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Protein kinase A-dependent enhanced NMDA receptor
function in pain-related synaptic plasticity in rat

amygdala neurones

Gary C. Bird, L. Leanne Lash, Jeong S. Han, Xiaoju Zou, William D. Willis and Volker Neugebauer

Department of Neuroscience and Cell Biology, University of Texas Medical Branch, Galveston, TX 77555-1069, USA

Mechanisms of pain-related plasticity in the amygdala, a key player in emotionality, were studied
at the cellular and molecular levels in a model of arthritic pain. The influence of the arthritis
pain state induced in vivo on synaptic transmission and N -methyl-D-aspartate (NMDA) receptor
function was examined in vitro using whole-cell voltage-clamp recordings of neurones in the
latero-capsular part of the central nucleus of the amygdala (CeA), which is now defined as the
‘nociceptive amygdala’. Synaptic transmission was evoked by electrical stimulation of afferents
from the pontine parabrachial area (part of the spino-parabrachio-amygdaloid pain pathway) in
brain slices from control rats and from arthritic rats. This study shows that pain-related synaptic
plasticity is accompanied by protein kinase A (PKA)-mediated enhanced NMDA-receptor
function and increased phosphorylation of NMDA-receptor 1 (NR1) subunits. Synaptic plasticity
in the arthritis pain model, but not normal synaptic transmission in control neurones, was
inhibited by a selective NMDA receptor antagonist. Accordingly, an NMDA receptor-mediated
synaptic component was recorded in neurones from arthritic animals, but not in control
neurones, and was blocked by inhibition of PKA but not protein kinase C (PKC). Exogenous
NMDA evoked a larger inward current in neurones from arthritic animals than in control
neurones, indicating a postsynaptic effect. Paired-pulse facilitation, a measure of presynaptic
mechanisms, was not affected by an NMDA-receptor antagonist. Increased levels of
phosphorylated NR1 protein, but not of total NR1, were measured in the CeA of arthritic rats
compared to controls. Our results suggest that pain-related synaptic plasticity in the amygdala
involves a critical switch of postsynaptic NMDA receptor function through PKA-dependent NR1
phosphorylation.

(Resubmitted 8 February 2005; accepted 7 March 2005; first published online 10 March 2005)
Corresponding author V. Neugebauer: Department of Neuroscience and Cell Biology, Marine Biomedical Institute,
University of Texas Medical Branch, 301 University Blvd, Galveston, TX 77555-1069, USA. Email: voneugeb@utmb.edu

The amygdala exhibits a high degree of plasticity in models
of tetanic, pharmacologically induced and behavioural
long-term modification of synaptic transmission (Davis,
1998; Maren, 1999; LeDoux, 2000; Martin et al. 2000;
Neugebauer et al. 2000; Lin et al. 2001; Ressler et al.
2002; Royer & Pare, 2002; Zinebi et al. 2003). Such neuro-
plasticity is believed to be involved in associative learning
and in certain neurological and psychiatric disorders. The
central nucleus of the amygdala (CeA) provides the output
pathway for major functions of the amygdala and regulates
emotional responses (Davis, 1998; Ledoux, 2000; Cardinal
et al. 2002). CeA neurones show synaptic plasticity in the
kindling model of epilepsy and the chronic cocaine model
of drug addiction (Neugebauer et al. 2000).

The latero-capsular part of the CeA is now defined
as the ‘nociceptive amygdala’ (Gauriau & Bernard, 2002;
Neugebauer et al. 2004). CeA neurones develop synaptic
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and nociceptive plasticity in persistent pain (Neugebauer
et al. 2003; Neugebauer & Li, 2003; Li & Neugebauer,
2004b). Accumulating evidence suggests an important role
for the amygdala in the emotional-affective component
of pain (Rhudy & Meagher, 2001; Gauriau & Bernard,
2002; McGaraughty & Heinricher, 2002; Neugebauer
et al. 2004). Neuroimaging pain studies have repeatedly
detected a correlation between amygdala responses and
pain behaviour in animals and pain experienced in humans
(Becerraetal. 1999; Schneider et al. 2001; Bingel et al. 2002;
Bornhovd et al. 2002; Paulson et al. 2002).

Mechanisms of pain-related plasticity in the amygdala
are largely unknown. We showed recently that a switch in
presynaptic metabotropic glutamate receptor (mGluR)1
function plays a critical role in nociceptive plasticity in the
CeA (Neugebauer et al. 2003). The present study is the
first to analyse the role of ionotropic glutamate receptors
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of the N-methyl-p-aspartate (NMDA) type in synaptic
plasticity in the CeA. NMDA receptors are important for
various forms of neuroplasticity as well as neurological
and psychiatric disorders (Hollmann & Heinemann, 1994;
Dingledine et al. 1999; Malenka & Nicoll, 1999). An
important role of NMDA receptors in pain mechanisms in
the spinal cord is well established and peripheral NMDA
receptors are involved in nociception as well (Fisher et al.
2000; Fundytus, 2001; Ji & Woolf, 2001; Willis, 2001;
Neugebauer & Carlton, 2002; Schaible et al. 2002). Recent
evidence suggests that NMDA receptors in the forebrain
modulate pain (Wei et al. 2001; Zhuo, 2002).

In the lateral and basolateral nuclei of the amygdala,
NMDA receptors have been implicated in long-term
potentiation of synaptic transmission (Gean et al. 1993;
Huang & Kandel, 1998; Maren, 1999), fear conditioning
(Maren et al. 1996; Lee & Kim, 1998; Malkani & Rosen,
2001; Walker et al. 2002) and behavioural sensitization
to cocaine (Kalivas & Alesdatter, 1993). However, other
studies suggest that NMDA receptors in the lateral
amygdala do not play a major role in plasticity related
to fear-memory (McKernan & Shinnick-Gallagher, 1997;
Zinebi et al. 2003; Schroeder & Shinnick-Gallagher, 2004).
Thus, the analysis of NMDA receptor function in the
amygdala is not trivial. The role of NMDA receptors in
synaptic plasticity in the CeA is not yet known.

The present study combines electrophysiological,
pharmacological and biochemical approaches to test
the hypothesis that NMDA receptors contribute to
pain-related synaptic plasticity in the amygdala and that
protein kinase A and NMDA receptor phosphorylation are
involved in enhanced NMDA receptor function.

Methods

All experimental procedures were approved by the
Institutional Animal Care and Use Committee (IACUC)
at the University of Texas Medical Branch and conform to
guidelines of the International Association for the Study of
Pain (IASP) and of the National Institutes of Health (NTH).
Electrophysiological and biochemical data were obtained
from normal rats and rats with mono-arthritis (6-8 h
postinduction). Male Sprague-Dawley rats (120-200 g)
were individually housed in standard plastic boxes
(40 cm x 20 cm) in a temperature-controlled room and
maintained on a 12h day and night cycle. Standard
laboratory chow and tap water were continuously
available. On the day of the experiment, rats were
transferred from the animal facility and allowed to
acclimate to the laboratory for at least 1 h.

Arthritis pain model

A localized mono-arthritis was induced in the left knee
joint 6 h before brain slices were obtained as described in
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detail previously (Neugebauer ef al. 2003; Neugebauer &
Li, 2003; Li & Neugebauer, 2004b). Under brief (30 min)
anaesthesia with the short-acting barbiturate sodium
methohexital (50 mgkg™', 1.p.), a kaolin suspension (4%,
80-100 ul) was slowlyinjected into the joint cavity through
the patellar ligament with the use of a syringe and needle
(1 ml, 25G5/8). After repetitive flexions and extensions
of the knee for 15min, a carrageenan solution (2%,
80-100 ul) was injected into the knee joint cavity and
the leg was flexed and extended for another 5 min. This
treatment protocol reliably leads to inflammation and
swelling of the injected knee and pain behaviour within
1-3h and persists for days (Neugebauer et al. 2003;
Neugebauer & Li, 2003; Han et al. 2005). Animals fully
recovered from anaesthesia within 1 h and did not show
any signs of distress as evidenced by the monitoring of
core temperature, heart rate, breathing patterns, grooming
behaviour, locomotion around the cage, water and food
consumption, spontaneous vocalizations and interactions
with the investigator.

Electrophysiology

Whole-cell voltage-clamp recordings were made from
CeA neurones in brain slices from normal rats
and arthritic rats (6-8h postinduction of arthritis).
Monosynaptic excitatory postsynaptic currents (EPSCs)
were evoked at the parabrachial (PB)-CeA synapse,
which provides nociceptive input to the CeA from
the spino-parabrachio-amygdaloid pathway that connects
the spinal cord with the CeA through the pontine
parabrachial area (Jasmin et al. 1997; Bourgeais et al.
2001; Gauriau & Bernard, 2002). These afferent fibres can
be easily identified under the microscope as previously
described (Neugebauer et al. 2003). Drugs were applied by
gravity-driven superfusion in artificial cerebrospinal fluid
(ACSF) for at least 10 min. ACSF contained (mm): NaCl
117, KCl 47,NaH2PO4 12, CaClz 25, MgCIZ 12, NaHCO3
25 and glucose 11.

Amygdala slice preparation. Brain slices containing the
CeA were obtained as previously described (Neugebauer
et al. 2000, 2003). Rats were decapitated, the brains
quickly dissected out and blocked in cold (4°C) ACSF
(see above). ACSF was oxygenated and equilibrated to
pH 7.4 with a mixture of 95% 0,-5% CO,. Coronal
brain slices (500 um) were prepared using a Vibroslice
(Camden Instruments, London, UK). After incubation in
ACSF at room temperature (21°C) for at least 1 h, a single
brain slice was transferred to the recording chamber and
submerged between two nylon nets in ACSF (31 & 1°C),
which perfused the slice at 3—4 ml min™—".

Up to three brain slices (two on average) per animal
were used; one neurone was recorded in each slice; and a
fresh slice was used for each new experimental protocol.
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Numbers herein refer to the number of neurones tested
for each parameter.

Whole-cell patch-clamp recording. Whole-cell recordings
were obtained from CeA neurones using patch
electrodes made from 1.5 mm borosilicate glass capillaries
(o.d., 1.5mm; id., 1.12mm; Drummond, Broomall,
PA, USA) pulled on a Flaming-Brown micropipette
puller (P-80/PC, Sutter Instrument Co., Novato, CA,
USA). Recording electrodes were positioned in the
latero-capsular division of the CeA under visual control.
The boundaries of the CeA were discerned under
light microscopy; each slice was matched with the
corresponding level according to Paxinos & Watson
(1998). The internal solution of the recording electrodes
(tip resistance, 4-5MS2) contained (mm): potassium
gluconate 122, NaCl 5, CaCl, 0.3, MgCl, 2, EGTA 1,
Hepes 10, Na,-ATP 5 and Na;-GTP 0.4; pH7.2-7.3;
280 mOsm kg ™.

After tight (>2GQ) seals were formed and the
whole-cell configuration was obtained, neurones were
included in the sample if the resting membrane potential
was more negative than —50 mV and action potentials
overshooting 0 mV were evoked by direct cathodal
stimulation. Voltage and current signals were low-pass
filtered at 1 kHz with a dual 4-pole Bessel filter (Warner
Instrument Corp., Hamden, CT, USA), digitized at
5kHz (Digidata 1200, Axon Instruments, Union City,
CA, USA), and stored on a Pentium PC. Data were
also continuously recorded on a pen chart recorder
(Gould 3600, Gould Instruments, Valley View, OH, USA).
Evoked potential and current data were acquired and
analysed using pClamp8 software (Axon Instruments).
Discontinuous single-electrode voltage-clamp (d-SEVC)
recordings were made using an Axoclamp-2B amplifier
(Axon Instruments) 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 headstage voltage was monitored continuously on a
digital oscilloscope (Gould 400, Gould Instruments) to
ensure precise performance of the amplifier. Neurones
were voltage-clamped at —60 mV. NMDA-evoked currents
were also recorded over a range of holding potentials
(=110 to 30mV, using step-wise increments of
10 mV) for measurements of voltage dependency (see
Fig. 3).

Synaptic stimulation. The CeA is the major output
nucleus of the amygdala and receives highly integrated
cortical and subcortical inputs through other amygdala
nuclei as well as direct inputs from brainstem areas.
Our studies focused on the pontine parabrachial area
(PB)-CeA synapse which provides direct nociceptive input
to the latero-capsular CeA from the spinal cord and brain-
stem through the spino-parabrachio-amygdaloid pathway
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(Jasmin et al. 1997; Bourgeais et al. 2001; Gauriau &
Bernard, 2002; Neugebauer et al. 2004). Using a concentric
bipolar stimulating electrode (Kopf Instruments)
of 22kQ resistance, monosynaptic excitatory post-
synaptic currents (EPSCs) were evoked in CeA
neurones by electrical stimulation (using a Grass
S88 stimulator; Grass Instruments) of afferents at
the PB-CeA synapse. The stimulation electrode was
positioned under microscopic control on the fibres
dorsomedial to the CeA and ventral to but outside the
caudate-putamen as previously described (Neugebauer
et al. 2003). Electrical stimuli (150 s square-wave pulses)
were delivered at frequencies below 0.25 Hz.

EPSC threshold was defined as the intensity that evoked
a response in at least five of 10 trials. Input—output
relationships were obtained by increasing the stimulus
intensity in 50- A steps. For the evaluation of drug effects
on synaptically evoked responses, the stimulus intensity
was adjusted to 75-80% of the intensity required for
orthodromic spike generation. Drug effects were also
tested on complete input—output curves (see Fig.1) as
a control for any changes of the effect of afferent fibre
stimulation in the arthritis pain model. EPSC traces
displayed in the figures represent the average of eight to
12 trials, which results in significantly reduced noise levels.
All EPSC data are based on averaged traces from eight
to 12 EPSCs at a given voltage to minimize variability.
We measured both peak amplitude (single value, averaged
by taking the mean of eight to 12 traces) and area
(time-integral; reflecting the total charge and synaptic
strength) of the EPSC (see Figs2, 3 and 5). Rise time
(10-90%) and decay time constant (¢) were also analysed
using pClamp8 software (Axon Instruments).

Paired-pulse facilitation. Paired-pulse facilitation (PPF)
allows for the definition of pre- versus postsynaptic
mechanisms in the CNS (see McKernan & Shinnick-
Gallagher, 1997) and has been applied successfully to
the study of drug effects in the CeA (Neugebauer et al.
2003). Two orthodromic synaptic stimuli of equal intensity
were applied at varying intervals and the resulting EPSCs
were recorded. PPF refers to a form of short-term
synaptic plasticity in which the amplitude of the second
EPSC (EPSC2) undergoes facilitation compared to the
initial EPSC (EPSC1) if the interstimulus interval is
sufficiently small. In whole-cell voltage-clamp, peak
amplitudes were measured as the difference between
the current level before the stimulus artifact and the
peak of the EPSC. PPF was calculated as the ratio of
EPSC2 to EPSCI1 and expressed as a percentage. Any
alterations in PPF suggest a presynaptic site of action
(see McKernan & Shinnick-Gallagher, 1997; Neugebauer
et al. 2003). PPF was tested before and during drug
application.
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Drugs and drug application

The following agents were tested: DL-2-amino-5-
phosphonopentanoic acid (AP5, NMDA receptor anta-
gonist); 6-cyano-7-nitroquinoxaline-2,3-dione disodium
salt (CNQX, non-NMDA receptor antagonist); 2,3-
dioxo-6-nitro-1,2,3,4-tetrahydrobenzo|f]quinoxaline-7-
sulphonamide disodium salt (NBQX, non-NMDA
receptor antagonist); N-methyl-p-aspartic acid (NMDA);
2-[1-(3-dimethylaminopropyl)indol-3-yl]-3-(indol-3-yl)
maleimide (GF109203X; potent and selective protein
kinase C (PKC) inhibitor; Toullec et al. 1991); (9R,10S,
125)-2,3,9,10,11,12-hexahydro-10-hydroxy-9-methyl-1-
0x0-9,12-epoxy-1H-diindolo[1,2,3-fg:3',2/,1’-kl] pyrrolo
[3,4-1][1,6]benzodiazocine-10-carboxylic acid, hexyl
ester (KT5720; potent and selective PKA inhibitor; Cabell
& Audesirk, 1993); all drugs were purchased from Tocris
Cookson Inc., Ellisville, MO, USA.

Drugs were applied by gravity-driven superfusion in
the ACSF at the rate of 3—4 ml min~'. Solution flow into
the recording chamber was controlled with a three-way
stopcock. For brief application of NMDA a pipette was
used to apply a single microdrop to the inlet of the chamber
as previously described (Keele et al. 2000). By the latter
method, final drug concentration in the chamber was
calculated (1:100 dilution factor) on the basis of the
microdrop volume (10 ul) added into the chamber (1 ml
total capacity).

Western blotting

Amygdala slices (500 um thick; three slices per animal)
were obtained from normal rats and from arthritic rats
(6-8 h postinduction). The CeA was cut out quickly,
homogenized and processed as previously described (Zou
et al. 2002, 2004; Neugebauer et al. 2003). The following
phosphatase inhibitors were present in the homo-
genization and solubilization buffer: 50 mm NaF, 50 mm
sodium pyrophosphate, 20 mm 2-glycerolphosphate,
1 mM p-nitrophosphate and 2 um microcystin LR. The
homogenate was centrifuged twice at 13 000 g for 10 min
at 4°C. The supernatant was used for all Western blot
analyses. The concentration of protein in the homo-
genate was measured using a bicinchoninic acid (BCA)
kit. Equal amounts of protein (40 ug) were fractionated
by 10% (w/v) sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred onto a
polyvinylidene difluoride (PVDF) membrane. The PVDF
membrane was blocked in freshly prepared Tris-buffered
saline containing 3% bovine serum albumin (BSA) and
0.1% Triton X-100 and 400 Uml™" y-phosphatase then
incubated with immunoaffinity purified antibody selective
for phospho-NR1 or total NR1 on serine 897 (1:1000)
(Upstate, Lake Placid, NY, USA) overnight at 4°C. The
blots were washed three times for 0.5 h each with washing
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buffer and then incubated with horseradish peroxidase
conjugated with IgG (Santa Cruz, San Francisco, CA, USA)
diluted in 2.5% (w/v) non-fat milk in washing buffer. The
membranes were washed with buffer three times for 0.5 h
and enhanced with a chemiluminescence reagent (ECL
kit, Amersham, Arlington Height, IL, USA). The blots
were exposed to autoradiographic film (Kodak, Rochester,
NY, USA) and the intensity of immuno-reactive bands of
interest was quantified using densitometric-scanning
analyses.

Data analysis

Arthritis pain-related changes of synaptic transmission,
drug effects and densitometry of NMDA-receptor
immuno-reactivity were measured in an unpaired
protocol. Statistical significance of the effects of arthritis
or drugs on input—output relationships of EPSCs was
determined using a two-way ANOVA with Bonferroni
post hoc tests as appropriate (GraphPad Prism 3.0).
Differences of drug effects in arthritis compared to
normal conditions were analysed using unpaired ¢ tests
(GraphPad Prism 3.0). Significance of drug effects in
each neurone was evaluated using a paired protocol and
paired t tests (GraphPad Prism 3.0). The relative densities
of immuno-reactive bands in tissues from normal and
arthritic rats were compared statistically using post hoc
t tests after one-way ANOVA (GraphPad Prism 3.0). All
averaged values are given as the means =+ s.e.m. Statistical
significance was accepted at the level P < 0.05.

Results
Synaptic plasticity in CeA neurones from arthritic rats

Compared to control animals, rats with the kaolin/
carrageenan-induced mono-arthritis had a significantly
increased joint diameter in the arthritic, but not the
contralateral, knee and showed stronger spontaneous and
mechanically evoked pain behaviour as described before
(Neugebauer et al. 2003; Han et al. 2005). Whole-cell
voltage-clamp recordings of CeA neurones were made in
brain slices from untreated normal rats (n = 43 neurones)
and from rats in which the arthritishad been induced 6-8 h
beforehand (n =97 neurones). In agreement with our
previous study (Neugebauer et al. 2003), CeA neuro-
nes from arthritic rats showed changes in membrane
properties compared to control neurones from normal
rats. In slices from arthritic rats, neurones had
a significantly more depolarized resting membrane
potential (RMP: arthritis, —55.51£0.52mV, n=72;
normal, —58.94 +0.91 mV, n =39; P < 0.001, unpaired
t test). The slope conductance calculated from the linear
portion of the current—voltage (I-V) relationship was
significantly increased in arthritis (6.02 £ 0.21 nS, n = 63)
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compared to control neurones from normal animals
(5.04 £0.26 nS, n=31; P < 0.01, unpaired ¢ test). These
data suggest increased membrane excitability of CeA
neurones in the arthritis pain state.

CeA neurones recorded in slices from arthritic rats
showed significantly enhanced synaptic transmission
compared to control neurones from normal rats
(Fig. 1). Monosynaptic EPSCs with progressively larger
amplitudes were evoked at the nociceptive PB-CeA
synapse (see Methods) by electrical stimulation with
increasing intensities (see individual examples in Fig. 1A
and B). Compared to a control neurone (Fig. 14), synaptic
transmission was enhanced in a CeA neurone recorded in
a brain slice from an arthritic rat (6-8 h postinduction,
Fig. 1B). In arthritis, monosynaptic EPSCs had larger
amplitudes. Input—output relationships were obtained by
measuring EPSC peak amplitude (pA) as a function of
afferent fibre stimulus intensity (;A) for each neurone
(Fig. 1C). The comparison of input—output relationships
between neurones from arthritic rats (n=>51) and
control neurones from normal rats (n=29) showed
enhanced synaptic transmission in the arthritis pain
model. Changes in synaptic transmission preserved in
the brain slice are referred to as ‘synaptic plasticity’ (see
Neugebauer et al. 2003). The arthritis led to a steeper
slope of the input—output relationship (Fig. 1C) resulting
in an upward shift at higher stimulus intensities compared
to normal conditions and a statistically significant
difference between the two curves (P <0.0001,
F1750=40.18, two-way ANOVA, column factor).
Post hoc analysis showed significant differences at stimulus
intensities > 300 uA (P < 0.05, Bonferroni post hoc
test).

In addition to the increased peak synaptic current
(Fig. 1), two other parameters of synaptic transmission
were altered in the arthritis pain model. Total charge
(area under the curve) of monosynaptic EPSCs increased
as a measure of synaptic strength (Fig.2D, open bars;
see below for details) and was accompanied by an
increased decay time constant (compare open bars in
Fig. 2F; see below for details). These data suggest not
only a quantitative but also qualitative change of synaptic
transmission in the CeA in the arthritis pain model.
Next we addressed mechanisms underlying pain-related
synaptic plasticity.

PKA-dependent enhanced NMDA-receptor function
in synaptic plasticity

NMDA receptor antagonist (AP5) effects. To analyse the
contribution of NMDA receptors to normal synaptic
transmission and pain-related synaptic plasticity, we tested
whether the effect of a selective NMDA receptor antagonist
(AP5) was altered in CeA neurones in slices from arthritic
animals. Input-output relationships in arthritis were
changed significantly in the presence of AP5 (50 um,
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Figure 1. Synaptic plasticity in CeA neurones in the arthritis
pain model

Whole-cell voltage-clamp recordings were made from neurones in the
latero-capsular part of the CeA in brain slices from normal rats and
from arthritic rats (6-8 h postinduction). Monosynaptic excitatory
postsynaptic currents (EPSCs) were evoked at the nociceptive
parabrachial (PB)-CeA synapse (Bourgeais et al. 2001; Gauriau &
Bernard, 2002; Neugebauer et al. 2004). A and B, individual traces
recorded in one CeA neurone from a normal rat (A) and another CeA
neurone from an arthritic rat (B) in control and in the presence of an
NMDA receptor antagonist (AP5, 50 um). Traces represent the mean
of eight to 12 trials and stimulus artifacts have been truncated. C,
input—output curves were generated by plotting peak EPSC amplitude
as a function of increasing stimulus intensity (see Methods).
Input-output relationships of neurones from arthritic animals (n = 51)
were significantly different (P < 0.0001, F 1,780 = 40.18, two-way
ANOVA) from those of control neurones (n = 29), suggesting
enhanced synaptic transmission in the CeA in the arthritis pain model.
In arthritis, the presence of APS significantly changed the
input-output relationship (P < 0.0001, F 9,590 = 16.19, two-way
ANOVA, n = 10). Neurones were voltage-clamped at —60 mV

*P < 0.05, **P < 0.01, Bonferroni post hoc test.
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n=10; P <0.0001, Fys9 =16.19, two-way ANOVA,
column factor; Fig. 1C). Figure 1B shows monosynaptic
EPSCs before (control) and during application of AP5 in
an individual CeA neurone. Data summarized in Fig. 1C
show that AP5 changed the input—output relationships
in arthritis to the level of those recorded under normal
conditions (no arthritis).

APS5 (50 um) had no effect on synaptic transmission in
a neurone recorded in a slice from a normal rat (Fig. 2A)
but inhibited EPSCs in a neurone from an arthritic rat
(Fig. 2B). Pooled data (Fig.2C) show that in neurones
recorded in slices from arthritic animals (n=11), AP5
significantly reduced the peak amplitude of mono-
synaptic EPSCs (P < 0.001, paired ¢ test), but had no
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significant effect on normal synaptic transmission (n = 12
neurones). The total charge (time-integral of the area
under the curve) of monosynaptic EPSCs was significantly
enhanced in arthritis compared to normal (no arthritis)
conditions (P < 0.05, unpaired ¢ test; Fig. 2D, open bars),
suggesting increased synaptic strength in the arthritis
pain model. AP5 reduced the increased total charge
(area under the curve) of EPSCs in arthritis (P < 0.05,
paired ¢ test; Fig.2D, filled bars) but not in normal
neurones.

Analysis of the kinetics of monosynaptic EPSCs (Fig. 2E
and F) showed that the rise time (10-90%; Fig. 2E) did
not change in the arthritis pain model (# = 11 neurones)
compared to normal conditions (n =10 neurones)

predrug
AP5

Figure 2. Inhibition of synaptic transmission by an
NMDA receptor antagonist (AP5) is enhanced in
the arthritis pain model

A and B, monosynaptic EPSCs recorded in a CeA
neurone from a normal rat (A) and in another neurone
from an arthritic rat (B). AP5 (50 uM) inhibited synaptic
transmission in arthritis but not under normal
conditions. C and D, averaged raw data show that AP5
inhibited peak EPSC amplitude (C) and total charge (area
under the curve, D) of monosynaptic EPSCs in arthritis
(n = 11 neurones) but not in CeA neurones from normal
animals (n = 12). Increase of the total charge of EPSC in
the arthritis pain model suggests increased synaptic
strength. £ and F, differential effects of AP5 (50 um) on
the 10-90% rise time (E) and decay time constant (t, F)
in neurones from arthritic rats (n = 11 neurones) and
from normal animals (n = 10 neurones). AP5 shortened
the increased decay time of monosynaptic EPSCs in the
arthritis pain model. Monosynaptic EPSCs were evoked
at the PB-CeA synapse using a stimulus intensity that
generated 80% of the maximum EPSC amplitude.
Neurones were voltage-clamped at —60 mV. *P < 0.05,
***p < 0.001, paired and unpaired t tests.
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and was not affected by AP5 (50 um). In contrast,
the decay time constant (v; Fig.2F) was significantly
increased in arthritis (P < 0.05, unpaired ¢ test; openbars).
APS5 significantly shortened the decay time in arthritis
(P < 0.05, paired t test; Fig. 2F, filled bars) but had no
effect on normal synaptic transmission.

NMDA receptor-mediated EPSC in synaptic plasticity:
CNQX/NBQX effects. Next we analysed in more detail
the contribution of NMDA receptors to synaptic
transmission under normal conditions and to synaptic

A

normal

CNQX

Figure 3. Pharmacological isolation of an
NMDA receptor-mediated EPSC in synaptic C
plasticity in the arthritis pain model

A and B, monosynaptic EPSCs recorded in a CeA
neurone from a normal rat (A) and in another
neurone from an arthritic rat (B). CNQX (30 um)
blocked synaptic transmission in the control
neurone from a normal animal, but a resistant
component remained in arthritis. Addition of AP5
(50 um) blocked the CNQX-resistant component
in arthritis. Traces to the right of B are scaled to
the peak to illustrate the slow decay time of the
NMDA EPSC. Scale bars in A and B are 20 pA and
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plasticity in the arthritis pain model. Using non-NMDA
receptor antagonists (CNQX, 30 um, and NBQX, 10 um),
we attempted to isolate the NMDA receptor-mediated
component of the increased EPSC in the arthritis pain
model. Figure3A and B shows individual examples of
monosynaptic EPSCs recorded in one CeA neurone from
a normal rat (Fig. 3A) and another CeA neurone from an
arthritic rat (Fig. 3B). Under normal conditions, CNQX
blocked synaptic transmission completely, but in arthritis
a CNQX-resistant EPSC remained, which was blocked
by AP5 (50 um). The slow decay time of this NMDA

B

arthritis
scaled to peak

="

normal

40 ms, respectively. C, averaged raw data show a 9
significant CNQX/NBQX-resistant EPSC

component (measured as peak amplitude) in E

arthritis (n = 31; P < 0.001, paired t test), but 20
not in control neurones from normal rats (n = 9). M
D, averaged raw data show the total charge of Es
the NMDA receptor-mediated EPSC component is @
significantly increased in arthritis; recordings were E 10
made in the presence of CNQX/NBQX (P < 0.05, ;
unpaired t test). £ and F, averaged data show oo
that the 10-90% rise time of the b=
CNQX/NBQX-resistant EPSC component is o |

significantly increased (E; P < 0.001, paired t test)
compared to the predrug compound EPSC, but
decay time is not affected (F). G and H, G
voltage-dependence of the NMDA-mediated
EPSC. G, monosynaptic EPSCs recorded in the
presence of NBQX (10 uwm) at different holding
potentials in an individual CeA neurone in a slice
from an arthritic rat. H, current-voltage
relationship of the NMDA receptor-mediated
EPSC recorded in the presence of NBQX (10 um)
compared to the compound EPSC (predrug
control) in CeA neurones (n = 3) from arthritic
animals. The change in slope is consistent with
the removal of a non-NMDA receptor-mediated
EPSC component. *P < 0.05, ***P < 0.001.

© The Physiological Society 2005

predrug CNQX/NBQX

NMDA-
EPSC
D
[Cpredrug
20
Il CNQX/NBQX 5
HAPS & .
.
@
2
2 10
= %*
™
< 05 L
o o m
arthritis narmal  arthritis
E
*kk -
E ©
Q
E
% 20
(%]
Q
| o
¥

predrug CNQX/NBQX

- NBQX
-1 control

Current
B



914 G. C. Bird and others

receptor-mediated EPSC is illustrated in Fig. 3B (scaled
traces on the right).

In the whole sample of neurones recorded in slices from
arthritic rats, a significant residual EPSC component was
recorded in the presence of CNQX/NBQX (P < 0.001,

A
KT5720
CNGX
20 pA
40 ms
B GF109203X + KT5720

CNQX

GF109203X

20 pA
40 ms
C CIGF108203X
ERKTS5720
O 125 FZAGF109203X + KT5720
7
o
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B 75
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Figure 4. A PKA inhibitor (KT5720), but not a PKC inhibitor
(GF109203X), blocks the NMDA receptor-mediated synaptic
plasticity

A, monosynaptic EPSCs recorded in a CeA neurone from an arthritic
rat are only partially inhibited by CNQX (10 uM). This NMDA
receptor-mediated component is completely blocked by KT5720

(1 um). B, in another CeA neurone, application of GF109203X (1 um)
had no effect on the CNQX/NBQX-resistant NMDA receptor-mediated
EPSC, but addition of KT5720 (1 uM) completely blocked the response.
C, averaged normalized data show a significant inhibition of the
CNQX/NBQX-resistant NMDA receptor-mediated synaptic component
by KT5720 (n = 7) and by co-application of GF109203X and KT5720
(n=7), but not by GF109203X alone (n = 8). Monosynaptic EPSCs
were evoked at the PB-CeA synapse using a stimulus intensity that
generated 80% of the maximum EPSC amplitude. Each trace in A and
B represents the average of 10-12 EPSCs. Neurones were voltage-
clamped at —60 mV. ***P < 0.001, unpaired t test (compared to
predrug controls in the presence of CNQX).
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paired ¢ test; n = 31; Fig. 3C, bars on the right) but not
in control neurones from normal rats (n =9 neurones;
Fig. 3C, bars on the left). The addition of AP5 (n=9)
abolished the CNQX/NBQX-resistant synaptic response
in arthritis, confirming that the residual EPSC was NMDA
receptor-mediated. The NMDA component was revealed
by measuring the peak EPSC amplitude (Fig. 3C) as well
as the total charge (area under the curve; Fig. 3D). The
total charge of the NMDA receptor-mediated EPSC in the
presence of CNQX/NBQX increased significantly in
arthritis compared to normal conditions (Fig.3D,
P < 0.05, unpaired ¢ test), suggesting increased synaptic
strength due to the appearance of the NMDA
receptor-mediated synaptic component. Analysis of
EPSC kinetics (Fig.3E and F) in arthritis showed a
highly significant increase of rise time in the presence
CNQX/NBQX (P < 0.001, paired t test; Fig. 3E) whereas
the decay time constant was not affected (Fig.3F)
compared to the predrug compound EPSC.

The analysis of the voltage-dependence (Fig. 3G and H)
of the CNQX/NBQX-resistant EPSC further suggested that
this EPSC is NMDA receptor-mediated. Monosynaptic
EPSCs were recorded in the presence of NBQX (10 um)
at different holding potentials (Fig. 3G, individual CeA
neurone; Fig. 3H, averaged data from # = 3 neurones) in
slices from arthritic rats. The nearly linear current—voltage
relationship of the compound EPSC (control) changed
in the presence of NBQX to reveal a slope at negative
holding potentials. The change in slope is consistent with
the removal of a non-NMDA receptor-mediated EPSC
component by NBQX and the unmasking of the NMDA
receptor-mediated EPSC.

Inhibition of PKA, but not of PKC, blocks the
NMDA receptor-mediated EPSC. NMDA mediated,
CNQX/NBQX-resistant EPSCs were blocked by a selective
PKA inhibitor (KT5720, 1 um; see Methods), but not
by a selective PKC inhibitor (GF109203X, 1 um; see
Methods). Individual examples are shown in Fig. 4A
and B. The monosynaptic EPSC recorded in one CeA
neurone in the arthritis pain model was partially inhibited
by CNQX. KT5720 completely blocked this NMDA
receptor-mediated EPSC (Fig.4A). In another CeA
neurone, GF109203X had no effect on the NMDA
receptor-mediated EPSC recorded in the presence
of CNQX in the arthritis pain model (Fig.4B). The
subsequent addition of KT5720 largely blocked the
NMDA receptor-mediated EPSC. In the sample of
neurones (n=7) a selective PKA inhibitor (KT5720)
significantly inhibited the NMDA component (P < 0.001,
unpaired  test; Fig.4C). In contrast, a selective PKC
inhibitor (GF109203X) had no significant effect on the
CNQX/NBQX-resistant EPSC (n = 8), but the subsequent
addition of KT5720 (n=7) significantly reduced the
EPSC amplitude (P <0.001, unpaired ftest). These
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data suggest that PKA rather than PKC is required for
enhanced NMDA receptor-mediated function in the CeA
in pain-related synaptic plasticity.

Evidence for a postsynaptic rather than presynaptic
mechanism. Direct membrane effects of NMDA receptor
activation were measured as inward currents generated by
exogenous NMDA (2 mm), using the microdrop (10 ul)
application technique as described in the Methods (see
Keele et al. 2000). Brief application of NMDA into the
recording chamber evoked a larger inward current in a
CeA neurone recorded in a brain slice from an arthritic
rat (Fig.5B) than in a CeA neurone from a normal
rat (Fig.5A). Averaged data show that peak amplitude
(Fig. 5C) and total charge (area under the curve, Fig. 5D) of
the NMDA-evoked membrane current were significantly
larger in CeA neurones from arthritic animals (n=7
neurones) than in control neurones from normal animals
(n=4; Fig.5C, P <0.01; Fig.5D, P <0.05, unpaired
t test).
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Figure 5. Direct membrane effect of NMDA is increased in CeA
neurones in the arthritis pain model

A and B, current traces show that NMDA (2 mm) evokes a larger
inward current in a neurone recorded in a brain slice from an arthritic
animal (B) than in another neurone from a normal animal (4). In each
experiment one microdrop (10 ul) of NMDA was applied to the
recording chamber using a pipette (see artifact) as described in the
Methods. Hyperpolarizing voltage steps producing inward currents
(see downward deflections) were used for the continuous monitoring
of membrane conductance changes. Sodium spike currents appeared
around the peak of the NMDA-evoked membrane current. C and

D, averaged data show that significantly larger inward currents were
evoked by NMDA in arthritis (n = 7 neurones) than under normal
conditions (n = 4 neurones) both in terms of peak current amplitude
(C) and total charge (area under the curve, D). Neurones were
voltage-clamped at —60 mV. *P < 0.05, **P < 0.01, unpaired t test.
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To determine whether a presynaptic site was involved
in the increased endogenous NMDA-receptor activation
in synaptic plasticity, we measured the effects of AP5 on
paired-pulse facilitation (PPE, see Methods) as described
before (Neugebauer et al. 2003). PPF refers to the
phenomenon that the amplitude of the second of
two consecutive EPSCs evoked by electrical synaptic
stimulation is larger than the initial EPSC if the
interstimulus interval is sufficiently small. If a drug (e.g.
AP5) decreases transmitter release, PPF is enhanced.
Any changes in PPF suggest a presynaptic site of action
(see Neugebauer et al. 2003). Pairs of monosynaptic
EPSCs were evoked by electrical stimulation of the
PB-CeA synapse at progressively increasing interstimulus
intervals (20500 ms; see Fig. 6A for individual example).
Consistent with our previous study (Neugebauer et al.
2003) PPF was recorded at the PB-CeA synapse in CeA
neurones from arthritic rats (n = 14 neurones; Fig. 6B).
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Figure 6. Paired-pulse facilitation (PPF) is not altered by block
of NMDA receptors

The effect of AP5 on PPF was studied in CeA neurones in brain slices
from arthritic rats. PPF, a measure of presynaptic transmitter release
mechanisms, was evoked by electrical stimulation of the PB-CeA
synapse at progressively increasing interstimulus intervals. A, pairs of
monosynaptic EPSCs were recorded in one CeA neurone before and
during application of AP5 (50 uMm). Each trace is the average of 10-12
EPSCs. B, averaged normalized data show that PPF in the presence of
AP5 (n = 12 neurones) was not significantly different than PPF before
drug application (predrug control; n = 14 neurones). Peak amplitudes
were measured as the difference between the current level before the
stimulus artifact (see A) and the peak of the EPSC. PPF was calculated
as EPSC2/EPSC1 x 100. Neurones were voltage-clamped at —60 mV.
The lack of changes of PPF during block of endogenous NMDA-
receptors argues against the involvement of any presynaptic NMDA
receptors.
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In the presence of AP5 (n =12 neurones) the PPF
ratio did not change across the range of interstimulus
intervals (Fig. 6A, individual example; Fig. 6B, averaged
data). The lack of changes of PPF during block of
endogenous NMDA-receptors and the direct membrane
effects of exogenous NMDA strongly suggest that NMDA
receptors contribute to pain-related synaptic plasticity
through post- rather than presynaptic mechanisms.

Increased phosphorylation, but not up-regulation,
of NR1 protein in the CeA in the arthritis pain model

Increased postsynaptic NMDA receptor function could be
due to receptor phosphorylation, receptor up-regulation
or a combination of both. As our electrophysiological
data suggested the involvement of PKA in enhanced
NMDA receptor function, we measured the levels of
phosphorylated NMDA receptor 1 subunit (pNR1) and
total NR1 protein expression in the CeA from normal
and from arthritic animals (6 h postinduction). Using
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Figure 7. Increased phospho-NR1, but not total NR1, expression
in the CeA in the arthritis pain model

A, immunoblots of phosphorylated NR1 (pNR1) and total NR1 in the
CeA of the right (R, contralateral to the arthritis) and left (L, ipsilateral)
brain hemispheres of normal and arthritic rats (6-8 h postinduction)
are shown compared to a -actin standard. B and C, averaged data of
immunoblot densitometry show that the relative density of phospho-
NR1 protein (B) is significantly increased in the right and left CeA of
arthritic rats (n = 6) compared to normal rats (n = 6; P < 0.001,
unpaired t test). There was no significant difference of total NR1
protein expression (C) in normal (n = 6) and arthritic (n = 6) rats.
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antibodies with selectivity for total NR1 or for the PKA
phosphorylation site of NRI, the relative density of
immunoblots of NR1 and pNRI1 protein was measured
in tissues of the left (ipsilateral to the arthritis) and
right (contralateral) CeA. Figure 7 shows that the relative
density of pNR1 (Fig. 7B), but not total NR1 (Fig.7C),
immunoreactivity was significantly increased in the ipsi-
and contralateral CeA obtained from arthritic rats (n = 6)
compared with normal rats (n = 6) (P < 0.001, unpaired
t test). There was no significant difference between the
two brain hemispheres, which is consistent with the
large receptive fields of CeA neurones and the bilateral
input the CeA receives from the body (Neugebauer &
Li, 2002). These data suggest that increased receptor
phosphorylation rather than receptor up-regulation
contributes to the changes of NMDA receptor function
in pain-related synaptic plasticity.

Discussion

Previous studies from our laboratory have demonstrated
enhanced synaptic plasticity in the central nucleus of
the amygdala (CeA) in vitro in a model of arthritic
pain induced in vivo (Neugebauer et al. 2003). Here
we show that NMDA receptor function is enhanced in
CeA neurones recorded in brain slices from arthritic
rats and that this may well reflect a mechanism of
pain-related plasticity in the CeA. The NMDA receptor
change in arthritis is manifested as an increased effect
of NMDA receptor block on synaptic transmission, the
appearance of an NMDA receptor-mediated synaptic
component and enhanced membrane currents evoked by
exogenous NMDA. Enhanced NMDA receptor function
depends on PKA but not PKC activation and results from
increased phosphorylation rather than up-regulation of
the NMDA receptor NR1 subunit in the arthritis pain
model.

Central to the function of the NMDA receptor is
the voltage-sensitive channel blockade by Mg**, the
removal of which increases ligand-gated permeability to
cations including Ca*". Influx of this ion in particular
has been linked to neuroplasticity. The regulation of
NMDA receptor activity occurs at a number of different
levels. Functional NMDA receptors are composed of
a heteromeric assembly of NR1 and NR2 subunits
(Hollmann & Heinemann, 1994; Laube et al. 1998;
Dingledine et al. 1999). The essential subunit for channel
formation is NR1 while selective addition of NR2 subunits
(NR2A-D) into the assembly allows for modulation of
channel kinetics (Hollmann & Heinemann, 1994). A single
amino acid residue in the NR1 subunit, asparagine 598
(N598), serves as a critical determinant for key properties
of the NMDA receptor, such as high Ca’* permeability
and voltage-dependent Mg?* block (Burnashev et al.
1992). NMDA receptors in the CeA are composed of
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NR1 and NR2B subunits (Zhuo, 2002; Sah & Lopez De
Armentia, 2003). NMDA receptor channel modulation
occurs through subunit (NR1 and NR2) phosphorylation
by various intracellular protein kinases, including PKA
and PKC, as well as through dephosphorylation via
the Ca®>"/calmodulin-dependent phosphatase calcineurin
(Chen & Huang, 1992; Lieberman & Mody, 1994; Moon
etal. 1994; Tong & Jahr, 1994; Omkumar et al. 1996; Tingley
etal 1997).

The central finding of our present study is that
synaptic plasticity in the arthritis pain model depends
on enhanced NMDA receptor function at the PB-CeA
synapse, which transmits nociceptive information from
the spino-parabrachial-amygdaloid pain pathway to the
CeA (see Neugebauer et al. 2004). The present study shows
increased effects of an NMDA receptor antagonist (AP5)
and appearance of a CNQX/NBQX-resistant synaptic
component. The peak synaptic current and total charge
of the synaptic response as a measure of synaptic strength
increased in the arthritis pain model. Both parameters
were sensitive to AP5. Analysis of the kinetics of the
AP5-sensitive CNQX/NBQX-resistant EPSC showed a
slower decay time consistent with the involvement of
NMDA receptors. The altered EPSC kinetics suggest not
only a quantitative but also a qualitative change of synaptic
transmission in the CeA in the arthritis pain model.
Further, these data allow the conclusion that pain-related
plasticity in the CeA requires an NMDA-mediated rather
than (or in addition to) an NMDA-modulated synaptic
response.

We analysed whether the change in NMDA receptor
function involved a pre- or postsynaptic mechanism.
Our data suggest a postsynaptic site of action, because
the addition of exogenous NMDA produced a larger
membrane current in the arthritis pain model than under
normal conditions. Further, the lack of effect of AP5
on PPE a measure of presynaptic transmitter release,
argues against presynaptic mechanisms. NR1 subunit
phosphorylation by PKA is known to occur at serine 890
and 897 and by PKC on serine 896, and our Western
blot analysis using an antibody selective for the PKA
phosphorylation site confirmed increased PKA-dependent
phosphorylation of the NR1 subunit in arthritis. There
was no increase in total NR1, suggesting an important
role for enhanced receptor phosphorylation rather than
receptor up-regulation in pain-related synaptic plasticity.
Ofimportance, our electrophysiological data demonstrate
that enhanced NMDA receptor-mediated synaptic trans-
mission can be blocked by selective inhibition of PKA but
not of PKC.

The results of the present work in the amygdala show
similarities to in vitro studies in spinal cord dorsal horn
neurones where enhanced NR1 subunit phosphorylation
by PKA or PKC increased agonist effects (Chen &
Huang, 1991, 1992; Cerne et al. 1992, 1993; Rusin
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et al. 1993). PKC-mediated phosphorylation has been
suggested to result in a reduction of the Mg*"-dependent
blockade of NMDA receptors (Chen & Huang, 1992) via
direct and indirect mechanisms (Zheng et al. 1999; Liao
et al. 2001). Of importance, phosphorylation-mediated
removal of the Mg*"-dependent blockade has not pre-
viously been demonstrated in the amygdala. Our finding
that increased NMDA receptor function in arthritis can be
reduced by a selective PKA inhibitor, whereas a selective
PKC inhibitor has no effect, indicates that enhanced
NMDA receptor function in the CeA in pain-related
plasticity depends upon the activity of PKA rather
than PKC.

In the amygdala, neuroplasticity related to behavioural
modifications and disorders has been mainly studied in
the lateral and basolateral nuclei in models of epilepsy,
drug addiction, conditioned fear and associative learning
(McKernan & Shinnick-Gallagher, 1997; Neugebauer
et al. 1997; Post et al. 1998; Davis, 1998; Huang &
Kandel, 1998; Maren, 1999; Ledoux, 2000; Rolls, 2000;
Schroeder & Shinnick-Gallagher, 2004). However it is
the latero-capsular part of the CeA with its high content
of nociceptive neurones that has been designated as the
‘nociceptive amygdala’ (see Neugebauer et al. 2004).

We recently demonstrated that pain-related synaptic
plasticity in the latero-capsular CeA involves an increased
contribution of presynaptic group I mGluR1 subtype
receptors (Neugebauer et al. 2003). In these studies pre-
synaptic mGluR1, but not mGluR5, were up-regulated
in the CeA in the arthritis pain model. Block of
mGluR1 reversed pain-related synaptic plasticity in the
CeA (Neugebauer et al. 2003). The significance of these
data was confirmed in our electrophysiological analysis
of individual CeA neurones recorded in anaesthetized
animals in vivo (Li & Neugebauer, 2004b) and in
behavioural studies of higher integrated pain responses
in awake animals (Han & Neugebauer, 2005). The
consequence of enhanced presynaptic mGluR function
would be enhanced transmitter release and, subsequently,
increased activation of postsynaptic receptors.

Of particular importance to the present study is the
now well-established interaction between group  mGluRs
and NMDA receptors to influence plasticity. In spinal
dorsal horn neurones, group I mGluR activation promotes
the relief of the Mg?*-dependent blockade of NMDA
receptors and results in increased neuronal responses to
exogenous NMDA and enhanced nociceptive transmission
(Neugebauer er al. 1994; Gerber et al. 2000; Fundytus
et al. 2001). However, a direct interaction between group
I mGluRs and NMDA receptors is unlikely to play a role
in pain-related plasticity in the CeA that was addressed
in the present study. Group I mGluRs act presynaptically
to regulate transmitter release in the CeA (Neugebauer
etal. 2003) whereas NMDA receptors regulate postsynaptic
membrane processes (present study). The involvement
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of PKA rather than PKC in enhanced NMDA receptor
function would also argue for an indirect rather than
direct interaction between NMDA receptors and group I
mGluRs, because the latter do not directly couple to PKA
activation (see references in Neugebauer, 2002). Thus,
a serial arrangement would explain why antagonists at
mGluR1 and NMDA receptors produce seemingly similar
results, as removing either step will interrupt the signalling
cascade.

The analysis of NMDA-receptor function in pain-
related synaptic plasticity in the amygdala is novel and
not trivial. Although NMDA receptors have been shown
to play important roles in various forms of neuroplasticity
and nervous system disorders (Hollmann & Heinemann,
1994; Dingledine et al. 1999; Malenka & Nicoll, 1999),
NMDA-independent forms of neuroplasticity are well
documented (Malenka & Nicoll, 1999) and recent studies
suggest that NMDA receptors in the lateral amygdala
do not play a major role in plasticity related to
fear-memory processes (McKernan & Shinnick-Gallagher,
1997; Zinebi et al. 2003; Schroeder & Shinnick-Gallagher,
2004).

This study is the first to show the contribution of
postsynaptic NMDA receptors to pain-related synaptic
plasticity in the CeA. Our work is consistent with the
literature in that NMDA receptors do not contribute to
normal synaptic transmission in CeA neurones (Sah &
Lopez De Armentia, 2003). However, NMDA receptors
play a crucial role in nociceptive transmission and
neuronal plasticity at several sites of the pain neuraxis,
including peripheral (Lawand et al. 1997; Du et al. 2003)
and central (spinal) sensitization (Woolf & Thompson,
1991; Coderre & Melzack, 1992; Dougherty et al. 1992;
Neugebauer et al. 1993; Guo & Huang, 2001; Zou et al.
2002, 2004). In a recent electrophysiological study from
our group (Li & Neugebauer, 2004a), NMDA receptor
activation was shown to contribute to the enhanced
responses of CeA neurones recorded extracellularly in
anaesthetized animals in the arthritis pain model. The
patch-clamp analysis in the present study does not simply
confirm these findings but provides novel information
about mechanisms and sites of enhanced NMDA receptor
function in synaptic plasticity in the CeA. Our data
show that PKA-dependent increased phosphorylation of
postsynaptic NMDA receptors alters synaptic transmission
qualitatively and quantitatively and produces pain-related
synaptic plasticity in the CeA.
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