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Abstract

Emotional-affective and cognitive dimensions of pain are less well understood than nociceptive and
nocifensive components, but the forebrain is believed to play an important role. Recent evidence
suggests subcortical and cortical brain areas outside the traditional pain processing network
contribute critically to emotional-affective responses and cognitive deficits related to pain. These
brain areas include different nuclei of the amygdala and certain prefrontal cortical areas. Their roles
in various aspects of pain will be discussed. Biomarkers of cortical dysfunction are being identified
that may evolve into therapeutic targets to modulate pain experience and improve pain-related
cognitive impairment. Supporting data from preclinical studies in neuropathic pain models will be
presented. Neuroimaging analysis provides evidence for plastic changes in the pain processing brain
network. Results of clinical studies in neuropathic pain patients suggest that neuroimaging may help
determine mechanisms of altered brain functions in pain as well as monitor the effects of
pharmacologic interventions to optimize treatment in individual patients. Recent progress in the
analysis of higher brain functions emphasizes the concept of pain as a multidimensional experience
and the need for integrative approaches to determine the full spectrum of harmful or protective
neurobiological changes in pain.
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1. Introduction

A multidimensional experience pain not only includes nociceptive and nocifensive but also
emotional-affective and cognitive components (Figure 1). This article will draw attention to
some brain areas and functions that have been implicated in the well-documented reciprocal
interactions between pain, affect and cognition (Rhudy and Meagher, 2001;Gallagher and
Verma, 2004;Flor and Turk, 2006;Seminowicz and Davis, 2007;Tracey and Mantyh,
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2007;Baliki et al., 2008). Pain hurts. Pain can lead to anxiety and depression. Conversely,
patients suffering from anxiety and depression experience pain more strongly and are more
likely to develop chronic pain. Pain also impairs cortical functions such as our ability to think
clearly and make advantageous decisions. In turn, cognitive processes can modulate pain
perception (deCharms et al., 2005;Mayer et al., 2006;Seminowicz and Davis, 2007;Rhudy et
al., 2008). Understanding these complex interactions is required for improved assessment and
management of pain.

Neurobiological mechanisms of the different aspects of pain are only beginning to emerge. A
network of brain structures that process pain-related information has emerged based on
neuroimaging studies (Casey, 1999; Seminowicz et al., 2004; Mackey and Maeda, 2004;
Apkarian et al., 2005; Mayer et al., 2006; Tracey and Mantyh, 2007; Zhuo, 2008). This so-
called “pain matrix” or “homeostatic afferent processing network™ consistently includes
primary (S1) and secondary (S2) somatosensory cortices, insular cortex, anterior cingulate
cortex (ACC), and thalamic nuclei. S1 cortex is generally associated with sensory-
discriminative aspects (but see Craig, 2003), S2 likely has additional affective/cognitive
functions, while the insula and ACC are important for affective-motivational and certain
cognitive aspects of pain, including anticipation, attention and evaluation (Seminowicz et al.,
2004; Apkarian et al., 2005; Ohara et al., 2005; Zhuo, 2008).

It is clear now that prefrontal cortical areas other than ACC and subcortical areas such as the
amygdala are also part of the brain network for pain (Neugebauer et al., 2004; Apkarian et al.,
2005; Ochsner et al., 2006; Neugebauer, 2006; Baliki et al., 2006; Mayer et al., 2006; Kulkarni
et al., 2007; Tracey and Mantyh, 2007). These brain areas may play a role in “secondary pain
affect”, which includes the conscious awareness and cognitive evaluation of pain (Price,
2000). Pain-related changes in these brain areas may contribute to the emotional-affective and
emotion-based cognitive consequences of pain. Conversely, pain can be modulated by
emotional (fear and anxiety) and cognitive (attention, expectation, or memory) factors
(deCharms et al., 2005; Mayer et al., 2006; Seminowicz and Davis, 2007; Rhudy et al.,
2008). The neurobiology of these top-down processes remains to be determined and will not
be discussed here. It should be noted, however, that activation of the ACC (Calejesan et al.,
2000; Zhuo, 2008) or disinhibition of the insula (Jasmin et al., 2003) can facilitate nocifensive
reflexes whereas stimulation of the medial PFC inhibited nocifensive responses and mixed
results have been reported for orbitofrontal cortex activation (see Ohara et al., 2005).

2. Emotional-affective aspects of pain and amygdala dysfunction

The amygdala has long been known for its important role in emotions and affective disorders
(Pare et al., 2004; Maren, 2005; Phelps and Ledoux, 2005). An increasing body of evidence
from anatomical, neurochemical, electrophysiological and behavioral studies strongly supports
the concept of the amygdala as an important player in the emotional-affective dimension of
pain (Heinricher and McGaraughty, 1999; Rhudy and Meagher, 2001; Gauriau and Bernard,
2002; Neugebauer et al., 2004; Neugebauer, 2006; Pedersen et al., 2007; Ikeda et al., 2007;
Carrasquillo and Gereau, 2007; Ji et al., 2007).

2.1 Amygdala circuitry

The amygdala includes several nuclei (Figure 2). The lateral (LA), basolateral (BLA) and
central (CeA) nuclei are of particular importance for sensory processing. The amygdala
receives nociceptive information through anatomically and functionally distinct lines of input
(Neugebauer et al., 2004;Braz et al., 2005;Neugebauer, 2006). Purely nociceptive information
reaches the latero-capsular division of the CeA (CeLC) directly from spinal cord and brainstem
(parabrachial area, PB), thus bypassing the thalamus (Bernard and Besson, 1990;Cliffer et al.,
1991;Gauriau and Bernard, 2004). Polymodal sensory, including nociceptive, inputs from
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thalamus (posterior areas) and cortex (insula and association cortices) target the LA, the initial
site of sensory convergence and integration in the amygdala (Shi and Davis, 1999;Pare et al.,
2004;Phelps and Ledoux, 2005). Associative processing in the LA-BLA network is believed
to attach emotional significance to sensory information and play an important role in fear and
anxiety (Pare et al., 2004;Maren, 2005;Phelps and Ledoux, 2005). Highly processed affect-
related information is then transmitted to the CeA, which can modulate pain behavior through
projections to descending pain control centers in the brainstem (Heinricher and McGaraughty,
1999;Fields, 2000;Mason, 2005;Neugebauer, 2006;Tracey and Mantyh, 2007).

The amygdala is also closely interconnected with cortical areas. The BLA is a major source of
input to certain prefrontal cortical (PFC) areas (Porrino et al., 1981; McDonald, 1991; Bacon
et al., 1996; Price, 2003; Ishikawa and Nakamura, 2003; Orozco-Cabal et al., 2006; Gabbott
et al., 2006). A neural circuit that involves medial and orbital PFC and amygdala (BLA\) is of
critical importance for cognitive functions such as decision-making based on reward
expectancy, risk anticipation and punishment avoidance (Bechara et al., 1999; Bechara et al.,
2003; Holland and Gallagher, 2004; Fukui et al., 2005; Stalnaker et al., 2007; Hampton et al.,
2007; Floresco and Ghods-Sharifi, 2007). Therefore, it is tempting to speculate that the
amygdala contributes not only to emotional-affective but also certain cognitive aspects of pain
(see section 3).

2.2 Pain-related amygdala plasticity

Pain is associated with increased responsiveness of CeL.C neurons to peripheral stimuli (see
Neugebauer et al., 2004; Neugebauer, 2006). The so-called “central sensitization” includes
enhanced neurotransmission at the BLA-CeL.C and the PB-CeLC synapses (*“synaptic
plasticity”) as well as increased membrane excitability of CeLC neurons and has been shown
in models of arthritic (Neugebauer et al., 2003), visceral (Han and Neugebauer, 2004) and
neuropathic (Ikeda et al., 2007) pain. Synaptic plasticity in the CeLC was mimicked by tetanic
stimulation of presumed nociceptive inputs from the parabrachial area (Lopez de Armentia and
Sah, 2007). Recent imaging data also showed increased amygdala activation related to knee
pain in patients with osteoarthritis (Kulkarni et al., 2007). Pain-related plasticity in the CeLC
is believed to be the consequence of converging affect-related input from the BLA with
nociceptive input from spinal cord and brainstem (reviewed in Neugebauer et al., 2004;
Neugebauer, 2006; see Figure 1). Preliminary data (Fu and Neugebauer, unpublished
observations) suggest that the BLA undergoes pain-related plastic changes as well.

Anrthritis pain-related synaptic plasticity and central sensitization in the CeL.C require the
upregulation of presynaptic metabotropic glutamate receptors (mGIuRs) of the group | type to
enhance excitatory neurotransmission (Neugebauer et al., 2003; Li and Neugebauer, 2004b).
Western blot analysis showed increased levels of mGIuR1 and mGIuR5 protein in the CeA of
arthritic rats compared with controls. In contrast, presynaptic group Il and 11l mGIluRs have
inhibitory effects on synaptic transmission and pain-related plasticity in the CeLC (Han et al.,
2004; Li and Neugebauer, 2006; Han et al., 2006). On the postsynaptic site, NMDA receptor
function is increased in the arthritis pain model through a mechanism that involves PKA-
dependent NR1 phosphorylation (Li and Neugebauer, 2004a; Bird et al., 2005), but synaptic
plasticity in a neuropathic pain model appears to be NMDA receptor-independent (lkeda et al.,
2007). Neuropeptides such as calcitonin gene-related peptide (CGRP) and corticotropin
releasing factor (CRF), high levels of which are present in the amygdala, typically couple to
the activation of cAMP through CGRP1 and CRF1 receptors, respectively. CGRP1 receptors
(Han et al., 2005) and CRF1 receptors (Ji and Neugebauer, 2007; Ji and Neugebauer, 2008)
contribute to pain-related plasticity in the CeLC through a PKA-dependent increase of NMDA
receptor function. In addition to PKA, ERK enhances NMDA receptor function in the CeLC
in the arthritis pain model (Fu et al., 2008). Pain-related ERK activation was directly measured
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in the CeLC (Carrasquillo and Gereau, 2007), but the underlying mechanisms are not known
yet.

2.3 Amygdala-mediated emotional-affective pain behavior

A consequence of pain-related plasticity in the amygdala is increased pain behavior.
Pharmacologic deactivation of the CeA by compounds with demonstrated inhibitory effects in
this brain area decreased nocifensive and affective pain behaviors in arthritic animals.
Antagonists for group | mGIuR (Han and Neugebauer, 2005), CGRP1 (Han et al., 2005) and
CRF1 (Fu and Neugebauer, 2008) receptors, PKA and ERK inhibitors (Fu et al., 2008), and
group 11 mGIuR8 agonist (Palazzo et al., 2008a) all inhibited spinal withdrawal reflexes and
supraspinally organized audible and ultrasonic vocalizations that were increased in the arthritis
pain model. A CRF1 receptor antagonist (Ji et al., 2007) and a mGIuR8 agonist (Palazzo et al.,
2008b) reversed pain-related anxiety-like behavior in arthritic rats. A CRF receptor antagonist
also reduced opiate withdrawal-associated hyperalgesia (McNally and Akil, 2002). Inhibition
of ERK activation in the CeA decreased formalin-induced mechanical, but not thermal,
hypersensitivity and had no effect on “spontaneous” nocifensive responses (Carrasquillo and
Gereau, 2007). Excitotoxic amygdala lesions abolished conditioned place aversion, a measure
of negative affective-motivational behavior, in the formalin test and in a visceral pain model,
but had no effect on “spontaneous” nocifensive behavior (Tanimoto et al., 2003). Deactivation
of the CeA with a GABA receptor agonist attenuated escape/avoidance behavior and reversed
hindpaw mechanical hypersensitivity in neuropathic rats (Pedersen et al., 2007).

Conversely, activation of the CeA with corticosterone implants produced anxiety-like behavior
(Greenwood-Van Meerveld et al., 2001; Myers et al., 2005; Myers and Greenwood-Van,
2007), increased visceromotor responses to colorectal distension (Greenwood-Van Meerveld
etal., 2001; Qin et al., 2003b; Myers et al., 2005; Myers et al., 2007; Myers and Greenwood-
Van, 2007), produced mechanical but not thermal hypersensitivity (Myers et al., 2007), and
sensitized viscerosensitive spinal neurons (Qin et al., 2003a; Qin et al., 2003b; Qin et al.,
2003c).

These results clearly show a positive correlation of amygdala activity with pain behavior and
affective states such as anxiety. However, the amygdala is also important for pain inhibition,
particularly in the context of conditioned and stress- or morphine-induced analgesia
(Helmstetter, 1992; Watkins et al., 1993; Oliveira and Prado, 1994; Manning and Mayer,
1995; Pavlovic and Bodnar, 1998; McGaraughty and Heinricher, 2002; McGaraughty et al.,
2004; Shin and Helmstetter, 2005). Amygdala-driven pain inhibition may involve projections
to descending pain control centers in the brainstem (Heinricher and McGaraughty, 1999;
Fields, 2000; Mason, 2005; Neugebauer, 2006; Tracey and Mantyh, 2007). It remains to be
determined if pain inhibition results from decreased amygdala activity or increased amygdala
output to inhibitory pain control centers or from the integration of both.

3. Cognitive impairment and cortical dysfunction in pain

Cognitive impairment, the inability to think clearly and make advantageous decisions, is one
of the consequences of persistent pain but the underlying neural mechanisms are not known.
A neural circuit that involves prefrontal cortical (PFC) areas and the amygdala appears to be
of critical importance for cognitive functions such as decision-making.

3.1 Cortical mechanisms

A crucial cognitive process that depends on prefrontal areas is decision-making guided by the
ability to learn from the outcome of a given choice in order to direct future action when facing
a similar situation (Gold and Shadlen, 2007). The neural mechanisms of decision-making
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learning are more intricate than those involved in hippocampal-dependent forms of declarative
memory. Learning from mistakes (or successes) depends on the correct formulation of an
expected value for each possible outcome. More importantly, it requires continuous updates
of expectations and values so that future options may be properly weighed (Rangel et al.,
2008). The PFC plays an important role in higher order cognitive functions such as planning,
decision making, reward expectancy, avoidance of risky choices, and goal-directed behaviors
in animals and humans (Goldman-Rakic, 1996; Bechara et al., 2000a; Windmann et al.,
2006; Vertes, 2006).

Since decision-making relies on frontal brain areas anatomically separate from the
thalamocortical somatosensory system, it might be expected to remain largely unaffected in
pain patients. However, two lines of evidence suggest that this is not the case. First, chronic
pain shows significant comorbidity with clinical depression (Fishbain etal., 1997; Dersh et al.,
2002) while depressive states are known to alter performance in decision-making tasks (Must
et al., 2006). Second, brain areas of the so-called reward-aversion circuitry that are important
for decision-making are also implicated in pain processing, because they respond to noxious
stimuli and their activation or inhibition modulates the level of perceived pain (Becerra et al.,
2001; Ploghaus et al., 2003).

Recent studies have detailed the participation of brain areas outside the somatosensory system
in the perception of noxious stimuli (Borsook et al., 2007; Leknes and Tracey, 2008).
Hypoactivity in the PFC, yet hyperactivity in the amygdala and insula, were observed in
patients with somatoform pain disorder (Gundel et al., 2008). Patients with prolonged surgical
dental pain (Derbyshire et al., 1999) or persistent pain in rheumatoid arthritis (Jones and
Derbyshire, 1997) and ulcerative colitis (Mayer et al., 2005) also showed inhibition or reduced
activation of PFC areas. In contrast to PFC deactivation in persistent pain, acute noxious stimuli
in normal subjects appear to be associated with PFC activation. PFC activation was found
during painful thermal stimulation, pain rating or pain expectancy (Casey et al., 1996;
Derbyshire et al., 1997; Porro et al., 2002; Lorenz and Casey, 2005; Kong et al., 2006).
Attention to a painful laser stimulus was associated with increased synchrony between medial
PFC and primary somatosensory cortex in humans (Ohara et al., 2006). Single- unit recordings
in anesthetized rats showed that medial PFC neurons are activated by noxious mechanical
stimuli (Zhang et al., 2004).

The involvement of primarily “non-sensory” reward-aversion brain areas in pain perception is
consistent with the concept that these largely “limbic” areas play an important role in pain
modulation, including endogenous analgesia through opioidergic mechanisms and descending
antinociceptive control (Fields, 2000; Millan, 2002; Rainville, 2002). Beyond the simple
recruitment of antinociceptive systems, these recent studies view analgesia as a rewarding
process (Seymour et al., 2005) and conversely raise the possibility that prolonged pain
conditions constitute an aversive overload to the reward circuitry, which disrupts the functional
balance and may cause long-term perturbation in these brain areas (Chapman et al., 2008). If
this hypothesis is correct, pain-induced aversive overload likely would impair the performance
in cognitive tasks that depend on proper functioning of the reward-aversion circuitry such as
the generation of subjective valuation. Importantly, the PFC with its major input from limbic
structures such as the amygdala is believed to play a key role in value-based decision-making
that guides goal-directed behavior in humans (Bechara et al., 1998; Holland and Gallagher,
2004; Daw et al., 2006) and animals (Gisquet-Verrier and Delatour, 2006; Vertes, 2006),
because PFC activation in humans correlates with the expectation of reward value and
prediction error in neuroimaging studies (Breiter et al., 2001; Daw et al., 2006; Hampton et
al., 2006; Windmann et al., 2006; Taylor et al., 2006).
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3.2 Impaired decision-making in humans

A substantial amount of information about subjective valuation comes from studies of decision-
making based on gambling tasks such as the lowa Gambling Task (IGT) (Damasio et al,
1994; (Bechara et al., 1994; Damasio et al., 1994; Damasio, 1996; Bechara et al., 2005). IGT
isalaboratory task that models real-life decision-making involving an emotion-based valuation
(Bechara et al., 1999; Bechara et al., 2005; Sevy et al., 2006). Subjects choose from different
decks of cards that yield either high immediate monetary reward but lead to long-term losses
or relatively low immediate reward but lead to long-term gain. They are instructed to make
choices that maximize their gain. The net score of advantageous versus disadvantageous
choices and the total amount of money won assess the subject's decision-making strategy
(Bechara et al., 2005; Sevy et al., 2006).

A number of seminal studies showed that strategic planning in the IGT is critically dependent
on normal activity of PFC and amygdala (Bechara et al., 1997; Bechara et al., 1999; Bechara
et al., 2003). Specifically, patients with damage to ventromedial PFC or amygdala performed
poorly on the IGT (Bechara et al., 1999; Bechara et al., 2000b; Bechara et al., 2001). These
patients perseverated in making disadvantageous choices that yield high immediate monetary
gains at the risk of higher future losses. Accordingly, electrophysiological activity recorded in
the ventromedial PFC of humans performing the IGT increased before card selection (Bechara
et al., 2001) and correlated with reward prediction error, which encodes the discrepancy
between predicted and actual outcome (Oya et al., 2005). Performance on the IGT is not
explained by intelligence (1Q) or memory since patients with abnormally low IQ or dementia
tend to choose randomly on this task (Bechara et al., 2001). Impaired decision-making is also
not necessarily associated with structural brain damage but can be observed in substance
abusers and compulsive gamers in the absence of discrete brain lesion (Bolla et al., 2003;
Goudriaan et al., 2006; Noel et al., 2007).

Impaired decision-making in the IGT and dysfunction of the ventromedial PFC was only
recently shown in pain patients with chronic back pain or complex regional pain syndrome
(Apkarian et al., 2004a). These patients continued to choose immediate reward at the risk of
incurring future negative consequences; this disadvantageous decision results in a lower net
score and less profitable outcome (Apkarian etal., 2004a). Importantly, other cognitive abilities
that do not depend entirely on the ventromedial PFC, such as attention, short-term memory,
and general intelligence, tested normal in these patients. Further, performance on the IGT did
not correlate with anxiety or depression in these patients (Apkarian et al., 2004a). Chronic pain
was shown to induce a decrease in gray matter tissue in prefrontal and thalamic areas in a time-
dependent manner (Apkarian et al., 2004b) and alter the connectivity between brain areas of
the “Default Mode Network”, i.e., regions that are active during resting state (Baliki et al.,
2008). Subsequently, pain-induced changes in brain volume (decreased grey matter) were
detected in cortical and subcortical areas, including reward-related brain areas such as
orbitofrontal cortex and striatum (Schmidt-Wilcke et al., 2006; Schmidt-Wilcke et al., 2007;
Kuchinad et al., 2007). Understanding the mechanisms by which chronic pain causes brain
dysfunctions requires the use of animal models.

3.3 Impaired decision-making in animals

Suitable decision-making tasks for animal studies were not available until recently. We
developed a novel behavioral task for rodents based on the IGT. This rodent gambling task
(RGT) requires the animal to make consecutive choices between two levers associated with
rewards of different value and probability (Pais-Vieiraetal., 2007). Results of the RGT showed
that rats are capable of complex emotional decision-making performance. The RGT retains
key features of the human IGT. Like the IGT, the RGT is sensitive to changes in amygdalar
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(Neugebauer et al., 2007) and orbital PFC functioning (Pais-Vieira et al., 2007). We used this
task to test if rats with chronic pain would also show impaired performance in the RGT.

The RGT consists of one probe session of 90 consecutive trials, in which the animal enters a
partially divided chamber and chooses between going to the left or the right area of that chamber
to press the corresponding lever and retrieve a food reward. One of the levers is designated as
“low-risk” choice, rewarding the animal with one chocolate-flavored food pellet in 8 out of
every 10 visits. The other lever represents the “high-risk” choice, providing 3 pellets at a time
but in only 3 out of 10 visits. Only one lever choice is allowed per entry, and 10 seconds after
pressing the lever the animal is placed back in the adjacent connecting chamber to await the
next trial. Levers are counterbalanced between animals and the reward pattern follows a
pseudorandom sequence for each lever, which is kept the same for every animal. Before the
probe session with levers set to different values, each animal received 10 days of training while
both levers were set to give rewards at the “low-risk” setting. The number of trials in each
training session varied pseudo-randomly from 30 to 120 so that the animals could not formulate
an expectation about the duration of each session. After the 10 training sessions the animals
were split between sham and pain groups. Complete Freund's adjuvant (CFA)-induced arthritis
(Butler et al., 1992) and spared nerve injury (SNI)-induced neuropathy (Decosterd and Woolf,
2000) were used as pain models. Daily training resumed and five days later the animals were
tested in the probe session. Therefore, each animal started the probe session naive to the fact
that the reward probability of one lever was changed. The test monitors the way the animal
develops its choice of preferred lever using outcome experience gained throughout the 90 trials
of the probe session.

During the training phase the animals did not show any laterality in their choices (left-right
ratio of visits). In the first 30 trials of the probe session both control and chronic pain animals
developed a tendency for visiting the high-risk lever, but as the task progresses the performance
of each group became very distinct (Figure 3). Control animals began to avoid the high-risk
lever, whereas both groups of chronic pain animals increased their preference for the high-risk
lever (Pais-Vieira et al., 2007; and unpublished observations). The decision-making behavior
of the pain groups was very similar to that of animals with lesions of the orbital PFC (Figure
3). Preliminary data show that animals with deactivated amygdala (BLA) also failed to switch
from high-risk to low-risk behavior, indicating impaired decision-making (Neugebauer et al.,
2007). Evidence from these studies strongly suggests that persistent pain may profoundly
change ventromedial PFC-amygdala functioning.

Impaired decision-making in the RGT could also result from elevated stress levels associated
with chronic pain. To test this possibility we used two animal models of mild stress in the RGT,
repeated restraint or daily injections of ACTH for 5 days. Individual stress responses (anxiety-
like behavior) were measured in the elevated plus maze test before the first training session
and again before the probe session. Both stress groups showed significantly different open-
arm preference compared to control animals and to their own pre-stress baseline behavior.
Somewhat surprisingly, neither stress group showed any decision-making impairment in the
RGT, behaving instead similar to control animals (Figure 3). This may be the first behavioral
task in which chronic pain produces a time-dependent pattern of mild stress-related behavior.
One explanation is that stress does not gain access to the mechanisms of pain-induced decision-
making impairment. Another possibility is that non-painful stressors require more time to
induce decision-making impairment. The results of our experiments showing that
pharmacological blockade of CRF1 receptors in the amygdala restores normal performance in
the RGT (Neugebauer et al., 2007) appears to favor the latter explanation.
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3.4 Neurochemistry of cortical dysfunction

The absence of any gross structural damage in these pain models led us to hypothesize that
cognitive dysfunction was linked to changes of neurotransmitter levels in brain areas relevant
for decision-making mechanisms. Chronic pain can be modulated by tonic levels of serotonin
and dopamine (Diatchenko et al., 2006; Zhao et al., 2007), while stress has been reported to
alter neurotransmitter levels (Inglis and Moghaddam, 1999; Mizoguchi et al., 2000). We used
high-performance liquid chromatography (HPLC) to analyze dopaminergic and serotonergic
content in the orbital PFC (OFC) and amygdala, in control and in animals with chronic
inflammatory pain (CFA model; 5, 21 and 50 days after injection). The analysis showed that
pain induced a significant decrease in the levels of both dopamine and serotonin in the OFC
and a small increase of both molecules in the amygdala (Pais-Vieira, Mendes-Pinto, Lima,
Galhardo, unpublished observations). Despite the large variability of the individual levels of
neurotransmitters in all experimental groups, we found a striking correlation between
individual levels of dopamine and serotonin in OFC with those in the amygdala. The OFC/
amygdala ratio for both neurotransmitters showed an inverse correlation in control animals as
well as 50 days after CFA induction but not at 5 or 15 days.

Pain-related decreases of dopamine and serotonin levels in the OFC support the notion that
hypoactivity of prefrontal areas lead to poor performance in gambling tasks (Knoch et al., 2006;
Sevy et al., 2006). Similarly, increased levels of both neurotransmitters in the amygdala are
consistent with the effect of increased functions of corticotropin releasing factor (CRF) in the
amygdala in models of stress (Rainnie et al., 2004; Funk et al., 2006) and pain (Ji and
Neugebauer, 2007; Fu and Neugebauer, 2008). As a consequence, pharmacological blockade
of amygdalar CRF1 receptors restores normal performance in the RGT (Neugebauer et al.,
2007). Importantly, patients with chronic back pain showed abnormal brain chemistry,
including decreased levels of excitatory neurotransmitters in the PFC consistent with PFC
dysfunction (Grachev etal., 2001) and decreased gray matter density suggestive of PFC atrophy
(Apkarian et al., 2004b). Evidence described in section 3.1 suggests decreased activation or
inhibition in persistent and pathological pain states (prolonged dental pain, rheumatoid arthritis,
ulcerative colitis, and somatoform pain disorder) but (increased) activation by acute noxious
stimuli in normal subjects (brief thermal or mechanical stimulation). The potentially different
roles of the PFC in acute physiological and chronic pathological pain remain to be determined,
but it appears that normal cognitive evaluative functions of the PFC are impaired in persistent
pain states. Recent advances in the understanding of chemical changes associated with cortical
dysfunction will be discussed in section 4 (Biomarkers of cortical dysfunction in neuropathic

pain).

3.5 Reward mechanisms and expectation in pain

Understanding reward-aversion brain areas in pain perception is clinically important since
pain-induced depressive states can result from “role” disability, which refers to the degradation
of social interactions in pain patients who are no longer able to fulfill their previous social roles
(Von Korff et al., 2005; Eccleston et al., 2008). However, if the alteration in reward-aversion
brain areas results directly from the pain stimulus rather than indirectly from the pain-induced
disability, assessment and prevention of depressive states are of critical importance in the early
stages of pain management. More research is needed for further understanding the affective
and mood disorders that are comorbid with pain. Evidence from recent studies, including our
own, suggests that altered expectation plays a preeminent role and may be more important than
affective change such as anxiety itself in pain prediction, severity and disability (Boersma &
Linton, 2006; Brown et al, 2008).
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4. Biomarkers of cortical dysfunction in neuropathic pain

Chronic pain is associated with functional and morphological changes in subcortical and
cortical brain areas that lead to cognitive impairment. However, objective markers for pain and
related dysfunctions are generally missing. Neuropathic pain resulting from peripheral nerve
injury is a chronic pain condition that is difficult to manage and seriously affects quality of
life. Enhanced transmission of nociceptive messages at peripheral and spinal levels occurs.
Functional and morphological plastic changes such as grey matter atrophy can also take place
in brain areas participating in pain processing. Changes in cortical caspases and specific
cytokine release may represent an index of cell degeneration processes that contribute to
neuropathic pain and cognitive impairment. It is in these conditions that cannabinoid receptor
agonists, which reduce particular caspase and cytokine levels, could become novel analgesics
to attenuate neuropathic pain syndromes.

4.1 Functional changes in chronic pain

Neuropathic pain is a devastating and difficult to manage consequence of peripheral nerve
injury, the main aspect of which is enhanced and altered transmission of nociceptive
information (Bonica, 1970; Zhuo, 2007). In this condition, noxious stimuli are perceived as
more painful (hyperalgesia), and normally innocuous stimuli may elicit pain (allodynia).
Neuropathic pain may be considered a progressive nervous system disease that results from
poorly-defined neurophysiological and neurochemical changes. Support for this hypothesis
comes from animal models of chronic pain, in which a long-lasting increase in excitability
(central sensitization) of pain-integrating neurons is observed. More recently, multidisciplinary
research approaches have shown that chronic pain may be a consequence of long-term plastic
changes along the entire pain matrix (Zhuo, 2007). Apart from peripheral nociceptors and the
spinal cord, morphological and functional plastic changes also take place in subcortical and
cortical areas that participate in pain processing. Indeed, growing evidence now suggests that
long term plastic modifications in cortical networks may represent a possible basic mechanism
underlying chronic pain.

Among cortical regions, S1 and S2 cortices, ACC, insular cortex, and PFC areas consistently
respond to acute “physiological” pain stimuli in healthy subjects Importantly, depending on
the stimulus applied (i.e., somatosensory or visceral stimuli), specific cortical network
activation or deactivation has been found in human brain imaging studies (Dunckley et al.,
2005; lannetti et al., 2005). The reduction of chronic pain-related deactivation of specific
cortical areas with anti-neuropathic drugs (lannetti et al., 2005; Governo et al., 2008) further
suggests that deactivation per se might contribute to allodynia and hyperalgesia. The majority
of pain imaging studies, however, have been obtained from healthy subjects. Less is known
about changes in cortical network functioning or responsiveness during chronic pain. It is not
entirely clear if chronic pain involves the same or different brain areas than those associated
with acute physiological pain. Activity changes in the thalamus and medial (emotional) pain
system are more consistently observed in spontaneous neuropathic pain, whereas data on the
involvement of cortical areas in allodynia appear more variable (Moisset and Bouhassira,
2007). Different “sources” of allodynia may induce distinct patterns of brain activity, reflecting
different pathophysiological mechanisms and suggesting that specific “allodynia networks” in
the cortex may exist (Apkarian et al., 2005; Schweinhardt et al., 2006).

4.2 Morphological changes in chronic pain

In addition to functional changes, morphological alterations at spinal and supraspinal levels
have been reported in chronic pain. Neuropathic pain is accompanied by apoptosis of spinal
cord cells (Whiteside and Munglani, 2001; Moore et al., 2002; de Novellis et al., 2004),

sprouting of nerve terminals in somatosensory cortex (Flor et al., 2006), grey matter density
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decrease in PFC associated with reduced cognitive abilities (Apkarian et al., 2004a,b), and
thalamic atrophy (Apkarian et al., 2004b). Morphometric analysis showed that chronic back
pain particularly in patients with a neuropathic pain component is associated with 5-10% of
brain grey matter atrophy in prefrontal cortex and thalamus (Apkarian et al., 2004b). A decrease
in grey matter was also found in brainstem, temporal lobe and somatosensory cortex in addition
to PFC in patients with chronic back pain; cortical changes were more pronounced in the right
hemisphere (Schmidt-Wilcke et al., 2006). It remains to be determined if reduced grey matter
density is related exclusively or predominantly to a specific cell population (projection neurons,
inhibitory interneurons, and microglia) or if different cell types are affected equally. Nerve
injury-induced apoptosis in the spinal dorsal horn caused a loss of GABAergic inhibitory
interneurons and a decrease in inhibitory synaptic transmission (Scholz et al., 2005). Microglia
was hyperactivated at the spinal level after nerve injury (Tsouda et al., 2003; see Scholz and
Woolf, 2007) but possibly inhibited in cortical areas in chronic back pain (Apkarian et al.,
2004b).

The majority of currently available data that correlate cortical damage and chronic pain come
from brain imaging studies in humans, which do not allow the detailed analysis of the cell type
(s) involved and the source of neuronal activity changes, namely excitatory vs. inhibitory
neurons and circuits. Therefore, studies in animal models are critical to determine basic
mechanisms of chronic pain.

4.3 Biochemical changes in chronic pain

Changes in cortical caspase levels may represent an index of cell degenerative processes
leading to cognitive deficits in chronic pain states (Thornberry and Lazebnik, 1998). In
particular, caspase-1 plays a pivotal role in controlling the release of pro-inflammatory
cytokines such as IL-1beta, which appears to be upregulated in the prefrontal cortex of rats
with neuropathic pain (Apkarian et al., 2006; Martinon and Tschopp, 2007). Cytokines and
chemokines contribute directly to the pathophysiology of neuropathic pain at peripheral
(Watkins et al., 1994; Wagner et al., 1998) spinal and supraspinal levels (Watkins et al., 1997;
Clark et al., 2007).

A preliminary study from our laboratory (Maione et al., unpublished observations; see Figure
4) shows a significant increase in gene expression of caspase-1, caspase-12, and caspase-8 in
the PFC of neuropathic mice. Concomitantly, staining of IL-1beta, which correlates with
astrocyte activation, and the active form of caspase-3 in microglia increased in the PFC
following spared nerve injury in mice. The occurrence of PFC caspase-3 activation may suggest
microglial cell death and secondary cortical dysfunction or cortical damage induced by
peripheral nerve injury and subsequent development of neuropathic pain.

Activation of cannabinoid receptor subtype 2 (CB2) attenuates the induction and maintenance
of inflammatory and neuropathic pain (Valenzano et al., 2005; Beltramo et al., 2006; Cheng
and Hitchcock, 2007; Jhaveri et al., 2007) by inhibiting the release of pro-inflammatory
cytokines and chemokines (Malan et al., 2002; EImes et al., 2005). CB2 receptors are expressed
primarily on immune cells and tissues (see Cheng and Hitchcock, 2007). CB2 receptors may
therefore represent a new target for chronic pain management. A preliminary study from our
laboratory (Maione et al., unpublished observations) shows that prolonged systemic
administration of a selective CB2 receptor agonist (GW405833) reduced mechanical allodynia
(Figure 4) and mRNA levels of pro-inflammatory caspase-1, caspase 8 and caspase-12 (Figure
5) that were increased in the PFC of neuropathic mice.

In conclusion, changes in microglia/astrocyte activation (through different expression of
caspases and specific cytokines) may serve as possible biomarkers of neural damage during
chronic pain states. Drugs such as CB2 agonists that can change the activation of caspases and
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the release of particular cytokines may represent a tool to modulate chronic pain and avoid
cortical impairment.

5. Imaging cortical plasticity in clinical neuropathic pain

Until recently our understanding of pain generation, mechanisms, and transmission from the
spinal cord to the brain has been based primarily on animal studies, which have yielded a wealth
of knowledge about nociceptive processing, analgesia, and plasticity. Animal models often
permit rapid advances in understanding many underlying disease mechanisms —
understanding that can be translated to human models. However, with neuropathic pain (NP)
translating what has been learned in animals to humans can require invasive procedures.

5.1 Brain network for pain in humans

With recently introduced noninvasive neuroimaging technologies we can directly examine and
compare the human central nervous system (CNS) in both healthy subjects and chronic pain
patients and translate knowledge gleaned from animal research more confidently to humans.
Many human neuroimaging studies have focused on defining brain regions that respond to
various experimental noxious stimuli and on conceptualizing a “pain matrix” — a matrix of
brain regions mapped to components of pain perception (sensory-discriminative, affective,
reward, motivational, attentional and evaluative) (Melzack, 1999; Price, 2000). Some brain
regions and their surmised pain components include anterior cingulate cortex (affective,
attentional), insula (affective, attentional), amygdala (affect, reward), nucleus accumbens and
striatum (reward), prefrontal cortex (motivational-affective, cognitive), and primary and
secondary somatosensory cortices (S1, S2; sensory-discriminative, cognitive) (Melzack, 1999;
Price, 2000; Mackey and Maeda, 2004; Apkarian et al., 2005). Additional regions include
periaqueductal gray, premotor cortex, parietal cortex, and hypothalamus.

Recent research suggests that the “pain matrix” concept may be outdated. Newer studies reveal
subtleties in the pain experience and its associated brain-activation patterns, suggesting that
assigning specific pain components to specific brain regions is overly simplistic. For instance,
the insular cortex (IC) is now thought to play a variety of roles. For example, the posterior IC
is somatotopically organized (Brooks et al., 2005); stimulating it in awake humans causes well-
localized pain (Ostrowsky et al., 2002). Additionally, activation of the posterior IC has been
reported in numerous acute and chronic pain studies (see Apkarian et al., 2005), using graded
noxious heat or cold stimuli (Brooks et al., 2002) and allodynic stimulation in neuropathic pain
patients (Schweinhardt et al., 2006). Homeostatic afferent input is thought to project to the
mid-posterior insula, where it is re-represented in the ipsilateral anterior insula, a region that
may mediate interoception (the subjective evaluation of the internal physiological state of the
body) (Craig et al., 2002). These more recent data suggest that the 1C and other brain structures
participate in the multidimensional experience of pain. As investigators refine their
neuroimaging tools and methods, it is expected that we will learn that brain structures formerly
thought to have simple roles in pain, will turn out to be quite complex.

Neuroimaging has also helped elucidate many neural correlates of factors well-known to
modulate the experience of pain — attention (Petrovic et al., 2000), anticipation (Koyama et
al., 2005), placebo (Wager et al., 2004), empathy (Singer et al., 2004; Zaki et al., 2007), fear/
anxiety (Ochsner etal., 2006) and direct control (deCharms et al., 2005) — as well as the neural
correlates of individual differences in the experience of pain (Coghill et al., 2003; Ochsner et
al., 2006; Henderson et al., 2008). Based on these results we hypothesize that there is not simply
a direct link between the degree of nociception and the overall experience of pain and
furthermore, voluntary brain mechanisms can modulate that pain experience.
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5.2 Functional changes in chronic pain

Changes in brain activity associated with neuropathic pain (NP) conditions are less thoroughly
investigated than the brain's response to acutely evoked noxious stimuli (see Apkarian et al.,
2005). NP is caused by lesion or dysfunction of the peripheral or central nervous systems (see
4.1). NP is challenging to treat, often responding poorly to traditional analgesic medications
(Dworkin et al., 2007), but it affects well over three million individuals in the US and can
become continuous, lifelong, and disabling. Recent research in animal and human subjects has
yielded several possible mechanisms of NP, although there is still a considerable amount to be
learned. One critical challenge to understanding NP is determining to what degree the CNS,
particularly the brain, contributes to NP's generation and maintenance. Neuroimaging has
recently provided important clues to these challenges.

Earlier positron emission tomography (PET) neuroimaging work demonstrated that the “pain
matrix” (see section 5.1) is involved in chronic NP (Hsieh et al., 1995; Willoch et al., 2000).
PET and other functional magnetic resonance imaging (fMRI) studies show that NP leads to
activity changes in the normal pain-processing network. The brain regions of NP patients react
differently depending on whether the stimulation is evoked on the affected or unaffected side
(Becerraetal., 2006). Stimulation to unaffected regions in NP patients seems to evoke a normal
brain response (Peyron et al., 2004). The various NP conditions are associated with abnormal
central processing of pain and the chronicity of these conditions may be related to central
plasticity and changes over time (ladarola et al., 1995; Ducreux et al., 2006). For example,
investigators using neuroimaging tools to investigate spontaneous pain in NP patients have
consistently found evidence of reduced thalamic activity on the side contralateral to the affected
limb (Hsieh et al., 1995). Brain sites of abnormal activity may vary depending on the specific
NP syndrome and the type of stimulus applied (e.g., heat, cold, and mechanical) (Becerra et
al., 2006). In summary, NP may result in plasticity within structures associated with acute
evoked pain, leading to abnormalities in the processing and perception of pain.

Neuroimaging studies of phantom-limb pain have helped us understand the mechanisms of
NP. Such pain often follows traumatic injury to a limb; the pain has a clear, dramatic peripheral
origin. Animal research showed that after limb amputation, central plasticity changes occur
despite the fact that the original peripheral etiology has healed. Microelectrode recordings in
the somatosensory cortex after an animal's appendage had been amputated revealed a rapid
reorganization of somatosensory cortical maps (Merzenich et al., 1984; see also Zhuo, 2007).
Subsequent studies using magnetoencephalography (MEG) and functional magnetic resonance
imaging (fMRI) techniques showed that a similar reorganization occurred in humans
(Ramachandran, 1993; Lotze et al., 2001). These cortical plastic changes differed in phantom-
limb patients who experienced pain from those who did not (Lotze et al., 2001). Similar patterns
of cortical reorganization were observed in patients with complex regional pain syndrome
(CRPS) (Maihofner et al., 2003). A recent neuroimaging study suggests that cortical
reorganization (in S1 and S2) and pain perception in CRPS can be reversed with behavioral
treatment consisting of graded sensorimotor retuning therapy (Pleger et al., 2005). Functional
neuroimaging has helped translate the knowledge gained from basic science work into the
better understanding of clinical NP conditions.

5.3 Biochemical and structural changes in chronic pain

Functional imaging has been the primary tool to investigate brain activity in NP patients and
healthy volunteers. Recently, anumber of novel brain imaging techniques have been developed
and applied to pain research, including magnetic resonance spectroscopy (MRS) and voxel
based morphometry (VBM).
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Imaging of the human CNS's biochemical environment has helped reveal abnormalities in
chronic pain (see also section 4.3). Investigators used MRS to characterize the biochemical
differences in brain regions of healthy individuals and those with chronic pain. Specifically,
investigators observed decreased N-acetylaspartate (NAA) in the dorsolateral prefrontal cortex
of patients with chronic low back pain (Grachev et al., 2000) and CRPS type | (Grachev et al.,
2002) as well as decreases in NAA in the thalami of NP patients (Fukui et al., 2006).
Investigators have proposed NAA, a marker of neuronal activity found only in mature neurons
(Miller, 1991), as a possible biomarker of neuronal health and function that can be assessed
non-invasively using MRS (Grachev et al., 2000, 2002; Fukui et al., 2006). Investigators are
using this information to generate and confirm hypotheses about the mechanisms of clinical
NP. This field is expected to advance rapidly with the introduction of methods to imaging a
variety of neurotransmitters such as glutamate, glycine and GABA (Ross and Bluml, 2001).

VBM is a structural imaging technique that measures differences in local concentrations of
brain tissue through a voxel-wise comparison of multiple brain images (Ashburner and Friston,
2000). It has been applied sparsely to pain research. One of the earliest studies found a 5-11%
reduction of global cortical gray matter density in patients with low back pain compared with
aged and gender matched controls (Apkarian et al., 2004b). This gray matter reduction
correlated with the duration of pain. A more recent study compared phantom limb patients to
matched controls and noted a reduction in gray matter in the posterolateral thalamus
contralateral to the side of the amputation (Draganski et al., 2006). This gray matter reduction
was positively correlated with the duration of time since the amputation, but not the severity
or frequency of pain. These VBM studies need to be expanded and replicated. Additionally,
the question regarding the cellular basis for the morphometric variations remains unanswered
and may require the direct comparison to histological data. Combining these methods may
ultimately yield useful information about the mechanisms of the maladaptive plasticity
underlying NP.

5.4 Cortical plasticity — cause or consequence of chronic pain?

Many questions remain regarding the role of brain dysregulation in chronic pain such as NP.
The causal relationship of changes noted in NP patient studies has yet to be determined. Does
the abnormal brain activity contribute to the NP or does the abnormal brain cause the NP? How
can we characterize individual differences in NP patients? Do these differences correlate with
specific brain changes? For example, recent studies have identified considerable individual
variability in pain sensitivity, even within subclasses of neuropathic disorders such as
postherpetic neuralgia (Pappagallo et al., 2000). Chronic NP may therefore reflect varying
degrees of central dysregulation, ranging from purely abnormal peripheral nociceptive input
to pain that is mediated solely through dysregulated central mechanisms. Central sensitization
is likely to depend on a combination of the specific neuropathic condition and individual trait
factors.

Although we do not yet know the central cause-effect relationships underlying NP,
neuroimaging can help advance our understanding of both pharmacologic and non-
pharmacologic treatments. Despite the variety of available analgesics, many chronic NP
patients receive inadequate relief, and physicians treating them face daunting obstacles. To
optimize compliance, minimize side-effects, and maximize analgesia, each anti-neuropathic
medication needs to be started at a low dose and titrated to effect over many weeks, a “labor-
intensive” process (Collins et al., 2000). Unfortunately, each anti-neuropathic medication
produces pain relief for only a minority of NP patients (Katz et al., 2008). Not surprisingly,
few physicians have the patience to persist in a strategy involving months of frustrating, side-
effect-laden medication trials. Pharmacologic neuroimaging may be a novel method to
optimize the matching of a particular drug to a particular NP patient. It may also provide
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important information related to both the drug's activity and the underlying mechanism of NP.
For example, recently investigators studied the effect of topical lidocaine patch therapy
(Lidoderm) in postherpetic neuralgia patients and noted reward-related brain regions
(amygdala and ventral striatum) that changed only after long-term treatment. These brain
regions also best reflected changes in pain with treatment (Geha et al., 2007).

Neuroimaging will play an important role in characterizing the central correlates of different
types of neuropathic pain, helping to separate aberrant nociceptive processing in the periphery
and spine from the influences of central amplification of pain. This discrimination will help
clinicians rapidly diagnose individual cases of NP and more effectively treat the peripheral and
central dysregulation elements of pain.

6. Conclusions

It is clear now that the brain network for pain also includes primarily “non-sensory” forebrain
areas such as PFC and amygdala that are concerned with emotional-affective and emotion-
based cognitive aspects of pain. As part of the reward-aversion circuitry these brain areas play
a key role in value-based decision-making that guides goal-directed behavior. Well-
documented pain-related cognitive deficits may be attributed to abnormal processing in these
structures.

Activation versus deactivation of a particular brain area depends on a number of factors and
may be different for acute painful stimuli under normal conditions and prolonged
pathophysiological pain states. Functional studies are needed to determine the interactions of
different brain areas. The inverse relationship that is emerging between some areas such as
amygdala and PFC may suggest that amygdala-cortical interactions are important for the
emotional-affective modulation of cognitive function in pain. A detailed analysis of neuronal
mechanisms and circuits involved in connectivity changes and cortical dysfunctions in pain
can be expected from electrophysiological animal studies. Behavioral studies using new tasks
for complex decision-making assessment will link changes in brain function to cognitive
deficits in pain.

In addition to functional changes, biochemical and structural brain changes are observed in
prolonged pain states. Cortical dysfunction is associated with neurochemical changes. The
analysis of underlying molecules and mechanisms may yield biomarkers of neural impairment
in persistent pain. Biomarkers associated with biochemical changes such as microglia/astrocyte
activation may serve as useful diagnostic tools but also provide an opportunity for the
development of novel therapeutic strategies that target these biomarkers. CB2 receptor agonists
can modulate the pain-related expression of caspases and release of cytokines; they may be
useful tools to modulate persistent pain and avoid cortical impairment.

Pain impairs cortical function but in turn is modulated by cortical processes. Are cortical
changes the consequence or cause of persistent pain? This intriguing question awaits an answer.
Imaging studies argue against a simple direct link between the degree of nociception and the
overall experience of pain and suggest that voluntary brain mechanisms can modulate that pain
experience. Neuroimaging will likely continue to play an important role in the diagnosis of
pain-related dysfunctions and assessment of mechanism and efficacy of various treatments.

The significance of the results presented in this article is that they emphasize the need for a
concerted multidisciplinary effort to provide basic science information that helps explain and
improve therapeutic strategies, including cognitive therapies and psychotherapy, and unravel
the mysteries of the multidimensional disorder pain.
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Figure 1. Pain as a multidimensional experience
Different components interact to form the complex nature of pain. Their reciprocal

relationships are indicated by arrows.
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Figure 2. Amygdala function in pain

The amygdala receives nociceptive information through pathways that either do or do not
involve the thalamus. A serial arrangement of different amygdala nuclei contributes to
emotional-affective aspects of pain and modulates nocifensive responses. Thalamic inputs to
the LA-BLA circuitry are indicated by gray lines. Black lines show inputs to the CeA that
involve direct extra-thalamic pathways. Plus symbols indicate injury-induced increased
excitability. LA, BLA, CeA: lateral, basolateral, central nuclei of the amygdala.
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Figure 3. Cognitive performance of animals in a decision-making task

Rodent Gambling Task. Results of the so-called Rodent Gambling Task are shown for different
experimental groups as the preference index in 90 trials. Normal animals and animals subjected
to mild stress developed a positive preference index whereas animals with inflammatory or
neuropathic pain and animals with orbitofrontal cortex (OFC) lesions had a negative preference
index. Preference Index is defined as in the lowa Gambling Task (IGT, Bechara et al, 1994)
as the number of low-risk choices minus the number of high-risk choices, divided by the
number of completed trials. The index is calculated for each group of 10 consecutive trials.
Solid lines, control groups; dotted lines, pain groups; narrow-spaced dashed lines, stress
groups; wide-spaced dashed line, OFC lesion group. Original data presented in Pais-Vieira et
al, 2007, 2008. Error bars are omitted for clarity.
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Figure 4. Biochemical PFC changes in neuropathic pain

Caspase-3 immunostaining in prefrontal cortex (PFC) of sham controls (A) and mice with
spared nerve injury (B). (C) Double staining for caspase-3 (casp-3) and nuclei (Hoechst) (upper
panel) and double staining for caspase-3 and Iba-1 (microglial marker) (bottom panel). The
microphotographs show an increased immunoreactivity for caspase-3 10 days after spared
nerve injury compared to sham mice. Double staining shows microglial localization of caspase
3 as revealed by Iba-1, a typical microglial marker. Scale bar: 20 micrometer.
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Figure 5. Behavioral effects of a CB2 agonist

Chronic treatment with a selective CB2 receptor agonist (GW405833, GW; 5 mg/kg i.p., for
10 days) prevented the appearance of mechanical allodynia in neuropathic mice but had no
effect in sham controls. Bar histograms show effects of a 10-day treatment with GW405833
or vehicle (veh., 20% DMSO in saline i.p.) on mechanical withdrawal threshold of sham mice
or neuropathic mice (10 days after spared nerve injury, SNI). Data represent the mean £ SEM
(n = 5) of paw withdrawal thresholds (PWT) in grams. SNI mice treated with vehicle showed
mechanical allodynia (decreased thresholds) 10 days post-surgery. GW405833 partially
reversed the allodynia. * P < 0.05 (vehicle-treated SNI compared to vehicle-treated sham
mice), ° P < 0.05 (CB2 agonist-treated SNI mice compared to vehicle-treated SNI mice), one-
way ANOVA followed by Student's t-test.
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Figure 6. Biochemical effects of a CB2 agonist

Chronic treatment with a selective CB2 receptor agonist (GW405833, GW; 5 mg/kg i.p., for
10 days) prevented the increase of caspase expression in neuropathic mice. Bar histograms
show effects of a 10-day treatment with GW405833 or vehicle (veh., 20% DMSO in saline
i.p.) on the levels of caspase mMRNA normalized to HPRT (housekeeping gene) and expressed
as percent (mean + SEM) of control levels in naive mice (set to 100 %)(n = 5). (A) Caspase-1,
(B) caspase-12, (C) caspase 8 mMRNA expression in naive, sham or neuropathic mice (10 days
after spared nerve injury, SNI). SNI mice treated with vehicle showed an increase of caspases
10 days post-surgery. GW405833 significantly prevented caspase hyperexpression. * P < 0.05
(vehicle-treated SNI compared to vehicle-treated sham mice), © P < 0.05 (CB2 agonist-treated
SNI mice compared to vehicle-treated SNI mice), one-way ANOVA followed by Student's
Neuman—Keuls test.
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