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Abstract

The amygdala has been demonstrated to contribute to pain-related behavior and food preference. Here, the effect of pain on
food preference and food-matched visual-cue memory, in the presence or absence of a basolateral amygdala (BLA) lesion,
has been evaluated using a novel innovative apparatus and protocol. Forty adult male Wistar rats were randomly divided
into five groups (n=28) as follows: control, pain, ibuprofen + pain, BLA lesion, BLA lesion + pain groups. Bilateral lesions
of the BLA were produced by passing a current of 1.5 mA for 7 s. Pain was induced on the right hind paw of the rats by sub-
plantar injection of 50 pl of 2.5% formalin. The animals were encountered with four different meals including wholemeal,
wholemeal + sugar, white flour, and biscuit. Each test session consisted of six trials with inter-trial intervals of 15 min. The
number of visits to each meal zone and port, the amount of time spent in each food zone and port, traveled distance in each
food zone, food consumption per each visit and the total food consumption were recorded. The control group showed a
high biscuit preference and low white flour preference. Rats suffering BLA lesion and rats in the BLA lesion + pain group
exhibited a shifted preference curve. They had a bias toward eating wholemeal + sugar rather than white flour and biscuit.
This group also showed an impaired spatial memory. In conclusion, our findings suggest that the BLA may be involved in

pain-induced food preference and food-matched visual-cue memory.
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Introduction

There are multiple factors including neurotransmitter levels,
hormones, post-ingestion experiences, age and environmen-
tal factors that influence an animal’s food preference. The
brain manages food intake by means of a rich interplay of
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different internal and external state and trait-related sig-
nals (Smeets et al. 2012). The most important forebrain
structures involved in food preference mechanisms are the
nuclear groups of the amygdala, namely the basolateral
(Wang et al. 2006) and central (Kemble and Schwartzbaum
1969) divisions. In rodents, many food preference-related
signals such as gustatory and olfactory information directly
or indirectly are received by the amygdala. The basolateral
amygdala (BLA) receives gustatory information from the
parabrachial nuclei, insular cortex and piriform cortex (Paré
2003). The neural circuits between the parabrachial nuclei
and the amygdala mediate appetite suppression when ani-
mals are encountered with an unfavorable food. Actually,
olfaction-related learning behavior requires a normal func-
tion of the BLA. In rats, electrolytic bilateral lesions in the
central nucleus of the amygdala result in a significant decline
in sweet preferences (Box and Mogenson 1975). However,
Kemble et al. (1972) stated that the preference behavior of
rats for a variety of saccharin and quinine solutions is not
influenced by total amygdalectomy. It has also been indi-
cated that rats suffering lesions in the basolateral amygdala
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show an increased preference for 25% sucrose solution
(Rolls and Rolls 1973a). However, Siegel et al. (1987)
reported that the chemical lesion of the BLA by ibotenic
acid dramatically decreases sucrose solution consumption.

The amygdala is involved in pain-related emotional
responses as well as food intake preferences. Through inter-
actions with the cortical areas, it also contributes to cogni-
tive aspects (Neugebauer 2015). Moreover, the amygdala
has been found to have a dual effect (excitation/inhibition)
on acute experimental pain responses (Ji and Neugebauer
2009). Pain seriously affects the daily activities, feed-
ing behavior and quality of life in animals (Dueifias et al.
2016). There is a reciprocal interaction between pain and
food reward and punishment behaviors (Becker et al. 2012).
Interestingly, there is evidence that rewarding stimuli such
as food, pleasurable music and odors and pain sensitivity
influence each other. In the study by de la Puente et al., acute
pain attenuated saccharin preference beyond the resolution
of writhing behavior. The authors suggested that the changes
in the expression of hedonic behavior, such as sweet taste
preference, can be used as a more sensitive and translational
model to evaluate analgesics (de la Puente et al. 2015). It has
been shown that consumption of certain foods, especially
high-calorie foods helps relieve pain (Anseloni et al. 2002;
Kakeda et al. 2010) possibly by interaction with endogenous
opioid system (Kracke et al. 2005) and the help of central
pain processing pathways (Kakeda et al. 2010).

High levels of biochemical mediators including hista-
mine (Tamaddonfard et al. 2008), prostaglandins (Kawabata
2011), opioids (Kapitzke et al. 2005), CGRP (Benemei et al.
2009) and neuropeptide Y (Hokfelt et al. 2007) released
during inflammation and pain conditions have well-known
effects on feeding behaviors. In both freely fed and food-
deprived rabbits, histamine causes anorexia through the
increased density of central H1 receptors (Kim 2012). H1
and H3 histamine receptors are crucial for the regulation of
body weight and plasma triglycerides levels (Passani et al.
2011). Prostaglandins are also effective chemical com-
pounds in feeding. The injection of prostaglandin E1, but
not E2, in the medial and anterior hypothalamus in sheep led
to a reduced spontaneous feeding. As a result, prostaglandins
seem to be involved in the maintenance of energy balance
(Baile et al. 1974).

Neuropeptide Y (NPY) is a highly conserved endoge-
nous peptide, which has been implicated in both inflamma-
tory and nociceptive effects (Solway et al. 2011). Moreo-
ver, NPY produces a pronounced stimulation of feeding in
satiated rats (Gehlert 1999). The importance of endogenous
opioids in feeding behavior has been shown in several stud-
ies (Reid 1985). Opioids are also involved in palatability
and rewarding effects of foods (Gosnell and Levine 2009).
Eating behavior is a complex response to different internal
and external factors. Various stimuli including mechanical,
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metabolic and environmental ones may acutely influence
energy intake. For example, in anorexia, changes of eating
behavior during the disease may be related to the activa-
tion of a specific neuronal emergency circuit (Laviano et al.
2018).

The role of the BLA has already been investigated in food
preference acquisition. Moreover, considering the interac-
tion among brain regions, little is known about the effects
of pain and a BLA lesion on pain-induced food preferences.
The present study, however, did aim to provide information
on the effect of pain and a BLA lesion on food preferences
and food preference-related memory, using a novel protocol
that may help acquire a new level of prominence in selection
of the best medicine and improvement of treatments.

Methods
Subjects

Forty adult male Wistar rats (200-250 g) were housed
in a temperature-controlled room at 23+ 1 °C, with a
standard 12 h’ light/dark cycle. The animals were given
free access to food (commercial standard rat chow) and
water. The experimental procedures were approved by the
Animal Research Ethics Committee of Shahid Bahonar Uni-
versity, Kerman, Iran (IR.UK.VETMED.REC.1398.018).
The animals were randomly assigned into five experimental
groups (n=38), as follows: the control group, in which rats
received no treatment. In pain group, the rats experienced
formalin-induced inflammatory pain (Segawa et al. 2013).
In ibuprofen + pain group, ibuprofen (10 mg/kg) was admin-
istered 30 min prior to formalin (Nesa et al. 2014). Rats in
the BLA lesion group, received electrical stimulation to the
BLA. Animals in BLA lesion + pain group received the for-
malin injection after the induction of a BLA lesion.

Surgery

Egg white (Raoul et al. 2007), as many other studies, was
used to determine the size and shape of the lesions (Raoul
et al. 2007). The white from a fresh hen’s egg was placed
in a rectangular glass container and warmed in a water bath
to 37 °C. The electrode set was attached to a sponge on the
upper surface of the container and the cannula and electrode
were inserted into the egg white. The transparency of the
egg white and the glass container facilitates observation of
changes in the size of the lesions over time.

The rats were anesthetized using a mixture of ketamine
(100 mg/kg) and xylazine (2.5 mg/kg) and mounted onto
the stereotaxic apparatus (Stoelting Co., USA). The skull
was exposed and two small holes were drilled according
to the Paxinos and Watson’s rat brain atlas (AP =-2.80,
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ML= +5, and DV =8.6 mm from bregma). A bipolar
electrode (Teflon-coated stainless steel, 0.125 mm diam-
eter, Advent Co., UK) was inserted in the BLA and electric
lesions were produced by passing a 1.5 mA current of 7 s
duration (Korz and Frey 2005), finally, 1-week recovery
period was considered and the animals were housed indi-
vidually in clear plastic cages before the behavioral tests. At
the end of the experiment, brain injury was estimated based
on the results of Nissl staining. Lesion verification was done
via a light microscopy and lesions were reconstructed based
on rat brain atlas. Data were removed from analyses when
the size or location of the lesion was not appropriate.

Pain induction

Pain was induced by subcutaneous injection of forma-
lin (50 pl, 2.5%) to the right hind paw of rats using a
microsyringe with a 27-gauge needle. Formalin was injected
before the fifth trial. The behavioral responses consisted
of two distinct periods, an early phase lasting the first 5 min;
and a late phase lasting from 20 to 30 min following the
injection of formalin (Kolesnikov et al. 2004).

Food type

In the present study, we used a novel innovative test appa-
ratus and protocol that needed to be validated by help of
a previous study. For this purpose, we applied the dietary
pattern used in the study by Barnett and Spencer (1953).
However, we divided the meals into two main classifica-
tions including sugary (whole meal + sugar and biscuit) and
simple (whole meal and white flour) diets (Table 1). The
foods were chopped into the small portions of the size near-
est to 0.5 cm in maximum dimension. For preventing famil-
iar effect, all of the above-mentioned diets were mixed with
powdered ordinary laboratory rat food (50 percent).

Table 1 The ingredients and calorie count of each diet

Behavioral apparatus

A black plexiglass square apparatus (60 cm long X 60 cm
wide X 30 cm high and a 60 cm X 60 cm floor), almost like
an open field apparatus, was used. The floor was imaginary
divided into nine identical squares. The device was also
equipped with an electronic sensor underneath. Two types
of load sensors from Avia Semiconductor’s patented tech-
nology (P. R. China) are being used: the first one (Model:
YZC-133, rated load: 0.1 g/0.00022 1b-3 kg/6.61 1b, mate-
rial: aluminum, weight: 32 g) has been used to indicate
the changes in water and food consumption. The other
one, with a rated load of 0.1-2 kg, has been applied to
detect the location of the rats. There are three small ports
in each interior surface of the box for access to solid mate-
rial, liquid and odor. Moreover, there was a specific geo-
metric visual-cue (50 cm X 10 cm) on each side. A food
container, a water bottle with a load sensor underneath,
and a small box for odorous compound were located on
the external side of the apparatus. The external side was
also equipped with a monitoring system (LCD) connected
to a computer, and an SD card for data storage. Microcon-
troller atmega32/code vision and Visual studio/Vb. Net/
for food and water measurement was used to capture and
process the data.

The data of four middle squares that contain the ports
(zones 2, 4, 6 and 8) presents the preference for the content
of the nearest container. Four corner squares (1, 3, 7 and
9 squares) are considered for resting. The central square
(squares 5) has been considered as animal release site
(Fig. 1a). Specific visual cues were also incorporated. The
number of visits to each meal zone and port, the amount
of time spent in each food zone and port, traveled distance
in each food zone, food consumption per each visit and the
total food consumption were recorded.

Food stuff Description Cal/l10 g
Wholemeal Wholemeal® + pellet 33.30
Wholemeal + sugar Wholemeal + sugar* + pellet 33.76
White flour White flour * + pellet 30.10
Biscuit meal Biscuit meal* + pellet 38.30
Food stuff Total fat/10 g Protein/10 g Carbohydrates/10 g Sugar/10 g
Wholemeal 034 ¢ 13¢g 41¢g 06¢g
Wholemeal + sugar 034 ¢ 13¢g 75¢g 56¢g
White flour 0.1g 10g 76¢g 003¢g
Biscuit meal 0.85¢g 32¢g 6.8¢ 224 ¢

*The results of analyses carried out by Cereals Research Station

@ Springer



82

Experimental Brain Research (2021) 239:79-93

(@)

2 3

resting showing tendency  resting
to food
4 5 6 I
g
showing tendency Neutral g tendency] =
to food to food
resting showing tendency resting

to food

Fig.1 a Overlook of rat preference meter apparatus. b Time line for
experimental procedures: (A) The procedure included two ses-
sions of habituation period lasting 15 min with a 4-h interval
between. The ports were open while there was no food in the contain-

Procedure

After the recovery period (7 days), food-deprived rats (12 h)
were tested by a habituation trial and another six trial pro-
tocols, as follows:

Habituation test (15 min/day): 2 days prior to the test, the
rats were allowed to freely explore all areas of the apparatus
that was free of food and water. If the animal spent more
time in a specific area or did not show exploratory behavior,
it would be excluded from the experiment.

The first trial: while the container in square 2 was pro-
vided by 10 g solid wholemeal, the rats were released in the
central square (#5) and allowed to have access to the food
within 12-h period.

The second trial: after removing the wholemeal and
cleaning the apparatus, the animal was released in the cen-
tral square while wholemeal + sugar was put in the container
in square 4 and the feeding behavior was evaluated for 12 h.

The third and fourth trials: similar to the previous proce-
dures, the third and fourth trials were conducted with white
flour (the container in the square 6) and biscuit (the con-
tainer in the square 8), respectively.

The fifth trial: all different diets were simultaneously
accessible in their previous mentioned containers.

The sixth trial: during the sixth trial, there was no food in
the containers. This trial was design based on our hypothesis
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that animal food preference-related behavior is influenced by
his previous post-ingestion experience and memory (Fig. 1b).

Histology

At the end of the experiment, the animals with the BLA
lesion were euthanized under a deep anesthesia. Thereafter,
the brains were removed and fixed in 10% formalin. Paraffin-
embedded sections of 20 pm thickness were then stained with
Nissl to confirm the lesion locations by microscopic inspection
(Li et al. 2013) (Fig. 2).

Statistical analysis

All data are expressed as mean + standard error of mean
(SEM). The behavioral data were compared between the
groups using independent sample 7 tests and ANOVA (one
way and two way) followed by post hoc tests for multiple com-
parisons. p value less than 0.05 was considered to be statisti-
cally significant.
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Fig.2 a The anatomical location of the electrodes in the BLA according to the atlas of Paxinos and Watson, b real histological approval of the

electrode placement

Results

Time-course and the number of paw licks
after formalin-induced pain

The time course and the number of licks are shown in
Fig. 3a, b, respectively. The BLA lesion + pain and ibupro-
fen + pain groups showed significant decreases in the num-
ber of licks and licking time in comparison with the pain
group in both phases of the test (p <0.001).

Food consumption

Figure 4a shows the amount of food consumption in rats. The
order of food consumption in the control group was biscuit,
wholemeal + sugar, wholemeal and white flour, respectively.
However, the pain group has indicated the following order
of preferences: wholemeal + sugar, biscuit, wholemeal and
white flour, respectively.

The preference order for the BLA lesion group was
wholemeal + sugar, white flour, wholemeal, biscuit, respec-
tively, while the order in BLA-lesion + pain group was
wholemeal + sugar, wholemeal, biscuit, white flour, respec-
tively. The pain group showed significant increased pref-
erences for wholemeal 4+ sugar and wholemeal (p <0.001)
than the other meals as compared with the control group.
The BLA-lesion group had the largest amount of white flour
consumption (p <0.001), while the BLA lesion + pain rats
consumed the least amount of biscuit as compared with the
control group (p <0.001). The BLA lesion + pain group
had different amount of wholemeal, wholemeal + sugar
and biscuit consumptions as compared with the pain group
(Fig. 4a). As shown in Fig. 4b, the rats in control, pain,
ibuprofen + pain and BLA lesion + pain groups showed
more preference to sugary diet (wholemeal + sugar + biscuit

meal) rather than the simple one (wholemeal + white flour)
(»<0.001).

Table 2 shows that in the pain, BLA lesion and BLA
lesion + pain groups, the order of food preferences in the
fifth trial is different from that of the first four trials. By
comparing the first four trial data versus that of the fifth
trial, it can be noticed that high-calorie foods exhibit more
changes. The comparison of food preferences orders and
food consumptions between the two phases of the study, the
first four day- and the Sth-day trials, indicated that the pain
group consumed more food than the BLA lesion + pain and
control groups. While white flour was the least preferred
meal in pain group, BLA lesion + pain rats ate almost equal
amounts of white flour and biscuit as the least preferred
meals, indicating the changes in food preferences. Moreo-
ver, throughout both phases of the trial, the animals in the
pain group, but not in the BLA lesion and BLA lesion + pain
groups, consumed a significantly greater amount of food.
Mean total food intake in the fifth trial for animals suffer-
ing pain is 27.7 + 3. However, it is 17.1 + 2 for animals in
BLA lesion + pain group. Regarding the mean comparisons
of the total food intake between the two phases of the study,
the BLA lesion group is the only exception. The rats in this
group consumed less food in the first-4 days (18.8 + 1) com-
pared to that of the 5th day (22.2 + 1) (Table 2).

According to the data from the first four trials (when the
meals were accessible one after the other), the rats with BLA
lesions showed markedly reduced total food intake compared
to the control animals. They also consumed smaller amounts
of wholemeal and white flour. Moreover, in the fifth trial
(when all the different meals were accessible simultane-
ously), the BLA lesion led to a growing consumption of
total food intake compared to the control animals. In the fifth
trial, the lesioned rats ate more wholemeal and white flour
in comparison with that of the same animals in the first four
trials. Interestingly, in the fifth trial, the BLA lesion caused
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Fig.3 a The mean time spent licking the injected hind paw and the number of paw licks b in the two phases (I and II) for each group.
*#%p <0.001 as compared with pain group in phase I and ###1 <0.001 as compared with pain group in phase II (n=28)

rats to significantly consume more wholemeal, whole-
meal + sugar and white flour, but less biscuit, in comparison
with the control animals. This confirms that the food prefer-
ence order in the fifth trial is different from that of the sixth
trial. Taken together, BLA lesion seems to cause impairment
in food-matched visual-cue memory.

In the first four trials, BLA lesion accompanied by pain
led to decreases in total food intake and in the amount of
wholemeal, wholemeal + sugar, and biscuit consumptions
compared to that of the control group. In the fifth trial,
this group showed increased consumption of wholemeal,
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wholemeal + sugar and white flour, but not biscuit, compared
to the control group. The significant differences between
the data obtained from the fifth sixth trials suggest memory
impairment in this group.

In both phases of the trials, pain group demonstrated
an increased food intake compared to that of the control
group. However, in the fifth trial, they consumed signifi-
cantly smaller amounts of food than in the first four trials.
In comparison with the control animals, the pain group
consumed significantly more amounts of wholemeal,
wholemeal + sugar and white flour in both phases of the



Experimental Brain Research (2021) 239:79-93

85

@ s
13

(=
-

(Sth trial)
Amount eaten(g)
L w h -~ °

Whole meal

® Control

@ Pain

@ Ibuprofen+Pain
BEBLA lesion

B BLA lesion+Pain

C.

20 $$$

—
_ N

$S$S

el el e
[ ]

(=]
H

(5th trial)
Amount eaten (g)

S N A O

Whole meal +sugar

White flour Biscuit meal

biscuit meal> whole meal+ sugar> whole meal> white flour
whole meal+ sugar> biscuit meal> whole meal> white flour
biscuit meal> whole meal+ sugar> whole meal> white flour
whole meal+ sugar> white flour> whole meal > biscuit meal

whole meal+ sugar> whole meal> biscuit meal> white flour

O Simple diet
@ Sugary diet

$SS

Control Pain

Fig.4 a The differences in food consumptions (in grams) and the
order of food preferences among the groups. *p<0.05, **p<0.01
and ***p <0.001 versus control groups, #p <0.05 and #¥p <0.001 as
compared with pain group. b The differences between the consump-

study. Moreover, they showed significant decreases in the
consumption of wholemeal, white flour, and biscuit in the
fifth trial in comparison with the first four trials. Surpris-
ingly, there were no differences between the two phases
of the trial regarding the time spent and the number of
visits for the preferred food. Taken together, these data
indicate that unlike the other types of memory, there are
no significant changes in food-matched visual-cue due to
pain stimulus.

Ibuprofent+pain

BLA lesion BLA lesion + pain

Groups

tion of sugary (wholemeal + sugar + biscuit meal) and simple (whole-
meal +white flour) diets in different study groups *p<0.05 and
*#%p <0.001 versus simple diet (n=38)

Number of visits

Statistical analysis of the data showed significant differ-
ences among control, pain and BLA lesion + pain groups
regarding the number of visits to the food ports and zones.
As compared with the control rats, the pain and BLA
lesion + pain groups showed an increase in the number of
visits to the wholemeal 4+ sugar port (p <0.001). The rats in
the pain group also showed significantly increased visits to
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Table 2 Food consumption and preference order differences between the first four trials and the fifth trial

Groups Trials Total food Daily Wholemeal ~ Whole- White flour  Biscuit meal Preference order
intake (g) calorie/g (2) meal +sugar (g) (2
®
Control First four  30.1+1 1036 72+2 8.1+1 53+2 9.5+2 Biscuit meal > whole
trials 16.3 £ 2%** 584 2.3 4 1 HHE 3.9 4 [ H#k 1.3+ 0%%* 8.8+2 meal + sugar > whole
Fifth trial meal > white flour
Biscuit meal > whole
meal 4 sugar > whole
meal > white flour
Pain First four ~ 38.1+2" 1294% 9.1+2% 10+1* 9+ [ 10+2 Biscuit meal > whole
trials 27.7 4 3%53885  95QunuSSS g g4 1wuSSS g 74 %58 34 QS 8.2+ 1% meal + sugar > whole
Fifth trial meal > white
flour whole
meal 4 sugar > bis-
cuit meal > whole
meal > white flour
Ibupro- First four ~ 31.8+2 1093 7.8x1 79+3 6.1+1 10+0 Biscuit meal > whole
fen + pain trials 204+ 100 7480esd 3 g puer 6741% 311558 85+1 meal + sugar > whole
Fifth trial meal > white flour
Biscuit meal > whole
meal + sugar > whole
meal > white flour
BLA lesion  Firstfour  18.8+ 1" 664" T 6.9+1 2.2+0% 8.5+2 Biscuit meal > whole
trials 222+1° 735%%S 514 xS 7 64058 6.7+ 1%545555 2 84 ™8 meal + sugar> white
Fifth trial flour > whole meal
Whole
meal + sugar > white
flour > whole
meal > biscuit meal
BLA First four ~ 18.2+ 1*# 620%# 3.1+ 1% 4.1+2% 52+1 5.8+2% Biscuit meal > white
lesion+pain trials 17.1+2 578 35428 63+ 1% 29415 4.4+1%8 flour > whole
Fifth trial meal + sugar > whole
meal
Whole
meal + sugar > whole
meal > biscuit

meal > white flour

Values are expressed as mean + SEM

#p<0.05, *¥p <0.01 and ***p <0.001 versus the same groups within the first four trials, *p <0.05, #¥p <0.01 an
<0.001 as compared with the control group in the fifth trial (n=28)

the control group in the first four trials, $p <0.05, $$p <0.01 and $$$p

the wholemeal and wholemeal + sugar zones as compared to
the control animals (p <0.001). As compared with the con-
trol rats, the BLA-lesion rats showed increases in the num-
ber of visits to wholemeal, wholemeal + sugar and white
flour zones. Moreover, there were significant differences in
the number of visits to wholemeal, wholemeal + sugar and
biscuit ports and zones between BLA lesion + pain and pain
groups (Fig. 5a, b).

Time spent
As shown in Fig. 6, while the BLA lesion + pain group spent
significantly (p <0.001) more time in the wholemeal 4 sugar

port and zone, the BLA lesion group spent significantly
(»<0.001) more time in white flour port and zone compared
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d ##p <0.001 as compared with

with the control animals. In addition, as compared with the
control rats, the pain group spent less time in white flour and
biscuit ports (p <0.001).

Furthermore, compared to the animals in the pain group,
the BLA-lesion + pain affected rats spent significantly more
time in the wholemeal + sugar port and zone (p <0.001).
Moreover, the BLA-lesion group and ibuprofen-treated ani-
mals spent significantly more time (p <0.001) in the white
flour port and biscuit zone in comparison to the animals with
pain (Fig. 6a, b).

Mean distance traveled scores

The distance traveled in wholemeal, wholemeal + sugar,
white flour and biscuit meal-related zones in either of the
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studied groups is significantly different from the control
group.

The BLA-lesion group exhibited a significantly increased
distance traveled in the wholemeal 4 sugar and white flour
zones compared to the control group (p <0.001). In addition,
the animals in the BLA-lesion group traveled significantly
longer distances in all the meal zones compared to the rats
in the pain group (p <0.001) (Fig. 7).

The sixth trial or food-matched visual-cue memory

Comparing the ordering results of the fifth and sixth tri-
als indicated that biscuit was the most preferred choice of
the rats in the control and ibuprofen + pain groups in both
trials, while the preference order was different between
them. Regarding the number of visits to and time spent
in each zone, there were no significant differences with
empty and filled containers in the control and pain groups.
The BLA-lesion group exhibited higher preference for
wholemeal + sugar and white flour in the fifth trial, but
not in the sixth trial. Wholemeal + sugar was the highest

preference among the animals in the BLA lesion + pain
group in both trials. The order of food preferences in the
fifth trial in the BLA-lesion and BLA lesion + pain groups is
significantly different from that of the sixth trial (*p <0.05,
**p <0.01 and***p <0.001) (Fig. 8a, b).

Discussion

Here, we evaluated the effects of pain on food preferences
in rats with or without BLA lesions by using an innovative
test apparatus and protocol. In the present study, biscuit was
the most preferred and white flour was the least preferred
food by animals in the control and ibuprofen groups. This
finding is similar to that of a previous study by Barnett and
Spencer who used a traditional simple method (Barnett and
Spencer 1953). However, by help of a new methodology,
the amount of food eaten by the rat, the number of visits
to and time spent in different ports and zones, the distance
traveled in the zones; and food-matched visual-cue related
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learning and memory could all be simultaneously assessed  the first preference can be at least partially attributed to the

in the present study.

foraging theory that predicts that the decisions that maxi-

Biscuit contains the highest levels of total fat, calories and ~ mize energy per unit time and thus deliver the highest payoff
protein out of all four choices. Regarding the carbohydrate ~ will be selected for and persist (Inglis et al. 1996). How-
content, biscuit is also in the second ranking. Its selection as  ever, wholemeal 4 sugar was the highly preferred diet in rats
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with pain. The rats received BLA lesions preferred whole-
meal + sugar over biscuit, while the BLA lesion + pain group
showed a significantly preference for wholemeal + sugar.
Comparing the data from the fifth and sixth trials shows
that pain group has larger amount of food consumption as
compared with the BLA lesion + pain and control groups in
both phases and this may be duo to more activity and less
rest time in animals with reduced pain (Jung et al. 2010).
While white flour was the least preferred meal in pain group,
BLA lesion + pain rats ate almost equal amounts of white
flour and biscuit as the least preferred meals, indicating
the changes in food preferences. In order to evaluate the
effects of pain reduction on animal’s behavior, ibuprofen
was administrated. Compared to the pain group, the use of
ibuprofen led to the outcomes similar to that of the control
group. Using different food items including chow, cauli-
flower, sultanas, potato, greens and orange peel, previous
studies have suggested that the BLA plays a significant role
in food selection in rats (Rolls and Rolls 1973b). Further-
more, the amygdala, including the BLA, is well known to

be relevant to pain processes as well as pain-related memory
(Li et al. 2013; Neugebauer 2015). The amygdala lesions
dramatically prevent development and maintenance of pain
(Li et al. 2013). Actually, the effects of amygdala on pain
and pain-induced behaviors are dependent on how the stimu-
lus influences the functional activity of the amygdala (Ji and
Neugebauer 2009; Lee et al. 2013). The BLA consists of the
neurons that respond preferentially to noxious stimuli (Ji
et al. 2010). The amygdala also contributes to pain-related
decision-making through prefrontal cortical deactivation (Ji
et al. 2010). In this study, pain reduction in rats with a BLA
lesion may be associated with the amygdala connectivity of
pain relevant regions (Li et al. 2013).

The animals in the pain group showed higher sweet
preference rather than the BLA lesion rats which exhib-
ited the most consumption of white flour, maybe due to the
BLA-lesion induced pain inhibition. Actually, a recipro-
cal interaction seems to be between nociception and brain
regions involved in the control of food intake. A relation-
ship between consumption of palatable diet and pain

@ Springer



90

Experimental Brain Research (2021) 239:79-93

endogenous central pain control mechanisms has already
been indicated (Garzoén et al. 1983; Smeets et al. 2012;
Nuseir et al. 2017). Multiple investigations have revealed
that endogens opioids play a regulatory role in the control
of feeding behavior (Bodnar 2004). During the fifth trial,
the order of food consumption in the pain group was whole-
meal + sugar, biscuit, wholemeal and white flour, respec-
tively. Sugary compounds may exert modulatory effects on
nociceptive signals (Drewnowski et al. 2012). However, the
BLA lesion + pain group has indicated the following order
of preferences: wholemeal + sugar, wholemeal, biscuit meal
and white flour, respectively. The difference in the orders can
be due to the lower pain score in BLA lesion + pain group
rather than the pain group.

Nociceptive conditions lead to restlessness and subse-
quent increased activity, energy expenditure and calorie
consumption (Choi et al. 2014). Biscuit has more calories,
total fat and protein content than the other meals. It has been
shown that animals have a great tendency to eat high-calorie
(biscuit meal and wholemeal + sugar), high-fat (biscuit meal,
wholemeal and wholemeal + sugar) and high-protein (bis-
cuit meal, wholemeal and wholemeal + sugar) foods. Pain
is also involved in behavioral and neural characteristics of
conditioned taste aversion and preference (Yamamoto and
Ueji 2011).

The BLA is a major area for odor—taste association and
preference learning (Yamamoto and Ueji 2011). It is also
involved in behavioral and neural characteristics of condi-
tioned taste aversion and preference (Yamamoto and Ueji
2011). The BLA is also involved in eating/drinking-related
experiences (Rolls and Rolls 1973a) and food preferences
(Borsini and Rolls 1984).

Due to extremely strong olfactory sensitivity, odor—taste
association and preference learning have a crucial role in
food selection in rats (Desgranges et al. 2010). So, in the
present study, despite adding and mixing of the ordinary
laboratory rat food to the studied meals, odor—taste associa-
tion and preference learning may have relative effects on
food consumption and order of preferences.

The direct projection of nociceptive neurons to various
brain areas including the limbic system and the hypothala-
mus (Thompson and Neugebauer 2017) leads to the expec-
tation that pain may affect food preferences. It has been
indicated that neuropathic pain diminishes some forms of
reward and changes sweet taste preferences or food rewards
(Cooper and Turkish 1989). However, studies have led
to controversial results (Amorim et al. 2014). In the study
by Small and Apkarian, there were no significant differences
in mean pleasantness/unpleasantness ratings for each of the
sweet, sour, salty and bitter stimuli between the chronic back
pain and control groups (Small and Apkarian 2006). Both
humans and animals normally prefer sweet and salty tasting
over sour and bitter substances (Inui-Yamamoto et al. 2017).
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Food composition and post-ingestive effects are fac-
tors influencing food preferences. Chemical compounds
in the food can affect food behaviors and food preferences
through the gut—brain axis (Lyte 2018). Here, we used vari-
ous meal compositions with different degrees of sweetness.
It seems that sweetness is a major factor in the develop-
ment of food preferences. In the present study, biscuit and
wholemeal + sugar were the sweetest. Food preferences
may also be affected by the amount of calories consumed.
Here, the order of calorie content was biscuit, whole-
meal + sugar, wholemeal and white flour, respectively.

Applying a different study protocol, Rolls and Rolls
(1973b) concluded that the amygdala plays an important
role in preferences for a novel versus a familiar food and in
learning that the ingestion of a food is associated with sick-
ness (Rolls and Rolls 1973b). In the current study protocol,
the animals were familiarized with the different study meals
within the first four trials. Moreover, enough time was con-
sidered for the rats to experience the post-ingestion effects
of the studied foods.

It has been indicated that access to different types of food
results in an increase in overall food and calorie intake in
comparison with the situation that only one type of food is
accessible to animals (Martire et al. 2013). However, regard-
ing the mean comparisons of the total food intake between
the two phases of the present study, the BLA lesion group
is the only exception. The rats in this group consumed less
food in the first-4 days (when the meals were accessible one
after the other) compared to that of the 5th day (when all the
different meals were accessible simultaneously). Compared
to the first four trials, the BLA lesion rats in the fifth trial
consumed more of all the study foods except biscuit. How-
ever, pain seems to have an inhibitory effect on this result.

The basolateral amygdala has a fundamental role in
emotion processing and induction of neuropsychiatric
aspects of pain (Maren 1999). However, there have been no
reports of rats suffering BLA lesion plus pain regarding food
preferences. Here, the food preference order in the fifth trial
in rats suffering a BLA lesion was different from that of the
sixth trial. Taken together, a BLA lesion seems to cause an
impairment in food-matched visual-cue memory. Moreover,
the other related data including the number of visits, the
time spent, the distance traveled, and the results associated
with the food-matched visual-cue memory were also sta-
tistically significantly different between the pain and BLA
lesion + pain groups.

Food selection is influenced by the post-ingestion con-
sequences (Benoit et al. 2010). The hippocampus, amyg-
dala and prefrontal cortex are the main areas that help
animals effectively learn and memorize the post-ingestion
effects of foods (Benoit et al. 2010). Our data suggest that
the animals in the pain group have a high tendency to con-
sume wholemeal 4+ sugar. They also showed more food
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intake than all other groups. These effects may be due to
the well-known analgesic efficacy of sweet-tasting sub-
stances (Harrison et al. 2010) and pain-induced restless-
ness and hyperactivity (Smeester et al. 2017). Surprisingly,
lesions of the ventromedial hypothalamus that help control
eating behavior negatively affect sweet-taste-induced anal-
gesic effects (Solway et al. 2011).

In pain conditions, some brain systems that control
eating are affected by the substances that are released by
central and peripheral tissues such as endogenous opioids,
neuropeptide Y, substance P, histamine, prostaglandins,
CGRP (Schou et al. 2017). Opioid circuitry in the nucleus
accumbens and ventral pallidum has been reported to
mediate taste-reactivity responses to palatable events,
and regarding reward. These two areas have a significant
connection with the basolateral amygdala (Wassum et al.
2009) Involvement of enkephalins and endorphins in the
hedonics of feeding has already been indicated (Skoubis
et al. 2005). Administration of naltrexone, an opioid
antagonist, significantly deviated the rat’s preference for
the chocolate-coated cookies to standard chow pellets
(Cooper and Turkish 1989). So, pain-induced deviation
in food preferences may occur secondary to pain-induced
endogenous opioid release. It is necessary to carry out
supplementary studies to further clarify this issue.

Pain has also been shown to elevate the levels of cycloox-
ygenase-2 (COX-2) and prostaglandin E2 (PGE2) in the
central nervous system (CNS). Moreover, the amygdala is
known to play a role in nociception, particularly in inflam-
mation-evoked pain that is associated with increased levels
of COX-2 and PGE2. These effects may be mediated by an
opiate-induced decrease in the amygdala signaling.

The amygdalar histaminergic system is modulated by
oral somatic sensation and palatability of foods (Ishizuka
et al. 2010). Various types of histamine receptors in the BLA
have been described and it has been suggested that they may
play a role in the consolidation of different type of tasks.
Also, histamine depletion in the hippocampus or basolat-
eral amygdala impairs long-term memory and the both brain
structures receive important glutamatergic and histaminergic
innervation, suggesting that these neurotransmitters might
be involved as coding signals to modulate memory and
learning mechanisms (Alvarez and Ruarte 2004). CGRP,
alone or through interacting with corticotropin-releasing
factor in the amygdala, contributes to pain control and pain-
related behaviors (Neugebauer et al. 2009; Han et al. 2010).
Morover, intra-BLA administration of CGRP in rats led to
the anti-nociceptive effects (Li et al. 2008).

The results of the sixth trial indicated that the rats with
pain mostly visited the non-preferred ports and zones. This
might be due to pain-related memory impairment (Kooshki
et al. 2017) and pain-induced anxiety (Parent et al.
2012). We might, therefore, reasonably doubt that such

pain-related psychological issues induce changes in food
preference patterns.

Research has shown that pain impairs working memory
(Bushnell et al. 2015) and, as a result, rats’ ability to find
the location of preferred food containers may be dam-
aged. Yet little understood question is what are the rea-
sons for such food preferences order in rats with pain? Is
it related to learning and memory impairments or food
preferences changes or both of them? Here, despite the
first four trials and the sixth trial, the rats had access to
all kinds of meals within the fifth trial, which they had
the opportunity to perceive the odors and the locations of
all foods. So, changes in food preferences have occurred
regardless of whether the subjects had pain-induced mem-
ory impairments. For illustration, a comparison of the fifth
with the sixth trial shows what wholemeal + sugar was the
most preferred meal for ibuprofen-treated rats in the fifth
trial, while it was the least preferred one in the sixth trial.

This study has some limitations that could be addressed
in future. First, we needed to validate our innovative
test apparatus and protocol by help of a previous study.
Therefore, we were not free to choose the foods. For this
purpose, we applied the dietary pattern used in the study
by Barnett and Spencer (1953). The second limitation
concerns the lack of a distinct odor difference among the
meals.

Conclusions

Using an innovative multi-purpose protocol, we found that
chemically induced pain may change the food preferences
and impairs food-matched visual-cue-dependent memory
in rats. Moreover, the BLA appears to play an important
role in such processes, possibly by involvement of neuro-
modulators such as endogenous opioids or the reciprocal
relationships between brain regions involved in pain regu-
lation and the BLA. Additional investigations are needed
to clarify the exact underlying mechanisms.
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