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Abstract Pain and anxiety have a complex relationship and
pain is known to share neurobiological pathways and neurotrans-
mitters with anxiety. Top-down modulatory pathways of pain
have been shown to originate from cortical and subcortical re-
gions, including the dorsolateral prefrontal cortex. In this study, a
novel docosahexaenoic acid (DHA)-containing nutraceutical,
Souvenaid, was administered to mice with infraorbital nerve
ligation-induced neuropathic pain and behavioral responses re-
corded. Infraorbital nerve ligation resulted in increased face wash
strokes of the face upon von Frey hair stimulation, indicating
increased nociception. Part of this response involves general pain
sensitization that is dependent on the CNS, since increased
nociception was also found in the paws during the hot plate test.
Mice receiving oral gavage of Souvenaid, a nutraceutical con-
taining DHA; choline; and other cell membrane components,
showed significantly reduced pain sensitization. The mechanism
of Souvenaid’s activity involves supraspinal antinociception,
originating in the prefrontal cortex, since inhibition of the
DHA-metabolizing enzyme 15-lipoxygenase (Alox15) in the
prefrontal cortex attenuated the antinociceptive effect of
Souvenaid. Alox15 inhibition also modulated anxiety behavior
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associated with pain after infraorbital nerve ligation. The effects
of Souvenaid components and Alox15 on reducing central sen-
sitization of pain may be due to strengthening of a known
supraspinal antinociceptive pathway from the prefrontal cortex
to the periaqueductal gray. Together, results indicate the impor-
tance of the prefrontal cortex and DHA/Alox15 in central
antinocicep tive pathways and suggest that Souvenaid may be
a novel therapeutic for neuropathic pain.

Keywords iPLA, - Pain - Anxiety - Depression - DHA -
Lipoxins, resolvins, neuroprotectins

Abbreviations

AA Arachidonic acid

AD Alzheimer ’s disease

Alox15 Arachidonate 15-lipoxygenase

Alox15B Epidermis type 15-lipoxygenase

CNS Central nervous system

DHA Docosahexanoic acid

DMSO Dimethyl sulfoxide

fMRI Functional magnetic resonance imaging
FST Forced swim test

HFS High frequency stimulation

ION Infraorbital nerve

IONL Infraorbital nerve ligation

IL-1P3 Interleukin-1 beta

iPLA, Calcium independent Phospholipase A,
NPD1 Neuroprotectin D1

PAG Periaqueductal gray

PFC Prefrontal cortex

PLA, Phospholipase A,

PUFA Polyunsaturated Fatty Acid

PVDF Polyvinylidene difluoride

RvD1 Resolvin D1
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RvD2 Resolvin D2
SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel
TBST Tris buffered saline—Tween

Introduction

Neuropathic pain refers to a complex chronic pain where
nerve fibers may be damaged, dysfunctional, or injured and
therefore send improper signals to pain centers [1]. While
nociceptive pain is evoked by stimulation of the sensory
nerve endings in the tissue, neuropathic pain is caused by
injury or disease of neurons in the peripheral or central
nervous system (CNS) [2]. The development of neuropathic
pain involves sensitization mechanisms. Peripheral sensiti-
zation refers to alterations in neuronal excitability restricted
to the area of injury itself. After sensitization of pain fibers,
normally non-painful stimuli can cause pain [2]. Central
sensitization refers to the phenomenon where nociceptor
inputs produce a prolonged and reversible increase in the
excitability and synaptic efficiency of neurons in central
nociceptive pathways, and involves alterations in neuronal
signaling in the CNS [3] . The sensitivity of spinal cord
neurons is heightened in a way that a neuron is activated
by previously subthreshold inputs [2]. Heightened synaptic
transmission in pain pathways in the spinal cord and the
brain lead to a reduction in pain threshold and a subsequent
augmentation of pain responses and spread of pain to non-
injured areas [4]. A large brain network, the “pain matrix”
is activated during the acute pain experience, as demon-
strated by imaging techniques such as functional magnetic
resonance imaging (fMRI). The most common areas that
are activated during pain include the primary and secondary
somatosensory cortices (S1 and S2); the insular, the anterior
cingulate cortex and prefrontal cortex (PFC); and the thal-
amus, demonstrating that these areas are important in pain
perception [5]. The descending pain modulatory system is
an endogenous pain inhibitory system that originates from
multiple cortical and subcortical areas—one of which is the
dorsolateral PFC [6]. The PFC sends projections to the
periaqueductal gray (PAG) in the midbrain and the rostral
ventromedial medulla [7, 8]. In the PAG, ascending pain
stimuli are integrated with descending influences from the
diencephalon and the limbic forebrain to lead to an overall
decrease in pain sensation [9]. The role of the PFC in
descending pain modulation has been illustrated in numer-
ous studies—human imaging studies with [''C]-carfentanil
revealed that placebo analgesia was related to activation of
p-opioid receptors in the dorsolateral prefrontal cortex [10].
Functional and connectivity analyses also show increased
activity in the prefrontal cortex when distraction is used to
decrease pain perception, indicating a role for the PFC in
descending antinociceptive pathways [11]. Pain is known to

share neurobiological pathways and neurotransmitters with
anxiety and depression [12, 13]. Pain, anxiety, and depres-
sion have a complex relationship, where people with chron-
ic pain often experience anxiety [14, 15].

Previous studies in our lab show that iPLA, is involved
in the antinociceptive effect of tricyclic antidepressants such
as nortriptyline and maprotilline. iPLA, is an enzyme that
catalyzes the release of DHA from the sn-2 position of
glycerophospholipids in the brain [16]. DHA has been
shown to have a role in pain and anxiety, where DHA-
deficient diets correspond to decreased pain tolerance in
diseases such as rheumatoid arthritis, inflammatory bowel
disease, and neuropathy [17]. DHA deficiency leads to an
increased incidence of anxiety disorders [18]. DHA inhibits
the activation of the transcription factor nuclear factor kB
and the release of central regulators of inflammatory pain
such as the cytokines interleukin-1 beta (IL-1(3) and tumor
necrosis factor « [19, 20]. Knockdown of iPLA, dimin-
ished the antinociceptive effect of the antidepressants in a
facial carrageenan model of pain (unpublished) and also
reduced the endogenous release of DHA in the brain [21].
DHA is critical for maintaining normal brain structure and
function and has been shown to be neuroprotective [22].
The possible role of iPLA, and DHA in pain and anxiety
provides a rationale for the development of novel therapeu-
tics aimed at the management of pain and anxiety in
humans. Metabolism of PUFAs by lipoxygenases generates
fatty acid hydroperoxy products. There are two isoforms of
the 15-lipoxygenase enzyme, the type-1 (Alox15) leukocyte
type and type-2 (Alox15B) epidermis type [23], both of
which regulate the production of fatty acid hydroperoxides
[24, 25]. Alox15 metabolizes DHA into 17S-hydroxy-DHA
that is then converted to 7S-hydroperoxy,17S-hydroxy-
DHA by a 5-lipoxygenase, and thence via epoxy interme-
diates to resolvin D1 (RvDI1 or 7S,8R,17S-trihydroxy
docosa-Z,9E,11E,13Z,15E,19Z-hexaenoic acid) and resolvin
D2 (RvD2 or 7S,16R,17S trihydroxy-docosa-4Z,8E,
10Z,12E,14E,19Z-hexaenoic acid) [26]. The Alox15 prod-
uct 17S-hydroxy-DHA can also be converted to a 16(17)-
epoxide and then to the 10,17-dihydroxy docosatriene
termed neuroprotectin D1 [26]. Alox15 catalyzes the me-
tabolism of DHA into docosanoids (resolvins, neuropro-
tectins, lipoxins, and maresins [27, 28]) that have anti-
inflammatory, antiapoptotic, antioxidant, and neuropro-
tective properties [28]. Neuroprotectin D1, in particular,
has been shown to protect against neuropathic pain after
traumatic nerve injury in mice [29].

The present study was conducted to elucidate the relationship
between pain and anxio-depression, and whether the novel nu-
traceutical Souvenaid that contains high levels of DHA can alle-
viate the symptoms of pain as well as pain-related mood disor-
ders. A possible role of Alox15 in plasticity of the prefrontal
cortex was also determined.
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Methods and Materials
Immunohistochemistry

Six adult male C57BL mice weighing between 20 and 30 g
each and about 6-8 weeks old were used in this portion of the
study. Mice were deeply anesthetized and perfused through
the left cardiac ventricle with a solution of 4 % paraformalde-
hyde and 0.1 % glutaraldehyde in 0.1 M phosphate buffer (pH
7.4). The brains were removed and sectioned coronally at
100 pm using a vibrating microtome. Sections were washed
30 times for 5 min each with phosphate-buffered saline (PBS)
and incubated overnight with a mouse monoclonal antibody to
Alox15 (Abcam, Cambridge, U.K.), diluted 1:50 in PBS.
They were incubated for 1 h in a 1:200 dilution of biotinylated
horse anti-mouse IgG (Vector, Burlingame, CA), reacted for
1 h with avidin-biotinylated horseradish peroxidase complex,
and visualized by treatment for 20 min in 0.05 % 3,3-diami-
nobenzidine tetrahydrochloride solution in Tris-buffer con-
taining 0.05 % hydrogen peroxide. Sections were mounted
on glass slides, counterstained with methyl green, and visual-
ized with a light microscope.

Souvenaid Treatment and Partial Infraorbital Nerve
Ligation

All procedures involving mice were carried out in accordance
to guidelines of the Institutional Animal Care and Use
Committee of NUS. Male C57BL mice weighing between
20 and 30 g each and about 68 weeks old were used in this
portion of the study. They were housed under defined condi-
tions (room temperature 22 °C, relative humidity 65 %, light-
ing 12 h/day) with free access to food and water. Mice were
given daily oral administrations of Souvenaid or the isocaloric
control, full cream milk throughout the duration of the study.
Souvenaid is a medical nutritional formulation that has been
studied for its role in early Alzheimer’s disease [30-33] and
contains a high amount of DHA. Souvenaid was developed by
the Advanced Medical Nutrition division of Nutricia and con-
tains a patented combination of nutrients, referred to under the
trademark Fortasyn Connect™ (Table 1). The total dose of
0.05 ml/10 g body weight chosen for oral gavage was adapted
from previous studies on humans [34]. The partial IONL pro-
cedure used in this study was adapted from a previous study
[35, 36], which established the model and showed that pain
induced remained consistent and significantly different from
sham-operated animals for 25 days after surgery. The unilat-
eral partial ligation to the right infraorbital nerve (ION) was
performed under visual control using a Zeiss microscope
(x10-25). Animals were anesthetized with ketamine/
medetomidine. They were kept warm with a heating blanket.
The mouse was fixed to a sterilized surgical board, after which
the skin along the top of the snout was shaved and iodine-
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Table 1  Nutritional composition of Fortasyn™ Connect, the nutrient
combination in Souvenaid

Component Amount per daily dose*
Eicosapentaenoic acid (mg) 300

Docosahexaenoic acid (mg) 1200

Phospholipids (mg) 106

Choline (mg) 400

Uridine monophosphate (mg) 625

Viatmin E (alpha-tocopherol equivalents) (mg) 40

Vitamin C (mg) 80

Selenium (pg) 60

Vitamin B12 (pg) 3

Vitamin B6 (mg) 1

Folic acid (ng) 400

Souvenaid is a registered trademark of Nutricia N.V. Fortasyn is a trade-
mark of Nutricia N.V. [34]

sterilized. A midline incision was created to expose the nasal
and maxillary bone. All tools were autoclaved prior to surgery
and ethanol sterilized for each animal. Blunt dissection with
surgical scissors was used to expose the infraorbital part of the
right ION, 1-2 mm rostral to infraorbital fissure on the max-
illary bone. The ION was delicately isolated using fine for-
ceps, ensuring no damage to facial nerve branches nearby.
Approximately 1/2 the diameter of the nerve was tightly ligat-
ed with 6-0 silk suture (B. Braun) by passing the suture needle
completely under the lateral aspect of the nerve and then up
through the middle. The incision was closed using silk sutures
(5-0) after confirming hemostasis. For the sham-operated
mice, the ION was exposed on the right side using the same
procedure, but the ION was not touched or ligated. The oper-
ated mice were able to eat and drink unaided soon after wak-

ing up.

Stereotaxic Injection

Mice were anesthetized by i.p. injection of ketamine/
medetomidine cocktail and placed on a stereotaxic apparatus
(Stoelting, USA). PD146176 Inhibitor (40 uM), dimethyl
sulfoxide (DMSO) control, antisense oligonucleotide
(200 uM), or sense oligonucleotide (200 uM) was stereotax-
ically injected into the left and right dorsolateral prefrontal
cortex through small craniotomies on the skull (coordinates:
2.5 mm rostral to bregma, 1.5 mm lateral to midline, and
1.5 mm from surface of cortex). A total of 1 ul was injected
over 5 min on each side, and the scalp sutured. The inhibitor
PD146176 (Cayman Biochemicals, USA) was used to revers-
ibly inhibit the Alox15 enzyme in the PFC. However, as we
were unable to verify that PD146176 does not also exert an
inhibitory effect on other enzymes, results with PD146176
were verified by antisense oligonucleotide knockdown of
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Alox15. The antisense oligonucleotide used was a 16-base
oligonucleotide (5'-CACATGGTGATGAAGT-3') which
was shown in this study to effectively knock down Alox15
expression in the brain. Scrambled sense oligonucleotide was
used as a control (5'-CACGTCTATACACCAC-3"). Both an-
tisense and sense oligonucleotides contained phosphorothio-
ate linkages to prevent nuclease degradation (IBA, Germany).
Injections were carried out in a blinded manner to reduce
experimenter bias as to the test compound. Solutions
(200 uM) were prepared by dissolving lyophilized material
in nuclease-free water.

Western Blot Analysis

At the end of behavior studies (see below), mice were deeply
anesthetized with a ketamine/medetomidine cocktail and
sacrificed by decapitation. The PFC was removed and snap
frozen in liquid nitrogen. Tissues were homogenized using a
Tissue Tearor ® (Biospec, ITS Science and Medical,
Singapore) in ice-cold buffer (T-Per mammalian protein ex-
traction kit, 1 mM EDTA and 0.25 mM DTT). Homogenates
were centrifuged at 13,000 rpm for 20 min, and the superna-
tant was collected. Protein concentration in the supernatant
was determined using the Bio-Rad protein assay kit (Bio-
Rad Laboratories, Hercules, USA). Proteins were resolved in
15 % sodium dodecyl sulfate polyacrylamide gel (SDS—
PAGE) under reducing conditions and subsequently
electrotransferred to a polyvinylidene difluoride (PVDF)
membrane (Amersham Pharmacia Biotech, Little Chalfont,
U.K.). The molecular weights of the proteins were determined
using a Bio-Rad Prestained Protein Ladder (Bio-Rad
Laboratories). Non-specific binding sites on the PVDF mem-
brane were blocked by incubation with 5 % non-fat milk in
Tris buffered saline—Tween (TBST) for 1 h. The PVDF mem-
brane was then incubated overnight with an affinity-purified
mouse monoclonal antibody to Alox15 (Santa Cruz
Biotechnology, Santa Cruz, USA, diluted 1:2000) in TBST
with 5 % non-fat milk. The membrane was then washed in
TBST and incubated with horseradish peroxidase-conjugated
horse anti-mouse IgG (ThermoFisher Scientific, Waltham,
U.S.A., diluted 1: 2000) for 1 h at room temperature.
Immunoreactivity was visualized using an enhanced chemilu-
minescence kit (Pierce, Rockford, U.S.A.) according to the
manufacturer’s instructions. Band intensities were quantified
by densitometric analysis.

Pain Behavioral Assay

Mice were tested for baseline behavioral responses before
IONL. Mice were tested once daily for the first 7 days, then
once every 2 days until the 28-day time point or until the study
was ceased. Testing was carried out individually in a deep
rectangular plastic tank, sized (L x W x H) 60 x 40 x 25 cm

[37]. Avon Frey hair filament (Touch-Test Sensory Evaluator,
North Coast Medical, Morgan Hill, USA) delivering 1 g of
force (4.08 log units) was first reached into the tank for 5—
10 min to ensure that the mice are familiarized with the
reaching movements before testing. Mice were observed to
ensure that they were able to move freely during this time.
Test stimuli using the von Frey hair was administered when
the mice are neither moving nor freezing and with all four
paws placed on the ground while exhibiting sniffing behavior.
The operated area of the face was probed 20 times with the
von Frey hair to obtain a sufficient number of responses to
reduce variability among individual animals in each group.
Each new stimulus was applied at least 30 s after the previous
stimulation. Directed facial grooming (a continuous series of
facial wash strokes directed to the stimulated facial area by the
mice) was used as an indicator of unilateral facial pain in
freely moving mice. The number of immediate asymmetric
facial grooming/scratching strokes was summed to calculate
the total number of facial strokes exhibited by an animal after
20 stimulations using the von Frey hair filament. After each
trial, all chambers were cleaned with a hypochlorous solution
to prevent a bias based on olfactory cues. The observer was
blind to experimental conditions.

Paw Withdrawal Test from a Hot Plate

The hot plate test is a test of the pain response in animals. Hot
plate test was carried out on days 3, 12,21, and 28 after IONL.
The latency response to the thermal stimuli consists of licking
of the hind paw or jumping. The surface of the hot plate was
heated to a consistent temperature of 55 °C. The mouse was
placed in the testing apparatus and the timer started. The la-
tency to show a nociceptive response (hind paw lick, hind paw
flick, or a jump) was measured with a foot-pedal timer. The
mouse was immediately removed when a response was ob-
served. If there is no response within 30 s, the test was termi-
nated and the mouse removed from the hotplate. After each
trial, all chambers were cleaned with a hypochlorous solution
to prevent a bias based on olfactory cues. The observer was
blind to experimental conditions.

Light/Dark Box

Light/dark box is a characteristic tool used in the assessment
of anxiety [38] and is based on the innate aversion of rodents
to brightly illuminated areas and on the spontaneous explor-
atory behavior of rodents in response to mild stressors, that is,
novel environment and light. Light/dark box behavioral test-
ing was carried out on days 3, 12, 21, and 28 after IONL. The
apparatus used for the light/dark transition test consisted of an
arena (40 x 40 x 40 cm) divided into two sections of equal size
by a partition with an opening. All the home cages containing
mice were transferred to the behavior testing room 30 min
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before the first trial begins for acclimatization. The “light” side
of the chamber is brightly illuminated by white diodes
(390 1x), whereas the other side is dark (2 1x). Mice were
placed into the dark side and the camera tracking software
started. Mice were allowed to move freely between the two
chambers for 10 min, with time spent in each chamber
tracked. After each trial, all chambers were cleaned with a
hypochlorous solution to prevent a bias based on olfactory
cues. The observer was blind to experimental conditions.

Elevated Zero Maze

The elevated zero maze is another commonly used paradigm
to test anxiety in animals [13]. The test is based on the rodents’
innate aversion to open exposed spaces. Elevated zero maze
behavioral testing was carried out on days 3, 12, 21, and 28
after IONL. The apparatus consisted of an elevated zero-
shaped maze with two closed arms and two open arms. All
the home cages containing mice were transferred to the be-
havior testing room 30 min before the first trial begins for
acclimatization. Mice are placed in the open arm of the maze,
and their behavior observed for 10 min, including head dips,
stretch attempts, transitions from open to closed arms, and
entries into open arms without transitions. After each trial,
all chambers were cleaned with a hypochlorous solution to
prevent a bias based on olfactory cues. The observer was blind
to experimental conditions.

Forced Swim Test

The forced swim test (FST) is a test of behavioral despair and
is centered on a rodent’s response to the threat of drowning,
which has been interpreted in the literature as measuring sus-
ceptibility to depression. FST behavioral testing was carried
out on days 3, 12, 21, and 28 after ION ligation. FSTs were
carried out using a procedure modified from the original report
by Porsolt [39]. The mice were individually placed into glass
cylinders (25-cm height; 10-cm diameter) containing 10 cm of
water maintained at 22—24 °C for a total of 6 min in a random
order. Four mice at a time were videotaped from the side, and
an opaque cardboard divider separated the cylinders so that
the mice could not see each other during the trials. The pre-
dominant behavior which each mouse exhibited was recorded
every 5 s during the last 4 min of the 6-min trial period,
allowing 2 min of acclimatization. The behaviors included
were immobility, climbing, and swimming. Swimming behav-
ior is defined as movement (usually horizontal) throughout the
cylinder that also includes crossing into another quadrant;
climbing movement is defined as upward-directed movements
of the forepaws along the side of the cylinder; immobility is
defined as the absence of active, escape-oriented behaviors
such as swimming, jumping, rearing, sniffing, or diving.
After the trials, the mice were dried and placed in a cage
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surrounded by heat pad for 15-20 min. The observer was
blind to the experimental conditions.

Results
Immunohistochemistry

Moderately dense immunolabeling for Alox15 was observed
in the normal mouse prefrontal cortex. Label was mostly pres-
ent in punctate profiles in the neuropil and occasional large-
diameter dendrites but not in cell bodies (Fig. 1).

Western Blot Analysis

The Alox15 antibody detected a single 75-kDa band in the
adult mouse brain (Fig. 2a), consistent with the predicted size
of Alox15 protein. Analyses of the density of Alox15 bands
normalized to 3-actin showed a significant (P < 0.001) de-
crease in Alox15 protein levels in antisense-injected mice,
indicating effective knockdown by Alox15 antisense oligonu-
cleotide (Fig.2b).

g

Fig. 1 Immunolabeling for Alox15 in the mouse prefrontal cortex.
Moderately dense immunolabeling for Alox15 is observed. Label is
mostly present in punctate profiles in the neuropil (a) and occasional
large-diameter dendrites (arrows in b) but not in cell bodies. Scale:
a=100 um, b =10 um
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Fig. 2 a Western blot of effect of A Milk Milk Souvenaid  Souvenaid

oligonucleotide treatment on Scrambled Alox15 Scrambled Alox15

Alox15 protein expression in the Sense Antisense Sense Antisense

mouse prefrontal cortex. b
Densitometric analyses of effect
of oligonucleotide treatment on
Alox15 protein expression in the
mouse prefrontal cortex. Asterisks
(*) indicate significant differences
at P < 0.001

B actin

Fold Change
&

--- 42 kDa

Normalized Protein Concentration

Souvenaid Vs. Milk, after IONL

Animals in this portion of the study were either subjected to
the IONL, or a sham surgery, and then administered with
either Souvenaid or the isocaloric control milk.

Pain Behavior

There was an immediate increase in responses to stim-
ulation with the von Frey filament from day 1 of testing
after IONL for the ION-ligated groups, with no signif-
icant difference from baseline for the sham-operated
groups (P < 0.001). Pain behavior was high and consis-
tent until day 9, after which there was a gradual decline
in asymmetrical grooming behavior (Fig. 3a). The milk
IONL and milk sham groups showed a similar trend,
whereas Souvenaid IONL mice exhibited significantly
(P < 0.05) less pain responsiveness compared to the
milk IONL group.

Paw Withdrawal Test from a Hot Plate

There was a significant difference in the paw withdrawal la-
tency on a heat pad between the milk IONL and Souvenaid
IONL groups on days 12 and 21 (P < 0.05) (Fig. 3b), where
Souvenaid IONL mice exhibited significantly greater latency
to withdrawal. Sham-operated groups had significantly great-
er latency to withdrawal than did IONL groups at all time
points, except day 28.

Milk Scrambled
Sense

Milk Alox15 Souvenaid Souvenaid
Antisense Scrambled Alox15
Sense Antisense
A Pain Behavior after IONL/Sham Operation
. 30 - —&— Milk Sham
) * «+«-+ Milk IONL
[ * * * * h
& 251 R '%., % —4— Souvenaid
= 3 % % é-, * Sham
‘B @ﬁ ’% . -+ 4#-- Souvenaid
£ 20 . % . IONL
= 2 3 . % * * * 0<0.05
3] . . . .
£ 154 % L @ * ; Milk IONL vs.
E L ‘jﬁ . X Souvenaid
E ‘B *.3. IONL
@ 10 “ane
: g
o
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£
>
4
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858888888373 3378383%
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[ IONL
o
E
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2,
0 : :
Day 3 Day 12 Day 21 Day 28

Fig.3 a Pain behavior exhibited by mice after infraorbital nerve ligation
or sham surgery, with administration of Souvenaid or the isocaloric
control, milk. b Pain behavior exhibited by mice showing latency of
withdrawal of paw on a hot plate. Asterisks (*) indicate significant
differences at P < 0.05
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Light/Dark Box

Souvenaid IONL mice spent significantly more time in
the light side of the light/dark box than did milk IONL
mice on days 12 and 21 after IONL surgery (P < 0.05),
whereas sham-operated mice spent significantly more
time in the light side of the light/dark box than did
IONL-operated mice, regardless of treatment group
(P < 0.05). No significant difference was observed be-
tween the Souvenaid IONL and milk IONL groups on
days 3 and 28 after surgery. Only data from day 12 is
shown (Fig. 4a).

Elevated Zero Maze

Souvenaid IONL mice exhibited a trend toward more stretch
attempts on the elevated zero maze than did milk IONL mice
on days 12 and 21 after IONL surgery, whereas sham-operated

Fig. 4 Behavior experiments A
were conducted on day 12 after

IONL or sham surgery, with

administration of Souvenaid or

milk. a Time spent in the light 2501 T
side of the light/dark box. b

300 -

—~ 200 -
Number of stretch attempts L
exhibited in an elevated zero £ 150 1
maze. ¢ Number of head dips " 00 -

exhibited in an elevated zero
maze. d Time spent immobile 50 -
during forced swim test. e Time

0

spent climbing during FST. f
Time spent swimming during

Time Spent in Light Side

mice exhibited more stretch attempts than did IONL-operated
mice, regardless of treatment group. No significant difference
was observed between Souvenaid IONL and milk IONL
groups on day 28 after surgery. Only data from day 12 is
shown (Fig. 4b). Mice showed a similar trend in exhibiting
head dips on the maze (Fig. 4c).

Forced Swim Test

There were no significant differences in the swimming,
climbing, or immobility behaviors exhibited by mice in all
four groups on all days of testing. Only data from day 12 is
shown (Fig. 4d-1).

Souvenaid Administration with Inhibition of PFC Alox15

Animals in this portion of the study were subjected to the IONL,
and then administered with either Souvenaid or the isocaloric
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B Milk IONL 15 | B Milk IONL
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FST. Asterisks (*) indicate
L S e”S. *) c Head Dips on Day 12 D Time Spent Immobile in Forced
significant differences at P < 0.05 Swim Test on Day 12
35 1
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2
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control. They underwent an intracortical injection of the inhibitor
to Alox15 or vehicle (DMSO) control on day 11.

Pain Behavior

There was an immediate increase in responses to stimulations
with the von Frey filament from day 1 of testing after IONL.
Pain behavior was high and consistent until day 9, after which
there was a gradual decline in asymmetrical grooming behav-
ior (Fig. 5a). After Alox15 inhibitor injection, there was an
immediate and significant increase in pain sensitivity ob-
served in the Souvenaid/Alox15 inhibitor group, which was
not observed in the Souvenaid/DMSO control group
(P <0.001).

Paw Withdrawal Test from a Hot Plate

Souvenaid/DMSO control mice exhibited significantly in-
creased latency to paw withdrawal on the heat pad on day

12 after IONL surgery compared to milk/DMSO control,
milk/Alox15 inhibitor, and Souvenaid/Alox15 inhibitor
groups (P < 0.05) (Fig. 5b).

Light/Dark Box

Souvenaid/DMSO control mice spent significantly more time
in the light side of the light/dark box on day 12 after IONL
surgery compared to milk/DMSO control and milk/Alox15
inhibitor groups (P < 0.01) and a trend toward more time in
the light side compared to the Souvenaid/Alox15 inhibitor
group (P = 0.065) (Fig.6a).

Elevated zero Maze

Souvenaid/DMSO control mice exhibited a trend toward more
stretch attempts and significantly more head dips on day 12
after IONL surgery compared to milk/DMSO control,
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milk/Alox15 inhibitor, and Souvenaid/Alox15 inhibitor
groups (P < 0.001) (Fig. 6b, c).

Forced Swim Test

There were no significant differences in the swimming,
climbing, or immobility behaviors exhibited by mice in all
four groups on day 12 after IONL surgery (Fig. 6d—f).

Souvenaid Administration with Antisense Knockdown
of PFC Alox15

Animals in this portion of the study were subjected to the
IONL, and then administered with either Souvenaid or the
isocaloric control. They underwent an intracortical injection
of the Alox15 antisense or scrambled sense control on day 8
and were tested for behavioral differences on day 12.

Pain Behavior

There was an immediate increase in responses to stimulations
with the von Frey filament from day 1 of testing after IONL.
Pain behavior was high and consistent until day 9, after which
there was a gradual decline in asymmetrical grooming behav-
ior (Fig. 7a). After Alox15 antisense injection, there was a
significant increase in pain sensitivity in the Souvenaid/
antisense group, which was not observed in the Souvenaid/
sense control group or the milk/antisense group (P < 0.001).

Paw Withdrawal Test from a Hot Plate

Souvenaid/sense mice exhibited significantly increased laten-
cy to paw withdrawal on the heat pad on day 12 after IONL
surgery compared to milk/sense, milk/antisense, and
Souvenaid/antisense groups (P < 0.01) (Fig. 7b).
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Souvenaid/sense mice spent significantly more time in the
light side of the light/dark box on day 12 after IONL surgery
compared to milk/sense, milk/antisense, and Souvenaid/
antisense groups (P < 0.01) (Fig. 8a).

Elevated zero Maze

Souvenaid/sense mice exhibited significantly more stretch at-
tempts (P < 0.05) and head dips (P < 0.001) on day 12 after
IONL surgery compared to milk/sense, milk/antisense, and
Souvenaid/antisense groups (Fig. 8b, c).

There were no significant differences in the swimming,
climbing, or immobility behaviors exhibited by mice in all
four groups on day 12 after IONL surgery (Fig. 8d—f).

Discussion

The present study was conducted to elucidate the relationship
between pain and anxio-depression and whether Souvenaid,
which contains high levels of DHA, can alleviate the symp-
toms of pain as well as pain-related mood disorders. The re-
sults of this experiment show that IONL induces long-lasting
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orofacial neuropathic pain. Interestingly, animals that
underwent the IONL procedure showed an increased sensitiv-
ity to the hot plate, indicating that a degree of central sensiti-
zation took place. Central sensitization refers to a mechanism
in neuropathic pain where spinothalamic track neurons devel-
op increased background activity, enlarged receptive fields,
and increased responses to afferent impulses, including nor-
mally innocuous stimuli [4]. The spread of sensitivity to non-
injured areas such as the high paw is indicative of the fact that
there were changes to somatosensory neurons in the dorsal
horn of the spinal cord following peripheral stimulation via
IONL, causing changes in synaptic transmission in the central
pain pathways. Animals that underwent the IONL procedure
also showed increased anxiety in the light/dark box and ele-
vated zero maze assays but did not exhibit increased signs of
depression. The relationship between chronic pain and anxiety

@ Springer

Time Spent Climbing

Time Spent Swimming

has been well documented in the literature, where pain in-
creases the potential for anxiety and anxiety may alter the
perception of pain. Pain is more than simply a sensation
(nociception) and is instead a complex perceptual experience
combining a sensory element with psychological and social
influences [40, 41]. Studies show that patients with chronic
pain conditions such as fibromyalgia are four to five times
more likely to have had a lifetime diagnosis of anxiety disor-
ders such as obsessive-compulsive disorder, generalized anx-
iety disorder, or post-traumatic stress disorder [42]. Results of
this study are consistent with the literature in demonstrating
that mice that are experiencing neuropathic orofacial pain
show increased anxiety, whereas sham-operated mice did not
exhibit symptoms of anxiety.

We next investigated whether Souvenaid, containing high
levels of DHA, could be used as a novel nutraceutical
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analgesic. This is in view of previous studies that have shown
prefrontal cortical iPLA, and DHA to have a role in
antinociception. The result of this experiment shows that
Souvenaid effectively decreases neuropathic pain in an
orofacial pain model in mice, as we can see from Fig. 3a
where, after Souvenaid administration, mice showed de-
creased behavioral response to probing with a von Frey fila-
ment. Souvenaid administration was also shown to increase
the tolerance of IONL mice to the hot plate, indicating that the
mechanism of action of Souvenaid is within the CNS, either
via a descending inhibitory pathway from the prefrontal cortex
or by diminishing sensitization of ascending spinothalamic
track neurons. Supraspinal antinociception refers to a top-
down pain modulatory pathway that originates in higher brain
regions such as the hypothalamus, the amygdala, and the pre-
frontal cortex [10, 43]. These regions send projections to the
midbrain periaqueductal gray region, which then projects to
the medulla. Neurons within the nucleus raphe magnus and
nucleus reticularis gigantocellularis within the rostral ventro-
medial medulla have been shown to project to the spinal or
medullary dorsal horns to directly or indirectly enhance or
reduce nociceptive traffic, changing the perception of pain
[44]. Souvenaid also has a significant effect on pain-related
anxiety, and animals that received Souvenaid treatment exhib-
ited less signs of anxiety in the light/dark box as well as the
elevated zero maze (Fig. 4). The IONL procedure did not
appear to induce depression in mice, nor did Souvenaid ad-
ministration alter the depression-like response of mice in the
forced swim test. The ability of Souvenaid, which contains a
high amount of DHA (1200 mg/125 ml), to alleviate pain and
anxiety alludes to the possibility that DHA is an important
mediator involved in the relief of pain, which has been richly
substantiated in the literature. DHA has been shown to have
antinociceptive effects in mice, where exogenous dietary ad-
ministration of DHA has been found to dose-dependently ex-
ert antinociceptive effects against thermal and chemical stim-
ulation compared to control [45], and both basic and clinical
studies have shown that a dietary intake of DHA results in the
reduction of pain associated with disorders such as rheumatoid
arthritis, dysmenorrhea, inflammatory bowel disease, and
neuropathy [17]. Apart from its role in pain, DHA has also
been shown to affect stress responses in rats, where rats that
were fed a DHA-deficient diet from birth showed increased
psychological stress and conditioned-fear stress in anxiety
tasks [46], and a decreased dietary intake of fish and polyun-
saturated fatty acids are shown to correlate with an increased
incidence of anxiety disorders [18]. Fortasyn™ connect for-
mulation used in Souvenaid has shown efficacy in the treat-
ment of behavioral disturbances and social cognition skills
[47], and this study is novel in having shown a link to
pain/central sensitization and anxiety.

This study provides new insight into the possible mecha-
nisms that underlie the efficacy of Souvenaid. Since

Souvenaid is enriched in DHA which is an anti-inflamma
tory fatty acid, one possibility is that it could act an anti-
inflammatory agent in the periphery to reduce pain after
IONL. However, a central sensitization effect was also ob-
served where mice exhibited decreased pain tolerance in the
hindlimb during the heat pad test, after infraorbital nerve
ligation in the face, indicating decreased pain tolerance at a
location away from the site of injury. Souvenaid was shown to
improve the tolerance of mice to the heat pad, and interestingly,
Alox15 inhibition/knockdown in the prefrontal cortex abolished
this antinociceptive effect, confirming that part of the
antinociceptive effect of Souvenaid is via activation of central
antinociceptive pathways originating from the prefrontal cortex.
Together, results indicate the ability of DHA to act via
a central mechanism to alter plasticity in the central
pain pathways to affect antinociception, and this effect
is dependent on Alox15 to metabolize DHA into its
products such as resolvins, neuroprotectins, maresins,
and lipoxins. It is postulated that these biomolecules
may facilitate the descending pain inhibitory pathway
originating from the PFC.

In conclusion, results of this study indicate that it may be
possible to use novel pharmaceuticals, or nutraceuticals such
as Souvenaid that have less of a direct effect on neurotrans-
mitters in the brain compared to antidepressants, to treat neu-
ropathic pain and associated anxiety. This is beneficial as it
would lead to fewer side effects and therefore greater compli-
ance, as one of the major issues facing mental healthcare pro-
fessionals is the lack of compliance of patients with their drugs
due to side effects and discomfort faced.
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