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INTERACTIONS BETWEEN THE ENDOGENOUS CANNABINOID SYSTEM
AND THE PEPTIDES OF THE TYR-MIF-1 FAMILY MODULATE HEAT
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The present study aimed at evaluating whether an interaction between the endocannabinoid system (ECS) and peptides from the
Tyr-MIF-1 family modulates heat stress-induced analgesia. For this purpose, adult male rats were subjected to 1 hour of heat
stress. Pain perception was estimated in vivo by Paw pressure test. Immunohistochemical evaluation of CB1 receptors was also
performed in the periaqueductal grey (PAG). Our results showed that the application of CB1-receptor agonist anandamide at
the end of the stress led to a tendency of decrease in heat-SIA. We also found that each of the four Tyr-MIF-1 peptides interacted
with the ECS after acute heat stress, resulting in changes in the PP-thresholds with different direction, degree, and duration.
In particular, the administration of MIF-1 and Tyr-K-MIF-1 after CB1-receptor agonist anandamide increased heat stress-
induced analgesia (heat-SIA) after the 10™ min, while Tyr-MIF-1 and Tyr-W-MIF-1 produced only short-lasting analgesia.
CB1-expression in the PAG was also estimated, showing an increase after Tyr-MIF-1 and Tyr-W-MIF-1 administration with
anandamide pretreatment, and a decrease after Tyr-W-MIF-1 administration with the CB1-receptor antagonist AM251- or the
opioid receptor antagonist naloxone pretreatment. In summary, it can be inferred that under heat stress conditions the peptides
from the Tyr-MIF-1 family, interacting with opioid and non-opioid receptors, differently relate with the cannabinoid system
and such an interaction modulates heat stress-induced analgesia. It also seems that Tyr-MIF-1 and Tyr-W-MIF-1 have a direct
impact on CB1-expression in the PAG, while MIF-1 and Tyr-K-MIF-1 probably act via second messengers or the activation of
additional neurotransmitter system(s). Biomed Rev 2020; 31: 91-103
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INTRODUCTION

Heat stress is among the most dramatic events in life with
negative health consequences (1). The homeostatic regain
following stress may cause damage to different organ systems.
Understanding the mechanisms underlying stress and the pos-
sibilities to control them can reduce its harmful effects and
prevent tissue and organ injury (2, 3).

It is known that under stressful conditions pain perception
decreases, a phenomenon called stress-induced analgesia (SIA)
(4). Stress induces the activation of several endogenous systems
such as opioid, catecholaminergic, serotonergic, nitrergic, and
endocannabinoid, and therefore both the opioid and non-opioid
mechanisms are involved in the development of SIA (5, 6).

In the last years the endocannabinoid system (ECS) has
received increasing research attention due to its implication
in many physiological, such as emotion, memory, sleep, ap-
petite, and metabolism, and pathological, for example pain
and inflammation, processes. Moreover, it is implicated in the
development of certain neurological and psychological disor-
ders, and also in behavioral and alimentary disturbances (7, 8).

The ECS is a neuroactive lipid signaling system comprising
two Gi/o-protein coupled receptors, CB1 and CB2 (9, 10, 11),
their endogenous ligands (endocannabinoids, eCBs), and the
enzymes which either synthesize or degrade eCBs. The two
best characterized eCBs are N-arachidonoylethanolamide
(anandamide, AEA) and 2-arachidonoylglycerol (12, 13). Im-
munohistochemical and quantitative in vitro autoradiographic
studies confirm that CB1 is almost ubiquitously expressed in
the nervous system, primarily in the brain, while CB2 is widely
distributed in the immune and peripheral nervous systems
(14-19). CB1 localization is predominantly presynaptic and
it responds to eCBs that are synthesized ‘on demand’ in the
postsynaptic neuron, thus signaling in a retrograde manner
(20). Recent studies have shown that CB1 activation reduces
nociceptive processing in acute and chronic animal pain mod-
els (21, 22). Thus, the ECS modulates the organism stress reac-
tion, and SIA could be regarded as an indirect indicator of it.

The Tyr-MIF-1 family consists of four peptides: MIF-1
(Pro-Leu-Gly-NHy), Tyr-MIF-1 (Tyr-Pro-Leu-Gly-NH),
Tyr-W-MIF-1 (Tyr-Pro-Trp-Gly-NHy), and Tyr-K-MIF-1 (Tyr-
Pro-Lys -Gly-NHy), all isolated from the human brain. The
four peptides are implicated in pain perception. MIF-1 is the
first peptide with confirmed anti-opiate effects with no affinity
to opioid receptors, Tyr-K-MIF-1 binds to its own non-opioid
receptors only, while the other two peptides possess both opioid
and non-opioid binding sites (23).

Biomed Rev 31, 2020

Therefore, we set it as a goal of this study to evaluate the
changes in heat stress-induced analgesia (h-SIA) after admin-
istration of exogenous agonists of CB1 receptors along with
the peptides of the Tyr-MIF-1 family. Moreover, our aimed to
estimate whether such changes were accentuated by any differ-
ences in CB1-expression in the periaqueductal gray (PAG), a
region associated with both ECS and SIA in the rat brain (6, 24).

MATERIALS AND METHODS

Animals, acute model of heat stress, drugs and
treatment

In vivo experiments were conducted on adult male Wistar rats,
Rattus norvegicus, weighing 200+20 g. The rats were kept at
room temperature (22+1°C), maintained under a 12h/12h light/
dark regime, and supplied with standard chow and water ad
libitum. The animals were divided into 16 groups (n=16), i.e.
15 experimental and one control. All experimental procedures
were approved by the Research Ethics Commission of the
Medical University of Sofia.

A heat stress model according to Wiley et al. (25) was
applied. The animals were placed at high environmental tem-
perature (38°C) for 1 hour. During the time of heat exposure,
the rats were allowed to move freely in the thermal chamber,
although no food and water were provided.

All the drugs used in the study were purchased from Sigma
(Sigma Chem. Co., St. Louis, MO, USA). CB1-receptor ago-
nist AEA and CB1-receptor antagonist AM251 were injected
intraperitoneally (i.p.) at a dose 1mg/kg and 1.25mg/kg b.w.,
respectively, dissolved in DMSO (25). The Tyr-MIF-1 pep-
tides and the opioid receptor antagonist naloxone (Nal) were
dissolved in sterile saline solution (0.9% NaCl) and injected
i.p. at a dose 1mg/kg b.w.

Experimental design

For the in vivo experiments the animals from the 15 ex-
perimental groups were subjected to heat stress for one hour.
AEA was injected immediately after the end of heat stress in
five of the animal groups (No. 1 — 5, Table 1). The peptides
from the Tyr-MIF-1-family were administered 10 min after
AEA injection in four experimental groups (No. 2 — 5, Ta-
ble 1): 1h HS+AEA+MIF-1; 1h HS+AEA+Tyr-MIF-1; 1h
HS+AEA+Tyr-W-MIF-1; 1h HS+AEA+Tyr-K-MIF-1. In other
five groups (No. 6 — 10, Table 1) CB1-antagonist AM251 was
applied immediately after the end of heat stress, followed by the
administration of AEA alone or AEA and one of the four pep-
tides (Lh HS+AM251+AEA, 1h HS+AM251+AEA+MIF-1; 1h
HS+AM251+AEA+Tyr-MIF-1; 1h HS+AM251+AEA+Tyr-
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Table 1. Groups of experimental animals

GROUP | ABBREVIATION DESCRIPTION

1 Th HS+AEA

Heat stress for one hour followed by CB1-receptor agonist anandamide (AEA)

2 Th HS+AEA+MIF-1

One hour of heat stress followed by AEA injection and MIF-1 application 10 min later

3 | Th HS+AEA+Tyr-MIF-1 10 min later

One hour of heat stress followed by AEA injection and Tyr-MIF-1 application

4 Th HS+AEA+Tyr-W-MIF-1 10 min later

One hour of heat stress followed by AEA injection and Tyr-W -MIF-1 application

5 Th HS+AEA+Tyr-K-MIF-1 10 min later

One hour of heat stress followed by AEA injection and Tyr-K -MIF-1 application

6 Th HS+AM251+AEA

One hour of heat stress followed by CB1-receptor antagonist AM251 injection and AEA
application 10 min later

7 Th HS+AM251+AEA+MIF-1 10 min after AEA

One hour of heat stress followed by AM251, AEA (10 min later), and MIF-1 application

8 Th HS+AM251+AEA+Tyr-MIF-1

One hour of heat stress followed by AM251, AEA (10 min later), and Tyr-MIF-1
application 10 min after AEA

9 1Th HS+AM251+AEA+Tyr-W-MIF-1

One hour of heat stress followed by AM251, AEA (10 min later), and Tyr-W-MIF-1
application 10 min after AEA

10 Th HS+AM251+AEA+Tyr-K-MIF-1

One hour of heat stress followed by AM251, AEA (10 min later), and Tyr-K-MIF-1
application 10 min after AEA

1 Th HS+Nal+AEA

One hour of heat stress followed by application of opioid receptor antagonist naloxone
(Nal) and AEA 20 min later

12 Th HS+Nal+AEA+MIF-1

One hour of heat stress followed by Nal, AEA (20 min later), and MIF-1 10 min after AEA

13 Th HS+Nal+AEA+Tyr-MIF-1 after AEA

One hour of heat stress followed by Nal, AEA (20 min later), and Tyr-MIF-1 10 min

14 Th HS+Nal+AEA+Tyr-W-MIF-1 after AEA

One hour of heat stress followed by Nal, AEA (20 min later), and Tyr-W-MIF-1 10 min

15 Th HS+Nal+AEA+Tyr-K-MIF-1 after AEA

One hour of heat stress followed by Nal, AEA (20 min later), and Tyr-K-MIF-1 10 min

W-MIF-1; 1h HS+AM251+AEA+Tyr-K-MIF-1). The opioid
receptor antagonist Nal was applied in the remaining five
experimental groups (No. 11-15, Table 1) followed by the
administration of AEA alone or AEA and one of the four
peptides (Lh HS+Nal+AEA; 1h HS+Nal+AEA+MIF-1; 1h
HS+Nal+AEA+Tyr-MIF-1; 1h HS+Nal+AEA+Tyr-W-MIF-1;
1h HS+Nal+AEA+Tyr-K-MIF-1).

Assessment of the nociception began 10 min after the AEA/
peptide injection, and three evaluations were made with 10-min
time interval between them (Figs. 1, 4-7).

Nociceptive test
Paw-pressure test (PP; Randall-Selitto test): The changes
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in the mechanical nociceptive thresholds of the rats were
measured by an analgesimeter (Ugo Basile). In brief, pressure
was applied to the rat hind-paw and the pressure (g) required
for eliciting a nociceptive response, such as a squeak or
struggle, was taken as the mechanical nociceptive threshold.
A cut-off value of 500 g was observed to prevent damage of
the paw.

Immunohistochemistry, photodocumentation and
image processing

The immunohistochemical experiments were performed on
the same animals used for the in vivo experiments; they were
sacrificed immediately after the last in vivo evaluation. For
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Figure 1. Heat-SIA modulation by anandamide (AEA) administration alone, and after AM25 1- and Nal-pretreatment. PP-thresholds
are represented in g/cm’; mean values = S.E.M. are presented. ***p<0.001 vs. controls; ***p<0.001, **p<0.01, *p<0.05vs. 1h

HS; ¥p<0.01, **p<0.001 vs. 1h HS+AEA.

the immunohistochemical experiments, the rats were deeply
anesthetized and transcardially perfused first with 0.05 M
phosphate-buffered saline (PBS), pH 7.36, followed by 4%
paraformaldehyde (PFA) in 0.01 M phosphate buffer (PB),
pH 7.36. The brain was dissected out, sliced at the level of
the midbrain and postfixed in the same fixative overnight
at 4°C. Thereafter, the tissues were embedded in paraffin
and cut into 5 pm thick sections. The samples were then
deparaffinized with xylene and ethanol, and subsequently
processed for avidin-biotin-horseradish peroxidase complex
(ABC) immunohistochemistry using an ImmunoCruz™
goat ABC Staining System (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA). Briefly, the sections were treated with
hydrogen peroxide (1% in absolute methanol; 30 min) to
inactivate endogenous peroxidase and the background staining
was blocked with 5% normal goat serum (NGS) in PBS for
1 hour. Between the separate steps, the sections were rinsed
with cold PBS/Triton X-100. Afterwards, they were incubated
for 24 h at room temperature with a polyclonal goat anti-CB1
receptor antibody (diluted 1:500, Santa Cruz Biotechnology)
overnight at 4°C in a humid chamber, followed by biotinylated
donkey anti-goat IgG (Santa Cruz Biotechnology, 1:500) for
2 h at room temperature, and lastly the AB enzyme reagent
was applied for 30 min at room temperature. Finally, the
peroxidase activity was visualized by adding 1-3 drops of
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peroxidase substrate using diaminobenzidine as a chromogen.
After the immunoreaction, the sections were dehydrated in
ethanols, cleared in xylene and coverslipped with Entellan
(Merck, Darmstadt, Germany). The slides were observed and
photographed with a Nikon research microscope equipped
with a digital camera DXM1200c. The brainstem structures
were identified according to the rat brain atlas of Paxinos and
Watson (26).

The specificity of the immunostaining was controlled by
the omission of the primary antiserum from the incubation
medium or its replacement with PBS. No immunoreactivity
was detected in either case.

The immunostained sections for CB1 receptors were
photographed, observed and examined in detail with a Nikon
research microscope equipped with a DXM1200c digital
camera and NIS-Elements imaging software. The system
underwent an accurate calibration to correct the captured
images. For every single image, the light source and camera
settings were kept the same. Moreover, the settings for contrast
and color were calibrated correctly. In particular, brightness
and contrast were corrected for all images to prevent the strong
influence of the contrast ratio on the original values of the
pixels of a given image. The digital images were recorded in
TIF format and processed for removal of artifacts using Adobe
Photoshop CS5 software (Adobe Systems Inc., San Jose, CA).
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Densitometric analysis and statistics

CBI1 staining intensity were quantified in binary-converted
images using the semi-automated densitometrical evaluation
after threshold settings via the open source program ImageJ
1.48v (NIH, Bethesda, MD, USA). The results were presented
as percentage areas after the relative staining intensities were
semi-quantified. Two researchers (D.A. and A.D.) blinded to
the experimental groups performed the assessments and the
results were averaged.

Using the GraphPad Prism software package (GraphPad
Software Inc., San Diego, CA, USA; version 5.04 for
Windows) statistical analyses between groups were performed.
The findings are presented as means + standard error of
the mean (SEM). We applied unpaired t-test for Gaussian
distributed data and Mann-Whitney U-test for non-Gaussian
distributed data. The results were considered statistically
significant when p < 0.05. The following symbols were used
to indicate the different level of significance: *p < 0.05, **p
< 0.01 and ***p < 0.001.

Data analysis

In vivo results were statistically assessed by one-way
analysis of variance (ANOVA) followed by Newman-Keuls
post-hoc comparison test. Values were mean + S.E.M and these
of p < 0.05 were considered to indicate statistical significance.

RESULTS

One hour of heat stress provoked heat stress-induced analgesia
with PP-thresholds in experimental animals higher than those
of the controls injected with 0.9% saline (Fig.1).

AEA-administration immediately after the end of stress led
to a decrease in heat-SIA, even with minimal statistical rel-
evancy between 1h HS- and 1h HS+AEA-group PP-thresholds.
Instead, a relevant decrease in heat-SIA was observed after
AM251-pretreatment, as well as after Nal-pretreatment (1h
HS+Nal+AEA) on the 10" and 20™ min compared to 1h HS-
and 1h HS+AEA-groups (Fig. 1).

The immunohistochemical experiments demonstrated
staining for CB1 in some small-sized neurons located in the
PAG. The cell bodies and proximal processes of these cells in
ventrolateral periaqueductal gray (VLPAG) were differently
immunostained in the examined experimental groups (Fig. 2).
Specifically, following 1-hour heat exposure with AEA, many
intensely stained neurons were observed in the VLPAG (Fig.
2A). Lower expression of CB1 receptors was seen in this area
after both AM251 and Nal-pretreatment (Fig. 2C) compared
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to 1h HS+AEA (Fig. 2A). Statistical data processing revealed
that the ratio of neurons with CB1 receptor immunoreactiv-
ity was significantly higher statistically in the experimental
group 1h HS+AEA compared to groups 1h HS+AM251+AEA
(mean 74.10+4.434 vs 52.702+4.232; p=0.0036) and 1h
HS+Nal+AEA (74.10+4.434 vs 43.83+3.155; p=0.0001),
respectively (Fig. 3).

MIF-1 administration (Lh HS+AEA+MIF-1) on the 10%"
min showed PP-thresholds lower than in the 1h HS- and the
1h HS+AEA-groups, while a continuous elevation of PP-
thresholds occurred after the 10 min, with values on the 20t
and 30" min higher than in 1h HS- (F1 13= 418.97333 on the
20" min; Fy 11= 3472.056910n the 30" min), and 1h HS+AEA-
group (F1,11= 689.64103 on the 20" min; F117=4920.71685
on the 30" min) (Fig. 4). After AM251-pretreatment (1h
HS+AM251+AEA+MIF-1) PP-thresholds gradually decreased
after the 10" min until the end of the experiments. Still, during
the whole time of the evaluation they remained higher than the
1h HS- (F1,11 = 457.09717 on the 10" min; Fy 11 = 152.44444
on the 20" min; F; 13= 65.68085 on the 30" min), and 1h
HS+AEA-values (F1,11= 822.85714 on the 10" min; Fy 1=
345.02564 on the 20™ min; F1 11= 240 on the 30" min) (Fig. 4).

Nal-administration decreased PP-thresholds in
1h HS+Nal+AEA+MIF-1-group compared to the 1h
HS+AEA+MIF-1-group (F1,11=8.2963 on the 10" min; Fy 11=
841 on the 20" min; F1 11= 731.43137 on the 30" min) (Fig. 5).

Immunohistochemical data showed no statistically relevant
change in CB1-expression in 1h HS+AEA+MIF-1-animals
(Fig. 2D, 3) compared to the 1h HS+AEA group (Fig. 2A, 3)
(60.038+4.854 vs 74.10+4.434; p=0.0932), while both AM251-
(Fig. 2E and 3) and Nal- (Fig. 2F and 3) pretreatment before
AEA+MIF-1-administration led to a decreased CB1-expres-
sion in groups 1h HS+AM251+AEA+MIF-1 (43.866+2.554
vs 60.038+4.854; p=0.0111) and 1h HS+Nal+AEA+MIF-1
(29.860+2.781 vs 60.038+4.854; p=0.0006) compared to 1h
HS+AEA+MIF-1-animals (Fig. 2D and 3), accordingly. Statis-
tical analysis revealed that there were no significant differences
in the expression of CB1 receptors when comparing groups
1h HS+AM251+AEA+MIF-1 and 1h HS+AM251+AEA
(43.866+2.554 vs 52.702+4.232; p=0.1504) (Fig. 2E, 2B and
3). Pretreatment with Nal- and the administration of the peptide
MIF-1 caused a significant reduction of the expression of CB1
receptors in the experimental group 1h HS+Nal+AEA+MIF-1
(Fig. 2F) compared to the group 1h HS+Nal+AEA (Fig. 2C)
(29.860+2.781 vs 43.825+3.155; p=0.0059) (Fig. 3).

Tyr-MIF-1-administration (1h HS+AEA+Tyr-MIF-1)
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Figure 2. Immunohistochemical expression of CB1 receptors in some small-sized neurons located in the ventrolateral periag-
ueductal gray (VLPAG). The proximal processes and cell bodies of these cells are differently immunostained in the examined
15 experimental groups. Light photomicrographs in the left column (4, D, G, J, M) show CB1 receptor immunoreactivity in five
experimental groups in which the animals are subjected to 1-hour of heat stress followed by CB1-receptor agonist anandamide
(AEA) (A) which serves as a control group. In the remaining four groups four different peptides from the Tyr-MIF-1 family are
administered, i.e. MIF-1 (D), Tyr-MIF-1 (G), Tyr-W-MIF-1 (J) and Tyr-K-MIF-1 (M), respectively. Note that the administration
of both Tyr-MIF-1 (G) and Tyr-W-MIF-1 (J) enhances the expression of CB1 receptors in the examined area while the peptides
MIF-1 (D) and Tyr-K-MIF-1 (M) have no significant effect. The representative photomicrographs of the central column (B, E,
H, K, N) also include five experimental groups though in the animals from these groups, contrary to the left column, we use
pretreatment with CBI-receptor antagonist AM251. (B) Pretreatment with AM251 reduces the expression of CBI1 compared to
the control group (A). Also note that both peptides Tyr-W-MIF-1 (K) and Tyr-K-MIF-1 (N) in groups with AM25 1-pretreatment
significantly reduce the expression of CB1 receptors compared to the control group for the column 1h HS+AM251+AEA (B).
The right column (C, F, I, L, O) shows photomicrographs of five experimental groups of animals that are pretreated with the
opioid receptor antagonist naloxone (Nal). (C) The CB1 immunopositive neurons in the VLPAG are more weakly immunostained
compared to the control group (A). The administration of three peptides, i.e. MIF-1 (F), Tyr-MIF-1 (I) and Tyr-K-MIF-1 (O) in
Nal-pretreated groups further reduces the expression of CB1 receptors.
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Figure 3. Densitometric analysis of anti-CB1 receptor staining
intensity in the neurons of VLPAG in 15 experimental groups.
Data are presented as mean = S.EM. p*<0.05, p**<0.01,
pF¥E<0.001.
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led to PP-thresholds higher than in the 1h HS+AEA-group
(F1,11=74.07407) on the 10" min. This increase was followed
by a decrease on the 20" min, while on the 30" min the 1h
HS+AEA+Tyr-MIF-1-group PP-thresholds were comparable
to the controls (Fig. 4). Administration of CB1-antagonist
AM251 did not change PP-threshold curve compared to the
agonist one (Fig. 4). Nal-pretreatment (Lh HS+Nal+AEA+Tyr-
MIF-1) increased PP-thresholds from the 20" min on compared
to 1h HS+AEA and 1h HS+AEA+Tyr-MIF-1 (Fig. 5).

The results of the statistical analysis showed increased
CB1-expression in 1h HS+AEA+Tyr-MIF-1-animals (Fig.
2G, 3) compared to HS+AEA (Fig. 2A, 3) (85.864+2.544
vs 74.10+4.434; p=0.0410). However, decreased CB1-
expression followed AM251- (Fig. 2H, 3) (59.825+3.166 vs
85.864+2.544; p<0.0001) and Nal- (Fig. 21, 3) (35.302+1.734
vs 85.864+2.544; p<0.0001) administration compared to 1h
HS+AEA+Tyr-MIF-1-animals (Fig. 2G, 3). Administration
of the peptide Tyr-MIF-1 in animals pretreated with AM251
(1h HS+AM251+AEA+Tyr-MIF-1) did not statistically sig-
nificant alter the expression of CB1 receptors compared to
the non-peptide treated control group 1h HS+AM251+AEA
(59.825+3.166 vs 52.702+4.232; p=0.2008) (Fig. 2H, 2B,
3). Whereas administration of the Tyr-MIF-1 peptide in the

+Ht

HiH
450,00 ass

XXX Ocontrols
4+

HiH

400,00

B1h HS

M 1h HS+AEA

350,00 e

300,00

E1h HS+AM251+AEA

M 1h HS+AEA+MIF-1

250,00 | {E g

200,00 | [l

E1h HS+AM251+AEA+MIF-1

150,00

Paw pressure test

100,00 -

50,00 -

0,00

10°

m 1h HS+AEA+Tyr-MIF-1

5 1h HS+AM2514+AEA+Tyr-MIF-1

min

Figure 4. Effects of MIF-1 and Tyr-MIF-1 on SIA along with anandamide (AEA) administration and after CB1-antagonist
AM251 pretreatment. PP-thresholds are represented in g/cm’; mean values + S.E.M. are presented. ***p<0.001, **p<0.01 vs.
controls; **p<0.001, *p<0.01, *p<0.05 vs. 1h HS; **p<0.001 vs. Ih HS+AEA; ¥ p<0.001, #p<0.01 vs. I1h HS+AM251+AEA;
1h HS+AM251+AEA+MIF-1 has been compared to 1h HS+AEA+MIF-1 - %¥p<0.001; 1h HS+AM251+AEA+TyrMIF-1 has

been compared to 1h HS+AM251+AEA+Tyr-MIF-1 - 4p<0.05.

Biomed Rev 31, 2020



98

Nocheva et al.

g/cm? 500,00

Paw pressure test

450,00

400,00

350,00

300,00

250,00 -

200,00 -

150,00 ~

100,00 -

50,00 -

0,00

Ocontrols

C1h HS

[ 1h HS+AEA

B 1h HS+Nal+AEA

M 1h HS+AEA+MIF-1

E 1h HS+Nal+AEA+MIF-1

o
Hi HH
$

M 1h HS+AEA+Tyr-MIF-1

++

10

20°

30

B 1h HS+Nal+AEA+Tyr-MIF-1

min

Figure 5. Effects of MIF-1 and Tyr-MIF-1 on SIA along with anandamide (AEA) administration and after opioid receptors an-
tagonist naloxone (Nal) pretreatment. PP-thresholds are represented in g/cm’; mean values = S.E.M. are presented. ***p<(.001
vs. controls; **p<0.001, *p<0.01, *p<0.05 vs. 1h HS; **p<0.001 vs. 1h HS+AEA; " p<0.001 vs. 1h HS+Nal+AEA; 1h
HS+Nal+AEA+MIF-1 has been compared to 1h HS+AEA+MIF-1 -%¥p<0.001, $p<0.05, 1h HS+Nal+AEA+TyrMIF-1 has been

compared to 1h HS+AEA+Tyr-MIF-1 - #&&p<0.001.

g/cm? 300,00

250,00

200,00

150,00 -

o

-

Paw pressure test

50,00 -

0,00

100,00 -

++

e

L

&&

10

20°

-
&&

30°

XX

&&

min

Ocontrols

O1h HS

M1h HS+AEA

B1h HS+AM251+AEA

M 1h HS+AEA+Tyr-W-MIF-1

B 1h HS+AM251+AEA+Tyr-W-MIF-1

M 1h HS+AEA+Tyr-K-MIF-1

E1h HS+AM251+AEA+Tyr-K-MIF-1

Figure 6. Effects of Tyr-W-MIF-1 and Tyr-K-MIF-1 on heat-SIA along with anandamide (AEA) administration and after CB1-
antagonist AM251 pretreatment. PP-thresholds are represented in g/cm’; mean values + S.E.M. are presented. ***p<0.001,
*#p<().01 vs. controls; **p<0.001, *p<0.01, *p<0.05 vs. 1h HS; **p<0.001, *'p<0.01, *p<0.05vs. 1h HS+AEA; #p<0.001 vs.
1h HS+AM251+AEA; 1h HS+AM251+AEA+Tyr-W-MIF-1 has been compared to 1h HS+ AEA+Tyr-W-MIF-1 - %3¥p<0.001; 1h
HS+AM251+AEA+Tyr-K-MIF-1 has been compared to 1h HS+AEA+Tyr-K-MIF-1 - 4%8p<0.001, #¢p<0.01.

Biomed Rev 31, 2020



Endogenous cannabinoid system and Tyr-MIF-1 peptides in heat stress-induced analgesia

99

pretreated group with Nal (1h HS+Nal+AEA+Tyr-MIF-1)
significantly reduces the expression of CB1 receptors com-
pared to the control grouplh HS+Nal+AEA (35.302+1.734
vs 43.825+3.155; p=0.0376) (Fig. 21, 2C, 3).

Tyr-W-MIF-1- and Tyr-K-MIF-1-administration led to
inverted U-shaped PP-threshold curves, with higher values on
the 20™ min compared to the 10" and 30" min after application.
Tyr-W-MIF-1 caused analgesia only on the 20" min of the
experiment, but no statistically relevant difference than AEA
was evaluated (Fig. 6). Tyr-K-MIF-1 led to a more prominent
analgesic effect, with statistically relevant increase in heat-SIA
on the 20" min (F1,11= 235.3089) and the 30" min (Fy,11= 240)
of the experiment compared to 1h HS+AEA-values. No anal-
gesic effects were observed for PP-thresholds after AM251-
administration (Fig. 6). Nal-pretreatment transiently increased
PP-thresholds on the 10" min in both 1h HS+Nal+AEA+Tyr-
W-MIF-1- and 1h HS+Nal+AEA+Tyr-K-MIF-1-animals
compared to 1h HS+AEA+Tyr-W-MIF-1- (F1 11 = 224), and
1h HS+AEA+Tyr-K-MIF-1 groups (F1 11= 62.36364), respec-
tively. From the 20" min on, 1h HS+Nal+AEA+Tyr-W-MIF-1-
and 1h HS+Nal+AEA+Tyr-K-MIF-1-animals PP-thresholds
were similar to the controls (Fig. 7). In comparison with the

g/ecm? 300,00

1h HS+Nal+AEA-animals, 1h HS+Nal+AEA+Tyr-K-MIF-
1-group showed a statistically relevant increase for the entire
time of the experiment (F1,11= 72 on the 10" min; Fy 11=24.2
on the 20t min; Fy 1= 15.90909 on the 30" min), while for
1h HS+Nal+AEA+Tyr-W-MIF-1 statistical relevancy was
evaluated only on the 20" min (Fy,11= 18).

Interestingly, we found that after a single dose of AEA
followed by Tyr-W-MIF-1, the staining intensity of CB1-
immunoreactive neurons strongly increased in the VLPAG
(Fig. 2J) compared to 1h HS+AEA (Fig. 2A) (86.251+2.106
Vs 74.10+4.434; p=0.0328) (Fig. 3). Pretreatment with
both AM251 (Fig. 2K, 3) (40.473+1.268 vs 86.251+2.106;
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peptide administration (1h HS+AM215+AEA+Tyr-W-MIF-1)
(Fig. 2K) compared to the control non-peptide treated group
1h HS+AM215+AEA (40.473+1.268 vs 52.702+4.232;
p=0.0237) (Fig. 2B, 3). Itis interesting to note that the impact
of the peptide did not alter the expression of the CB1 receptors
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in the Nal- pretreated group 1h HS+Nal+AEA+Tyr-W-MIF-1
(Fig. 2L) compared to the control group without peptide 1h
HS+Nal+AEA (44.402+5.187 vs 43.825+3.155; p=0.9260)
(Fig. 2C, 3).

Tyr-K-MIF-1-administration (1h HS+AEA+Tyr-K-
MIF-1, Fig. 2M, 3) did not change the level of CB1 receptor
immunoreactivity compared to 1h HS+AEA (Fig. 2A, 3)
(72.126+6.172 versus 74.10+4.434; p=0.7992). AM251-
pretreatment (Lh HS+AM251+AEA+Tyr-K-MIF-1, Fig. 2N,
3) did not affect the CB1-expression either when compared
to 1h HS+AEA+Tyr-K-MIF-1 (Fig. 2M, 3) (67.691+3.479
versus 72.126+6.172; p=0.5441), while Nal-pretreatment
decreased the intensity of CBl-expression (Fig. 20, 3)
(33.625+1.625 versus 72.126+6.172; p=0.0003). Administra-
tion of Tyr-K-MIF-1 peptide in both pretreated groups with
AM251- and Nal- altered the expression of CB1 receptors
in a different way. In animals pretreated with AM251 (1h
HS+AM251+AEA+Tyr-K-MIF-1) (Fig. 2N), the peptide en-
hanced the expression of CB1 receptors (72.126+6.172 versus
52.702+4.232; p=0.0165) (Fig. 3), while in Nal-pretreated
animals (1h HS+Nal+AEA+Tyr-K-MIF-1) (Fig. 20) the Tyr-
K-MIF-1 peptide decreased the expression of CB1 receptors
(33.625+1.625 versus 43.825+3.155; p=0.0159) compared to
their respective control groups 1h HS+AM251+AEA and 1h
HS+Nal+AEA.

DISCUSSION

The present results show that the peptides from the Tyr-MIF-1
family interact with the ECS, and such an interaction affects
h-SIA. In particular, CB1 receptors, as well as opioid and other
non-opioid receptors, take part in the final outcome of heat-SIA
modulation. The administration of each peptide member of the
family led to statistically relevant analgesia with a different
onset, degree and duration depending on the peptide.
According to the extant literature both Tyr-MIF-1 and
Tyr-W-MIF-1 bind to opioid receptors, the latter showing a
higher binding affinity. Specifically, Tyr-MIF-1 has its own
binding site (23, 27) whereas Tyr-W-MIF-1 interact with its
own binding site even with a lower affinity (23, 28). Given
their interaction with opioid receptors, Tyr-MIF-1 and Tyr-
W-MIF-1 are expected to exert a prominent impact on heat-
SIA. Nonetheless, in this study only short-lasting analgesia
is registered, i.e. on the 10" min in 1 h HS+AEA+Tyr-MIF-
1-animals compared to the 1 h HS+AEA-group (fig. 4), and
on the 20t min for Tyr-W-MIF-1-animals (fig. 6). A probable
explanation for this could be found in the antiopiate effect of
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these peptides albeit both of them have been proved to exert
opiate effects as well (23).

Our results demonstrate that the administration of both
peptides after AEA increases CB1-expression in PAG. Despite
such an upregulated CB1-expression in 1 h HS+AEA+Tyr-
MIF-1-animals, the antiopiate effect of the peptide may
antagonize the analgesic effect of cannabinoids in vivo. Moreo-
ver, Tyr-W-MIF-1-administration decreases CB1-expression
after AM251-pretreatment, while Tyr-MIF-1 does not lead
to statistically relevant differences in the expression. These
findings can be attributed to the interactions between opioid
and cannabinoid mechanisms in heat-SIA progress, as well as
the involvement of the specific Tyr-MIF-1-binding site that
Tyr-W-MIF-1 also binds.

There is available evidence that cannabinoid and opioid
receptors are expressed in similar anatomical areas associated
with analgesia, and are even colocalized in the same neurons
(29- 31). In this regard, we find that CB1-expression in 1 h
HS+Nal+AEA+Tyr-MIF-1-animals is decreased compared to 1
h HS+AEA+Tyr-MIF-1- but not in 1h HS+Nal+AEA-animals.
We assume that the effect on CB1-expression can be attributed
to naloxone that disrupts CB1/opioid receptor interactions. The
antagonistic effect of naloxone on opioid receptors abolishes
both the in vitro effect on CB1-expression through decreasing
it and the in vivo effect via increasing analgesia. It is likely
that by antagonizing the predominantly antiopiate effect of
Tyr-MIF-1, Nal increases analgesia.

Further, we find a very distinct effect on heat-SIA follow-
ing MIF-1 administration along with AEA: an increase in
heat-SIA in the combination of AEA+MIF-1 (compared to the
administration of AEA alone) is observed after the 10" min
until the end of the estimated time and exactly the opposite
effect (a gradual decrease) after the CB1-antagonist applica-
tion (Fig. 4). MIF-1 has its own binding sites, and a possible
interaction with CB1 receptors can be suspected. Since im-
munohistochemical evaluation shows no statistically relevant
changes in CB1-expression after MIF-1 administration (Fig.
2), the effect of the peptide could be attributed to implication
of other receptors and potential second messengers.

Interestingly, even though the peptide is known not
to interact with opioid receptors altogether, we reg-
ister that Nal-administration decreases PP-thresholds
in 1h HS+Nal+AEA+MIF-1-animals compared to 1h
HS+AEA+MIF-1- and 1h HS+Nal+AEA-groups (Fig. 5).
Our immunohistochemical findings reveal a decreased
CB1-expression after Nal-pretreatment (Fig. 2 and 3), thus



Endogenous cannabinoid system and Tyr-MIF-1 peptides in heat stress-induced analgesia 101

indicating opioid receptor involvement as well as interactions
between the peptide receptor and CB1 in heat-SIA progress.
Our previous results show no similar in vivo effect in MIF-1
administration along with CB1-agonist after immobilization or
cold stress (32, 33). Furthermore, Tyr-K-MIF-1 administration
(1h HS+AEA+Tyr-K-MIF-1) leads to a PP-thresholds curve
resembling an inverted U. The combination 1h HS+AEA+Tyr-
K-MIF-1 provoked a delayed yet more pronounced and long-
lasting analgesic effect compared to 1h HS+AEA (Fig. 6).
Since the combination 1h HS+AM251+AEA+Tyr-K-MIF-1
abolishes the above-mentioned analgesic effect of AEA and
Tyr-K-MIF-1 on h-SIA, an interaction between CB1- and
Tyr-K-MIF-1 receptors should be expected. Given that im-
munohistochemistry shows no statistically relevant changes
in CB1-expression after the peptide application both with
CB1-agonist or antagonist, common second messengers or
the activation of additional mediatory systems may underlie
such an assumption.

It is worth noting that the inverted U-shaped PP-threshold
curve described above is also observed after immobilization
and cold stress, only when the peptide is administered along
with the CB1 antagonist AM251, and not after the application
of the agonist (32, 33). In the present study the statistically
relevant decrease, even after a transient increase on the 10
min, in PP-thresholds observed from the 20™ min on in ani-
mals with 1h HS+Nal+AEA+Tyr-K-MIF-1 compared to 1h
HS+AEA+Tyr-K-MIF-1 groups (Fig. 7), was also character-
ized by a decreased CB1 expression (Fig. 2). Immunohisto-
chemical data suggest that opioid and non-opioid receptors
may influence ECS. Since Tyr-K-MIF-1 does not bind to opioid
receptors, such an effect could be attributed to cannabinoid
interactions with opioid mechanisms. It can be inferred that
common second messengers for both cannabinoids and the
peptide are implicated with the opioid system.

There is evidence that CB1 receptors, located at the pr-
esynaptic level, exert important control upon certain neuronal
functions by modulating the release of several neurotrans-
mitters (34). The presence of CB1 receptors in the rodent
brain has been verified in certain glutamatergic, GABAergic,
dopaminergic and adrenergic neurons (35), and recently in
septohippocampal cholinergic (36) and raphal serotonergic
neurons in mice (37). Our experiments were focused on PAG,
traditionally associated with pain transmission in relation with
opioids (38). Our results provide further immunohistochemical
evidence that neurons in the rat PAG, which usually contain
endogenous opioids and their receptors, possibly play impor-
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tant roles in pain modulation via activation of CB1 receptors,
thus implying probable functional interactions between can-
nabinoids and opioids within the complex. It seems that the
interaction between endocannabinoids and the peptides from
Tyr-MIF-1 family influences SIA after cold, immobilization
and heat stress, albeit in a different way. Obviously the activa-
tion of opioid and non-opioid receptors under various stress
conditions leads to a certain extent to different interrelations
with CB1 receptors.

It is known that there is considerable overlap in the path-
ways and neural substrates implicated in both pain and stress
and that the activity within the descending pain pathway is a
critical determinant of SIA (6). Moreover, a key regulator of
descending pain pathway activity is the endogenous opioid
system (39). Many drugs interact with endogenous receptors,
opioid (e.g. p-receptors) and non-opioid (e.g. CB1 cannabi-
noid receptor and peptide receptors) and, therefore, we have
tried to assess the analgesic effects of possible combinations
between some of them. Furthermore, the involvement of other
endogenous ligands for CB1, and the receptors AEA interacts
with, should also be taken in consideration (40). Identifying
certain patterns of interactions and creating models to influence
the effects by activating/antagonizing given receptor(s), would
provide novel perspectives in drug modelling.

CONCLUSION

Our study showed that the Tyr-MIF-1-family peptides
interact with the ECS in hSIA modulation. Different degrees
of analgesia with a variable duration are observed after the
application of each of the four peptides. Tyr-MIF-1 and Tyr-W-
MIF-1 seem to have a direct impact on CB1-expression in the
PAG, even with modest functional confirmation in the PP test,
while MIF-1 and Tyr-K-MIF-1 probably interact via second
messengers or additional neurotransmitter system activation.
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