postsynaptic site of action. *p � 0.05, **p � 0.01,
***p � 0.001.
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mals and arthritic animals (normal CRF2 group, n � 6; arthritis
CRF2 group, n � 6) (Fig. 10B,D). Drug concentrations were
based on concentration–response data obtained with the micro-
dialysis technique in our previous electrophysiological in vivo
study (Ji and Neugebauer, 2007). Drug effects were primarily
reversible after 30 min washout with ACSF.

Spinal nocifensive reflexes
Hindlimb withdrawal reflex thresholds were measured by apply-
ing pressure of increasing force to the knee joint with a calibrated
forceps. Withdrawal thresholds of arthritic rats were significantly
lower than baseline thresholds measured in the same animals
before arthritis induction (arthritis CRF1 group, n � 11; arthritis
CRF2 group, n � 6; p � 0.01– 0.001, Newman–Keuls multiple
comparison test) (Fig. 10E,F). NBI27914 increased the hindlimb
withdrawal thresholds in arthritic rats, partially reversing the me-
chanical hypersensitivity (arthritis CRF1 group, n � 11, p � 0.01,
Newman–Keuls multiple comparison test) (Fig. 10E). NBI27914
had no significant effect under normal conditions (normal CRF1
group, n � 5) (Fig. 10E). Astressin-2B had no significant effect in
arthritic animals (n � 6) and under normal conditions (n � 6,
CRF2 groups) (Fig. 10F).

Placement controls
Drug administration into the striatum had no effects on pain-
related behavior in animals with arthritis (Fig. 11). The striatum
was chosen as a control site for drug diffusion because it is adja-
cent (dorsolateral) to the CeLC but does not project to the CeA/
CeLC. The distance between the tips of the microdialysis probes
in the CeLC and striatum is �2 mm. We used this placement
control successfully in our previous studies (Han and Neuge-
bauer, 2005; Han et al., 2005b). Rats with arthritis (6 h after
induction) showed significantly increased audible (Fig. 11A,B)
and ultrasonic (Fig. 11C,D) vocalizations and significantly de-
creased hindlimb withdrawal thresholds (Fig. 11E,F) compared
with the baseline values measured in the same animals before
arthritis (n � 4, p � 0.01– 0.05, Newman–Keuls multiple com-
parison test). Neither NBI27914 (50 �M, concentration in the
microdialysis probe; 15–20 min) nor astressin-2B (50 �M) had
any significant effect on audible (Fig. 11A,B) and ultrasonic (Fig.
11C,D) vocalizations and on spinal reflexes (Fig. 11E,F).

The positions of the microdialysis probes in the CeLC and
striatum (caudate–putamen) were verified histologically (Fig.
12). Our data suggest that the endogenous activation of CRF1,
but not CRF2, receptors in the amygdala contributes to increased
spinal and supraspinal pain behaviors in the arthritis model.

Discussion
The novel results of this study are as follows. Enhanced endoge-
nous activation of CRF1 receptors in CeLC neurons contributes
to pain-related synaptic facilitation in the amygdala. In contrast,
endogenous CRF2 receptor activation exerts a latent inhibitory
influence that is uncovered with a CRF2 receptor antagonist (Fig.
13). The analysis of mEPSCs and PPR suggests that endogenous
CRF1 receptor activation occurs at a postsynaptic site, whereas
CRF2 receptor activation is presynaptic. CRF2 receptors increase
postsynaptic GABAA receptor-mediated inhibitory transmission

Figure 10. A CRF1, but not CRF2, receptor antagonist inhibits pain-related behavior in ani-
mals with arthritis but not in normal animals. Audible (A, B) and ultrasonic (C, D) vocalizations
and spinal withdrawal reflexes (E, F ) were measured in two groups of animals: normal (left side
in each graph) and arthritis (right side). In the normal group, behaviors were measured before
(baseline) and during (15–20 min) drug application into the CeA by microdialysis. In the arthri-
tis group, behaviors were measured before (baseline) and 6 h after arthritis induction and
during (15–20 min) and after (30 min washout) drug application into the CeLC in the arthritis
state. Vocalizations were evoked by brief (15 s) noxious (2000 g/30 mm 2) stimulation of the
knee with a calibrated forceps. Duration of vocalizations was measured as the arithmetic sum of
the duration of each individual vocalization event during a 1 min period beginning with the
onset of the mechanical stimulus as described previously (Han et al., 2005a; Neugebauer et al.,
2007). A, NBI27914 (NBI, 50 �M, concentration in the microdialysis fiber) had no effect on
audible vocalizations in normal animals (n � 5) but inhibited the increased vocalizations of
arthritic rats significantly (n � 11, p � 0.001, Newman–Keuls multiple comparison test). B,
Astressin-2B (50 �M, concentration in the microdialysis probe) did not affect audible vocaliza-
tions in normal rats (n � 6) and in arthritic rats (n � 6). C, NBI27914 had no significant effect
on ultrasonic vocalizations of normal rats (n � 5) but inhibited the increased ultrasonic vocal-
izations of arthritic rats (n � 11, p � 0.01, Newman–Keuls multiple comparison test). D,
Astressin-2B had no significant effect on ultrasonic vocalizations of normal rats (n � 6) and
arthritic rats (n � 6). E, NBI27914 had no significant effect on hindlimb-withdrawal reflex

4

thresholds in normal rats but increased the withdrawal thresholds of arthritic rats (n � 11, p �
0.01, Newman–Keuls multiple comparison test). F, Astressin-2B had no significant effect in
arthritic animals (n � 6) and under normal conditions (n � 6). Hindlimb-withdrawal thresh-
olds were measured by applying pressure of increasing force to the knee joint with a calibrated
forceps. Bar histograms and error bars represent mean � SE. **p � 0.01, ***p � 0.001.
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to the CeLC and presynaptic GABAB receptor-mediated inhibi-
tion of excitatory transmission. Postsynaptic CRF1 receptors in-
crease the NMDA receptor-mediated synaptic component
through a PKA-dependent mechanism. Our antagonist data sug-
gest tonic activation of CRF1 receptors in the arthritis pain model
by an endogenous ligand that is continuously released, possibly as
the consequence of plastic changes in presynaptic metabotropic
glutamate receptor (mGluR) expression and function (Neuge-
bauer et al., 2003). mGluRs can regulate CRF release (Joanny et
al., 1997). Reversal of PKA-mediated changes by a CRF1 receptor
antagonist or a PKA inhibitor likely involves “net” dephosphor-
ylation attributable to normal phosphatase activity in the absence
of continued phosphorylation. Low concentrations of TEA oc-
clude the inhibitory effects of a CRF1 receptor antagonist on
neuronal excitability, suggesting that CRF1 receptors can activate
a highly TEA-sensitive channel involved in action potential repo-
larization such as Kv3-type potassium channels. Kv3 channels are
characterized by a particularly high TEA sensitivity and by their
ability to increase rather than decrease spike firing frequency and
excitability (Martina et al., 1998; Rudy et al., 1999). CRF2 recep-
tors are not involved in the modulation of neuronal excitability of
CeLC neurons. The consequence of the endogenous activation of
CRF1, but not CRF2, receptors in the CeLC is increased spinally
and supraspinally organized pain behavior.

Some methodological aspects of this study need to be consid-
ered. The results were obtained with receptor antagonists rather
than agonists for the following reasons. Antagonists uncover the
effects of the endogenous receptor ligand (agonist). The goal of
the present study was to determine the role of endogenous recep-
tor activation by the synaptically released ligand. Selective CRF1
and CRF2 receptor antagonists are now available (Rivier et al.,
2002; Hoare et al., 2003, 2005; Arzt and Holsboer, 2006), whereas
the selectivity of CRF1 agonists such as ovine CRF (oCRF) is
marginal, particularly for endogenously expressed receptors as
opposed to cloned receptors expressed in transfected cells (Hoare
et al., 2005). The very recently described CRF1 agonist
stressin-1A is more selective but less potent than oCRF (Rivier et
al., 2007). Even the CRF2-selective agonist urocortin 2 has full
agonist activity at CRF1 receptors (Hoare et al., 2005). Finally,
exogenously administered agonists may act through different
mechanisms and sites than synaptically released endogenous
ligand(s).

Another issue concerns the use of microdialysis for drug ap-
plication in our behavioral studies. Microdialysis offers several
advantages, including continued drug delivery and steady-state
levels without a volume effect (Stiller et al., 2003). However, the
dose delivered by microdialysis is not known. Concentration–
response analysis of CRF1 and CRF2 receptor antagonists in our
previous microdialysis study (Ji and Neugebauer, 2007) and the
comparison with our in vitro experiments in brain slices using
concentrations derived from amygdala studies (Liu et al., 2004;
Pollandt et al., 2006) allowed us to estimate that the effective

Figure 11. Placement controls. Drug administration into the striatum had no effect on pain-
related behavior in animals with arthritis. Audible (A, B) and ultrasonic (C, D) vocalizations and
spinal withdrawal reflexes (E, F ) were measured before (baseline) and 6 h after arthritis induc-
tion and during (15–20 min) drug application into the striatum in the arthritis state. Vocaliza-
tions were evoked by brief (15 s) noxious (2000 g/30 mm 2) stimulation of the knee with a
calibrated forceps. Duration of vocalizations was measured as in Figure 10. Hindlimb-
withdrawal thresholds were measured by applying pressure of increasing force to the knee joint

4

with a calibrated forceps. Audible (A, B) and ultrasonic (C, D) vocalizations increased signifi-
cantly and hindlimb withdrawal thresholds (E, F ) decreased significantly after arthritis induc-
tion ( p � 0.01– 0.05, Newman–Keuls multiple comparison test). A, C, E, NBI27914 (NBI, 50
�M, concentration in the microdialysis fiber) had no effect on audible (n � 4) and ultrasonic
(n � 4) vocalizations and on withdrawal reflexes (n � 4). B, D, F, Astressin-2B (A-2B, 50 �M,
concentration in the microdialysis probe) had no effect on audible (n � 4) and ultrasonic (n �
4) vocalizations and on withdrawal reflexes (n � 4). All drug effects were reversible after 30
min washout with ACSF. Bar histograms and error bars represent mean � SE. *p � 0.05,
**p � 0.01.
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tissue concentration was in the nanomolar range. The compari-
son of in vivo and in vitro data confirmed that the drug concen-
tration in the microdialysis fiber needed to be 100 times higher
than the desired tissue concentration (see Materials and Meth-
ods) (Han et al., 2005b; Ji and Neugebauer, 2007; Ji et al., 2007).
Differential effects of CRF1 and CRF2 receptor antagonists in our
present and previous studies (Ji and Neugebauer, 2007) argue
against nonselective drug effects at the concentrations used. The
lack of behavioral effects of astressin-2B is unlikely attributable to
an insufficient concentration because the same concentration
produced electrophysiological effects in our previous study also
using microdialysis (Ji and Neugebauer, 2007). The astressin-2B
effect at the single-cell level may not be sufficient to translate into
behavioral effects.

The literature on pain-related functions of CRF receptors in
the CNS, including the amygdala, is controversial. The majority
of older studies found no effect of centrally (intracerebroven-
tricularly) administered CRF. Some studies observed antinoci-
ceptive effects in phasic pain tests in normal animals, one study
reported hyperalgesic effects, and a few studies observed excita-
tory effects in several brain areas (Lariviere and Melzack, 2000). A
recent study (Vit et al., 2006) showed antinociceptive effects of
CRF (intracerebroventricularly) on paw-withdrawal thresholds
and on the interphase of the Formalin test, but CRF also in-
creased the number of audible vocalizations (no ultrasonic vocal-
izations were detected). A nonselective antagonist (astressin) had
pronociceptive effects. An increasing number of studies suggest
that CRF1 receptors mediate pronociceptive effects of CRF,
whereas CRF2 receptors serve antinociceptive functions (Gue et
al., 1997; Million et al., 2003, 2006; Martinez et al., 2004; Tache et
al., 2004; Greenwood-Van Meerveld et al., 2005; Nijsen et al.,
2005). The amygdala has been implicated in the centrally medi-
ated pronociceptive effects of CRF. Microinjections of a nonse-
lective CRF receptor antagonist into the CeA reversed opiate
withdrawal-induced hyperalgesia measured in the tail-flick test
(McNally and Akil, 2002). A CRF1-selective antagonist inhibited
the increased visceromotor responses of rats with stereotaxic de-

Figure 12. Histologic verification of drug application sites. A–D, Standard diagrams
(adapted from Paxinos and Watson, 1998) show coronal sections through the right brain hemi-
sphere at different levels posterior to bregma (�2.00 to �2.80 mm). Symbols show the posi-
tions of the microdialysis membrane in the striatum (A, placement control) and central nucleus
of the amygdala (B–D) in the behavioral experiments. Filled circles, Application sites of
NBI27914; open circles, astressin-2B. The number of lesion sites (n) for NBI27914 and astressin-
2B, respectively, is indicated above each diagram. CeM, CeL, CeLC, medial, lateral, and latero-
capsular divisions of the central nucleus of the amygdala. Calibration bars: 1 mm.

Figure 13. Modulation of synaptic facilitation by CRF1 and CRF2 receptors in the arthritis
pain model. CRF1 receptor activation occurs at a postsynaptic site and increases NMDA receptor
function through a PKA-dependent mechanism. Pain-related increased NMDA but not non-
NMDA (AMPA) receptor function involving PKA, but not PKC, was shown previously (Bird et al.,
2005). Presynaptic CRF2 receptors increase GABA release to activate postsynaptic GABAA recep-
tors on CeLC neurons and presynaptic GABAB receptors on glutamatergic terminals. The conse-
quence is increased inhibitory transmission and decreased excitatory transmission to the CeLC.
CRF2 receptors are not involved in the modulation of neuronal excitability of CeLC neurons. The
consequence of CRF1, but not CRF2, receptor activation in the CeLC is increased pain behavior in
the arthritis model.
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livery of corticosterone to the CeA (Myers et al., 2005). CRF
mRNA expression in the CeA increased in models of colitis pain
(Greenwood-Van Meerveld et al., 2006) and neuropathic pain
(Ulrich-Lai et al., 2006).

Our data suggest that different receptors mediate the diver-
gent effects of CRF in the amygdala, although both CRF1 and
CRF2 receptors couple to similar signal transduction mecha-
nisms, typically activating cAMP–PKA signaling (Dautzenberg
and Hauger, 2002; Reul and Holsboer, 2002; Blank et al., 2003;
Arzt and Holsboer, 2006). Postsynaptic CRF1 receptors increase
NMDA receptor function through a PKA-dependent mechanism
and activate highly TEA-sensitive channels that accelerate action
potential repolarization. A very low concentration of TEA (50
�M) broadened the spike and decreased the firing rate, occluding
the effects of NBI27914, suggesting the contribution of a highly
TEA-sensitive channel involved in action potential repolariza-
tion such as Kv3-type channels. Kv3 channels are blocked by low
concentrations of TEA, and their blockade decreases the firing
rate while broadening the spike (Rudy et al., 1999; Sacco et al.,
2006). In contrast, blockade of other known K� channels that
could be affected by low TEA (although unlikely at 50 �M) pro-
duced opposite or no effects (Erisir et al., 1999; Rudy and
McBain, 2001; Faber and Sah, 2003; Kasten et al., 2007). Kv3
channels are expressed in the amygdala, including the CeA (Mc-
Donald and Mascagni, 2006), but it is not known whether they
are expressed by the specific neuronal subpopulation studied
here.

Arthritis pain-related synaptic plasticity in the CeLC depends
on normally “silent” NMDA receptors that become functional
through NR1 phosphorylation that depends on PKA but not PKC
(Li and Neugebauer, 2004a; Bird et al., 2005). The present study
suggests that CRF1 receptors can “switch on” NMDA receptors
through a PKA-dependent mechanism. The involvement of NR1
phosphorylation remains to be determined in biochemical as-
says. Phosphorylation relieves the magnesium block (Chen and
Huang, 1992), rendering the channel functional even at �60 mV
(Bird et al., 2005). NMDA receptor phosphorylation also accel-
erates the rise and decay times of the ion channel (Chen and
Roche, 2007), which explains the absence of apparent differences
in the kinetics of compound EPSCs and NMDA receptor-
mediated EPSCs in the present study. Interestingly, CRF1 recep-
tors in the amygdala mediate the facilitatory effects of CRF at the
lateral amygdala–CeA synapse through a PKA-dependent in-
crease of NMDA receptor function in a model of chronic cocaine
withdrawal (Pollandt et al., 2006). CRF1 receptor-mediated facil-
itation of synaptic transmission and neuronal excitability in the
present study are consistent with the contribution of CRF1 recep-
tors to the enhanced responsiveness of amygdala neurons in the
arthritis pain state (Ji and Neugebauer, 2007).

CRF also modulates inhibitory transmission in the amygdala
(BLA) through a mechanism that involves NMDA receptors and
calcium/calmodulin-dependent kinase II, but the receptor type
remains to be determined (Rainnie et al., 2004). Our data suggest
that the endogenous activation of presynaptic CRF2 receptors
increases inhibitory transmission to the CeLC in the arthritis pain
model but does not modulate neuronal excitability and pain be-
havior. These results are in agreement with our electrophysiolog-
ical study in the whole animal that failed to detect effects of
astressin-2B on the responses of amygdala neurons after arthritis
induction (Ji and Neugebauer, 2007). With regard to CRF2 re-
ceptor function under normal conditions, there is some discrep-
ancy between our previous in vivo study in which astressin-2B
increased neuronal responsiveness (Ji and Neugebauer, 2007)

and the present ex vivo slice experiments that showed no effect of
astressin-2B. Contributing factors are differences between both
preparations regarding the availability of endogenous ligands
from extra-amygdaloid sources, the presence of well documented
cortical inhibition of the amygdala (Quirk and Gehlert, 2003;
Likhtik et al., 2005), barbiturate anesthesia, and the activation
state of the powerful inhibitory network between BLA and CeA
(Pare et al., 2004; Woodruff and Sah, 2007). CRF2 receptor
blockade would unmask the tonic inhibition that is present in the
nonpain state in the anesthetized animal and may require intact
extra-amygdaloid inputs.

In conclusion, the present study shows for the first time that
the endogenous activation of postsynaptic CRF1 receptors in the
CeLC is critically involved in pain-related synaptic changes and
contributes to nociceptive and affective pain responses. Presyn-
aptic CRF2 receptors have different cellular effects but may not
play a major role in pain modulation by the amygdala.
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