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Chronic pain is characterized by post-injury pain
hypersensitivity. Current evidence suggests that it might result
from altered neuronal excitability and/or synaptic functions
in pain-related pathways and brain areas, an effect known as
central sensitization. Increased activity of extracellular signal-
regulated kinase (ERK) has been well-demonstrated in the
dorsal horn of the spinal cord in chronic pain animal models.
Recently, increased ERK activity has also been identified in two
supraspinal areas, the central amygdala and the paraventricular
thalamic nucleus anterior. Our recent work on the capsular
central amygdala has shown that this increased ERK activity
can enhance synaptic transmission, which might account for
central sensitization and behavior hypersensitivity in animals
receiving noxious stimuli.

Physiological pain serves as an early-warning protective system
actributive to individuals to avoid noxious stimuli or harmful con-
tact, or creates a circumstance to disfavor movement and physical
contact to assist injured bodies to repair. On the other hand, non-
protective-related pathological pain results from abnormality and
dysfunction of the nervous system and consequently creates clini-
cal pain syndromes with the greatest unmet need.! Chronic pain
is among the most disabling and costly afflictions. The American
Chronic Pain Association estimates that one in three Americans
(~-50 million) suffers from some type of chronic pain.? Chronic
pain is often accompanied by altered synaptic functions (usually
hyperexcitability) of nociceptive pathways in the central nervous
system, an effect known as central sensitization,® in which the
sensory system is rendered into a dysfunctional hyperalgesia state
in which distinction of low-intensity stimuli and noxious stimuli
is lost.

Central sensitization occurs not only in the dorsal horn of
the spinal cord, but also in the thalamus, amygdala and ante-
rior cingulate cortex (ACC) in inflammatory, neuropathic and
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chemically-induced chronic pain. Being a part of the limbic sys-
tem, the amygdala plays a key role in emotionality, including the
emotional evaluation of sensory stimuli, such as pain and emo-
tional learning and memory’*® and has been the subject of inten-
sive investigation. The capsular central amygdala (CeAC) consists
of many nociceptive neurons and is defined as the “nociceptive
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amygdala; it receives large numbers of nociceptive-related
fibers from the parabrachial nucleus (PB), a potine structure
that relays nociceptive information from spinothalamic tracts to
various forebrain areas, via the parabrachio-amygdaloid (PBA)
pathway.'®!! In neuropathic and arthritic pain models, synaptic
transmission of the PBA pathway on CeAC neurons (PBA-CeAC
synapses) is enhanced.®'*!® Nevertheless, the underlying cellular

mechanism remains unclear.
Synaptic Plasticity and Chronic Pain

Long-term potentiation (LTP)," is a prolonged increase in
response to the same stimulus after a tetanizing stimulation train.
LTP can be induced at the synapses of nociceptive inputs on dor-
sal horn neurons in the spinal cord” and in the ACC,'®" in which
most neurons respond to both noxious and non-noxious stimuli,
after peripheral injury. The occurrence of LTP in these nocicep-
tive-related pathways and areas is considered to be a part of the
cellular mechanism underlying the development of central sensi-
tization in chronic pain.’® At some cortical synapses, induction of
LTP requires activation of extracellular signal-regulated kinase
(ERK) of mitogen-activated protein kinase (MAPKs) down-
stream of the activation of the N-methyl-D aspartate glutamater-
gic receptor (NMDAR)."?* Interestingly, a biochemical hallmark
of chronic pain is an increased level of phosphorylated (p)ERK
and/or other MAPKSs in the dorsal horn**2¢ and the CeAC? in
formalin-induced pain and other chronic models. Direct injec-
tion of an ERK blocker or activator into the CeAC respectively
increased or reduced nociceptive behavior in normal animals or
those with formalin-induced or acid-induced pain, showing that
activation of ERK in the CeAC directly causes central sensitiza-
tion.”’? Accordingly, it has been proposed that LTP and cen-
tral sensitization may share common cellular mechanisms.' In a
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Figure 1. Schematic diagram summarizing PBA-CeAC synaptic trans-
mission in normal and AIMP mice. (A) Synaptic transmission in a resting
condition at PBA-CeAC synapses is mediated by non-NMDARs. (B) Appli-
cation of PDA activates PKC in presynaptic terminals and postsynaptic
dendrites. Activated PKC in presynaptic terminals enhances glutamate
release, while that activated in postsynaptic spines activates ERK to
upregulate non-NMDAR functions or increase their numbers at synaptic
sites. (C) High-frequency stimulation activates NMDARs, which in turn
activate the PKC-ERK signal pathway to upregulate non-NMDAR func-
tions or increase their numbers at synaptic sites, thereby resulting in
LTP. (D) In mice with AIMP, ERK is activated in the CeAC by an excessive
nociceptive signal, which in turn upregulates non-NMDAR functions

or increases their numbers at synaptic sites. In addition, enhanced
glutamate release from presynaptic terminals was also observed in
AIMP mice. Together, these pre- and postsynaptic enhancements at
PBA-CeAC synapses might partially account for the central sensitization
in AIMP.

recent study of PBA-CeAC synaptic transmission in normal mice
and mice with acid-induced muscle pain (AIMP), we provided
evidence that directly supports this argument.””

Synaptic Plasticity in AIMP

The AIMP model,*° first described and developed by Sluka et al.
(2001), is generally accepted as an animal model for chronic mus-
culoskeletal pain syndrome, such as fibromyalgia and myofascial
pain syndromes. In this model, animals receive a single injection
of acidic saline into one side of the gastrocnemius muscle and
develop transient mechanical hyperpalgesia in both hind paws.
The hyperalgesia declines in 24 h but can become long-lasting for
weeks if a second dose of acidic saline is given in 5 days. AIMP
involves the activation of acid-sensing ion channel 3 in muscle
nociceptors and requires central sensitization.’!

Consistent with studies of other models, we found an
increased pERK level in both sides of the central amygdala in an
AIMP model.®®® To investigate whether such elevated pERK in
CeAC is related to a change in the efficacy of PBA-CeAC syn-
apses and behavioral hypersensitivity in AIMP, we examined the
effect of an ERK activator, phorbol 12,13-diacetate (PDA), on
the function of PBA-CeAC synapses. In addition to the well-
known facilitating effect on glutamate release at many cortical

www.landesbioscience.com

MINI-REVIEW

synapses (Fig. 1A and B) through PKC-dependent upregulation

of voltage-gated calcium channels located at axonal terminals®>4

and/or modulation of proteins involved in exocytosis,”?¢ we
found that the application of PDA also caused ERK-dependent
postsynaptic enhancement of PBA-CeAC synaptic transmission,
which might occur through the upregulation of non-NMDAR
functions at synaptic sites.””3* We also reported NMDAR-PKC-
ERK-dependent LTP of PBA-CeAC synaptic transmission after
the application of tetanizing stimulation (Fig. 1C). As PDA
application to slices directly induces LTP and the induction of
further LTP by tetanizing stimulation is occluded when slices
are bathed in PDA, the postsynaptic enhancement by PDA and
LTP by tetanizing stimulation might share common cellular
mechanisms. Interestingly, PKC-ERK-dependent postsynaptic
potentiation was not only observed when ERK was activated by
bath-applied PDA, but also in animals with AIMP. Moreover,
the postsynaptic enhancement by PDA and LTP by tetanizing
stimulation seen in slices from normal mice was occluded in
slices from AIMP mice. Based on these results, we propose that,
in AIMP mice, an excessive nociceptive signal triggered by acidic
saline injection into the gastrocnemius muscle activates ERK in
the CeA, thereby enhancing PBA-CeAC synaptic transmission

(Fig. 1).
T-channel and PVA

Although the observation of increased pERK levels in the cen-
tral amygdala in AIMP mice is consistent with previous studies
using other models, we found substantial differences between
AIMP and other chronic pain models. First, mechanical hyper-
sensitivity has been shown to be functionally lateralized to the
right amygdala in intraplantar formalin and arthritic models;*!
however, this phenomenon was not found in the AIMP model, as
we constantly observed increased pERK in both sides of the cen-
tral amygdala after acid injection.?®* Second, in addition to the
central amygdala, a profound increase in the number of neurons
showing pERK immunoreactivity was found in the paraventricu-
lar thalamic nucleus anterior (PVA) in AIMP mice.?® The PVA
belongs to the midline thalamic nuclei and is believed to serve as
an important relay in the transfer of visceral/arousal and circa-
dian information to parts of the limbic system, thereby priming
them to a state of readiness for behavior responding.*** Recently,
accumulating evidence has emerged to support a role of PVA in
the modulation of nociception. PVA neurons receive nociceptive
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information indirectly from the P and from regions that are

important in generating pain perception, such as the ACC and
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central amygdale;***° they have been shown to respond to innoc-

uous somatic and/or noxious stimuli®>*? with a widely receptive
field. Pharmacological inactivation of ERK in PVA blocks acid-
induced chronic hyperalgesia in mice.?®

Interestingly, of brain areas (such as the CeA) showing an
increased level of pERK in pain models, the PVA is the only
area that involves T-type voltage-dependent calcium chan-
nel (T-channel) activity. Chronic hyperalgesia induced by acid
injection was attenuated in Cav3.2”" mice, and pharmacologi-
cal blocking of T-channels inhibits the development of behavior
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hypersensitivity and elevation of the pERK level in the PVA in
AIMP mice.”® The T-channels are involved in the regulation of
many thalamic neuron functions, including the switching of
the firing modes between continuous or burst.>** Recently, we
have shown that T-channels might also contribute to the regula-
tion of synaptic transmission of corticothalamic (CT) inputs on
neurons in the ventrobasal nucleus, as synaptic efficacy of CT
inputs could undergo a firing-mode-dependent plastic change.”
In addition, a growing amount of evidence has suggested a role
of the T-channel in pain.®*%¢ Taking these lines of evidences
together, it is obvious that further exploration of T-channel func-
tion in synaptic plasticity and neuronal excitability in the PVA,

a newly-identified pain-related area, should provide new insight
into the cellular mechanisms underlying the development of cen-
tral sensitization at the supraspinal level.

In conclusion, plastic changes in synaptic transmission
between pain-related brain areas have been shown to contribute
to central sensitization and behavior hypersensitivity and ERK
activation appears to play an important role in linking noxious
stimuli to such functional changes. Mechanisms by which ERK
are activated by noxious signals may vary among different pain-
related brain areas. While NMDAR?® and/or group 1 metabo-
tropic glutamate receptor® activation are involved in the central
amygdala, PVA thalamic neurons involve T-channels.?®
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