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Abstract

Forced choice between alternative options of unpredictable outcome is a complex task
that requires continual update of the value associated with each option. Prefrontal
areas such as the orbitofrontal cortex (OFC) has been shown to play a major role in
performance on ambiguous decision-making tasks with substantial risk component,
broadly named as “gambling tasks”. We have recently demonstrated that tats display
complex decision-making behavior in a Rodent Gambling Task (RGT) based on serial
choices between rewards of different value and probability. This rodent task retains
many of the key characteristics of the human Iowa Gambling Task (IGT), and
performance in this nove! task is also disrupted by OFC.or amygdalar lesioning. In the
present study we addressed if rat models <of chronic pain would have impaired
performance in this gambling task, since it is already known that the IGT response
patterns of human pain patients is:comparable to individuals with orbitofrontal cortex
lesions. We found that animals with neuropathic or inflammatory models of chronic
pain systematically preferred the lever associated with larger but infrequent rewards.
In addition, we measured the neurochemical content of the orbitofrontal cortex,
amygdala and nueleus accumbens, and found that in prolonged chronic pain animals
there is a decrease in the tonic levels of dopamine and serotonin in the orbitofrontal
cortex. This is the first report of the effect of chronic pain in rat decision-making
processes and supports the notion that pain may have profound effects on the

functioning of the reward-aversion circuitry relevant to strategic planning.



Cognitive impairment in chronic pain - Pais Vieira et al, 2008

INTRODUCTION

Chronic pain is a multidimensional experience that can lead to deficits in
several cognitive abilities such as speed processing, memory and attention (see Hart,
2000 for review). Clinical studies have shown that chronic pain patients. present
several psychological disturbances such as high levels of anxiety and depression
(Henningsen and Lowe, 2006), stress (Chapman et al., 2008), or reduced sleep quality
(Kundermann et al., 2004). Moreover, important neural alterations were described in
chronic pain patients such as a decrease in grey matter density and tonic levels of
neurotransmitters in prefrontal areas (Grachev. et.al., 2000; Apkarian et al., 2004b).
Prefrontal cortical regions are crucial ‘for.normal performance in many cognitive
functions in both humans and ‘animals, particularly in reward-related tasks that
involve strategic planning<and. decision-making (Miller and Cohen, 2001; Wallis,
2007). Neurological patients with orbitofrontal or amygdalar lesions are impaired in
gambling-like sitaations, such as the lIowa Gambling Task (IGT) that require
identification of advantageous decision-making strategies among options of uncertain
outcome (Bechara et al., 1994; Bechara et al., 1997). The report that chronic pain
patients: are also impaired in the same gambling task (Apkarian et al, 2004a),
strengthened the suggestion that chronic pain by itself may lead to changes in the
reward/aversion system and that this can be on the basis of the co-morbid psychiatric
disorders observed in chronic pain patients (Borsook et al., 2007; Leknes and Tracey,

2008). However, regardless of the importance that these cognitive deficits may have



Cognitive impairment in chronic pain - Pais Vieira et al, 2008

to the understanding of the pathophysiology of chronic pain, almost no studies exist
on the cognitive impairments induced in animal models of chronic pain.

We have recently developed a Rodent Gabling Task (RGT) that retains the key
features of the human gambling tasks and that like the IGT is sensitive to orbitofrontal
lesioning (Pais-Vieira et al., 2007). Therefore, in this study we applied this task to test
the hypothesis that animals with inflammatory or neuropathic chronic pain would
express behavioral patterns of preference for high risk choices when faced with a
reward schedule of uncertain outcome. Moreover, since it has been suggested that
impaired IGT performance may be linked to reduced.levels of dopamine in the
reward-aversion circuitry (Sevy et al., 2006), we decided to verify if the induction of
chronic pain would affect the tonic level of monoaminergic neurotransmitters in the
orbitofrontal cortex and two other connected areas, the amygdala and nucleus

accumbens.

METHODS

Sprague-Dawley male rats (n=78) with weights between 300-320g were used
in’ all “experiments (Charles-River, Barcelona, Spain). Animals received water ad
libitum but were food deprived to 85% of age-matched body weight by limiting their
access to food. All experiments were conducted in accordance with the local ethics
committee on animal research, the Policies on the Use of Animals in Neuroscience
Research of the Society for Neuroscience, as well as with the guidelines of the

International Association for the Study of Pain on the use of awake animals.
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Baseline Anxiety

Naive levels of anxiety and exploratory behavior were initially measured using
the Elevated Plus Maze Test for rat (Pellow et al., 1985). Animals were rank-ordered
according to their individual scores and gaussian distributed between control and
experimental groups, in order to decrease the importance of individual differences of

basal anxiety in the experimental results of the decision-making task.

Chronic Pain Models

Persistent monoarthritic inflammatory pain was induced by injecting Complete
Freund’s Adjuvant — CFA — in the tibio-tarsal joint of the left hindpaw (Butler et al.,
1992). CFA was prepared by mixing 60 mg of desiccated Mycobacterium butyricum
(Difco Laboratories) to parafin oil (6ml), saline (4mi) and Tween 80 (1ml), and
injected under brief halothane anesthesia (n = 6). In sham animals (n = 6) a needle
was introduced in the hindpaw soft tissue under anesthesia.

Neuropathic pain ‘was induced by the Spared Nerve Injury model — SNI — as
described “by. the “authors (Decosterd and Woolf, 2000). Briefly, animals were
anesthetized withyxilazine and ketamine (10 and 60 mg/kg mixture, respectively), and
the sciatic nerve exposed. In the experimental group (n = 6) ligation of the tibial and
common peroneal nerves was performed, followed by axotomy. In the sham group (n
= 5) the surgical procedure was similar, but no lesion was made to the nerve. Muscle
and skin were closed in two layers.

Sensory threshold for noxious stimulation was measured using von Frey

filaments (Somedic, Sweden) as previously described (Chaplan et al., 1994).
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Stress Models

In a separate experiment prolonged mild stress induced using either daily
injections of ACTH (Pudney et al., 1984), or daily repeated restraint (Glavin et al,,
1994) was compared with both control and SNI animals in the RGT. Further details

and results are presented as Supplementary Material.

Behavioural Training

The Rodent Gambling Task of risk assessment has:been described in further
detail in a previous paper (Pais-Vieira et al., 2007). It consists in an octogonal hub
(Coulbourn Instruments, Allentown, PA, USA) partially divided into two adjacent
chambers by a 15 cm protruding opaque plexiglas panel. Each half of the hub
contained one non-retractable lever and one food cup connected to an automated
pellet dispenser (Coulbourn Instruments). Video-tracking of movement and control of
feeders and levers was. dene using OpenControl (Aguiar et al., 2007). Following a
brief tone the animal entered the hub and had to choose between the left and right side
of the hub and press the respective lever to receive a food reward (45mg chocolate
flavor sucrose pellets, Research Diets Inc, New Brunswick, NJ, USA). After receiving
the reward, the animals were placed back in the entrance chamber and had to wait 5
seconds for the start of the following trial.

After auto-shaping lever press training criteria was accomplished, the animals
had 6 sessions (one session per day, with a random duration of 60 to 120 trials), of the
non-gambling phase in which both levers had the same associated reward of one food
peliet per trial. However, rewards were given only in 8 out of every 10 trials

regardless of the hub side chosen by the animal.
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After these 6 sessions, animals were subjected to the experimental
manipulation accordingly to their assigned group (inflammatory pain, neuropathic
pain, mild stress or contro!l groups), and the animals resumed the behavioral protocol
for another 4 sessions. At the 5™ day post-surgery animals were tested at the
gambling-task: a single probe session of 90 trials in which the levers now
corresponded to food rewards of distinct value and probability: one lever remained as
in the non-gambling phase (low risk lever, since it returned one food pellet in every 8
out of 10 visits), while the other returned 3 food pellets, but only in 3 out of every 10
visits — high risk lever. Hub side allocation of levers risk was counterbalanced
between animals in each group.

Results of the behavioral task were taken from the analysis of the individual
patterns of choice during the gambling task.(probe session). Five parameters were
calculated for each animal: Preference Index, Final Preference, Lever Persistence,
Incomplete Trials, and Total Gain. The Preference Index was defined as the
proportion of choices between both levers and calculated for each 10 consecutive
trials as in the Jowa Gambling Task: (low risk lever choices) — (high risk lever
choices) / number of completed trials. Hence, the Preference Index resulted in a
sequence of 9 values ranging from -1 to +1 whether the animal always preferred the
high risk reward or the low risk lever, respectively. Final Preference was defined as
the preference index for the final 30 trials (trials 61-90) of the probe session. Lever
Persistence during the probe session was defined as the number of times the chosen
lever was the same as in the previous trial, referenced to the outcome of previous trial.
Values of Lever Persistence were calculated in groups of 15 consecutive trials for

each reward condition. Incomplete Trials were those in which the 20 seconds trial
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limit was reached without the animal pressing any of the levers. Total Gain was

considered to be the number of pellets obtained during the probe session.

HPLC analysis of biogenic amines

Neurochemical analysis of tonic content of monoamines and monoamine
metabolites in prefrontal areas was performed in controls (n=10) and in animals with
5 (n=4), 21 (n=6) or 56 (n=4) days of pain, that were not subjected to the RGT.
Animals were decapitated with a small animal guillotine, and bilateral OFC,
amygdala, and nucleus accumbens were freshly dissecated and frozen at -80°C.
Electrochemical detection of dopamine, DOPAC, serotonin, 5-HIAA, norepinephrine
and epinephrine in reversed-phase HPLC‘was applied according to a modified method

of Ali et al. (1993), presented in detail in the Supplementary Material.

RESULTS

'Me'chagg;%l threshold for noxious stimulation was significantly decreased in
the chronic pain animals used in all experiments (CFA, 0.03 + 0.01g, sham CFA,
11.58 + 2.47 g, Mann-Whitney U = 0.0, P<0.01; SNI, 1.37 + 0.63 g, sham SN, 16.66
+ 2.49, Mann-Whitney U = 0.0, P<0.01). No animals were excluded from the study
due to extreme values of baseline anxiety in the Elevated Plus Maze, and the
experimental groups had similar distributions: animals to include in pain groups,

43.58 + 8.16; animals to include in sham groups, 52.29 = 8.99; P>0.05.



Cognitive impairment in chronic pain - Pais Vieira et al, 2008

Left/right levels of individual choice during the non-gambling phase of the
task showed no specific preference for one side of the arena (ratio of left/right choices
as measured by the Preference Index of the last session - 60 trials - before the probe
session was: CFA, 0.11 £ 0.01, sham CFA, 0.11 + 0.05, to = 0.099, P>0.9; SNI, 0.10
+ 0.12, sham SNI, -0.05 + 0.04, ts = 0.395, P>0.5).

Preference Index of the probe session resulted in a characteristic pattern with
chronic pain animals obtaining negative values (i.e., prefering the high-risk lever over
the low-risk; figure 1). Final Preference in the last 30 trials of the probe session
showed significant differences between chronic pain and the respective control groups
(CFA, -0.41 + 0.13, sham CFA, 0.33 £ 0.12, t;o = 426, P<0.005; SNI, -0.47 = 0.04,
sham SNI, 0.51 £ 0.11, to = 9.04, P<0.0001). Lever Persistence showed that the
experimental groups underwent opposite evolutions in the high-risk lever choices
(figure 2). The Total Gain number of pellets achieved by sham and pain animals was
not different (CFA, 69.8 £ 3.6, sham CFA, 73.3 £ 1.6; Mann-Whitney U =16.00,
P>0.5; SNI, 70.5 + 6.9, sham SNI; 75.8 £ 0.6, Mann-Whitney U = 9.50, P>0.5).

Although pain' animalshad higher number of Incomplete Trials during the
probe session, the difference was only significant for CFA-injected animals (CFA, 8.8
+ 4,0;.sham.CFA, 1.2 £ 0.4 incomplete trials; Mann-Whitney U =1.5, P<0.01; SNI,
9.0 £ 7.6; sham SNI, 0.6 £ 0.2 incomplete trials; Mann-Whitney U=9.5, P>0.5). In
order to test if the higher number of incomplete trails of the chronic pain animals was
due to impaired movement or pellet satiation, one day after the probe session the CFA
and sham CFA animals were run in a longer session of 150 trials, in which both levers
were set to give 1 pellet in every trial. In these conditions there was no evident sign of

impaired movement or satiation, and there was no difference of incomplete trials
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between groups (CFA, 2.2 + 0.8; sham CFA, 2.0 = 0.4; Mann-Whitney U=17.0,
P>0.9).

Finally, we performed an HPLC analysis of tonic levels of monoamines and its
metabolites in the OFC, amygdala, and nucleus accumbens tissues of controls and
animals with 5-days, 21-, and 56-days of chronic pain. Detailed results are presented
in Supplementary Material. Briefly, the results show that pain induces an decrease in
the levels of both dopamine and serotonin at the OFC, and a slight increase of both at
the amygdala (figure 3). Nevertheless, contrary to the results of the RGT in which the
impairment was maximal 5 days after the injury (results not shown from animals with
21 days of pain suggested that the RGT performance was similar to animals with 5
days), the neurochemical levels showed a progressive trend,of alteration in which the
animals with longer times of chronic inflammation would consistently present the

largest difference to controls.

DISCUSSION

This study shows that in a task sensitive to orbitofrontal cortex impairment,
the induction of chronic pain in rodents leads to a risk-prone pattern of choices
favouring immediate larger gains. This is the first demonstration that chronic pain
alters the neural mechanisms of decision-making in rodents. Moreover, we extend the
significance of this performance impairment by showing that the induction of
prolonged pain reduces the dopaminergic and serotoninergic tonic levels of the

orbitofrontal cortex in rodents. These results are in strong agreement with previous

10
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data from human patients showing that severe chronic pain disrupts performance in
OFC dependent tasks like the Jowa Gambling Task (Apkarian et al., 2004a) or the
Object Alternation Task (Mongini et al., 2005), and sheds lights on the mechanisms
underlying the altered brain activity that is observed in chronic pain sufferers (Baliki
et al., 2008).

Performance in emotional decision-making in humans is particulatly sensitive
to orbitofrontal or amygdalar impairment either through permanent lesion or
temporary disruption (Knoch et al., 2006), but the role played by these two areas on
pain processing is somehow difficult to interpret. Acute nociceptive stimulation
results in bilateral activation of OFC (Hsieh et al., 1995; Rolls et al., 2003), and this
activation is strongly modulated by the conscious expectation about the intensity of
the impending painful stimulation (Porro'et al:, 2002; Valet et al., 2004). In rodents,
activation of OFC neurons increases the activity of subcortical antinociceptive areas
of the descending modulatory pain control system such as the rostral ventromedial
medulla and the periaqueductal gray matter (Zhang et al., 1997; Huang et al., 2001).
However, ablation or blocking of OFC leads only to a transient attenuation of acute
and chronic pain responses (Baliki et al., 2003), raising the idea that although OFC
activationplays a role in pain modulation, it is not directly involved in the
mechanisms of pain perception. On the other hand, acute and chronic nociceptive
stimulation decreases amygdalar activity (Hsieh et al.,, 1995; Buchel et al., 1999;
Petrovic et al., 2000) and animal studies have shown that amygdalar neurons present
synaptic potentiation following both acute and chronic pain conditions (Neugebauer et
al., 2003; Han et al., 2004; Ikeda et al., 2007), leading to increased pain behavior
(Carrasquillo and Gereau, 2007; Fu et al., 2008). Blockade or ablation of amygdala

reduces the antinociceptive power of systemic administration of morphine or

11
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cannabinoids (Manning et al., 2003). However, in constrast with OFC, amygdala
inactivation has almost no effect on acute pain thresholds but only in the expression of
pain-related contextual memories suggesting an important role of the amygdala in
anxiety-mediated pain (Tanimoto et al., 2003; Gao et al., 2004).

Several lines of evidence have shown the importance that reward circuits play
in the processing of pain stimuli (Borsook et al., 2007; Becerra et al., 2008) Not only
chronic pain conditions are often accompanied with alterations in mood such as major
depression and anxiety, but the pharmacological treatment of the mood conditions
also lead to alleviation of the painful physical complaints.(Fishbain, 2002). Interaction
between the limbic and somatosensory systems is certainly not unexpected given the
unpleasant nature of chronic pain, but only recently it-has drawn the attention for
more systematic studies, namely using imaging methodologies (Ploghaus et al., 2003;
Borsook et al., 2007). It is commonly assumed that the role disability introduced by
chronic pain in the social structure-of. the patients is crucial for the depressive
conditions that are co-morbidto severe pain conditions (Dersh et al., 2002; Raichle et
al., 2007). However, these mood disorders may instead reflect a more mechanistic
alteration in the brain reward circuitry induced by allostatic prolonged aversive
stimulation (Chapman et al., 2008). Interestingly, severe stress conditions that would
similarly recruit the aversion circuitry also lead to reduced prefrontal dopaminergic
levels (Mizoguchi et al., 2000). These neurochemical results agree with imaging data
showing that chronic pain patients have tonic prefrontal hypoactivity (Apkarian et al.,
2004b; Gundel et al., 2008) and reduced levels of excitatory neurotransmitters
(Grachev et al., 2000). Our finding of reduced tonic levels of both dopamine and

serotonin in OFC together with slightly elevated levels at the amygdala, raises the

12
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interesting possibility that prolonged painful conditions alters the aversion-reward

circuitry even in the absence of discrete brain lesions.

ACKNOWLEDGEMENTS

The authors wish to thank the Neurobehavior Unit at IBMC (Teresa Summavielle and
Juliana Alves) for the kind use of HPLC equipment in the experiments described in
this study. Their helpful expertise in HPLC monoamine quantification was invaluable
for these experiments. The authors are also indebted to Clara Monteiro for her help in
the HPLC assays, Paulo Aguiar and Luis Mendonga for their help in the automation of
the behavioral arenas. Funding for these studies was provided by grants POCI/SAU-

NEU/63034/2004, SFRH/BD/24383/2005, and BIAL Foundation 84/04.

REFERENCE LIST

Aguiar P, Mendonca L, Galhardo V (2007) OpenControl: A free opensource software
for video tracking and automated control of behavioral mazes. J Neurosci
Methods 166:66-72.

Ali SF, David SN, Newport GD (1993) Age-related susceptibility to MPTP-induced
neurotoxicity in mice. Neurotoxicology 14:29-34.

Apkarian AV, Sosa Y, Krauss BR, Thomas PS, Fredrickson BE, Levy R, Harden RN,
Chialvo DR (2004a) Chronic pain patients are impaired on an emotional
decision-making task. Pain 108:129-136.

13



Cognitive impairment in chronic pain - Pais Vieira et al, 2008

Apkarian AV, Sosa Y, Sonty S, Levy RM, Harden RN, Parrish TB, Gitelman DR
(2004b) Chronic back pain is associated with decreased prefrontal and thalamic
gray matter density. J Neurosci 24:10410-10415.

Baliki M, Al-Amin HA, Atweh SF, Jaber M, Hawwa N, Jabbur SJ, Apkarian AV,
Saade NE (2003) Attenuation of neuropathic manifestations by local block of the

activities of the ventrolateral orbito-frontal area in the rat. Neuroscience
120:1093-1104.

Baliki MN, Geha PY, Apkarian AV, Chialvo DR (2008) Beyond feeling: chronic pain
hurts the brain, disrupting the default-mode network dynamics. J Neurosci
28:1398-1403.

Becerra L, Harris W, Joseph D, Huppert T, Boas DA, Borsook.D.(2008) Diffuse
optical tomography of pain and tactile stimulation: activation in cortical sensory
and emotional systems. Neuroimage 41:252-259.

Bechara A, Damasio AR, Damasio H, Anderson SW (1994) Insensitivity to future
consequences following damage to human prefrontal cortex..Cognition 50:7-15.

Bechara A, Damasio H, Tranel D, Damasio AR (1997) Deciding advantageously
before knowing the advantageous strategy. Science 275:1293-1295.

Borsook D, Becerra L, Carlezon WA, Jr., Shaw M, Renshaw P, Elman I, Levine J
(2007) Reward-aversion circuitry. in analgesia and pain: implications for
psychiatric disorders. Eur J Pain 11:7-20.

Buchel C, Dolan RJ, Armony JI, Friston KJ (1999) Amygdala-hippocampal
involvement in human aversive trace conditioning revealed through event-related
functional magnetic resonance imaging. J Neurosci 19:10869-10876.

Butler SH, Godefroy. F, Besson JM, Weil-Fugazza J (1992) A limited arthritic model
for chronic pain studies in the rat. Pain 48:73-81.

Carrasquillo™Y, Gereau RW (2007) Activation of the extracellular signal-regulated
kinase in the amygdala modulates pain perception. J Neurosci 27:1543-1551.

Chaplan. SR;.Bach FW, Pogrel JW, Chung JM, Yaksh TL (1994) Quantitative
assessment of tactile allodynia in the rat paw. J Neurosci Methods 53:55-63.

Chapman CR, Tuckett RP, Song CW (2008) Pain and stress in a systems perspective:
reciprocal neural, endocrine, and immune interactions. J Pain 9:122-145.

Decosterd I, Woolf CJ (2000) Spared nerve injury: an animal model of persistent
peripheral neuropathic pain. Pain 87:149-158.

Dersh J, Polatin PB, Gatchel RJ (2002) Chronic pain and psychopathology: research
findings and theoretical considerations. Psychosom Med 64:773-786.

Fishbain DA (2002) The pain-depression relationship. Psychosomatics 43:341-342.

14



Cognitive impairment in chronic pain - Pais Vieira et al, 2008

Fu Y, Han J, Ishola T, Scerbo M, Adwanikar H, Ramsey C, Neugebauer V (2008)
PKA and ERK, but not PKC, in the amygdala contribute to pain-related synaptic
plasticity and behavior. Mol Pain 4:26.

Gao YJ, Ren WH, Zhang YQ, Zhao ZQ (2004) Contributions of the anterior cingulate
cortex and amygdala to pain- and fear-conditioned place avoidance in rats. Pain
110:343-353.

Glavin GB, Pare WP, Sandbak T, Bakke HK, Murison R (1994) Restraint stress in
biomedical research: an update. Neurosci Biobehav Rev 18:223-249.

Grachev ID, Fredrickson BE, Apkarian AV (2000) Abnormal brain chemistry in
chronic back pain: an in vivo proton magnetic resonance spectroscopy study.
Pain 89:7-18.

Gundel H, Valet M, Sorg C, Huber D, Zimmer C, Sprenger T, Tolle TR (2008)
Altered cerebral response to noxious heat stimulation in patients with
somatoform pain disorder. Pain 137:413-421.

Han JS, Bird GC, Neugebauer V (2004) Enhanced group HI mGluR-mediated
inhibition of pain-related synaptic plasticity in the amygdala. Neuropharmacol
46:918-926.

Hart RP, Martelli MF, Zasler ND (2000).Chronic pain and neuropsychological
functioning. Neuropsychol Rev 10:131-149,

Henningsen P, Lowe B (2006) Depression; pain, and somatoform disorders. Curr
Opin Psychiatry 19:19-24.

Hsieh J-C, Belfrage M, Stone-Elander S, Hansson P, Ingvar M (1995) Central
representation of clironic ongoing neuropathic pain studied by positron emission
tomography. Pain 63:225-236.

Huang X, Tang JS, Yuan B, Jia H (2001) Morphine applied to the ventrolateral orbital

cortex produces a naloxone-reversible antinociception in the rat. Neurosci Lett
299:189-192.

Ikeda R, Takahashi Y, Inoue K, Kato F (2007) NMDA receptor-independent synapt1c
plasticity in the central amygdala in the rat model of neuropathic pain. Pain
127:161-172.

Knoch D, Gianotti LR, Pascual-Leone A, Treyer V, Regard M, Hohmann M, Brugger
P (2006) Disruption of right prefrontal cortex by low-frequency repetitive

transcranial magnetic stimulation induces risk-taking behavior. J Neurosci
26:6469-6472.

Kundermann B, Krieg JC, Schreiber W, Lautenbacher S (2004) The effect of sleep
deprivation on pain. Pain Res Manag 9:25-32.

Leknes S, Tracey I (2008) A common neurobiology for pain and pleasure. Nat Rev
Neurosci 9:314-320.

15



Cognitive impairment in chronic pain - Pais Vieira et al, 2008

Manning BH, Martin WJ, Meng ID (2003) The rodent amygdala contibutes to the
production of cannabinoid-induced antinociception. Neuroscience 120:1157-
1170.

Miller EK, Cohen JD (2001) An integrative theory of prefrontal cortex function. Annu
Rev Neurosci 24:167-202.

Mizoguchi K, Yuzurihara M, Ishige A, Sasaki H, Chui DH, Tabira T (2000) Chronic
stress induces impairment of spatial working memory because of prefrontal
dopaminergic dysfunction. J Neurosci 20:1568-1574.

Mongini F, Keller R, Deregibus A, Barbalonga E, Mongini T (2005) Frontal lobe
dysfunction in patients with chronic migraine: a clinical-neuropsychological
study. Psychiatry Res 133:101-106.

Neugebauer V, Li W, Bird GC, Bhave G, Gereau RW (2003) Synaptic plasticity in
the amygdala in a model of arthritic pain: differential roles of metabotropic
glutamate receptors 1 and 5. J Neurosci 23:52-63.

Pais-Vieira M, Lima D, Galhardo V (2007) Orbitofrontal cortex lesions disrupt risk
assessment in a novel serial decision-making task for rats. Neuroscience
145:225-231.

Pellow S, Chopin P, File SE, Briley M (1985) Validation of open:closed arm entries
in an elevated plus-maze as a measure of anxiety in the rat. J Neurosci Methods
14:149-167.

Petrovic P, Petersson KM, Ghatan PH; Stone-Elander S, Ingvar M (2000) Pain-related
cerebral activation is.altered by a distracting cognitive task. Pain 85:19-30.

Ploghaus A, Becerra:L, Borras'C, Borsook D (2003) Neural circuitry underlying pain
modulation: expectation, hypnosis, placebo. Trends in Cognitive Sciences 7:197-
200.

Porro CA #Baraldi'P,.Pagnoni G, Serafini M, Facchin P, Maieron M, Nichelli P (2002)
Does- anticipation of pain affect cortical nociceptive systems? J Neurosci
22:3206-3214.

Pudney J, Price GM, Whitehouse BJ, Vinson GP (1984) Effects of chronic ACTH
stimulation on the morphology of the rat adrenal cortex. Anat Rec 210:603-615.

Raichle KA, Hanley M, Jensen MP, Cardenas DD (2007) Cognitions, coping, and
social environment predict adjustment to pain in spinal cord injury. J Pain 8:718-
729.

Rolls ET, O'Doherty J, Kringelbach ML, Francis S, Bowtell R, McGlone F (2003)
Representations of pleasant and painful touch in the human orbitofrontal and
cingulate cortices. Cereb Cortex 13:308-317.

Sevy S, Hassoun Y, Bechara A, Yechiam E, Napolitano B, Burdick K, Delman H,
Malhotra A (2006) Emotion-based decision-making in healthy subjects: short-

16



Cognitive impairment in chronic pain - Pais Vieira et al, 2008

term effects of reducing dopamine levels. Psychopharmacology (Berl) 188:228-
235.

Tanimoto S, Nakagawa T, Yamauchi Y, Minami M, Satoh M (2003) Differential
contributions of the basolateral and central nuclei of the amygdala in the negative

affective component of chemical somatic and visceral pains in rats. Eur J
Neurosci 18:2343-2350.

Valet M, Sprenger T, Boecker H, Willoch F, Rummeny E, Conrad B, Erhard P, Tolle
TR (2004) Distraction modulates connectivity of the cingulo-frontal cortex and
the midbrain during pain - an fMRI analysis. Pain 109:399-408.

Wailis JD (2007) Orbitofrontal cortex and its contribution to decision-making. Annu
Rev Neurosci 30:31-56.

Zhang YQ, Tang JS, Yuan B, Jia H (1997) Inhibitory effects of electrically evoked
activation of ventrolateral orbital cortex on the tail-flick reflex are mediated by
periaqueductal gray in rats. Pain 72:127-135.

17



>

1.00+
0.754
0.504
0.25-
0.00-+
-0.25+
-0.50-
-0.75+

preference index

-1.00

—— Sham CFA I CFA

W

1.00+
0.75+
0.50+
0.25-
0.00+
-0.254
-0.50+
-0.75+

preference index

-1.00

) L) 1 ) T T T 1 L)
1-10 11-20 21-30 3140 41-50 $1-60 61-70 71-8¢ §1-50

trials

3 Sham SNI . SN

¥
1410 11

L T v T T ) L) 1
<20 21-30 31-40 41.50 51-60 §1-70 71-80 81-80

trials

Figure 1



high-risk lever: reward

high-risk lever: NO reward

Ty

0.8+ 0.8+

0.7+ x 0.7«
3 0.6- D 0.6+
2. g
.; 0.54 '; 0.5+
§ 0.4+ § 0.44
@ 0.34 5 0.34
n 2]
'2'_ 0.2- ag-_ 0.24

0.1+ 0.1+

L] L) ) L L] L]
145 16-30 34-45 4660 61-75 7690
low-risk lever: reward

0.8+ 0.8+
y 0.7 { x 0.7+
3 06 o & 06+
= }._ ' E—4
5 05 J/ *-{——— ~--{' = 051
2044 _ /S £ 044
2 ! ]
o 0.3 { B 0.3
§ 0.21 g,_ 0.24

0.1 0.1

) L} L} L]
1-15 16-30 31-45 46-60 61-75 7690

trials

T

L] L) ¥ L} L L)
115 16.30 31-45 4660 61-75 76.90

low-risk lever: NO reward

—g-- pain groups

Figure 2

¥ L] L | L} j ] L)
1-15 16-30 31-45 4660 61-75 76-90
trials

—O0— sham groups



ORBITOFRONTAL

NUCLEUS
ACCUMBENS

1250+

ng { mg proteain

gy { my prolein

ng / mg protein

30+

204

10+

DOPAMINE

T 1

304

204

10+

co:;trol 5d'ays 21 days 56 days

L T

1000+
750+
500+

2504

cor:trol 5d'ays 21 days 56 days

T

T

control 5days 21days 56 days

Figure 3

ng ! mg protein

ng / my protein

ng { mg protein

200-|

100 -

SEROTONIN

T

200+

100+

control Sd'ays 2% days 56 days

T

2001

100+

control 5d'ays 21 days 56 days

T

control 5d§ys 21 days 56 days



Cognitive impairment in chronic pain - Pais Vieira et al, 2008

FIGURE LEGENDS

Figure 1. Preference index of choices between two levers throughout the probe
session of the gambling phase of the task. During the first 30 trials of the session both
controls and pain groups (A: inflammatory CFA model, B: neuropathic SNI model)
have similar results but as the session progresses the groups drift in their preferences.
Positive values of preference indicate larger number of choices of the low-risk, low-
reward lever, and negative values indicate preference for the high-risk, high-reward,

lever. Values of preference are calculated for each group of 10 consecutive trials.

Figure 2. Persistence Index during the probe session of the gambling phase of the
task. The figure shows the ratio of returns to the same lever in the following trial for
each output condition. Note ‘that in-the first trials the highest rate of return occurs for
both groups at the high-reward lever, after a rewarded trial; as the probe session
progresses the animals, persist on their prefered lever irrespectively of having or not

received a reward. Results from SNI and CFA experiments were pooled together.

Figure 3. Tonic levels of dopamine and serotonin in orbitofrontal, amygdala, and
nucleus accumbens in controls and animals with different times of inflammatory pain.

Fuli results are presented in Supplementary Material.
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Anexo II

Pais-Vieira M, Mendes-Pinto. M., Lima D & Galhardo V (2008)

Learning impairments and dopaminergic changes in monoarthritic rats.

Pain
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