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Chapter 13
Cortical LTP: A Synaptic Model

for Chronic Pain

Min Zhuo

Abstract Cumulative evidence indicates that cortical synapses not only play
important roles in pain perception and related emotional functions but also undergo
long-term potentiation (LTP) and contribute to chronic pain. LTP is found at two
key cortical regions such as the anterior cingulate cortex (ACC) and insular cortex
(IC), and inhibition of cortical LTP produces analgesic effects as well as anxiolytic
effects. In this chapter, I will summarize our work on ACC and IC and provide evi-
dence for calcium-stimulated AC1 as a key molecule for cortical LTP and chronic
pain.

Keywords Anterior cingulate cortex - Insular cortex - Long-term potentiation -
NMDA - ACI

13.1 Introduction

Chronic pain is a major health issue all over the world and is caused by tissue or
nerve injury under different disease conditions. Due to poor understanding of the
molecular mechanisms of chronic pain, especially at central regions, current pain
medicines are ineffective. Consequently, patients mostly depend on the use of opi-
oids to control pain. While opioids fail to erase chronic pain, they only produce
analgesic effects by nonselectively inhibiting synaptic transmission. The long-term
use of opioids has caused widespread drug abuse problems. In this chapter, I will
discuss previous and recent discoveries related to the cortical mechanism of chronic
pain and propose LTP as a key synaptic mechanism for chronic pain.
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13.2 ACCand IC

Human and animal studies have consistently demonstrated that neurons in the ante-
rior cingulate cortex (ACC) and insular cortex (IC) are two key cortical regions for
pain perception and chronic pain [1, 2, 13, 14, 24, 26, 28, 29, 30]. Activation of the
ACC and IC has been reported to be caused by various noxious heat, cold, and
chemical stimuli. In animal models of chronic pain, activity-dependent immediate
early genes have been reported to be activated in these two areas after peripheral
inflammation or nerve injury. In genetic knockout mice in which chronic pain has
been significantly reduced, these immediate early genes are also reduced in the
ACC and IC [18, 20, 25]. Electrophysiological experiments have provided direct
evidence that neurons in the ACC and IC are activated by noxious stimuli and most
of these cells are likely excitatory pyramidal neurons [21, 25]. Moreover, activation
of the ACC causes fearful memory, supporting the roles of ACC in the unpleasant-
ness of pain [16]. In human brain imaging experiments, it has also been found that
ACC and/or IC regions are triggered by psychological pain and social exclusion,
providing further evidence for their importance in the process of pain [2].
Furthermore, biochemical and anatomic studies have indicated that plasticity-
related signaling pathways are activated in the ACC and IC after peripheral injuries.
It is believed that cortical synapses undergo long-term plastic changes after periph-
eral injuries.

Recently, activation of the ACC induced by peripheral nerve injury increases the
turnover of specific synaptic proteins in a persistent manner. Ko et al. [5] demon-
strate that neural cell adhesion molecule 1 (NCAMI1) is one of the molecules
involved and show that it mediates spine reorganization and contributes to the
behavioral sensitization.

13.3 Long-Term Potentiation (LTP) in the ACC and IC

LTP can be readily induced using a variety of experimental methods, including field
excitatory postsynaptic potential (EPSP) recordings, whole-cell patch-clamp record-
ings, and multielectrode array (MEA) recordings. Field recordings in slices from
adult mice have shown that glutamatergic synapses in the ACC exhibit LTP lasting
many hours in response to theta burst stimulation (TBS). The activation of NMDA
receptors and L-type voltage-gated calcium channels (L-VGCCs) are required for
ACC LTP [25]. ACC LTP can also be induced using other LTP inducing protocols
such as stimulus-depolarization pairing and spike-EPSP pairing. In whole-cell
patch-clamp recording experiments, LTP induced by different pairing protocols is
typically NMDA receptor-dependent. Activation of L-VGCCs is not required.
NMDA receptors comprise a variety of subtypes that are composed of different
combinations of subunits, typically two GluN1 (NR1) subunits and two GluN2
(NR2) subunits, of which there are four possible subtypes, GluN2A-D (NR2A-D).



13 Cortical LTP: A Synaptic Model for Chronic Pain 149

In the ACC, it has been shown that LTP, as detected by whole-cell patch-clamp
recording, is sensitive to both GluN2A-preferring and GIuN2B- preferring antago-
nists, indicating that tri-heteromers of the NMDA receptor may also be the domi-
nant form of the receptor that contributes to LTP at ACC.

The activation of NMDA receptors leads to an increase in Ca** levels in den-
dritic spines, owing to Ca’* entry through NMDA receptors and a consequent Ca?*-
stimulated release of Ca’* from intracellular stores [1]. The postsynaptic Ca’**
signal is an essential component for the induction of LTP. Electroporation studies
indicate that activation of CaM-dependent signaling pathways by Ca?* binding is
essential for ACC LTP. The expression of ACC LTP requires AMPA receptor
GluA1 subunit. Pharmacological experiments show that allocation of a peptide that
mimics the PDZ domain at the C-terminal tail of the GluA1 subunit blocked the
early expression of LTP. By contrast, peptides that interfere with interactions with
the C-terminal tail of GluA2 (GluR2) or GluA3 (GluR3) do not have any effect.
Experiments using genetic knockout mice further support this conclusion. ACC
LTP is normal in mice lacking GluA2, whereas it is absent in mice lacking GluA1.
Furthermore, a CP-AMPAR antagonist applied at 5 min after the induction of ACC
LTP significantly reduced the potentiation. Recent evidence suggests that
CP-AMPARSs are specifically associated with the PKA-dependent form of LTP and
PKA phosphorylation site at serine 845 plays critical roles in ACC LTP [15].
Finally, administration of an inhibitor of PKMC, zeta inhibitory peptide (ZIP),
abolished LTP in the ACC [8] (Fig. 13.1).

Although there are currently less studies of LTP in the IC, similar synaptic mech-
anisms are likely to be involved [11, 30].

13.3.1 Presynaptic LTP (Pre-LTP)

Recent studies show that another form of ACC LTP (called pre-LTP), an NMDA
receptor-independent form of LTP, can also be induced by using paired-pulse low-
frequency stimulation. The activation of kainate receptors is critical for the induc-
tion. In mice lacking the GIuK2 subunit, this pre-LTP is blocked. Furthermore,
pre-LTP is also blocked by a potent GluK1-selective kainate receptor antagonist,
UBP31060. The activation of the cAMP signaling pathway contributes to the induc-
tion of pre-LTP in the ACC neurons. Activation of calcium-stimulated adenylyl
cyclase subtype 1 (AC1), but not ACS, is selectively required for ACC pre-LTP [6,
7] and IC [22]. Kainate receptor-dependent pre-LTP in the ACC may also involve
FMRP signaling [6, 7].

For the expression of LTP, kainate receptor-dependent LTP is expressed by an
increase in the probability of release, P(r), as assessed by changes in paired-pulse
facilitation. LTP involves the modulation of hyperpolarization-activated cyclic
nucleotide-gated (HCN) channels leading to a persistent depolarization of presynap-
tic terminals, which could account for the increase in P(r). There are four HCN
channel subunits (HCN1-4), all of which are expressed in both ACC and thalamus.
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Fig. 13.1 Signaling pathways for the induction and expression of two major forms of LTP in
the ACC. For NMDA receptor-dependent LTP, neural activity triggered the release of excitatory
neurotransmitter glutamate (Glu: filled circles) in the ACC synapses. Activation of glutamate
NMDA receptors leads to an increase in postsynaptic Ca** in dendritic spines. Both NMDA NR2B
and NR2A subunits are important for NMDA receptor functions. Ca?* serves as an important intra-
cellular signal for triggering a series of biochemical events that contribute to the expression of
LTP. Ca?* binds to CaM and leads to activation of calcium-stimulated AC1 as well as Ca**-/CaM-
dependent protein kinases (PKC, CaMKII, and CaMKIV). Through various protein-kinase-related
intracellular signaling pathways, the trafficking of postsynaptic AMPA receptor as well as other
synaptic modifications contributes to enhanced synaptic responses. Activation of CaMKIV, a
kinase predominantly expressed in the nuclei, will trigger CREB signaling pathways. In addition,
activation of AC1 leads to activation of PKA and subsequently CREB as well. For NMDA receptor-
independent LTP, neural activity triggered the release of Glu and subsequent activation of presyn-
aptic kainate receptor. Activation of kainate receptor causes the influx of Ca*" to presynaptic
terminal and activation of AC1 as well. Ca** binds to CaM and leads to activation of calcium-
stimulated AC1. Activation of PKA may contribute to the enhancement of glutamate release

13.4 AC1 Acts as a Key Molecule for Triggering LTP

Cyclic adenosine monophosphate (cCAMP) is a key intracellular second messenger.
The cAMP signaling pathway contributes to learning and memory, chronic pain,
emotional fear, and drug abuse. The AC is the enzyme that catalyzes ATP to
cAMP. There are two major families of ACs: nine membrane-bound (AC1-9) and
one soluble form of AC (sAC). Subtypes of ACs show unique organ and cellular
distributions, and the mechanisms leading to the activation of them are different for
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subtypes of ACs. These observations support possible distinct physiological func-
tions of each AC isoform in biological systems. Among more than ten subunits, AC1
and AC8 are two of the AC subtypes that respond positively to calcium-calmodulin
(CaM). ACI is more sensitive to a calcium increase than AC8 (more than eight
times), indicating that AC1 could play more important role in the production of
cAMP. Anatomic studies found that AC1 is highly expressed in cingulate neurons
and located in most of the layers of the ACC [20]. Genetic studies using mice lack-
ing AC1 show that gene deletion of ACI selectively impair ACC LTP, while basal
excitatory glutamate transmission in the ACC is not affected. LTP induced by TBS
or pairing stimulation is abolished in cingulate pyramidal cells of AC1 knockout
mice [9]. By using chemical and biochemical screening, selective chemical inhibi-
tors of AC1 have been identified [17]. In consistent with results from genetic knock-
out mice, pharmacological inhibition of AC1 in ACC neurons abolishes LTP induced
by pairing training [3, 17].

Our recent data also found that AC1 is essential for the induction of late-phase
LTP (L-LTP) in the ACC synapses [3]. While in wild-type mice, TBS induced
L-LTP that lasted for at least 3—6 h. TBS failed to induce any significant potentia-
tion in ACC slices of AC1 KO mice. Since ACI is a neuronal selective form of ACs,
itis likely that AC1 activity may also contribute to LTP in other pain-related cortical
areas such as the prefrontal cortex (PFC), insular cortex, and somatosensory cortex.
It has been reported that AC1 activity is required for injury-activated immediate
early gene activity in these cortical areas. LTP has been reported in the PFC,
somatosensory cortex and IC. Recent studies have reported that AC1 contributes to
LTP in the IC [30].

13.5 Requirement of AC1 for Behavioral Sensitization
and Spinal Enhancement

Behavioral studies using AC1 knockout (KO) mice have demonstrated that AC1
contributes to chronic pain [20]. Behavioral responses to peripheral injection of two
inflammatory stimuli, formalin and complete Freund’s adjuvant, were reduced or
abolished in AC1 KO mice. However, wild-type and AC1 KO mice were indistin-
guishable in behavioral tests of acute pain. Using activity-dependent immediate
early genes as markers, AC1 is also found to contribute to inflammation-induced
activation of CREB. In addition to sensory inputs from the skin, behavioral nocicep-
tive responses in animal models of muscle pain or chronic muscle inflammatory
pain were significantly reduced in AC1 KO mice.

The possible roles of AC1 in chronic pain-related plasticity are also reported at
areas outside of the cortex. In the spinal cord, AC1 activity is found to be critical for
5-HT-induced spinal facilitation and synaptic plasticity. Application of a low dose
of serotonin (5-HT) alone or a co-application of forskolin with 5-HT produced long-
lasting facilitation of excitatory synaptic transmission between primary afferent
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fibers and dorsal horn neurons. This enhancement requires the recruitment or traf-
ficking of functional postsynaptic AMPA receptors. AC1 is required for 5-HT-induced
enhancement using AC1 KO mice. In addition, AC1 also contributes to the activa-
tion of the extracellular signal-regulated kinase (Erk) in spinal cord dorsal horn
neurons, suggesting that AC1 may link upstream signals to long-term gene regula-
tion and protein synthesis that are linked to synaptic plasticity. Finally, AC1 activity
is also found to be required for spinal LTP induced by pairing protocol in spinal
dorsal horn neurons [27].

13.6 Discovery of AC1 Inhibitor NB001

Considering the important roles of ACI in injury-related synaptic plasticity as well
as behavioral responses in animal models of chronic pain, it is critical to develop a
selective inhibitor for AC1. Using chemical design and screening experiments, a
selective inhibitor for AC1, NBOO1, has been identified. NBOO1 shows its selective
inhibition for AC1 in both human embryonic kidney (HEK) 293 cells, in which AC1
was stably expressed, and in adult mouse neurons. In addition, NBOO1 produces a
dose-dependent inhibition of cAMP production in adult mouse ACC slices, suggest-
ing that NBOO1 is effective in whole animals. By contrast, NBOO1 did not signifi-
cantly affect other isoforms of ACs such as AC5-8 activity at effective inhibiting
doses for ACI.

Results from electrophysiological experiments using AC1 KO mice or NBOOI
are quite similar. NBOO1 inhibited sensory-related LTP in ACC and spinal cord
dorsal horn. Postsynaptic application of NBOO1 completely blocked the induction
of LTP in ACC pyramidal neurons of adult mice. Furthermore, NBOO1 also pre-
vented the induction of LTP in spinal cord dorsal horn neurons. These findings
strongly indicate that AC1 may contribute to chronic pain by playing important
roles in injury-related LTP in ACC and spinal cord. Finally, LTP in central synapses
contains at least two different major forms: early-phase LTP (E-LTP) and
L-LTP. Recent studies using a multiple channel recording system found that NB0OO1
produced powerful inhibition of L-LTP that lasted at least 3 h after the induction.

13.7 NBO001 Is Analgesic in Different Animal Models
of Chronic Pain

Behavioral studies using AC1 KO mice demonstrate that behavioral allodynia in
animal models of neuropathic pain and inflammatory pain was significantly reduced
[20, 27]. To confirm the requirement of AC1 activity in these behavioral responses,
the effects of NBOO1 [17, 27] on behavioral allodynia in animal models of neuro-
pathic pain induced by nerve ligation have been examined. Administration of
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NBO0O1 (1-5 mg/kg, i.p.) produced significant analgesic effects in different animal
models of chronic pain. By contrast, application of NB0OO1 at different dosages did
not cause any abnormal behaviors in animals. Animals treated with NBOO1 showed
calm and normal motor functions. Furthermore, emotional responses were also nor-
mal after NBOO1 treatment.

In addition, intraperitoneal injection of NB0OO1 also reduced spontaneous pain in
an animal model of IBS as well as cancer pain [23, 4]. These findings suggest that
NBOO1 may serve as a novel analgesic to treat bone cancer pain and visceral pain.

13.8 Conclusion and Future Directions

In summary, integrative experimental approaches have demonstrated that cortical
synapses that receive sensory painful information are highly plastic. Major forms of
synaptic plasticity discovered in central synapses, including LTP and LTD, are also
found in pain-related cortical areas such as ACC and IC. Investigation of cortical
LTP mechanisms has provided molecular insights for the induction and expression
of chronic pain in the central synapses. Among several key signaling molecules,
AC1 has been found to be a key signaling protein for triggering chronic pain-related
central plasticity. Inhibiting AC1 activity by using a selective inhibitor NBOO1 pro-
duces analgesic effects in different animal models of chronic pain. In addition to
LTP, long-term depression (LTD) has been also reported in the ACC and IC [10, 19].
Peripheral injury causes loss of LTD, offering a new mechanism for cortical excita-
tion. The use of tree shrew, a species with more advanced cortical structures, will
facilitate translational research of cortical plasticity (see [12]).
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