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Abstract: Pain is an intricate phenomenon composed of not only sensory-discriminative
aspects but also of emotional, cognitive, motivational, and affective components. There has been
ample evidence for the existence of an extensive cortical network associated with pain process-
ing over the last few decades. This network includes the anterior cingulate cortex, forebrain,
insular cortex, ventrolateral orbital cortex, somatosensory cortex, occipital cortex, retrosplenial
cortex, motor cortex, and prefrontal cortex. Diverse neurotransmitters participate in the corti-
cal circuits associated with pain processing, including glutamate, gamma-aminobutyric acid,
dopamine, and opioids. This work examines recent rodent studies about cortical modulation of
pain, mainly at a molecular level.
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Introduction

Despite broad advances in knowledge of the neurobiological basis of pain at the
different levels of the central nervous system — periphery, spinal cord circuitry,
brain-stem circuitry — there is relatively scarce knowledge about pain circuitry at
cortical levels and its behavioral correlates. Different authors have pointed out
the importance of exploring the cortical mechanisms of pain.! A review of dif-
ferent methods for studying chronic pain in rodents has been described by other
authors, and is out of the scope of the present review.! The present review cites
diverse pain models: peripheral nerve injury, formalin inflammatory, formalin-
conditioned place avoidance, and nerve ligation (peroneal and sciatic). Also, it
covers diverse types of pain: neuropathic, inflammatory, esophageal, visceral,
and arthritic. On the other hand, an excellent review has pointed out the relevance
of the cortical network in pain processing and integrating the medial and lateral
pain system (anterior cingulate cortex [ACC], agranular insular cortex [AIC],
primary somatosensory [SS] cortex [SI], secondary SS cortex [SII], ventro-
lateral orbital [VLO] cortex, and motor cortex), and its diverse neurotransmit-
ter composition (opioid, glutamate, gamma-aminobutyric acid [GABA], and
dopamine).?

The purpose of the present review is to offer an overview of research
about molecular aspects of cortical structures involved in the modulation of
physiological and pathological pain, and its behavioral correlates at the basic
(animal) level.
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Interconnections between cortical
and other structures involved

in modulation of pain
Descending pathways
In general, the cortex sends descending projections directly or
indirectly to the dorsal horn of the spinal cord and trigeminal
nucleus for modulating nociception.? The indirect projections
from the cortex to the dorsal horn (spinal or trigeminal) could
be mediated by means of three main paths: the first a circuit
with the sequence cortex/hypothalamus/periaqueductal gray
(PAG)/medulla/dorsal horn; the second a circuit of cortex/
amygdala/PAG/medulla/dorsal horn; and the third a route
with the order cortex/PAG/medulla/dorsal horn.* However,
there is one indirect projection from the cortex, specifically
SII, that goes to the dorsal horn of the spinal cord by means
of thalamus relay without mediation of the PAG.2

The cortical inputs to the PAG could be direct or indirect.
The direct cortical inputs to the PAG arise from the motor
cortex and the ACC. The indirect cortical inputs to the PAG
arise from the ACC or SII. These indirect cortical inputs
consist of three sequences of structures: ACC/amygdala/
PAG, ACC/thalamus/amygdala/PAG, and SII/thalamus/
amygdala/PAG.2

The PAG is located in the midbrain, and subsequently
sends projections to the medulla related to descending
modulation of nociception.* In the medulla, there is a zone
named the rostral ventromedial medulla (RVM), which con-
tains among others the nuclei raphe magnus and reticularis
gigantocellularis. The RVM projects to the dorsal horn of the
spinal cord (directly or indirectly) for increasing or decreas-
ing nociceptive input.’ The PAG also sends direct and indirect
projections to the spinal cord for inhibiting nociception.® The
dorsolateral funiculus (DLF) mediates supraspinal antinoci-
ception and RVM sent projections in this tract.”® Specifically,
the descending projections from the RVM establish synaptic
interactions in the spinal dorsal horn with interneurons: first-,
second-, and third-order neurons that convey nociceptive
inputs.”!! The antinociceptive effects of the RVM and PAG on
the spinal cord are mediated by means of serotonin, glycine,
or GABA neurotransmitters.'>!?

Ascending pathways

Inputs related to nociception enter the spinal dorsal horn
through primary afferent fibers that cross the spinal cord
and synapse onto contralateral transmission neurons.*
Next, the fibers from the spinal cord dorsal horn ascend,
and could target three different supraspinal structures: the
thalamus, the amygdala, and the brain stem (mesencephalic

dorsal reticular nucleus, midbrain PAG, and RVM).* The
thalamus subsequently sends projections to the cerebral
cortex and amygdala; the amygdala, besides receiving
projections from the thalamus and the spinal cord, also
receives projections from the brain stem. Moreover, the
amygdala sends nociceptive-related projections to the
cerebral cortex and thalamus.* An illustration describing
the main ascending and descending pathways and cortical
and subcortical structures involved in pain is portrayed in
Figure 1.

Cortical structures involved in pain

Anterior cingulate cortex

The ACC is located in the frontal part of the cingulate cor-
tex, and it surrounds the rostral area of the corpus callosum.
It appears to participate in diverse autonomic functions,
such as regulating blood pressure and heart rate, and also
in rational cognitive functions, such as reward anticipation,
decision-making, empathy, impulse control, and emotion.!*!3
Different studies have shown that this structure is involved in
neuropathic pain conditions.' The role of pyramidal neurons
of the ACC in nociception has been probed by patch-clamp
electrophysiology studies in mice."’

Moreover, different studies have shown that the ros-
tral cingulate cortex mediates the aversive component of
pain.’®1 A rodent study reported that rostral but not caudal
cingulate cortex activity is necessary for the perception of
the aversive component of inflammatory pain. That study
employed formalin-conditioned place avoidance in rats; in
addition, disruption of the rostral cingulate cortex did not alter
acute pain-related behavior (eg, licking or lifting the paw)."
A similar study in rats showed that the rostral cingulate cortex
also mediates the aversive component of long-lasting pain,
such as neuropathic pain.'

Adenylyl cyclases

Adenylyl cyclase 1 (AC1) and ACS8 are Ca**/calmodulin-
stimulated adenylyl cyclases highly expressed in the
ACC and insular cortex that couple N-methyl-D-aspartate
(NMDA) receptor-induced cytosolic Ca** increases to cyclic
adenosine monophosphate signaling pathways.?® Specifically,
calcium-stimulated AC1 has been pointed out as a relevant
molecular target for nerve injury-induced synaptic changes
in the ACC.'® Possible treatment based on drug screening
has revealed an ACl-specific inhibitor, NB0O1, as a very
effective analgesic in animal models of neuropathic pain,
and denoting absence of side effects when administered by
means of intraperitoneal or oral routes.®
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Moreover, another study also reported that AC1 and AC8
at the level of the ACC have been linked to nerve injury and
inflammatory pain, and proposed as possible therapeutic
targets.?! Specifically, a mutant-mice study demonstrated that
disruption of AC1 and/or AC8 genes reduced inflammatory
pain levels, and disruption of ACI and ACS (but not ACS
alone) genes reduced allodynia.?!

Astrocytic markers and proinflammatory cytokines

Another study reported that the affective component of pain,
evaluated by means of formalin-conditioned place avoidance
in rats was correlated with an increase in messenger RNA
(mRNA) of astrocytic markers (glial fibrillary acidic protein
and S100B), and proinflammatory cytokines (interleukin
[IL]-1 beta and tumor necrosis factor alpha) in the ACC; the
protein levels of glial fibrillary acidic protein, IL-1 beta, and
tumor necrosis factor alpha were also enhanced in the ACC.
These results showed for the first time that astrocytes and
proinflammatory cytokines are associated with the processing

of pain-related aversion and may be crucial players in the
affective dimension of pain in rats.?

NMDA-receptor pathways

Different studies have shown the relationship between the
increase in the antagonism of the NR2B subunit of ACC’s
NMDA receptors and the level of tonic pain. As an illustra-
tion, a study in mutant mice demonstrated that overexpres-
sion of the NR2B subunit of NMDA receptors in the ACC
correlated with enhanced nociceptive responses in inflam-
matory pain models (formalin test and complete Freund’s
adjuvant [CFA]). The formalin test showed enhanced
second-phase pain response, and the CFA showed enhanced
mechanical allodynia.”® Moreover, another complementary
study of the same group proved that tissue inflammation
induces upregulation of NR2B at the level of the ACC and
enhanced NMDA receptor-mediated response.** Moreover,
complementary studies with the pharmacological antagonism
of NR2B at the level of the ACC (drugs Ro 25-6981 and
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Ro 63-1908) have shown a reduction of tonic pain in male
and female rodents.?**

Protein kinase pathways

Some researchers have reported protein kinase (PK) M
zeta at the level of the ACC as a potential treatment target
for tonic pain conditions.?*?’” PKM zeta is an enzyme that
is responsible for maintaining long-term memories in the
brain, specifically the late phase of long-term potentiation
(LTP).%» PKM zeta is an independent catalytic domain of
PKC zeta and lacks an autoinhibitory regulatory domain
of the full-length PKC zeta, thus PKM zeta is persistently
active, without the need of a second messenger. The promoter
of full-length PKC zeta is largely inactive in the forebrain,
and so PKM zeta is the dominant form in the forebrain and
the only PKM that is translated from its own mRNA.*° Li et al
reported that inhibiting PKM zeta by zeta-pseudosubstrate
inhibitory peptide produces analgesic effects in animal
models of chronic pain.?® Moreover, Li et al also proposed
that targeting PKM zeta or its up- or downstream signaling
proteins in the ACC may provide novel clinical treatment
for chronic pain.?”’

However, recent studies have questioned the relevance
of PKM zeta and PKC zeta in the maintenance of LTP and
memory.*'*#? For example, a study showed that transgenic
knockout mice (conventional and conditional) lacking PKM
zeta and PKC zeta displayed intact synaptic transmission
and LTP in hippocampus synapses (Schaffer collateral—
CA1l) and intact learning and memory in tasks relying on
hippocampal functioning. Nevertheless, zeta-inhibitory
peptide administration to both knockout mice (PKM zeta
and PKC zeta) annuls LTP, suggesting that the effects of
zeta-inhibitory peptide are separated from PKM zeta.>! This
finding in learning and memory processes also questions the
relevance of PKM zeta in the maintenance of chronic pain
conditions, which are similar to LTP and memory processes,
and suggests more exploration of the role of PKM zeta and
PKC zeta in chronic pain conditions is needed.*

ACC synapses

Recent research has elucidated the synaptic mechanism of
transmitter release at the ACC synapse. As is already known,
peripheral inflammation and nerve injury enhance excitatory
synaptic transmission in the ACC synapses; besides this,
the exact mechanism of presynaptic quantal release in the
ACC after chronic pain has been elucidated. Specifically, the
analysis showed that the probability of transmitter release
and quantity of vesicles were augmented in a mouse model

of peripheral inflammation, whereas only the probability
of transmitter release was increased in a mouse model of
neuropathic pain.*

Esophageal pain

The ACC has been linked to the processing of esophageal
pain.* Early exposure to esophageal pain (early life esopha-
geal acid reflux) at p7—p14 has different effects compared
to acute adult exposure (p60) at the level of the ACC.
Specifically, this study found increased expression of the
NR1 and NR2A subunits of NMDA receptors, and postsyn-
aptic density 95 (PSD)-95, measured 6 weeks after early
postnatal exposure. However, this change was temporary
and limited to NMDA-receptor subunits under adult acute
exposure. Interestingly, if adult exposure was preceded by
neonatal exposure, these changes were even stronger.*

At a more molecular level of examination, esophageal
acid exposure induced Ca*/calmodulin-dependent PK II
(CaMKII)-mediated phosphorylation of serine 1303 residue
of the NR2B subunit. This molecular alteration in the ACC
might mediate sensitization of patients with acid-induced
esophageal disorders.*

Forebrain

The forebrain is the most rostral area of the brain; it is
composed of the thalamus, hypothalamus, and cerebrum.
The forebrain regulates diverse functions like receiving
and processing sensory information, thinking, perceiving,
producing and comprehending language, and controlling
motor function.

Calcium calmodulin kinase pathways

Several research reports have focused attention on the fore-
brain area as a target to explore pain relief. In particular,
related studies in mutant mice have shown that manipulations
of CaMKII at the level of the forebrain influence persistent
pain response.***” CaMKII has been linked among others
to LTP: the neurobiological process of strengthening active
synapses related to memory processes.*® CaMKII phospho-
rylates oi-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors at the P2 serine 831 sites. This
phosphorylation increases channel conductance of glutamate
Al subunits of AMPA receptors, which permits AMPA
receptors to be more sensitive than normal during LTP.
Increased AMPA-receptor sensitivity leads to an augmen-
tation of synaptic strength.*® In effect, a study showed that
overexpression of CaMKII in the forebrain reduced mechani-
cal allodynia and thermal hyperalgesia in a CFA model.*
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Moreover, the study suggested that the analgesic effects could
be mediated by means of disruption of long-term depression
without secondary effects.

Insular cortex

The insular cortex (insula) is an area of the cerebral cortex
folded within the lateral Sylvian fissure. The insular cortex
is involved in diverse functions, such as consciousness, emo-
tion, and regulation of the body’s homeostasis. Other func-
tions comprehend perception, motor control, self-awareness,
and cognitive functioning. More related to nociception, the
insular cortex is the area where the degree of pain sensation
is judged; it also relates to pain imagination when looking
at pictures of painful events.*4!

NMDA pathways

Some studies have revealed the relevance of the insular cortex
in the modulation of tonic pain conditions.® Specifically,
studies in mutant mice demonstrated that overexpression
of the NR2B subunits of NMDA receptors at the level of
the insular cortex correlated with enhanced nociceptive
responses in inflammatory pain models (formalin test and
CFA). In that study, the formalin test proved enhanced
second-phase pain response, and the CFA showed enhanced
mechanical allodynia.?

Morphine modulation

Another study has shown that morphine infusion in the ros-
tral AIC (RAIC) reduces the firing of dorsal horn neurons
related to pain, and also induces analgesia in the formalin
test; this reduction is reversed by naloxone (opioid antago-
nist) treatment.*

GABA pathways
Enhancing GABA neurotransmission at the level of the RAIC
can reduce pain levels by means of enhancing descending
inhibition upon spinal nociceptive neurons; nevertheless,
specific agonism of GABA_ receptors induces an increase
in nociception by means of circuitry with the amygdala.®
Agonism of D, by means of R(-)-2,10,11-trihydroxy-N-
propyl-noraporphine hydrobromide and antagonism of D,
(SCH-23390) at the level of the RAIC induces antinoci-
ception, decrease in the autotomy score, and a delay in the
onset of pain in the neuropathic pain model induced by
denervation.*

In general, there is consensus that the insular cortex medi-
ates nociception by means of opioid, GABA, and dopamine
systems.** Another series of studies has drawn attention

to the analgesic role of RAIC in rat nociception. The RAIC
has broad cortical connectivity with the ACC, contralateral
RAIC, and orbital and infralimbic cortices. It has been pro-
posed that projections from the medial thalamic nuclei to
the RAIC are related to motivational/affective components
of pain. Moreover, projections from the RAIC to the ventral
forebrain contribute to sensorimotor integration of pain, and
descending projections from the RAIC to the brain stem are
related to descending inhibitory control of pain.®

Ventrolateral orbital cortex

The VLO cortex is part of the prefrontal cortex (PFC); the
PFC s located in the most rostral area of the frontal lobes. The
VLO cortex has been linked to pain, memory, and emotion;
moreover, it is suggested that it is involved in the processing
of both pain sensation and pain effect.>'-*

Dopamine pathways

The VLO cortex is another brain zone that has been
indicated as a modulator of nociceptive responses.> The
application of D, and D, agonists or antagonists at the VLO
level could modulate differently persistent inflammatory
pain responses (formalin test) in rats. Specifically, D, + D,
agonism (apomorphine treatment) induced reduction of
late-phase nociceptive behavior. This analgesic effect was
antagonized by D,-selective antagonism (raclopride), but
not by D -selective antagonism (SCH-23390). Selective
agonism of D, receptors (quinpirole) in the same VLO area
also mimicked apomorphine antinociceptive effects, and it
was also reversed by raclopride D, agonism (SKF-38393).
However, the D, -selective antagonism (SCH-23390) dose-
dependently reduced nociceptive behavior.” This means that
D, receptors mediate dopamine-induced antinociception and
that D, receptors mediate dopamine-induced nociception, and
blocking D, receptors could decrease nociception.

An explanation of this difference in the effects of D,
versus D, receptors is that D, is an inhibitory G-protein-
coupled receptor, but D is an excitatory G-protein-coupled
receptor. Therefore, activation of D, induces depression of
neural activity by means of hyperpolarization, but activa-
tion of D, induces excitation of neural activity by means of
depolarization.>>¢7

Opioid modulation

Similarly, parallel studies in rats have shown that injection
of anesthetic or electrical stimulation of the orbital cortex
reduces the thresholds of different reflexes (nociceptive,
tail flick, and jaw open).>***% Moreover, pharmacological
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treatment of the VLO cortex with opioids (morphine),
lidocaine, or GABA reduced levels of inflammatory pain in
rodents, inhibited the tail-flick reflex and formalin-evoked
c-Fos expression in the spinal cord, and suppressed thermal
tactile allodynia and hyperalgesia.*”**! These results provide
evidence for the hypothesis that opioid-induced antinocicep-
tion in the VLO cortex might be produced by opioids via the
p-opioid receptor subtype 1, which exerts inhibitory effects
on GABAergic inhibitory neurons, resulting in disinhibition
of VLO cortex projection neurons and leading to activation
ofthe VLO-PAG brain-stem descending pain-control system
to depress the nociceptive inputs at the trigeminal/spinal
cord level. A similar disinhibitory effect has been found in
the RVM.¢!

In summary, there appears to be a feedback pathway
between the spinal cord/trigeminal nucleus and submedius/
VLO/PAG that is regulated by opioidergic, dopaminergic,
and GABAergic components and interactive mechanisms.

PAG-on/off cells

Some authors have proposed that VLO regulation of the
descending pathway that inhibits nociception is mediated
through PAG-on/off cells.? In effect, these authors have
shown that VLO neurons showed excitatory or inhibitory
responses after injection of glutamate into the nucleus
submedius, and these responses were similar to those of
noxious stimuli.? As a reference, the nucleus submedius is
a thalamic structure separated from the ventromedial part
of the mediodorsal nucleus of the thalamus by the internal
medullary lamina.®? All these data suggest that the combined
activity of the nucleus submedius, VLO cortex, and PAG
can modulate nociceptive inputs at the trigeminal/spinal
cord levels.

Somatosensory cortex

The SS cortex is located in the postcentral gyrus of the
parietal lobe. It is an area that processes inputs related to
the sensory system of touch, nociception, temperature, and
proprioception.

Electrical stimulation

Few research reports have described the involvement of the
SS cortex in the modulation of tonic pain responses. Specifi-
cally, the SI and SII have been linked to processing sensory-
discriminative aspects of pain.®* Also, it has been reported that
electrical stimulation of SII reduced nociceptive behaviors
of the formalin test.**** On the other hand, a complemen-
tary study showed that electrical stimulation of the SII in

combination with 7-nitroindazole reduced the number of
c-Fos-positive cells in the spinal dorsal horn in conscious
rats.® A similar study reported that electrical stimulation of
the SII also reduced the number of c-Fos-positive cells in
the trigeminal dorsal horn induced by injection of formalin
into the lower lip, but electrical stimulation of the SI failed
to have this effect.®

Glutamatergic modulation

A study indicates that glutamate metabotropic recep-
tors (GRM) and opioid receptors may be involved in the
modulation of acute and inflammatory pain in the SI and
SII. Moreover, expression of mRNA of GRM type 3 was
significantly increased in the SI and SII cortical areas in
monoarthritic rats (average increases of 50%—75%).9

Pituitary adenylate cyclase-activating

polypeptide-38 pathway

Another study has pointed to the relevance of pituitary
adenylate cyclase-activating polypeptide (PACAP) 38 at
the level of the SS in the modulation of visceral and inflam-
matory pain. As a reference, PACAP 38 is a neuropeptide
of the vasoactive intestinal polypeptide-secreting glucagon
family. PACAP receptors are expressed in different brain
regions, including the cerebellum.®® Specifically, a study
showed a correlation between the reduction of visceral and
inflammatory pain in PACAP-38 knockout mice and c-Fos
expression in the SS of rats.® This suggests that there exist
potential inhibitory mechanisms mediated by the SS that are
silenced by the presence of PACAP activation.*’

Adrenergic modulation

Moreover, different research has shown the significance of
alpha adrenoceptors at the level of the sensorimotor cortex in
the control of inflammatory pain. The adrenoceptors (adrener-
gic receptors) are a class of metabotropic G-protein-coupled
receptors that is targeted by the catecholamines, especially
noradrenaline (norepinephrine) and adrenaline (epinephrine).
A, is a member of the G-protein-coupled receptors
superfamily. Upon activation, a heterotrimeric G protein, Gq,
activates phospholipase C. Subsequently, the phospholipase C
cleaves phosphatidylinositol 4, 5-biphosphate, which in turn
causes an increase in inositol triphosphate and diacylglycerol.
The former interacts with calcium channels of the endoplas-
mic and sarcoplasmic reticulum, thus modifying the calcium
content in a cell. This triggers all other effects.”® On the other
hand, adenosine type 2 receptors, among other functions, are
linked to negative feedback in the neuronal synapses causing
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presynaptic inhibition of noradrenalin release in the central
nervous system.”

In particular, a study has examined the effects of alpha-1
adrenoceptors in adenosine analgesia in the formalin pain
behavior of male CD1 mice.” That study used type 1 or
type 2A receptor agonists, such as N(6)-cyclopentylade-
nosine and 2-p-(2-carboxyethyl)-phenylethylamino-5"-N-
ethylcarboxamidoadenosine hydrochloride (CGS21680).
In the behavioral experiment, alpha-1 adrenoceptors were
blocked by an alpha-1 adrenoceptor antagonist — prazosin.
Alpha-1 adrenoceptor density was depressed in the ipsilateral
and contralateral sensorimotor cortex during the late phase
of the formalin test. The depression of alpha-1 adrenoceptors
may suggest the development of hypersensitivity in a given
structure, and this was antagonized by CGS21680, suggest-
ing the role of adenosine type 2A receptors in the control of
inflammatory formalin pain.”!

Occipital cortex

The occipital cortex is the part of the cerebral cortex that is
located in the back of the forebrain. The occipital cortex is
the visual processing center of the mammalian brain, and con-
tains most of the anatomical region of the visual cortex.”

Electrical stimulation

A fascinating study demonstrated connections between the
occipital cortex and structures involved in pain-descending
inhibitory mechanisms.” That rat study demonstrated that
electrical stimulation of the occipital cortex induces reduction
of tonic inflammatory (formalin test) and phasic pain (tail-
flick test).”” Moreover, the study proved that the inhibitory
effect was mediated by means of the dorsolateral funiculus.
Furthermore, application of a glutamate agonist in the
occipital cortex induced similar analgesic effects. Electrical
stimulation did not induce motor-coordination side effects,
based on the rotarod test, or epileptiform changes, according
to electroencephalography.”

Retrosplenial cortex

The retrosplenial cortex is the most caudal part of the cin-
gulate gyrus. It has been linked to such cognitive functions
as episodic memory, navigation, imagination, and planning
for the future.”

Electrical stimulation

Retrosplenial cortex activity has also been linked to levels
of phasic and tonic inflammatory pain.”? A study in rats
demonstrated connections between the retrosplenial cor-

tex and structures involved in pain-descending inhibitory
mechanisms; electrical stimulation of the retrosplenial cortex
induced reduction of tonic inflammatory (formalin test) and
phasic pain (tail-flick test).”” Moreover, this study demon-
strated that the inhibitory effect is mediated by the dorsolat-
eral funiculus. Also, the application of a glutamate agonist
in the retrosplenial cortex induces pain relief. Electrical
stimulation did not induce motor-coordination side effects,
based on the rotarod test, or epileptiform changes, according
to electroencephalography.’

Motor cortex

The motor cortex is the part of the cerebral cortex located
in the frontal lobe, anterior to the central fissure of Rolando.
The functions of the motor cortex are related to sensorimotor
integration, control of voluntary movements, and processing
of motor-related information.”™

Glutamatergic modulation

One study has reported alterations in mRNA levels of GRM
type 3 in the cortex of monoarthritic rats, suggesting involve-
ment of the glutamatergic system.®” The mRNA levels of
GRM types 1, 4, and 7 did not change in monoarthritic rats at
2,4, and 14 days of the disease. The mRNA of GRM type 3
increased in all time points. The increase in the cerebral cortex
was found bilaterally in layers IV/V of the motor cortex, 1ry
somatosensory, and 2ry somatosensory cortices, and contral-
aterally in the cingulate cortex.®” According to the authors, this
increase in mMRNA of GRM type 3 in motor, somatosensory,
and limbic cortices could be related to a central mechanism
that counteracts the nociceptive information from the inflamed
paw and the disrupted motor behavior of these rats. Also,
alteration in the activity of the cingulum could be linked to
the motivation and affective elements of nociception.®’

Motor-cortex stimulation

A recent study proved that cortical stimulation of the motor
cortex increases the nociceptive threshold of naive conscious
rats by means of opioid participation. Moreover, a comple-
mentary study from the same group showed that transdural
stimulation of the motor cortex in naive rats induces inhibition
of thalamic sensory neurons of ventral posterolateral nuclei
and the centromedian—parafascicular complex, and disinhibi-
tion of neurons in the PAG, inducing antinociception.”

A different rat study evaluated the effect of transdural
motor-cortex stimulation (MCS) on neuropathic pain
(chronic constriction injury of the sciatic nerve); it was
reported that MCS reverts neuropathic pain by means of
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activation of the limbic system and the descending inhibitory
systems, which include the spinal cord dorsal horn, thalamus
(ventral posterior lateral and medial nuclei), PAG, ACC, and
the central and basolateral amygdaloid nuclei.”

Prefrontal cortex

The PFC is an area of the forebrain located in the anterior
part of the frontal lobes, rostral to the motor and premotor
areas. Some authors have described the relevance of PFC
activity in the modulation of pain.”

DNA methylation

A rodent study described the relationship between epigenetic
effects at the level of the PFC and chronic pain conditions.”
Specifically, DNA methylation in the genes of the PFC might
mediate the pathologies associated with chronic pain. The
study showed that after 5-6 months of peripheral nerve injury,
the mice experienced a reduction of DNA methylation in the
PFC and the amygdala. Moreover, interventions that allevi-
ated neuropathic pain in these mice, including a rich and more
stimulating environment, were accompanied by increases in
DNA methylation in both areas. These results suggest that
exploration of changes in DNA methylation at the level of
the PFC for alleviating chronic pain is needed.”

Role of cortical glial cells in pain
Recent studies have illustrated the significance of glial cells
in pain modulation. Glial cells, or neuroglia, are nonneuronal
cells that maintain homeostasis, form myelin, and provide
support and protection for neurons in the brain and in other
parts of the nervous system.”

Although glial cells have been reported to modulate pain
at both cortical and subcortical levels, the reports on glial cell
cortical modulation remain controversial.”*

Microglial activation

A recent study by Zhuo et al demonstrated the lack of corti-
cal microglial activation during neuropathic pain states.
However, they found activation of microglia at spinal levels.?
Changes associated with microglial activation include varia-
tions in microglia morphology: hypertrophy, thickened and
retracted processes, and proliferation of microglia. Moreover,
other changes include an increase of immune surface antigens
(Toll-like receptor 4, cluster of differentiation molecule 44,
major histocompatibility complex II) and an increase in
the release of cytotoxic and neurotrophic molecules (phos-
phorylation of p38 mitogen-activated protein kinases and
steroid-receptor coactivator Lyn family of kinases).55%

Also, the pattern of microglial activation was characterized
by an early activation of microglia (microgliosis) during the
initial phase of neuropathic pain, and a subsequent second
phase of astrogliosis activation. Astrogliosis is an abnormal
increase in the number of astrocytes due to destruction of
nearby neurons. It has therefore been suggested that microglia
could be important for the initiation of neuropathic pain, and
astrocytes for its maintenance. %

Further, rigorous efforts in exploring glial activation
subsequent to nerve injury, by means of a common peroneal
nerve-ligation model, and using transgenic mice with green
fluorescence protein-labeled microglia, showed activation
of spinal but not supraspinal levels.” Specifically, that study
showed a lack of microglial activation in such supraspinal
regions as the ACC, PFC, SI, SII, insular cortex, amygdala,
hippocampus, PAG, and RVM.

Astroglial activation

Other studies by different groups support astrogliosis
and similar changes in supraspinal structures after nerve
damage.?'¥! Specifically, one study supported astrogliosis
in the ACC after sciatic nerve ligation, and this astrogliosis
was correlated with anxiety-like behaviors mediated by
alterations in the delta-opioid system.®! Moreover, another
study by Giordano et al reported that 1 week after sparing
nerve injury, infralimbic and prelimbic cortices displayed
overexpression of different caspases in microglia (caspase 3)
and astrocytes (caspase 1), complemented by upregulation
of AMPA receptors in microglia.”’ Furthermore, infusion of
a pan-caspase inhibitor into the prelimbic and infralimbic
cortices decreased mechanical allodynia. Other changes in
neurons, such as upregulation of IL-1 receptor 1, transient
receptor potential cation channel subfamily V member 1
(TRPV1), and vesicular glutamate transporter 1 in gluta-
matergic neurons, were also observed. This study suggests
that spared nerve injury triggers both TRPV1-dependent
and independent glutamate and caspase-mediated cross talk
among infralimbic and prelimbic cortical neurons and glia,
which either participates or counteracts pain.’!

A study explored the role of glial cells and proinflam-
matory cytokines at the level of the ACC in pain affect.?
ACC activity has been linked to processing of affective
components of pain.'!” Specifically, the question of
whether formalin-conditioned placed avoidance induces
changes in astrocytes and proinflammatory cytokines levels
in the ACC was explored. Formalin-conditioned placed
avoidance induced marked aversion-like behaviors in
rodents. Similarly, a considerable augmentation of mRNA
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of astrocytic markers and proinflammatory cytokines was
observed in the ACC. This was the first evidence of glia
(astrocytes) and proinflammatory cytokines linked to the
processing of pain-related aversion and affective compo-
nent of pain.?

Discussion

Compared to a previous broad review about cortical modu-
lation of pain by Xie et al, the present review includes an
updated description of the aspects detailed in the next
parragraphs.?

PKM zeta and PKC zeta are not necessarily involved in
chronic pain conditions, based on related studies on memory,
learning, and LTP in mutant mice lacking PKM zeta or PKC
zeta.*'*2 Because it has previously been proposed that chronic
pain conditions were similar to learning, memory, and LTP
processes, even in the mediation of PKM zeta and PKC zeta
in those processes, then it is questioned that PKM zeta and
PKC zeta would also be necessary for the establishment and
maintenance of chronic pain conditions.?

Epigenetic changes at the level of the PFC, such as DNA
methylation, have been linked to conditions that induce
or alleviate chronic neuropathic pain.”’ Specifically, after
6 months of induction of neuropathic pain, there is a decrease
in the DNA methylation of the PFC and amygdala. On the
other hand, alleviation of chronic pain by means of such
interventions as enrichment of the environment reduce pain
and reverse (increase) the DNA methylation of the PFC.”

MCS has been suggested as treatment for patients with
refractory pain; however, the brain mechanism of the anti-
nociceptive effects was not clear. A recent paper cleared up
this point, and reported that MCS decreases the activity of
sensory neurons of the thalamus, and increases the activity
of PAG neurons, activating the descending mechanism for
inhibition of pain.”

AC at the level of the ACC has been proposed previously as
potential treatment of neuropathic pain, and as an alternative
to treatments that focus on the spinal cord or peripheral levels
of the nervous system.”>** A recent rodent study proposed
NBO001, a specific inhibitor of AC1 over other AC isoforms,
as a potential treatment for neuropathic pain.!® Moreover,
this study employed oral and intraperitoneal administration
of NB0O1, and did not find side effects or toxicity based on
different behavioral paradigms and toxicity assays. This report
has already been addressed by a more recent and specific
review about AC and animal models of chronic pain.”

The inclusion of sex differences in pain studies has been
proposed by some authors.”>*” The present review introduces

research on rats that compared the antagonism of NMDA’s
NR2B subunit of the ACC on inflammatory and phasic pain
models.”® Based on this study, antagonism of the NMDA
receptors at the level of the ACC is able to decrease inflam-
matory pain in both sexes.

Studies by different groups support astrogliosis and
similar changes in supraspinal structures after nerve
damage.®'®! Moreover, another study compared the activa-
tion of microglial cells in neuropathic pain conditions (eg,
common peroneal nerve ligation) between the spinal cord and
supraspinal sites (ACC, PFC, SI, SII, insular cortex, and other
subcortical structures).” Activation of microglial cells in the
spinal cord, but not in the supraspinal structures, including
the cerebral cortex, was found.” This difference has been
described in a very recent review.’* However, the present
review adds research about the activation and the relation-
ship of astrocytes and cytokines at the level of the ACC with
the processing of pain-related aversion, and its potential link
with an affective dimension of pain.*?

This review also added a study that contrasted the agonism
and antagonism of different dopamine-receptor types — D,
and D, —at the level of the VLO cortex on inflammatory pain
(formalin test).” It was found that agonism of D, or D, + D,
receptors decreased the level of inflammatory pain in the late
phase of the formalin test. Moreover, agonism of D, receptors
is able to reverse antinociception induced by D, agonism.
This suggests that D, receptors mediate antinociception and
that D, receptors mediate nociception.” Therefore, agonism
of D, receptors or antagonism of D, receptors at the level of
the VLO cortex could be an alternative for exploring anal-
gesics for inflammatory pain.

The present review also introduced an unexplored topic
about the relationship of ACC and esophageal pain.® It
was found that the earlier the exposure to esophageal acid
reflux, the stronger the effects on protein levels of the ACC.
Specifically, an earlier exposure (p7—pl4 stage) induces a
marked augmentation of NMDA-receptor subunits (NR1 and
NR2A) and an increase of PSD-95 protein levels in the ACC,
compared to later exposure (p60 stage); later exposure only
leads to a temporary increase of NMDA subunits. Hence, it
is now proposed that the long-term effects of esophageal acid
exposure during the early stage of life, such as sensitization,
could be explained by plastic changes in the rostral cingulate
cortex, such as an increase in NMDA-receptor subunits and
PSD-95 protein.>

Furthermore, another advance in the field of pain is that
the rostral cingulate cortex not only mediates the aversive
component of acute inflammatory pain but also mediates the
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aversive component of other types of pain that are long-lasting
and combined with nerve damage (eg, neuropathic pain).'®!°
Finally, other new cortical structures that could modulate
tonic inflammatory and phasic pain are the occipital and ret-
rosplenial cortices, by means of activation of the descending
tract of the dorsolateral funiculus.”™

Conclusion

In conclusion, numerous rodent studies have demonstrated
that the central nervous system contains an extensive corti-
cal network associated with pain processing that includes
the ACC, forebrain, insular cortex, VLO cortex, SS cortex,
occipital cortex, retrosplenial cortex, motor cortex, and pre-
frontal cortex. Moreover, an ample group of neurotransmit-
ters and chemical messengers including opioids, glutamate,
GABA, and dopamine are involved in the modulation of pain
by these cortical structures. Glial cells also take a relevant
role in the modulation of cortical activity related to the
experience of pain.

Some of the more recent studies about cortex and pain
suggest that PKM zeta and PKC zeta are not necessarily
involved in chronic pain conditions, and more research is
necessary to elucidate the specificity or relevance of PKM
zeta and PKC zeta on the different types of pain conditions.
On the other hand, epigenetic changes, such as DNA
methylation at the level of the PFC, could be linked to the
maintenance of chronic neuropathic pain, and therapeutic
conditions that reduce pain could also reverse (increase)
DNA-methylation changes. Moreover, MCS induces
analgesia by means of the inhibition of thalamic sensory
neurons and the excitation of PAG neurons, inducing then
the descending mechanisms of pain inhibition. On the other
hand, supraspinal activation of glial cells, such as astrocytes
and microglia, is not limited to nociceptive aspects of pain,
as has been previously described. Astrocytes and proin-
flammatory cytokines at the level of the ACC can also be
linked to the processing of pain-related aversion. Agonism
of D, receptors or antagonism of D, receptors at the level of
the VLO cortex could be an alternative for exploring inflam-
matory pain analgesics. Furthermore, the long-term effects
of esophageal acid exposure during the early stage of life
could be explained by plastic changes in the rostral cingulate
cortex, such as an increase in NMDA -receptor subunits and
PSD-95. The rostral ACC mediates not only the negative
affective component of inflammatory pain but also the aver-
sive component of chronic spontaneous pain arising from
nerve injury, based on recent research. Finally, electrical

stimulation of the occipital and retrosplenial cortices can
modulate tonic inflammatory and phasic pain.

Limitations

It is necessary to consider that research based on rodent
models has some limitations. An example of these limitations
is a deficit in face validity: animal models sometimes do not
measure or reflect what they are supposed to evaluate. Some
examples of rodent-pain models that have been questioned
on face validity are nerve ligation (peripheral nerve injury),
acetic acid writhing test, orofacial injection of formalin, and
intra-articular injection of CFA.%%1%!

Another limitation of rodent models is the discrepancy
between rodent models and human conditions in the period
between induction of a lesion and the time of testing an
analgesic. This period tends to be shorter in rodent mod-
els compared to the equivalent human pain condition (eg,
osteoarthritis).*?
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