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Inflammatory pain disrupts the orbitofrontal neuronal activity
and risk-assessment performance in a rodent decision-making task
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ABSTRACT

It has been recently described that disruption of the neural mechanisms of emotion-based decision malc-
ing oceurs in both chronic pain patients and in animal models of pain; moreaver, it also has been shown
that chronic pain causes morphological and functional changes in the prefrontal cortex that may be cru-

show that the instantaneous neuronal firing rate was correlated with the probability of choosing a spe-
cific lever in 62.5% of the heurens: however, although in the controi sessions 61 of the neurons encoded
the reward magnitude, after the pain onset only 16% of the neurons differentiated small from large
rewards. Moreover, we found that the fraction of risk-sensitive neurons recorded in each session pre=
dicted the overall risk bias of the animal. Qur data suggest that orbitofrontal cortex encoding of risk pret-
erence is compromised in chronic pain animals.

2 2012 International Assaciation for the Study of Pain. Published by Elsevier B.V. All rights reserved.

1. Introduction

Decision making under uncertainty depends on the ability ro pain  condlitions in  both humans and

integrate information from current and p

mate the value of alternative choices. The orbitofrontal cortex ability to evaluate choices and outcomes 1s supp

{OFC) has an important role in the update

of rewards in humans, primates, and rodents [8.43.45]. Several of depamine in the OFC [47], because it is know

studies have shown that neuronai activity

An increasing number of studies supports the possibility
that decision making mechanisms are disrupted during chronic
animal  models
ast experiences to estij- [4.25.32,40,47,70,71]. The possibility of an impairment in the
orted by previous
of value and probability findings showing that chronic pain animals have decreased levels

n that this change
in the OFC encodes cer- in dopaminergic content alters the breakpoint of progressive rario

tainty about reward estimation [31.33.34]. In rats, the OFC has tasks [15) or decision-making tasks [64,69.79). Moreover, emo-

been described as having an important role in discounting value tional decision-

tasks [77], while reversai learning deficits

making is known to be highly dependent on normal
are associated with the prefrontal functioning, and severai studies have shown that

inability of OFC neurons to specifically develop response-ourcome chronic pain induces morphological and physiologicai alterations

associations before and after the preferred
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choice is made {59,66). in prefrontal areas 128.32,36,38,62).

We have recently developed a rodent gambling task (RGT) [45]
that reproduces the trial-by-trial progressive strategic learning
typical of the decision-making under uncertainty of the lowa gam-
bling task [6]. Moreover, we have demonstrated that similar to the
oc lowa gambling task, performance in the RGT is also sensitive ro
)_' both OFC lesioning and stressful chronic pain onset [145.47).
ke University Medical Center, Because the onset of prolonged noxious conditions alters RGT

performance by shifting the individual normal risk-aversion

for the Study of Pain. Published by Elsevier B.v. all rights reserved.
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behavior to a state of risk-prone behavior, we were for the first
time able to study the orbitofrontal neural activity in lesion-free
animals with both risk-averse and risk-prone biases, Cur hypothe-
sis was that OFC cells would develop differential activity for
choices and outcomes during the task, reflecting different sensitiv-
ities to the task's contingencies,

To test this hypothesis, we chronically implanted multielec-
trodes in the OFC of rats and repeatedly performed the RGT in
the control period and pain period conditions in each animal. Usi ng
this approach, we were able to test whether the behavioral profile
of choice observed in both conditions reflected the gradual devel-
opment of a choice bias, or if it reflected impulsive choices deter-
mined by the outcome of the preceding trial. Moreover, we were
able to test whether the choice and reward encoding properties
of OFC neurons are important to the overall performance in deci-
ston making under uncertainty,

2. Materials and methods
2.1, Animals

Sprague-Dawley male rats {n =6} with weights between 300
and 320 g were used in all experiments (Charles-River, Barcelona,
Spain}. Animals received water ad libitum but were foed 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 [83).

2.2. Chronic pain model

Persistent monoarthritic inflammatory pain was induced by
injecting complete Freund's adjuvant (CFA) in the tibiotarsal joint
of the left hindpaw [11]. CFA was prepared by mixing 60 mg des-
iccated Mycobacterium butyricum (Difco Laboratories, Oxford, Eng-
land} with paraffin oil {6 mL), saline (4 mL), and Tween 80 {1 mL),
and injected under brief halothane anesthesia, Sensory threshold
for noxious stimulation was measured using von Frey filaments
(Somedic, Horby, Sweden) as previously described [16).

2.3, Electrode implantation

Anesthesia was induced with an intramuscular injection of
xylazine and ketamine {10 and 60 mgkg mixture, respectively),
and the rat was positioned in the stereotaxic apparatus, Animals
were implanted with a bundle of 8 tungsten Isonel filaments in
the right OFC according to the following coordinates: LM —2.4,
DV —4.5, RC +3.5. More detailed description of the electrodes and
of the neurophysiology recording setup may be found in our previ-
ous articles [12,13].

At the end of the behavioral experiments, animals were anes-
thetized and perfused with phosphate-buffered saline (0.1 M} fol-
lowed by 4% formaidehyde in phosphate-buffered saline. The
frontal region of the brain was removed and serially sectioned in
90-1um slices. Sections were stained with thionin, and electrode
sites were tdentified and compared with standard coronal dia-
grams of an atlas of rat brain [48].

24 RGT
The RGT of risk assessment has been described in detail else-

where [45), Briefly, it consisted of a custom-built 45-cm octagonal
hub connected toa 10 -« 30-cm funway that functioned as a waiting

chamber; the hub was partially divided into 2 adjacent chambers
by a 15-cm protruding opaque Plexiglas panel, and entrance from
the waiting chamber to the hub was blocked by an automatically
operated door. Both the hub and the runway had 45" angled walls
to prevent accidental bumping of the tethered head stage.

Each half of the hub contained 1 nonretractable lever and 1 food
Cup connected to an automated pellet dispenser {Coulbourn Instru-
ments, Allentown, PA, USA), Video tracking of animal position and
control of feeders and levers was done using OpenControl [1]. After
a brief tene, the door of the waiting chamber opened and the ani-
mal entered the hub and had to choose between the left and right
side of the hub and press the lever to receive a food reward {45 mg
chocolate fiavour sucrose pellets, Research Diets Inc., New Bruns-
wick, NJ, USA). After receiving the reward, the animals were placed
back in the waiting chamber and had to wait 5 seconds for the start
of the following trial. After lever Press training criteria was accom-
plished, the animals started the behavioral protocol (see further
details later). Briefly, the animal had 6 sessions (1 session per
day, with a random duration of 60 to 120 trials) of the nongam-
bling phase in which both levers had the same associated reward
of 1 food pellet per trial, However, rewards were given only in 8
of every 10 trials regardless of the hub side chesen by the animal.
After these 6 sessions, animals were tested in the gambling phase;
a single session of 90 trials in which the levers now corresponded
to food rewards of distinct value and probability: one lever re-
mained, as in the nongambling phase, the low-risk lever, returning
1 food pellet in every § of 10 visits, whereas the other returned 3
food pellets, but only in 3 of every 10 visits, the high-risk lever.

Results of the behavioral task were obtained from the analysis
of the individual patterns of choice during the RGT. Four parame-
ters were calcuiated for each animal: preference index, final pref-
erence, incomplete trials, and total gam. The preference index
was defined as the proportion of choices between both levers
and calculated for each 10 consecutive trials as in the lowa gam-
bling task: (low-risk lever choices) - {high-risk lever choices){num-
ber of completed trials. Hence, the preference index resulted in a
sequence of 9 values ranging from -1 to +1 whether the animal al-
ways preferred the high-risk reward or the low-risk lever, respec-
tively, Final preference was defined as the preference index for the
final 30 trials (trials 61 to 90} of the probe session. Incomplete
trials were those in which the 20-second trial limit was reached
without the animal pressing any of the levers, Total gain was cal-
culated as the number of pellets obtained during the probe session,

2.5. Behavioral protocol

The behavioral protocel timeline consisted of 2 phases (Fig, 1)
and comprised 4 gambling probe sessions per animal: 2 sessions
performed before the CFA infection (control period) and 2 per-
formed after CFA injection (pain period). In the control period, all -
animals were first trained to press the 2 levers in the nongambling
contingencies {both levers set at low-risk values dispensing 1 food
petlet in 8 of every 10 visits). After reaching the criteria for lever
performance, electrodes were implanted in the OFC and animals
were allowed 1 week to recover from surgery. After recovery, ani-
mals were retrained on nongambling lever pressing for 2 days, and
on the third day they were tested in the first gambling probe ses-
sion of the RGT (RGT1)} with the left lever set as the high-risk lever.
Over the next 2 days, animals were retrained in lever press with
both levers set at the nengambling contingency, and on the third
day after RCT1 they were again tested in a gambling probe session
(RGT2), now with reversed probabilities because the left lever was
set as the low-risk lever, On the next day, animals were injected
with CFA (see description of chronic pain model earlier) and daily
training in the nongambling lever press was resumed the following
day. On the fifth day after injection, a new gambling probe session,
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Control Period

Pain Period

RGT1 RGT2 RGT3 RGT4
mullietecirode
implantation CFA
Surgery mjection
training tranmng . Maming traiping Waining perfusion

Fig. 1, Timeline of experimental protocol Each animal was introduced to the task arena and trained. for lever pressing to retrieve food peilets. After successful training of levey
press and reward delivery, animals were exposed daily to the non-gambling phase of the rodent gambling task with the exception of the 4 days in which they were expased tu
the gambling probe sessions (rodent gambling task 1 to 4). Further details about protocol scheduling are found in the Methods section.

RGT3, was performed wirh the left lever again set as the high-risk
lever. Finally, animals were retrained for another 2days in
nongambling lever press, and 8days after CFA injection were
tested in the last probe session, RGT4, with the left lever set as
the low-risk option. Sensory testing with the von Frey filaments
was applied 30 minutes before each RGT.

2.6. Single-unir recording

Before each gambling or nongambling session, the animals were
placed tn the RGT arena, connected to the preamplifier, and al-
lowed to freely explore the arena for 10 minutes; levers were re-
moved during this period. Signals from electrodes were carried
through a head stage and then preamplified before being recorde
I a 16-channel MAP system {Plexon inc., Dalias, TX, USA), Wave-
forms that were >2.5:1 signal-to-noise were recorded to disk. Clus-
ter analysis for separation of action potentials from different units
was made with Offline Sorter (Plexon Inc.). Peristimulus histo-
grams and firing rates were calculated using Neuroexplorer (Plex-
on Inc.),

2.7, Statistical analysis

Values of final preference, total gain, number of incomplete tri-
als, and sensory threshold were compared with paired t tests or
Wilcoxon signed rank tests {when a significant P value was found
in the Kolmogorev-Smirnov test). Comparison of average firing
rates of the overall population of cells for each lever was made
using a 2-factor analysis of variance {ANOVA) with experimental
condition {control period or pain penod) as a between-subjects
factor and lever (high- or low-risk} as a within-subjects factor. Post

hoc analyses were made with a Bonferroni test. Comparison of fir-
ing frequencies between choices, presence or absence of reward,
and reward sizes were made with Student t tests, paired samples
t tests, or nonparametric equivalent (when normal distribution of
data could not be assumed) using 5 seconds of activity in bins of
0.1 seconds. The significance level was adjusted for multiple cori-
pansons. Cemparison of proportions was made with the %2 test
when more than 5 elements per group occurred; otherwise a Fisher
exact test was used. Statistical tests were considered statistically
significant for o= 0.05. Data analysis was performed using SPSS
version 13.0 (SPSS Inc., Chicago, IL, USA) and Matlab version 7.0
(Mathworks, Natick, MA, USA).

3. Results

First we verified that CFA injection did reduce the mechanical
threshold for noxious perception. Tactile painful sensitivity was
significantly decreased after CFA injection imrmediately before pain
period RGT3 and RGT4 sessions, when compared with control per-
iod RGT1 and RGT2 sessions lcontrol: 3.60+0.30: pain:
0.031 +0.001; Wilcoxon signed ranks: W = 36.00; P=.0078). Left/
right levels of individual choice during all of the nengambling
phases between probe sessions of the task showed no specific pref-
erence for one side of the arena (average of ratio of teftfright
choices as measured by the final preference index of the last ses
sion of 60 trials before each probe session) {repeared-measures
ANOVA: F3,9= 0,76, P= .76, not significant [NS]; values of training
sessions before RGT1: 0.01 * 0.05, before RGT?: -0.07 £ 0.10; be-
fore RGT3: —~0.01 £ 0.05; before RGT4: -0,03 + 0.09).

The preference index of the probe sessions resulted in a charac-
teristic pattern with animals obtaming positive values in control

CIRGT1 RGT3
= RGT2 M RGT4

1.0 -

Preference Index

Rizsk Avercion

Risk Pronensas

L] L) L L) ¥ L] L) L) L)
110 11.20 21-30 31-40 41-50 51.60 61-70 71-80 B1.90

Trials

Fig. 2. Choice preference in the rodent gambling cask. The graphic tracks the progress in task performance using the preference index: the number of choices ar the high-risk
lever divided by the number of completed trials in each block of 10 congeculive trials, Note that in the first 20 trials of all redent gambling task probe sessions the animals do
not display an explicit risk preference: on the other hand, it is noticeable in the final blocks of ail sessions that despite having a clear preference for a particular lever, the 1ask
animals display a high exploratory behavior because the preference index never reaches maximal positive or negative valuas.
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period sessions (RGT1 and RGT2 sessions) that were reversed to
negative values in the pain period sessions after CFA injection
{RGT3 and RGT4 sessions) (Fig. 2). Final preference in the last 30
trials of each probe session showed significant differences between
control period sessions and the pain period sessions {control:
0.49£0.07, pain: —0.43 £ 0.04, paired samples t test: t7 = 8.753,
P <.0001}, but no differences were found within the 2 control per-
iod sessions (RGT1: 0.51 £0.10; RGT2: 0.47 +0.13; paired samples
t test: 13 =020, P=.86, NS) or the 2 pain period sessions (RGT3:
~042+0.08; RGT4: -04375+0.05; paired samples t test:
t3=0.12, P=.92, NS). Total gain, the number of pellets earned in
each probe session, was similar between pain period and control
period conditiens (control: 72.67 £ 3.62; pain: 77.5 + 1.31; Wilco-
xon signed ranks: W= -10,00, P=,1875! and within each condi-
tion (RCT3: 77.0£2.65 RGT4: 78.00£1.15; paired samples ¢
test: (3=0, 28, P=.80, NS: RGT!:. 68.67+6.98 RGT2:
76.67 + 0.88; paired samples t test: t3 =1.14, P = 37, NS). The num-
ber of incomplete trials was similar between control period and
pain period sessions (control: 2.83+2.83; pain: 0.7110.71,
t5=0.64, = 5484).

3,1. Descriptive mode! of choice transition

The raw results from the RGT are sequences of choices with
underlying associated probabilities. We defined a matrix of Markov
decision process {MDP) for all probabilities of transition between
task states (namely, pressing the low-risk lever and getting no re-
ward, pressing the high-risk lever and getting a small reward,
pressing the high-risk lever and getting no reward, and pressing
the high-risk lever and getting a large reward). Each entry in this
MDP transition matrix represents the probability of making a spe-
cific lever choice conditioned to the RGT state the animal was in
the previous trial. The only approximation made in this calculation
is to assume, as in a Markov chain, that the transition probabilities
depend exclusively on the previous state. The diagram of the
descriptive model is represented in Fig. 3A, in which A stands for
the random variable representing the lever choice that can be
either the low-risk lever, L, or the high-risk lever, H. The random
vanable R represents the reward from the previous choice which
canbe 0, 1, or 3 pellets. All transition probabilities are represented
using conventional notation. For example, p(A'™*' = L|R,\" = 0} rep-
resents the probability of choosing the low-rislk lever in trial ¢ + 1,
given that the rat received no reward from the low-risk lever at the
current trial £. Because there is a causality factor implicit in these
conditional probabilities, the trial superscripts are redundant and

Table 1

Probabilinies of lever choice according to MDP matrixes of state transitions,

kY

| AsH P
. N

N

Fig. 3. The descriptive model of choice as a Markov decision process. (A] Full model
comprising all state transitions between states, in which A stands for the lever (high
or low risk) and R stands for reward (0. 1, or 3 food pellets). (B} The results from this
futl Markov decision process model, presented in Table 1, showed that a simpler
matrix with only 1 free parameter was able to describe the state transitions in the
rodent gambling task; this simplified model will be used in the calculations
presented in Fig. 4, 7, and 8A.

will not be shown. Notice that all reward probabilities (thin ar-
rows) are fixed and predefined in the task.

When the actual results of the experiments were introduced in
this transition matrix, the results showed that for both control and
pain period sessions the instantaneous probability of choosing the
same lever again is not affected by having received or not received
a reward in the previous trial {for example, receiving a large
reward in the high-risk lever changes only slightly from 0.34 to
0.39% the probability of returning to the high-risk lever in the
next trial} (Table 1), This result allows the simplification of the
transition matrix and the defimtion of a new description”
model with fewer free parameters and using only the previous
lever choice (Fig. 3B). The conditional probability notation was

Control period

Pain period

Full MDP mode]

PiA=L|RL=0}=.75
PiA=H|RL=0}=25
PiA=L|RH =0~ 66
PiA=H|RH=0)= 34

PiA=L]=.69

P(A=L|RL=1)=.71
P(A=H|RL=1)}=.29
P(A=L|RH=3)= 6!
P(A=H|RH=3)=.39

P(A=H)=.31

P{A=L|RL=0)=.32
F{A=H|RL=0)= 68
P{A=L|RH=0)=33
F{A=H|RH = 0}= .67

P{A=L)=35

P(A=L|RL=1}=38

P{A=H|RL=1)=62
P{A=L|RH=3)=35
P{A=H{RH=3)=65

P{A=H)= 565

Simplified MDP model
PLL=.72

PLH= 64

PHL=.28

P HH= 36

PL=.69

PLL=.36
PLH=.34
P HL = .64
P HH = .66

PL=35

Values of probability were calculated for all of the rodent gambling task probe sessions using the full MDP matrix of state transitions |Fig. 3A) and

the simplified MDP matvix (Fig. 3B

HH = consecutive high-risk choices, IL = consecutive low-risk cheices. HL = high-risk choice before low-risk choice, LH = low-risk choice before
high-risk choice. RH = number of reward pellets at high-risk lever, LH = number of reward pellets at low-risk lever, MDP = Markov decision

process.
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Fig. 4. Probability curves generated by the Markov decision process descriptive model of cheice. The resules show the calculated transition probabilities for contiguous blocks
of 20 trials for all sessions of all animals. {A| Papulation averages of control period sessions. (B) Population averages of pain period sessions. Bock | incorporates trials 1 to 20,
btock 71 incorporates trials 71 to 90, and the probability curves are filtered using a movi ug average kernel of 5 trials.

simplified using p{A'"*" = X|A'" = ¥) = pyy, where X and Y stand for
either L or H lever. The results for the simplified transition matrix
are presented in Table 1.

To track the evolution of the choice probabilities as a learning
process, we calculated the transition probabilities for consecutive
blocks of trials in each probe session. In Fig. 4 we present the ma-
trix transition probabilities for moving data blocks of 20 contigu-
ous trials (the first data point incorporates the results from trials
1 to 20, the second data point the results from trials 2 to 21, and
so forth). The probability curves are filtered using a moving aver
age kernel of 5 trials.

3.2. Single-unit recordings

Neural recordings were obtained from 96 OFC neurons in 16
probe sessions in 4 rats: 46 neurons were recorded in the RGT1
and RGT2 control period sessions, and 50 neurons were recorded
in the RGT3 and RCT4 pain period sessions. The average number
of cells recorded per wire was 1.56 + 0.6 across all sessions. Aver-
age firing frequencies for the entire duration of each probe session
were not different between all probe sessions (RCT1 1.95+0.23:
RGT2 2.13£027; RGT3 1.8920.36;: RGT4 2.96 x0.82, Kruskal-
Wallis test statistic = 2.324; P=.5080] or between control period
and pain  peried conditions (control: 2.04:0.26; pain:
2.32+£0.35; Mann-Whitney U=1118.0; P=,8173).

3.3, OFC encoding of lever choice and reward size is lost after pain
onset

We first compared whether OFC cells in each ensemble pre-
sented different firing frequencies for each lever choice. ANOVA
indicated significant effects of risk condition {F1,916=5.193, P=
.024), lever (F1,916=44.00, P <.0001), and interaction (F1,916 =
34.777, P<.0001}. post hoc comparisons showed significant
differences during control period sessions (control: low-risk lever
0.446 £ 0.006 spikes/s; high-risk lever 0.366 *+ 0.007 spikes/s; t.q!
=8.38, P < ,0001), but not during pain period sessions (pain: low-
risk lever 0.423 + 0.006; high-risk lever 0.419 £ 0.006; ty = 0.605,
P = 548} (Fig. 5E) (see also individual examples in Fig. 5A to D). A
higher proportion of cells with different firing frequencies for
high- and low-risk lever press was found in control period sessions
[control: 32 of 46=69.57% cells; pain: 25 of 50=50.00%;
¥* =3.802; df = 1: P=.05) (Table 2).

We also calculated to which lever these neurons presented
higher firing rates and found that in both the control period and
the pain period sessions the majority of these neurons presented
higher firing frequencies before pressing the low-risk lever, with
an increased proportion in control period sessions {control: 30 of

32=93.75%; pain: 17 of 25=68.00%, x?=6.707, df=1, P=.01)
(Fig. 6). Because each animal was tested twice with the lever's re-
ward probability reversed between sessions, this similar distribu-
tion of neurons across all sessions shows rthat this increase of
firing rate in anticipation of low-risk lever press is not due to side
bias or due to a different number of events during the task (i.e.
number of visits to a specific lever).

On the other hand, comparison of the number of cells that fired
differently to rewarded and nonrewarded trials {independently of
referring to high-risk or low-risk lever) showed no difference be-
tween control period and pain period sessions (control: 22 of
46=47.83% pain: 26 of 50=52.00%; x® test=0.167, df=1,
P =683, NS) (Table 2). This result suggests that in beth conditions
OFC cells were able to process information regarding the rewarel
delivery. No clear difference was found in the proportion of cells
that differentially signaled rewarded and nonrewarded trials after
pressing the high-risk lever {control: 17 of 46 = 36.96%; pain: 28 of
50 = 56.00%; % test = 3.489, df =1, P=.06, NS} {Table 2}, but dur-
ing control period sessions there was a lower proportion of cells
with different firing rates for outcomes after pressing the low-rigk
lever (control: 14 of 46 =30.43%; pain: 27 of 50=78.00%; »*
test=5.437,df = 1, P = 0.02) (Fig. 6, Table 3). The proportion of cells
that presented differential firing rates after rewarded trials in each
lever(i.e., 1 pellet vs 3 pellets) was significantly different in control
period and pain period sessions (control: 21 of 46 = 45,65%; pain: 8
of 50 = 16.00%; %* test = 9,992, df = 1, P=.002) (Table 2). From the
total of cells that presented differential firing rates for the farge and
small rewards, the proportion of cells that presented increased fir-
ing rates for small rewards was similar (controt: 19 of 21 = 90.485%;
pain: 6 of 8 = 75.00%; Fisher exact test, P=.3).

We asked whether the same cells that presented differential fir-
ing rates for levers would also present differential firing rates for re-
wards, or if these were separate encoding conditions. This
comparison showed that most lever-encoding cells also encoded
for different rewards in the control period sessions, whereas during
pain period sessions only a small proportion of cells presented differ-
ential firing rates for levers and rewards (control: 14 of 32 = 43.75%;
pain: 4 of 25 = 16.00%; %2 test = 5.002, df = 1, P =.025). This shows
that the firing frequencies encoding choice and reward are most
likely not independent functions processed by distinct groups of
cells, but that evaluative encoding of reward magnitude is somehow
lost after the induction of risk-proneness conditions.

3.4. OFC encoding changes during trial progression
The differences found in the event-related firing rates of cells

suggested that their activity could be coding some form of expec-
tation related to choices and outcomes, As the animals start the
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Fig. 5. Examples of task-related units recorded during the rodent gambling task
sessions. (A-0) Raster plots and histograms of the lever press perievent activity of
orbitofrontal cortex single celis show that although the majority of the recorded
neurons presented rask-related activity, their responses differed. The red vertical
line indicates the moment of lever press, and the horizontal blue dashed line
indicates trial 45, i.e.. the halfway moment of the rodent gambling task session. (A)
Neuron that responded only to rewarded trials in the low-risk ehoice during the
first half of the sessions. (B} Neuran that responded with an increased firing rate
approximately 2 seconds, after a lever press, independently of the outcome of each
tial, (C) Neuron with increased firing frequency locked with the tever press
moment. (D) Neuron with a temporary decrease immediately after a lever press. (E]
Histogram of lever press perievent activity of a neuron that gradually tuned for the
exact moment of the lever press.

probe session naive to the contingencies, expectations are formed
as the task progresses in a truly inferential way. Hence, we decided

Table 2

Preportion of recorded orbitofrontal cortex neurons that encode rodent gambling task
contingencies; comparison between control perjod and pain peried sessions,

Contrel  Pain x? Significance
period period (df=1)
sessions sessions
(%) %3]
High-risk lever vs low-risk lever 69.57 50.00 3,802 P=05
Reward vs no reward {both levers) 47.83 5200 0167 P= 68
Reward vs no reward (low-risk 30.43 18.00 5437 r=02
lever)
Reward vs no reward (high-risk 3696  56.00  3.489 P=.06
lever)
Reward high-risk vs reward low- 45.65 16,00 9.992 P =002
risk

to compare the proportion of cells that differentially fired for levers
or for rewards during the first and second half of each session (i.e.,
trials 1 to 45 vs trials 46 to 90). The comparison of the proportion
of cells that was able to encode lever preference in the first half of
the session showed an increased proportion of cells in control per-
iod sessions (control: 29 of 46 = 63.04%: pain: 21 of 50 = 42.00%; x?
test=4.251, df = 1, P=.039), but no differences were found in the
proportion of cells that differentially fired for small vs large re-
wards (control: 18 of 46 =39.13%; pain: 22 of 50 = 44.00%; %2
test =0.234, df=1, P=_6288, NS). During the second half of the
task no differences were found in the proportion of cells that
differentially fired for levers (control: 24 of 46 = 52.17%; pain: 23
of 50 = 46.00%; ¥ test = (.365, df = 1, P =545, NS}, but there was
a difference in the proportion of cells that differentially fired for
each reward {control: 35 of 46 = 76.09%: pain: 14 of 50 = 28.00%:
¥? test=22.170, df =1, P<.0001) (Table 3). These results show
that in the control period sessions, animals presented cells that dif-
ferentially fire for levers during the whole task and that most of
these cells developed differential firing frequencies for each reward
in the second part of the task.

Because the ammals during pain period sessions presented a
smaller proportion of cells that differentially fired for each lever
during the first 45 trials we asked if the behavioral deficit found
in these animals could be related to an inability of OFC cells to rep-
resent choices as the task progresses. We tested whether the firing
frequencies of cells would be associated with the probabilities of
choosing a specific lever in the following trial. For this we calcu-
lated each cell's firing frequency for the period of 5 seconds before
a lever press and correlated this firing frequency with the calcu-
lated probabilities of choice according to the MDP matrix of state
transition probabilities. In Fig. 7 we present examples of 4 neurons
in which this correlation between lever press instantaneous firing
frequency and the probability of choosing each lever is evident
(note that the probability of choosing the high-risk lever is the ex-
act inverse, and so the absolute correlation value is the same for
both levers). The correlation values for entire population of re-
corded neurons showed that in both the control period and the
pain period conditions there was a similar proportion of neurons
in which the firing frequency was correlated with the descriptive
MDP model of choice probability (control: 27 of 46 = 58.70%; pain:
33 of 50 = 66.00%; x* =0.545, df = 1, P = .46). These correlation re-
sults support the idea that choice biases may be represented in OFC
instantaneous cell's frequencies, and that this encoding of prefer-
ence may be altered but not disrupted by the shift from risk aver-
sion to risk proneness.

3.5. Pain onset alters the overall encoding of choice in OFC

Taking into account these results, we hypothesized that if the
modulation of firing rates before a lever press was reflecting some
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Fig. 6. Comparison of lever press perievent neurona) activity between control period and pain period conditions, {(A) Example of ensemble activity in the same animal of the 9
recarded orbitofrontal cortex neurons in the control period rodent gambling task 1 session and of the 10 recorded neurons in the pain period rodent gambling task 3 session.
In each panel we separated the perievent activity of the trials in which the animal chose the low-risk lever choice from the trials in which the animal chose the high-risk lever.
This example shows that in the control period session the neuronal activity differs according to lever choice, whereas that difference is lost after induction of risk-proneness
by the complete Freund's adjuvant injection. {Bj Comparison of the lever press perievent activity for all recorded cells shows that in the control period sessions different firing
frequencies encode different choices, whereas no difference was found in the pain period population.

Table 3
Proportion of recorded orbitofrontal cortex neurons that encode rodent gambling task contingencies; progression of encoding from the first 45 trials to the last 45 triais.
Control period (%) Pain period (%) x3 (df= 1} Sigmificance
Levers First half (trials 1 to 45) 63.04 42,00 4251 P=.039
Second half {trials 46 to 90) 5217 45.00 0.365 P=.545
Rewards First half (trials 1 to 45) 3913 44.00 0.234 P=.629
Second half (trials 46 to 90) 76.09 28,00 22170 P <.0001

form of reward expectancy then the number of cells that presented
higher activity for a specific lever could be related to the actual
decision making during the RGT. To study this possibility, we sub-
divided control period and pain period sessions according to the
fraction of cells that presented increased frequencies for a specific
lever. We use the term high-risk cell if a cell presented increased fir-
ing frequencies in the period before the high-risk cheice and low-
risk cell if a cell presented increased firing frequencies before the
low-risk lever press. In control period sessions, 2 groups were con-
sidered: the 4 sessions in which only low-risk cells were recorded,
and the 2 sessions in which we recorded both low- and high-risk
cells, In the pain period sessions, 2 groups were considered: first,
the 3 sessions with low-risk or high- and low-risk cells (in 1 session

only low-risk cells were found), and in the second group, we
grouped the 3 sessions with only high-risk cells recorded. In an-
other 4 sessions there were no neurons with differential firing rates
for levers, and these sessions were not included in this analysis. De-
spite the small number of recorded neurons per session that by no
means are able to represent the populational OFC activity, the ob

served differences are nonetheless surprising: sessions in which
we recorded only low-risk neurons were the most control period
sessions, and sessions with only high-risk neurons were the most
risk-prone sessions (Fig. BA). These results suggested that the pro-
portion of neurons enceding each [ever choice may be crucial for
the behavior observed during the task, We further tested this pos

sibility by comparing the proportion of neurons encoding the
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consecutive lever presses. Although the absolute correlation is independent of the preferred lever (note that the instantaneous probability of choosing the low-risk lever is the
mverse of the probability of choosing the high-risk lever), some cells presented firing rates with the low-risk choice (A.B), whereas others presented correlation for the

high-risk choice (€, D),

low-risk lever with the behavieral patterns of choices. The fraction
of low-risk cells was calculated as follows: (low-risk cells )i low-risk
cells + high-risk cells). This value was calculated for each recording
session and compared with the prebability of choosing the low-risk
lever for the whole session. The results showed a significant corre-
lation between these 2 measures (F1,10=18.49: P=_0016,
R? = 0.649), suggesting that the fraction of cells that specifically sig-
nal each choice might have an important role in overall decision
making and expression of preference (Fig. 8B).

4. Discussion

In this work we monitored single-neuron activity in the OFC of
rats performing a decision-making task under uncertainty before
and after the onset of prolonged inflammatory pain conditions.
Neuronal activity during the control period sessions was character-
ized by the development of differential firing rates for each specific
choice and its associated reward. On the other hand, the behavioral
pattern of risk proneness observed in chronic pain sessions was
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Fig. 8. Correlation between individual neuronal encoding of lever choice and
behavioral expression of overall choice preference. (A} Average values of choice
probability calculated for each session thar contained similar distributions of low-
risk and high-risk cheice encoding neurons, during control period sessions (solid
and dashed gray lines) and pain period sessions {solid and dashed black lines). The
terms high-risk cells and low-risk cells were used to refer to cells with statistically
different firing rates before each choice {increased firing frequencies before a high-
or low-risk choice, respectively). In confrol period and pain period sessions, the
probability of choosing the low-risk lever is increased when animals have low-risk
cells. (B} Correlation between the fraction of low-risk lever encoding neurons
recorded in each session (open circles) and the overall behavioral expression of
lever preference. Note that the sessions in which only low-risk encoding neurons
were recerded [ rightmost points in the graph} are alse the sessions with the highest
prabability of preference for the low-risk lever, whereas the opposite is true for the
leftmost points, which correspond to sessions in which only high-risk encoding
neurans were recorded,

associated with a reduced proportion of cells that were able to en-
code reward magnitude, Moreover, similar proportions of cells
were correlated with the actual probabilities of lever choice, show-
ing that choices are still represented in the OFC activity after the
onset of chronic pain. However, the fraction of cells that presented
higher firing frequencies for each lever differed between conditions
and were correlated with the overall RGT behavior and with the
presence or absence of pain, Altogether, these results suggest that
the behavioral pattern of risk proneness observed in the chronic
pain animals could be related to an inability of cells to encode
choices and outcomes, leading to impairment in the estimate of re-
ward frequency or magnitude. This evidence of higher firing rates
for specific choices is in agreement with previous results that show
that OFC is crucial for the association between spatial locations and
values for actions [22,37,52], and for risk aversion processing
{10,17.44.67|. However, our tesults cannot demonstrate a direct
causal link between the changes in OFC encoding of reward and
the shift in risk aversiveness, because this may ultimately be a
complex behavior dependent on many brain areas,

The RGT [45] used in this study presents features that make it
unique [18]. From these features we emphasize the fact that there
is no absolute "correct” strategy in this task because both the risk-
averse behavior of control animals and the risk-prone patterns of
choice of the chronic pain animals lead to overall similar gains;
therefore, it measures choice preference rather than optimal per-
formance, which is a novel feature in the field of rodent neuroeco-
nomical studies, Moreover, animals start the task unaware of the
lever contingencies and both have either a 0.2 or a 0.7 probability
of no reward; the animals are not able to anticipate when they will
or will not be rewarded and need to explore both choices to devel-
op inferential estimates of reward probability and magnitude dur-
ing the session

The nwvolvernent of OFC in the emotienal assessment of painful
stimuli 15 well established in human imaging studies [2.27], in
which it has been shown to play a crucial role in the empathy of
pain and placebo responses [19,49,65,73.84]; moreover, a few
studies have shown that OFC in chronic pain patients presents
structural and functional abnormalities [39,56,63). However, most
of those animal studies have only looked at the effect over acute
painful stimulation, and demonstrated that activation of OFC is
crucial for descending opioid-mediated antinociception [80-82].
Very little is known about the effects that pain has over prefrontal
areas, apart from the description that inflammatory pain leads to
an increase in prefrontal N-methy!-v-aspartate currents |78] and
that neuropathic pain leads to an increase in prefronral interleu-
kin-1 expression and neuronal activation after light touch [3.20].

Previous studies have shown increased firing rates in the OFC
cells for the animal's preferred choice and expected outceme in
other decision-making tests [51,57,66]. However, in all cases these
decision tasks were performed after extensive training and follow-
ing cues for correct choices. In contrast, during our current task the
animals are not overtrained, are not presented with choice cues,
and have a Bayesian-like inferentjal approach to learn the lever
contingencies, The results presented here show thar the encoding
of choices and outcomes may reflect the development of specific
estimares of reward values as the task progressed. It thus can be
considered that the choice behavior in the final part of the task is
more related to rnisk aversion than to outcome ambiguity. To some
extent, the encoding of preferences and outcomes in the OFC de-
scribed here seems to support the notion that different degrees
of uncertainty are processed by the same neural substrate [31,61].

A recent stucly has shown that OFC encoding of reward size is
crucial for the establishment of risk preference behaviors in rats
[53]. In our study, the induction of pain led to an increase in the pro-
portion of OFC neurons that fire differently to the rewarded events,
while at the same time there was a huge decrease in the proportion
of neurons able to encode the size of the delivered reward (only 16%
of the recorded cells) (Table 2). This almost complete absence of
cells that are able to simultaneously encode lever and reward mag-
nitude after the onset of chronic pain could be the basis of an inabii-
ity to generate an adequate estimator of value and censequently to
predict outcomes [54,57,66]. However, we must stress that our re-
sults show a dramatic change in neuronal encoding properties that
mirrors the existing shift in risk preference. For example, the com-
parison of the encoding properties between the first and the final 45
trials (Table 3) shows that in the control period the neurens adapt
their enceding as the task progresses, suggesting that reward-based
learning mechanisms about the contingencies of the task are dis-
rupted in the chronic pain animals; this inability to learn ambigu-
ous rules is well documented in the OFC [35] and it has been
proposed to be the cause of reduced risk-aversion behavior in path-
ological gambling or drug addiction [7,26,42].

It remains to be elucidated whether the pain-induced risk
proneness in this task results from a reduced aversiveness to the
succession of unrewarded trials or from an enhanced attraction
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to the larger and immediate rewards, or simply from an inability to
distinguish between choices. Our results seem to suggest the first
hypothesis based on 2 observations: first, the neuronal encoding
of the magnitude of the rewards {which reasonably would occur
in a condition of reward craving) was smaller in the pain vs the
control sessions, and second, the neuronal encoding in the pain
sessions did not adapt as the task progressed, which reasonably
would occur if the accumulation of unrewarded trials would affect
the preference. This is also in agreement with recent human and
animal studies that have shawn that the OFC is critical for the inte-
gration of the ongoing information within a broader context of out-
comes across trials [68,72] and that it is important for encoding the
overall states relevant for reward rather than encoding the rewards
themselves [60]. This hypothesis is in good agreement with our
observation that only in the control period the OFC was encoding
the preferred lever.

Another possibility is that the amimals have reduced attentional
performance or that the change in performance is caused by a shift
in attention from the task to the ongoing pain, which are well-
known effects of chronic pain in both human and animal models
[9.21,24,30,46.75]. However, when attention is experimentally
compromised this commonly reflects in a disruption of preference,
i.e., the pattern of choice between 2 distinct options tend to occur
at chance levels |41,50,76], which is in disagreement with the
behavior displayed in our task, in which there is a shift in the pref-
erence between the 2 levers from the control to the pain period,
but never an indifference between the options.

Despite clear differences in the OFC activity, the results found in
this work do not exclude the highly probable possibility that these
physiologicai and behavioral deficits could be attributable to func-
tional changes in other brain areas relevant to both outcome-re-
lated information and chronic pain. The OFC is connected with
several regions, such as the nucleus accumbens, amygdala, cingu-
late cortex, and hippocampus {14,29], that have also been de-
scribed to be altered during chronic pain and to be involved in
decision making in humans [4,5] and in rodents [23,74]. For exam-
ple. it has been previously described in rats performing the RGT
thar temporary inactivation of the amygdala leads to high-risk
choices and that monoarthritic animals injected with a CRF1 antag-
onist in the amygdala presented patterns of low-risk choices {32].
It also has been shown that enceding the predictive value in the
OFC requires the basolateral amygdala [58] and that associative
encoding between a response and an outcomé in the amygdala also
requires an intact OFC [55].

The results presented in this work show that the OFC plays an
important role in the encoding of choice and reward information,
and that the onset of pain disrupts this prefrontal-based important
neuroeconomical processing. Future studies will need to address
whether these alterations are on the origin of risk proneness under
the RGT contingencies, or if they are instead a downstream conse-
quence of pain-induced behavioral shift in risk-aversion.
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