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ABSTRACT

Chronic pain is known to cause memory impairments in human subjects. Causes for these
deficits are not clear, but previous studies have found abnormalities in anatomical structures
and neurochemical functioning in several memory and pain related structures. It has
previously been shown that monoarthritic animals present decreased tonic levels of dopamine
and serotonin in the orbitofrontal cortex and increased dopamine and serotonin in the
amygdala, but it is not known how other areas related to chronic pain and ‘memory are
affected. In this study we analyzed tonic levels of monoamines in the hippocampus (HPC) and
compared learning and memory in control and monoarthritic animals in behavioural tasks
known to be dependent on the integrity of the PFC/OFC and the. Hippocampus (the water
maze and radial arm maze). Persistent pain was induced by intra-articular injection of
Complete Freund’s Adjuvant and the development .of monoarthritis was accessed by
sensitivity to von Frey filaments. Different groups of animals were tested in two different
stages to compare the evolution of learning and memory. during the chronic pain process. Four
experiments were made: in the first experiment,devels of monoamines in the HPC after 21
days of monoarthritis were compared between monoarthritic and control groups; in the second
experiment, four groups of animals were tested for reference memory in the water maze; in the
third experiment, two groups_(o_f animals were tested for executive function (known to be
dependent of the hippocarﬁpﬁé) in the radial arm maze; and in the fourth experiment two
groups of animals were tested%r,éhort-tenn memory (known to be dependent of the prefrontal
cortex) in the radial arm maze. Results show that monoarthritic animals presented reduced
tonic levels of dopamine in the HPC and that, when tested 5 days after chronic pain,
monoarthritic animals. presented degraded learning curves in the water maze and decreased
executive fiinction in the radial arm maze. When animals were tested after 30 days of chronic
pain, training did not lead to similar performances between groups in the radial arm maze
showing a deficit in the short term memory component tested, but no deficits in the win-shift
task. These results suggest that monoaminergic changes in the Hippocampus and the

Prefrontal cortex might be the basis of learning and spatial working memory deficits found.



Learning impairments in chronic pain rats — Pais Vieira et al, 2008

INTRODUCTION

Chronic pain is known to be associated with cognitive impairments in humans. These deficits
are present in a wide range of cognitive abilities such as memory (Grace et al., 1999;Brown et
al., 2002), attention (Dufton, 1989); (Crombez et al., 2000); (Harris et al., 2003); (McCracken
and Eccleston, 2003); (Dehghani et al., 2003); (Grisart and Van Der, 2001)), decision-making
(Apkarian et al., 2004a), and learning (Kewman et al., 1991);(Iezzi et al., 1999). The cause for
the cognitive deficits in chronic pain is not clear, but anatomical changes (Apkarian et al.,
2004b), abnormal brain chemistry (Grachev et al., 2000); Pais-Vieira et al., 2008), increased
levels of stress and anxiety that correlate with depression (Brown et al., 2002) chronic use of
antidepressants (McCracken and Iverson, 2001) as well as reduced sleep quality (Grace et al.,

1999) are present in these patients.

One of the most common complaints in chronic pain patients is the presence of memory
deficits (McCracken and Iverson, 2001); (Glass, 2006). Imaging studies have shown that
chronic pain patients present specific brain activation patterns with the involvement of
memory associated regions such as thethalamus, the prefrontal cortex and the hippocampus
(see (Brooks and Tracey, 2005) for a review. of imaging studies in pain conditions). The
simultaneous use of brain regions by cognitive processing and chronic pain has led to the
proposal that chronic pain‘can be considered as a ‘cognitive state’ that is competing with
cognitive abilities for several tasks (Apkarian et al., 2004a). Despite these findings, a detailed
understanding of the neurobiological basis of these impairments remains elusive and memory
tests in chronic pain. patients have shown both normal (Apkarian et al., 2004a) and impaired
performances (Glass;-2006). Differences reported are not clear, but might be related to tests

used, patient populations and the variables used to measure cognitive function.

An adequate description of the effects of chronic pain in learning and memory requires the
detailed study of the cognitive abilities in animal models of chronic pain, but literature in this
subject is still scarce. Previous works have studied the behavior of chronic pain rats in tasks
with cognitive components, but always with the aim of developing tests for the study of pain
assessment and drug effects. So far, no animal work has systematically studied memory in
validated behavioural tasks in order to detect specific deficits. Despite the reports of deficits in

the non-selective mnon-sustained attention (Millecamps et al, 2004), decreased global
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behavioural function (Cain et al., 1997) and decreased learning in a discrimination task
(Messaoudi et al., 1999) these tasks involve several cognitive abilities and thus, do not allow a
clear understanding of whether there are specific impairments in memory in chronic pain

animals or its neurobiological basis.

We have previously studied two important regions of the pain matrix (see (Brooks and Tracey,
2005) for a review of pain matrix regions) the OFC and the amygdala and found reductions of
dopamine in the orbitofrontal cortex (Pais-Vieira et al., 2008). Despite the role of the
dopaminergic system has been extensively studied in the last years (see (rias-Carrion and
Poppel, 2007) for a review of the role of dopamine in learning and reward) and a clear role for
it has been established both in chronic pain and in memory, an. extensive description of
dopaminergic changes in chronic pain has not yet been done. Here, we specifically
hypothesized that animals with chronic pain would present learning and memory deficits in
tasks with high spatial component accompanied by altered tonic levels of monoamines in the
HPC. In this study, we looked for reference and working memory deficits in two different
tasks dependent on the prefrontal cortex and hippecampus integrity. We analyzed groups of
animals at 5 or 30 days of chronic pain. Reference memory was considered as memory of
specific facts of actions that remains constant across sessions and was studied in the water
maze, which is known to be dependent on the integrity of hippocampus (Morris et al., 1982).
Working memory has been’traditionally studied in two main sets: executive function as the
ability to perform a sequence of behaviors (Baddeley, 1996) which is known to be dependent
on the hippocampus, but not amygdala or prefrontal cortex, (McDonald and White,
1993);(Floresco et al.;»1997); and short term memory, as the ability to recall trial unique
information (Gdldman—Rakic, 1995) which is know to be dependent on the prefrontal cortex.
Previous works have shown a critical role for dopaminergic modulation and hippocampal-
prefrontal cortical activity in reference memory, short-term memory and in executive function
(Seamans and Phillips, 1994); (Zahrt et al., 1997;Floresco et al., 1997;Seamans et al., 1998),
(Wang and Cai, 2006).

In order to evaluate if the presence of deficits would be due to general leaming and memory
deficits or due to a specific cognitive component (i.e. spatial reference memory, short term
memory or executive function), leamning abilities were studied in animals injected with

Complete Freund’s Adjuvant and control animals in different tasks. Four experiments were
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performed: in the first experiment, levels of monoamines in the HPC were studied in control
and monoarthritic animals; in the second experiment, four groups of animals were tested in the
water maze for general learning abilities and reference memory; in the third experiment, four
groups of animals were tested for executive memory in an eight arm baited procedure (win-
shift) in the radial arm maze; and in the fourth experiment, four groups of animals were tested
for both learning and short term memory in a one arm baited procedure (win-stay) in the radial
arm maze. In the water maze experiment four groups of animals were tested S or 15 days after
the injection of CFA or saline and in each of the radial arm maze experiments groups were

tested at 5 or 30 days after the injection of CFA or saline.

MATERIALS AND METHODS

All the work was done in accordance to EU ethics committee, on animal research as well as
IASP guidelines for work in wake animals. Wistar rats (n=107) with weights between 300-
320g at the beginning of the experiments were used (Charles River, Barcelona). During the
experimental period, animals that performed the'radial arm maze task received water ad
libitum, but were food deprived to 85% of baseline body weight by limiting their access to
food to a single daily meal. All the experiments were conducted in accordance with the

European Communities Council Directive of 24 November 1986 (86/609/EEC).

Chronic inflammatory pain model

Chronic inflammiatory. pain was induced by injection in the tibio-tarsal joint under anesthesia
with 50ug of Mycobacterium butiricum (Complete Freund’s Adjuvant - CFA). Anesthesia was
induced with an i.m. injection of xylazine and ketamine (10 and 60 mg/kg mixture,
respectively, to create a model of persistent monoarthritic inflammatory pain (as described by

Buttler et al., 1992). Control animals were only anesthetized.

Mechanosensory threshold
Sensory threshold as measured by von Frey filaments was studied as previously described
(Chaplan et al., 1994). Briefly, the von Frey filaments (Somedic, Sweden) were a series of

filaments with different diameters applied perpendicular to the plantar surface until slight
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buckling was caused, and maintained for 6-8 seconds. Each filament was applied 10 times
with an interval of 5 seconds between stimuli. A positive response was considered if the paw
was sharply withdrawn or flinching occurred. Sensory threshold was considered has a

minimum of 5 positive responses. Force values are presented in grams.
HPLC analysis of biogenic amines

Neurochemical analysis of tonic content of monoamines and monoamine metabolites in
prefrontal areas was performed in controls (n=6) and in animals with 21 (n=6) days of pain.
HPLC was applied according to a modified method of (Ali et al.; 1993)., Animals were
decapitated with a small animal guillotine, and bilateral Hippocampal formation was
freshly dissected and in 2-methylbutane over dried ice and stored at.-80°C. Before HPLC
analysis, samples were left overnight with 200pL of perchioric acid 0.2N at -20°C. The
homogenate was centrifuged (5000 rpm, 3 min) and the supernatant filtered through a 0.2 um
Nylon microfilter (COSTAR) by centrifugation (10000 rpm, 5 min) for HPLC analysis. The

resulting pellet was kept at -20°C until protein quantification.

The high performance liquid chromatography. with electrochemical detection (ECD) was
applied according to a modified method previously described (Ali et al., 1993). Analyses were
carried out in a Gilson Medical Eletronics HPLC system (Middleton, WI) with a LC-234 auto-
injector, equipped with‘a LE307 delivery pump and with a LC142 electrochemical detector,
under reversed phase conditions with a Supelcosil LC 7.5 em x 4.6 cm, 3 um column. The
software used was a 712 HPLC system controller data version 1.30 management. Compounds
were eluted isocratically over 18 minutes runtime at a flow rate of ImL/min. The mobile phase
consisted of. 70mM potassium dihydrogen phosphate buffer (pH adjusted to 3.0 with
phosphotic acid), ImM 1-hepatosulfonic acid, 107.5uM sodium EDTA and 10% methanol.
Sample injection was 20puL and electrochemical detector was recorded with a glassy carbon
working electrode set at + 0.75 V. Identification was performed by comparison with standard
retention times determined by injections of standard mixture run at given intervals between
samples analysis. Quantification was made using the calibration curves standards and with the
protein content. Amount of each compound are expressed in ng of catecholamine per mg of
protein. The r-values of each catecholamine were the following: dopamine=0.9998,

DOPAC=0.9999, serotonin= 0.9998, 5-HIAA=0.9998, norepinephrine=0.9994, and
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epinephrine=0.9998. Protein content was determined by the Bradford BIO-RAD protein assay
reagent using BSA as a standard and a Sunrise Absorbance Microplate Reader (TECAN). To
enhance the proteins extractability, pellets in phosphate buffer were previously sonicated in ice
for 14 seconds with an ultrasonic homogenizer (SONOPLUS HD 2200) adjusted to 40%

pulse/second, with a minimum output of 10%.).

HPLC grade methanol was purchased from Panreac. 2-methyl butane and hepatosulfonic acid
were obtained from Fluka. Perchloric acid, sodium EDTA, potassium dihydrogen phosphate,
sodium dihydrogen phosphate monohydrate and di-sodium hydrogen phosphate dihydrate all
from Merck, and phosphoric acid form Aldrich. BIO-RAD protein assay from BIO-RAD.
Ultrapure water (18.2 MQ/cm) (MAXIMA ultra pure water) was used forall the analysis. The
commercial standards: Dopamine [(3,4-Hydroxyphenethylamine)], DOPAC [(3.4-
Hydroxyphenyl-acetic acid)], 5-HT [(5-Hydroxytryptamine)], 5-HIAA [(5-Hhydroxyindole-3-
acetic acid)], NE [(-)- Norepinephrine], E [(-)-Epinephrine}; and Bovine Serum Albumine
(BSA) were all purchased from Sigma.

Learning and Memory Testing

To study the effect of chronic.pain'in learning and memory processes, animals injected with
Complete Freund’s Adjuvart or.control animals were tested in two different tasks with a high
spatial component: the water maze (Mortis et al., 1982), the radial arm maze (Olton and

Samuelson, 1976). Two different protocols were used in the radial arm maze.

Water maze

A five-day water maze protocol was performed with three trials per day separated by 30
minutes interval. Briefly, the water maze apparatus consisted of a circular pool of 150cm
diameter and 60cm height, filled with water (30cm deep, 24-26 °C) made opaque by the
addition of non-toxic white paint (EcoDesign). A wire mesh covered platform was placed in
one of the quadrants of the pool. Animals were released from eight pre determined, but not
sequential symmetrical positions. Swim speeds and latency to reach platform were recorded
and analyzed. On the last day, after the third trial, the platform was removed and animals were

allowed to swim for 60 seconds. If animals did not find the platform within the 60 seconds of
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the trial they were gently guided to the platform and allowed to remain there for 5 seconds.
Swimming paths were recorded in video and computer analyzed by Wintrack (version
2.4.)((Wolfer and Lipp, 1992). The amount of time spent in the platform quadrant, the distance
traveled in the platform quadrant and the number of crossings of the exact platform location

were compared between groups.

In the first water maze experiment twenty three animals (n=11 control and n=12 experimental
animals) were tested 5 days after the injection of Complete Freund’s Adjuvant. in the second
water maze experiment (n=6 control and n=6 experimental animals) a similar protocol was
used, but the two groups were tested 15 days after the injection’ of Complete Freund’s

Adjuvant or saline.
Radial Arm Maze with a win-shift protocol (executive function)

The radial arm maze was conducted in an eight-arm-maze made of clear Plexiglas with a
stainless steel grid floor with a central octogonal hub (Coulbourn Instruments, Allentown, PA,
USA). At 2 cm from de the end of each arm a'small circular cup with 2 cm wide and 1 cm
height would contain one food peliet per trial” (20 mg chocolate flavor sucrose pellets,
Research Diets Inc., New Brunswick, NJ, USA) in the first protocol and 2 pellets per trial in
the second protocol. No arm was, rebaited during each trial. The maze was located on the
center of a room with several geometric cues in the walls. At the beginning of each trial the
animal was placed in the center of a circular ring that was removed after 10 seconds. During a
trial all doors were opened and animals were allowed to explore the maze for 6 minutes.
Thirteen sessions were performed previous to experimental testing and 6 sessions after, each
with one daily trial. The number of reentries in previously visited arms and the mean total
number of errors across all sessions were analyzed. In the first experiment 19 animals were
studied (n=10 CFA group and n=9 Control group) 5 days after the injection of CFA or saline.
In the second experiment 12 animals were studied (n=6 CFA group and n=6 Control group) 30
days after the injection of CFA or saline. Both groups were previously introduced to the

rewards while still in their home cages.

Radial Arm maze with a win-stay protocol (short term memory)
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In the win-stay protocol each trial consisted in two phases: in the first phase all doors except
one were closed and animals were allowed 30 seconds to enter the arm and eat two pellets
previously placed in the food magazine in the end of the arm. In the second phase the same
arm as in phase 1 was rebaited with two pellets, but all doors were opened and the animals
were allowed to enter every arm. The second phase lasted for 4 minutes. 6 sessions were
performed each with 5 trials spaced by two minutes each. The number of arms and the
sequence of visits were recorded and analyzed. The total number of errors across sessions was
also compared between groups. At the end of the trial the animal was returned.to its home
cage where it waited for the next trial. In the first experiment 12 animals were studied (n=6
CFA and n=6 Control group). In the second experiment 12 animals ‘were studied (n=6 CFA
group and n=6 Control group) 30 days after the injection of CFA: or saline. Both groups of

animals were previously introduced to the rewards while stillsin their home cages.

Statistical Analysis

In the radial arm the number of errors was transformed and analyzed as the square root of the
original value. Repeated measures two way ANOVA (with time as the within subjects factor
and treatment as between subjects factor) followed by Bonferroni’s analysis was used to study
water maze test latencies between groups and errors across sessions in both radial arm maze
protocols. In the win-shift procedure the'last 3 sessions previous to the injection of CFA were
also studied and compared.” Significant differences were considered if p<0.05. Comparison
between swim speeds, percentage of time spent in the platform quadrant, precise platform
crossings, distance ‘traveled in the platform quadrant, total average number of errors, and

values of sensory threshold were studied with student’s t test or Mann-Whitney U test.

RESULTS

Five rats were excluded from experiments: 3 rats were extremely anxious and did not perform
the radial arm maze, remaining in a single arm for more than 3 consecutive sessions. Two rats
from the chronic inflammation groups developed poliarthritis and results were excluded from

the analysis.
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Results from experiment 1: HPLC analysis

Sensory threshold 21 days after CFA or saline injection

CFA injection induced lower values of sensory threshold in all the animals while control
animals remained with values similar to the beginning of the experiment (mean control 8.38
1.90; mean monoarthritic 0.03 + 0.01; Mann-Whitney U = 0.00, P<0.01)

Comparison of Biogenic monoamines in the hippocampus

CFA injection induced lower values of dopamine in the HPC after 21 days sensory threshold
in monoarthritic animals when compared to control animals (mean control 12.74 + 3.22; mean
monoarthritic 5.06 £ 1.02; t;p= 2.27, P<0.05), but not of DOPAC (mean control 3.88 £ 0.75;
mean monoarthritic 1.98 + 0.84; t;o = 1.69, P=0.12), SHIAA ‘(mean control 24.24 + 8.15;
mean monoarthritic 8.14 + 2.17; ts= 1.91, P=0.11) or. SHT. (mean control 188.4 + 75.88; mean
monoarthritic 89.72 % 35.38; tio = 1.18, P=0:27). (see figure 1) Levels of HVA, epinephrine

and norepinephrine were to low to be detected.
Results from Experiment 2: Reference memory

Sensory threshold 5 days after CFA or saline injection

CFA injection induced-lower values of sensory threshold in all the animals while control
animals remained with values similar to the beginning of the experiment (mean control 8.06 £
0.51; mean'monoarthritic 2.72 + 0.50; Mann-Whitney U = 0.00, P<0.01)

Water Maze -5 days after CFA or saline injection
The first parameter analyzed in the water maze test was the swim speed between groups.
Swim speed between monoarthritic and control animals was not different (mean control 0.338

+ 0.01, mean monoarthritic 0.339 £ 0.01; t;; = 0.03, P= 0.97 n.s.).

The analysis of the learning curves of monoarthritic animals reveals differences essentially in

the first five trials of the leaming curve (these trials correspond to the first two days of
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testing). The largest difference is in the first trial of the second day (as shown in figure 2)
(F1a,420=2.65, P=0.001, for interaction trial x group; and F; 420= 7.64, P< 0.01 for groups).

The probe trial paths reveal that although monoarthritic animals have different learning curves,
they can learn the water maze task. In the probe trial both groups spend similar amounts of
time in the goal quadrant (mean control 43.63 + 3.31, mean monoarthritic 42.29 + 1.97; t;; =
0.35, P =0.73 n.s.). The distance travelled in the platform quadrant was similar (mean control
0.41 + 0.02, mean monoarthritic 0.43 + 0.01; t;; = 0.84, P = 0.41, n.s.). The number of
platform crossings was also similar between the two groups (mean control 2.5 £ 0.48, mean

monoarthritic 2.75 + 0.49; t;; = 0.36, P =0.72, n.s.).

As the values of sensory threshold were very similar in the monearthritic animals, a floor
effect was observed and we were not able to compare values of sensory threshold with the

performance in the probe trial.

Sensory threshold 15 days after CFA or saline injection
CFA injection induced lower values of sensory threshold in all the animals while control
animals remained with values similar to the beginning of the experiment (mean control 8.64 +

1.78; mean monoarthritic 0.05% 0.01; Mann Whitney U =0.00, P<0.01)

Water Maze - 15 days after CFA.or saline injection
As the swim speed between monoarthritic and control animals was different (mean control
0.38 + 0.01, mean. monoarthritic 0.31 + 0.01; t;p = 4.90, P = 0.0006) the results from this

experiment were not further analyzed.

Results from Experiment 3: Executive function

Sensory threshold 5 days after CFA or saline injection
CFA injection induced lower values of sensory threshold in all the animals while control
animals remained with values similar to the beginning of the experiment (mean control 8.77 +

2.62; mean monoarthritic 0.03 + 0.01; Mann-Whitney U = 0.00, P<0.0001)

% 6
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Radial Arm Maze - win-shift procedure 5 days after CFA or saline injection
Previous to CFA injection both groups learned to perform the task and presented similar
values of reentries in previously visited arms Fis238= 0.83, P = 0.63 for interaction trial x

group, n.s.; Fla233= 18.53, P<0.0001 for time and F) 33 = 0.09, P = 0.73 for group, n.s.).

After the injection of CFA the monoarthritic group developed transient deficits (Fs g5 = 2.30,
P = 0.05 for interaction trial x group, and Fygs = 0.04, P = 0.84, n.s. for group effect). There
was no time effect (Fsgs= 1.32, P = 0.26, n.s.). All the animals were able to perform the task.

Total number of errors was similar previous to CFA injection and animais presented a
significant reduction of errors during training (F,17 = 0.10; P = 05748, n.s. for.interaction time x
group, Fi,17= 11.85, P <0.01 for time. Fy,7=10.07 P = 0.79 , n.s.-for. group).The rank of the
first error was also not different between groups, and there was no time effect (time; Fsgs =
1.04; P = 0.40); group; Fgs = 0.0005; P = 0.98 interactionitime x group; Fsgs = 1.30; P=
0.27).

During the last three sessions previous to injection of CFA and in all the sessions after the
injection of CFA both groups were able to collect all the rewards within the 6 minutes

allowed.

Sensory threshold 30 days after GEA or saline injection

CFA injection induced lower vatues of sensory threshold in the all experimental animals when
compared to the control group (mean control 9.23 + 2.85; mean monoarthritic 0.07 + 0.03,
Mann-Whitney U = 0.00, P<0.01).

Radial Arm Maze - win-shift procedure 30 days after CFA or saline injection

In this procedure animals were trained only after the injection of CFA, and thus no prior
knowledge of the task existed. A significant time effect was found (Fi9.114= 1.993, P = 0.01).
There were no differences between the two groups (Fio,14 =0.71, P = 0.80 for interaction
session x group, and Fy ;14=0.19, P = 0.68, n.s. for group effect). All the animals were able to
perform the task. The average total number of errors was also similar between groups (mean
control 1.74 + 0.21; mean monoarthritic 1.90 + 0.24, tjg5= 0.50, P=0.62,ns.).

- s
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Results from Experiment 4: Short term memory

Sensory threshold 5 days after CFA or saline injection

CFA injection induced lower values of sensory threshold in all the animals while control
animals remained with values similar to the beginning of the experiment (mean control 10.77
+ 2.04; mean monoarthritic 0.03 + 0.001, Mann-Whitney U = 0.00, P<0.01).

Radial Arm Maze - win-stay procedure 5 days after CFA or saline injection

In this procedure animals were trained only after the injection of CFA, and thus no prior
knowledge of the task existed. A significant time effect was found (Fsag0 = 7.23,.P<0.0001).
There was no group effect in the number of errors per session (Fyg90:=2.84, P=0.14,n.s.) and
there was no significant interaction session x group effect (Fsa90 = 1.44, P =0.65, n.s.). The
total average number of errors was also similar between the two groups {control 4.89 + 0.25,
monoarthritic 5.27 + 0.22; t35g = 1.11. P=0.27).

Sensory threshold 30 days after CFA or saline injection

CFA injection induced lower values of sensory threshold in all the animals when compared to
the control group (mean control 9.60 +2.39; mean monoarthritic 0.14 + 0.04, Mann-Whitney
U = 0.00, P<0.01).

Radial Avm Maze - win-stay procedure 5 days after CFA or saline injection

In this procedure animals weré trained only after the injection of CFA, and thus no prior
knowledge of the task existed. A significant time effect was found (Fs,130 =9.123, P=0.01).
There was a group effect in the number of errors per session (Fy 130 = 7.61, P =0.006) and
there was no interaction session x group effect (Fs130= 0.39, P =0.86, n.s.).

The average total number of errors was higher in the monoarthritic group (control 5.04 + 0.33,
monoarthritic 6.76 + 0.32; tj¢6 = 3.67. P = 0.0003).

DISCUSSION

In this work, we studied the behaviour of control and monoarthritic animals in spatial memory

tasks and compared tonic levels of biogenic monoamines in the HPC. Impaired performance in
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several procedures was found as well as reduced hippocampal tonic levels of dopamine in
monoarthritic animals. Specifically, monoarthritic rats presented impaired acquisition in a
reference memory task as shown by longer latencies to find a platform in the water maze task
at 5 days of monoarthritis; transitory impaired executive function at 5 days of monoarthritis, as
shown by an increased number of visits to previously visited arms in the radial arm maze; and
impaired short-term memory after 30 days of monoarthritis, as shown by an increased number

of errors until finding a previously rewarded arm in the radial arm maze.

Reference memory differences were mainly found in the acquisition period of the water maze
test as shown by the degraded learning curve of monoarthritic animals, but.not when recall
was tested. We did not compare individual values of sensory thréshold with the performance
of animals in any task, because a floor effect was observed in several'monoarthritic animals
(i.e. responded to the lowest von Frey filament). As previous results from our group have
shown stable values of sensory threshold in this ‘model ‘of chronic pain (Neto et al,
1999;Schadrack et al., 1998) and the performances in the-water maze were not day-dependent,
but trial-dependent, it is unlikely that decreased.petformance might be due to a specific day
decreased threshold for pain. With the exception: of the water maze task after 15 days of
chronic pain (see results for description of swim speeds), all the behavioural tests used here
revealed adequate to study learning:and memory processes in this animal model of chronic
pain, since animals were able to perform-all the tasks and no continuous floating in the water
maze, or decreased arm entries in the radial arm maze were observed (see (Buccafusco, 2001)
for a review of learning in water and radial arm mazes). In the water maze, the fact that there
was no difference. between groups in the total time spent in the platform quadrant in the probe
trial, as well as similar latencies to find the platform in days 3, 4 and 5 of the protocol shows
that monoarthritic:animals were able to learn and recall the position of the platform in the pool
after repeated training. These results, together with similar swim speeds, suggest that despite
the presence of limb inflammation, the differences found between the two groups were not due
to motor impairment. The presence of motor impairment is most likely also not the cause of
the differences found in the radial arm maze, since there was no forced right or left orientation
required in this task, a factor that could possibly lead to leftward or rightward bias in arm
choice. As no animal needed the full six minutes to explore all the arms in the win shift
procedure in any session, differences in the radial arm maze can also not be attributed to

insufficient time to explore the maze in each trial.
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In this work, our first hypothesis was that animals in chronic pain would present spatial
learning and memory impairments and was confirmed in all tasks, although two of the deficits
were only transitory (acquisition of the water maze and win-shift at 5 days of monoarthritis).
Our second hypothesis was that animals in chronic pain would present altered levels of
monoamines in the HPC and was also confirmed. Previous works from our group have shown
a reduction of dopamine and serotonin in the orbitofrontal cortex of monoarthritic rats (Pais-
Vieira et al., 2009). Here, we report that different learning and memory deficits appear when
animals are tested either at 5 or 30 days of monoarthritis. Interestingly, the behavioural deficits
observed somehow match the deficits that would have been expected if the dopamine
reduction would have been observed at these timestamps (i.e. higpecampus related deficits —
executive memory — would appear earlier, and orbitofrontal deficits — short term memory —
would appear latter). When animals were tested at the beginning of the chronic pain process,
mainly executive deficits were found. These were similar, to those observed in rats with lesions
of the dopaminergic enervation of the hippocampus:(Gasbarri et al., 1996) and with the
injection of a D2 antagonist in the hippocampus (Wilkerson and Levin, 1999} in similar tasks.
The deficits found at 30 days match previousiresults showing that the magnitude of dopamine
release in the mPFC predicts accuracy of memory (Phillips et al., 2004) and the injection of
D1 and D2 antagonists in the mPFC of rats did not affect executive function in the radial arm
maze, but impaired short/term memory (Seamans et al., 1998), and data from monkeys
showing that orbitofrontal neurons also play a role in working memory tasks (Ichihara-Takeda
and Funahashi, 2007). Although our tasks were aimed at testing specific brain regions, we
have not specifically tested the hypothesis that each one of the deficits found is related to a
specific structure decrease in dopamine, and thus some of the results remain to be elucidated.
It is not clear from our results why the deficits found at 5 days are not present at 30 days of
monoarthriti. It is also not clear what was the cause for the acquisition deficits found in the
water maze task at five days, since lesions of the prefrontal cortex (Mogensen et al., 1995) or
the OFC (Vafaei and Rashidy-Pour, 2004) also lead to similar deficits in this task. More, we
have recently shown that animals with 5 days of monoarthritis already present decision

making deficits similar to OFC lesioned animals (Pais-Vieira et al., 2009).

Altogether, our results clearly show the presence of specific learning and memory impairments

that were accompanied by monoaminergic changes. Despite a match in the time course of
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these deficits and the reductions in dopamine, our data is not sufficient to link each deficit to a
specific cause. Not only the PFC and HPC act closely to allow adequate use of executive and
short term memory (Grace et al., 2007), but also other modulatory systems and areas that are

involved in learning/memory and pain processing could be affected in this condition.

These results add to previous works in humans the fact that two main regions associated with
spatial memory and with pain processing (the orbitofrontal cortex and the hippocampus)
presented reduced levels of dopamine after the induction of chronic pain. Ourtesults:support a
previous report which describes reduced presynaptic dopamine activity in the hippocampus of
women with fibromyalgia (Wood et al., 2007) and several works that have described cognitive
deficits in this same condition (Grace et al., 1999;Glass, 2006).. According to this growing
body of evidence it is plausible that the evolution of the chronic pain process leads to changes

in dopamine levels in specific regions and consequently to cognifive deficits

Conclusions:

Our work shows that the development of chtonic pain is accompanied by monoaminergic
changes that match specific behavieral learr@g and memory deficits. These deficits are most
likely related to decreases in dopamine.in hippocampal and prefrontal regions, but other areas

and neuromodulators might be involved.
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Figure 1 — Tonic levels of monoamines in hippocampus
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Figure 2 - Water maze learning curves
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Figure 3 -Radial arm maze with a win shift protocol
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Figure 4- Radial arm maze with a win stay protocol
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Legends of figures:

figure 1: After 21 days of monoarthritis a reduction in all the monoamines in hippocampus is
observed, although only dopamine levels were statistically significant. Symbol * represents

significant results for 0.05.

figure 2: The learning curve in the water maze at 5 days of monoarthritis,(A) shows that the
major differences between groups are found in trials 2 and 4 although swim:speeds were
similar. The fact that each sessions is constituted by groups of .three. trials shows that the
differences found between groups are not day dependent, and:thus are most likely not due to
daily changes in pain thresholds. When animals were tested after 15 days of chronic pain,

swim speeds were significantly different among groups (B).

figure 3: In this protocol animals with normal foraging behaviours will perform better than
animals which repeatedly visit the same afms. (A).Control group and experimental group with
5 days of monoarthritis. Sessions -1 and 0 represent the last two sessions before the injection
of CFA in experimental group, The number of repeated entries in monoarthritic animals is
higher in the third session after injection of CFA, which corresponds to day 6 of chronic pain.
Although a significant interaction effect was found (P=0.05), no differences were found with
the Bonferroni test.«(B) Control group and experimental group with 30 days of monoarthritis.

No differences were found in the performance of the two groups.

figure 4: In the first part of each trial animals were only allowed to visit one arm with all other
arms blocked. At the end of this arm were two pellets. In the second part of the trial animals
would be rewarded if they were able to inhibit the normal foraging behaviour and recall in
which arm they had previously been. Monoarthritic animals show a trend to visit more arms
before entering an arm previously visited. (A) Experiment with control and animals with 5
days of monoarthritis (B) Experiment with control and animals with 30 days of monoarthritis.
Although a significant group effect was found (P<0.01), no differences were found with the

Bonferroni test.
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