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Abstract—The pancreatic peptide, Amylin (AMY), reportedly affects nociception in rodents. Here, we investigated
the potential effect of AMY on the tolerance to morphine and on the expression of BDNF at both levels of protein
and RNA in the lumbar spinal cord of morphine tolerant rats. Animals in both groups of control and test received a
single daily dose of intrathecal (i.t.) morphine for 10 days. Rats in the test group received AMY (1, 10 and
60 pmoles) in addition to morphine from days 6 to10. Morphine tolerance was established at day 5. AMY alone
showed enduring antinociceptive effects for 10 days. Real-Time PCR, western blotting and ELISA were used
respectively to assess levels of BDNF transcripts and their encoded proteins. Rats tolerant to i.t. morphine
showed increased expression of exons |, IV, and IX of the BDNF gene, and had elevated levels of pro-BDNF
and BDNF protein in their lumbar spinal cord. AMY, when co-administered with morphine from days 6 to 10,
reversed morphine tolerance and adversely affected the morphine-induced expression of the BDNF gene at both
levels of protein and mRNAs containing exons |, IV and IX. AMY alone increased levels of exons | and IV tran-
scripts. Levels of pro-BDNF and BDNF proteins remained unchanged in the lumbar spinal cord of rats treated
by AMY alone. These results suggest that i.t. AMY not only abolished morphine tolerance, but also reduced
the morphine induced increase in the expression of both BDNF transcripts and protein in the lumbar spinal cord.
© 2019 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION localized in neurons in dorsal root ganglion (DRG)
(Gibson et al., 1984; Ma et al., 2006; Staton et al.,
2007) and show pronociceptive (Brain and Grant, 2004;
Ma et al., 2006) and proinflammatory properties (Gibson
et al., 1984; Hokfelt et al., 1992; Wang et al., 2014). We
have also reported that both CGRP and Adrenomedullin

The pancreatic hormone, Islet amyloid polypeptide or
Amylin (AMY), works with insulin in glucose regulation
(Young, 2005) and energy balance (Boyle et al., 2011).
AMY belongs to the calcitonin family of peptides that also

includes two calcitonin gene related peptides («CGRP are stimulatory to spinal neurons in terms of increased

and BCGRP) and Adrenomedullin (Muff et al., 2004; cAMP accumulation (Takhshid et al., 2006) and induced
Russell et al., 2014). These peptides share some compo- c-Fos expression (Takhshid et al., 2004). CGRP

nents in their multimeric receptors (Barwell et al., 2012) (Menard et al., 1996) and Adrenomedullin (Wang et al

which are widely distributed in various peripheral tissues 2016) have éiso been suggested to contribute to thé
and mn the (_:entral_nervousf sys_tem (CN_S)’ where they development of tolerance to opioids, as their receptor
mediate a Wf(,je variety of biological functions (Lee ,et al., antagonists prevented the development of tolerance to
2016). Specifically, Both CGRP and Adrenomedullin are morphine (Powell et al., 2000; Wang et al., 2011). In situ
hybridization results show the expression of the mRNA for
AMY in the DRG of rats (Mulder et al., 1995). Although the
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strated yet. Nonetheless, AMY-like immunoreactivity
exists in motor neurons and deep lamina of spinal cord
(Skofitsch et al., 1995; Huang et al., 2010). AMY like
immunoreactivity has also been observed in the neurons
from DRG of rats (Ferrier et al.,, 1989; Nicholl et al.,
1992; Mulder et al., 1995) in CGRP and/or substance P
containing neurons (Mulder et al., 1995). Finally, it is note-
worthy that, AMY has also shown to pass the blood-brain
barrier (Banks et al., 1995). To unravel the role of AMY in
sensory neurons, the expression of AMY in DRG and its
distribution in the dorsal horn were investigated after uni-
lateral adjuvant-induced inflammation in the rat paw.
Results of this study suggested a role for AMY in the initial
phase of localized inflammation (Mulder et al., 1995). Our
previous results in the behavioral and c-Fos studies
revealed an antinociceptive effect for AMY in the formalin
model of inflammatory pain in rats (Khoshdel et al., 2014;
2016). No studies to date have examined the role of AMY
in morphine tolerance. Therefore, as the first goal of this
study, we sought to investigate the role of AMY in opioid
tolerance, and the potential of this peptide to reverse
the established tolerance to morphine. Brain-derived neu-
rotrophic factor (BDNF) is a small secreted protein that
belongs to the neurotrophin family of peptides. In addition
to its canonical neurotrophic role, BDNF is shown to con-
trol neuronal activity as a neuromodulator (Mattson, 2008;
Merighi et al., 2008; Santos et al., 2010). Thus, results of
a number of studies suggest BDNF as a negative modu-
lator of morphine action in the ventral tegmental area (Koo
et al., 2012). Published data also suggest a likely role for
BDNF in the transmission of pain (Kerr et al., 1999;
Malcangio and Lessmann, 2003) and development of
morphine tolerance (Matsushita and Ueda, 2009). Inter-
estingly, a recent study has shown attenuation of opioid
analgesic tolerance in BDNF receptor (p75NTR) null mice
(Trang et al., 2009). Data presented in this study revealed
the potency of i.t AMY to reverse morphine tolerance.
Hence, the second aim of this study was to investigate
possible implications of BDNF in the anti-tolerance effects
of AMY. Accordingly, we investigated the effects of i.t.
AMY on the expression of the BDNF gene. The rat BDNF
gene contains eight 5 noncoding exons (I-VIII), which
each of them can splice to one 3’ coding exon (IX) that
encodes the mature BDNF protein. This gene is tran-
scribed to eleven distinct mMRNAs, each of which is char-
acterized by one 5'UTR exon linked by alternative splicing
to the common coding exon IX (Liu et al., 2006; Aid et al.,
2007). The different BDNF splice variants responds differ-
ently to various types of treatments (Dias et al., 2003;
Calabrese et al., 2007). As an example, ethanol induced
differential expressions of exons I, Ill and IV in the brain
has been reported (Schmidt et al., 2012; Shojaei et al.,
2015). However, BDNF mRNAs containing exon 1, 2
and 4 are ftranscriptionally more important (Timmusk
et al., 1993), although the definite function of each tran-
script is not known. Also, differential expression of BDNF
exon 4 is observed in the spinal cord following epigeneti-
cally prolonged opioid induced hyperalgesia (Liang et al.,
2014). All eleven distinctive BDNF mRNAs are translated
into the same pro-BDNF protein (Aid et al., 2007). Pro-
BDNF protein is a precursor for BDNF that also acts as

a signaling molecule through distinct receptors. Several
roles have been proposed for various 5UTRs of the
BDNF gene, including regulation of transcription, modula-
tion of MRNA stability and translation initiation, and differ-
ential expression in different parts of the CNS during
lifetime (Wilkie et al., 2003). Alterations in the expression
levels of exon transcripts in the BDNF mRNA and its
encoded protein have been detected in addiction and
other nervous system disorders (Akbarian, 2002;
Cattaneo et al., 2016). Here, we evaluated levels of tran-
scripts containing the non-coding exons |, IV and the cod-
ing exon IX of the BDNF gene, as well as, on the levels of
BDNF and pro-BDNF protein in the lumbar spinal cord of
morphine tolerant rats.

EXPERIMENTAL PROCEDURES
Chemicals

Rat AMY was obtained from Bachem Americas, Inc.
(Torrance, CA). Morphine sulfate was purchased from
Temad Company. All chemicals and western blot
materials used in this study were obtained from Sigma-
Aldrich, Santa Cruz, and Abcam, respectively. ELISA kit
was obtained from Promega.

Animal treatment and surgery

Adult Male Sprague — Dawley rats weighing 250 + 20 g
were provided by the laboratory Animal Center of Shiraz
University of Medical Sciences, Shiraz, Iran. Rats were
anesthetized with ketamine (50 mg/kg) — xylazine (5 mg/
kg) and i.t. catheterization was performed as described
by Yaksh and Rudy (Yaksh et al., 1977). Briefly, a slit
was made on cisternal membrane and 7.5 cm length of
a polyethylene catheter (PE-10, Betcton Dickenson, San
Jose, CA) was inserted into the subarachnoid space of
lumbar enlargement (L3- L4). The rostral part was sutured
to the adjacent muscles to immobilize the catheter and
the wound was closed in two layers with 4-0 silk. The
position of the caudal tip was always confirmed after the
animals were sacrificed. Rats with paralysis or motor
weakness during the recovery period of 7 days were
excluded from the study. Drugs and vehicle were admin-
istered i.t. in volume of 10 pL, followed by10 uL flushes
of normal saline to clear the catheter. Final doses of mor-
phine (22 nmoles/rat) and AMY (1-60 pmoles/rat) were
prepared in 10 pL of sterile saline for i.t injection. AMY
was injected 10 min prior to morphine. All experimental
protocols were performed in accordance with the National
Institutes of Health Guide for Care and Use of Laboratory
Animals and were approved by the Medical and Research
Ethics Committee of the Shiraz University of Medical
Sciences, Shiraz, Iran.

Behavioral test

The antinociceptive potential of morphine and AMY was
tested using a nociceptive spinal reflex test; the tail flick
test. The tail flick test (D’Amour and Smith, 1941)
assessed the animal's response to a thermal stimulus.
In brief, radiant heat was applied to the bottom section
of the animal's tail using an analgesia meter (Tajhizgostar,
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Iran) and the response latency required for the animal to
remove its tail was recorded (Owen, et al. 1981; Yang,
et al. 2011). The intensity of the heat source was adjusted
to yield a base line response of 2 + 3's and a cut - off
latency of 10 s was implemented to minimize tissue dam-
age. Results at each time point were expressed as the
percentage of maximal possible anti-nociceptive effect
(MPE) according to the following formula:

postdrug latency — baseline latency

MPE = Cut — offvalue — baseline latency

Induction of morphine tolerance

To induce a state of morphine tolerance, animals were
injected once daily for 10 days with i.t. morphine (22
nmoles or 15 nug/10 pl). Injections were made each day
between 9 and 11 AM. Control rats received saline.
Nociceptive testing was performed both before and
30 min after drug administration to determine baseline
and drug-induced antinociceptive effects, respectively.
Cumulative dose — response curves were generated to
determine the potency of acute morphine on the 11th
day. To prepare these curves, rats were given four
ascending doses of morphine every 30 min until a
maximal level of antinociception was reached in the tail
flick test. Nociceptive responses were evaluated 25 min.
after post injection. The morphine ED5q value that is an
index of morphine potency, were derived from the dose—
response curve. A state of tolerance was verified by a
progressive decrease in the daily antinociceptive
response to morphine, manifested as a rightward shift in
the acute morphine dose response curve, namely, an
increase in the EDsq value for morphine.

Chronic effects of AMY on nociception and on
established morphine tolerance

We examined the persistence of the effects of AMY on
nociception by i.t. injections of different doses (1, 10 and
60 pmoles) of the peptide to rats in the AMY group once
daily. Animals in the control group received only i.t.
saline once a day. Rats in the above two groups were
subjected to nociceptive testing daily. In order to
examine the ability of AMY to reverse morphine
tolerance, animals in the morphine-AMY group received
injections of i.t. morphine (22 nmoles) once daily for
5 days. On days 6-10, animals were co-treated i.t. with
single doses of 1, 10 or 60 pmoles of AMY (based on
our previous studies; (Khoshdel et al., 2014, 2016) and
22 nmol of morphine, once daily. Nociceptive testing
was performed daily, and cumulative dose response
curves for acute morphine were generated on the 11th
day, and the EDso values calculated for these curves.
The ability of AMY treatments to reverse tolerance was
indicated by (a) a recovery of morphine induced antinoci-
ception during chronic treatment and (b) a recovery of
morphine potency (EDso).

Tissue preparation

Two hours after last administration of the drugs or saline,
animals were decapitated after CO, inhalation and lumbar
spinal cord were isolated from the animals. The tissues
were, placed in aluminum foil, frozen in liquid nitrogen
and stored at —80 °C until used for mMRNA analyses.

Real time quantitative PCR

We employed qRT-PCR to assess transcripts of BDNF
exons during the development of morphine tolerance
and reversal of spinal morphine tolerance by AMY
treatment. Total RNA from the lumbar spinal cord (L4-
L5) was extracted using the Tripure isolation reagent
(Roche Co., Germany), according to the manufacturer’s
instruction, and quantified by Nano-drop (Thermo
Scientific) to define their concentration and purity. The
denaturing gel electrophoresis method was used to
check the integrity of RNAs (Fleige and Pfaffl, 2006).
The RNA extracted prior to use cDNA synthesis was trea-
ted with DNase | (EN0521, Fermentas, Germany) to
remove any DNA contamination prior to use for cDNA
synthesis. cDNAs were synthesized using Revert Aid
First Strand cDNA Synthesis Kit (Fermentas, Eu). All pro-
cedures were based on the manufacturer’s instruction. q
RT-PCR was performed, using a 7500 real-time PCR sys-
tem (Applied Biosystem, Foster City, CA, USA). The
sequence of primers used for PCR of BDNF exons and
reference genes, glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) and B-actin, were reported in our previ-
ous study (Shojaei, 2017). All genes were amplified under
the following conditions: initial denaturing at 95 °C for
30 s, 40 cycles of 95 °C for 5 s and annealing and exten-
sion at 60 °C for 30s. Each PCR reaction was run in
duplicate. The AACT method was used to calculate the
relative expression level of BDNF exons in the lumbar
spinal cord of the animals (Pfaffl and International
University Line: La Jolla 2004). Amplification efficiencies
were calculated from a relative standard curve derived
from tenfold serial dilutions of pooled cDNA. The quality
and accuracy of the PCR products were checked using
electrophoresis on 2% agarose gels.

Western blotting

Tissue samples were homogenized in an extraction buffer
containing a protease inhibitor cocktail (P8340, Sigma-
Aldrich) as proposed by the manufacturer and NP40
lysate buffer. This was followed by 3 replicates of
sonication for 5s. After centrifugation at 10,000 x g at
4°C for 10 min, the supernatant was collected. The
Protein concentration was determined using the
Bradford method. Western blot was performed with
50 ug of protein extracts (per lane) and protein from
each sample was separated using 15% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
Protein ladder (Fermentase, USA) was used to define
the weight of separated bands. Separated samples
were transferred to nitrocellulose membrane at 100 V for
120 min after electrophoresis. Then membranes were
blocked by 5% skimmed milk in TBS buffer containing
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0.2% tween 20 (TBST) at room temperature for 1 h to
avoid non-specific binding sites. The membranes were
probed at 4 °C overnight with either at 1:250 dilution of
polyclonal rabbit anti—-Pro-BDNF (sc-546, Santa Cruz,
USA) or a 1:500 titer of the anti B-actin antibody
(ab1801, Abcam, USA) was used as an internal control.
The membranes were then washed 3 times for 20 min
each using 0.2% TBST and incubated with the
secondary antibody: 1: 7500 dilution of goat anti-rabbit
conjugated with HRP (Aviva System Biology USA) at
room temperature for 1 h. After rinsing membranes in
TBST 0.2% three times, the blots were visualized using
a home-made enhanced chemiluminescence (ECL).
Band intensities were quantified by Image J software.
The level of pro-BDNF protein of each sample was
normalized against B-actin and fold change of Pro -
BDNF in the treatment groups were calculated relative
to the control group.

Enzyme-linked immunosorbent assay

BDNF protein was quantified from the tissue extracts
using an ELISA kit (Promega, USA). Results were
normalized to the total protein concentration and
expressed as picograms of BDNF per microgram of
total protein. Protein was measured by the Bradford
method.

Data analysis

Graph pad Prism program (Version 6, GraphPad
Software, San Diego, CA, USA) was used for statistical
analysis of data presented as mean = SEM. Numbers
of independent measurements are denoted in the
corresponding figure legends. Differences between
groups were assessed by nonparametric analysis of
variance (Kruskal-Wallis test) followed by Dunn’s post
hoc analysis. Statistical analysis between two samples
was performed using Mann Whitney U test with p value
of <0.05 being set as the level of significance.

RESULTS

The effects of AMY on nociception and on morphine
tolerance

Fig. 1A represents the time course of the antinociceptive
effects of daily i.t. administration of morphine
(22.0 nmoles) in the tail flick test, and the development
of tolerance to morphine. As can be seen in the figure,
morphine produced maximal anti-nociceptive response
on day 1. After that, a progressive decline in the
analgesic response to morphine was observed,
reflecting the development of tolerance to morphine.
Morphine tolerance was established on day 5 and
thereafter morphine analgesia dropped to baseline
levels (hatched area). The effect of AMY (1, 10 and
60 pmoles) on the established morphine tolerance in the
tail flick test is presented in the Fig. 1B-D. Co-
administration of AMY (1, 10 and 60 pmoles) with
morphine (22.00 nmoles) on days 6-10 restored the
morphine anti-nociceptive response gradually and (at

the dose of 60 pmoles) reached to approximately 70%
of the original value on day 10. For further comparison,
the area under the curve responses of morphine
antinociceptive effects in days 6-10 (hatched areas in
the Fig. 1A-D) were calculated. As illustrated in the
Fig. 1E a significant increase in the areas under the
curve responses of morphine antinociceptive effects was
observed in rats co-treated with morphine and AMY
compared to the corresponding area in the rats treated
with morphine alone (p < 0.05, Kruskal-Wallis analysis
followed by Dunn’s test).

As shown in Fig. 1B, C and D, daily i.t. injection of
AMY (10 and 60 pmoles) caused dose dependent and
durable antinociceptive effects as assessed by daily tail
flick tests (p < 0.05, Kruskal-Wallis analysis followed by
Dunn’s test).

To further investigate the potency of AMY in reversing
established morphine tolerance, the animals in the
morphine and morphine plus AMY groups were treated
with increasing doses of morphine on the eleventh day.
As demonstrated in Fig. 2, AMY combined with
morphine shifted the morphine dose—response curve to
the left and restored morphine potency in tolerant rats.
The mean + SEM of EDsg values for morphine in the
various groups are shown in Table 1. As can be seen in
the table, EDsy for morphine (111.50 £ 4.12) in the
morphine tolerant rats were significantly higher than
those obtained for the animals treated with AMY
(60 pmole) and morphine concomitantly (17.96
+ 2.56 nmoles). The dose response curve for
antinociceptive effects of acute morphine in rats that
received AMY alone for 10 days and in those treated
with saline showed overlapping confidence intervals.
The difference between EDsgs obtained from these two
curves was not statistically significant (Table 1).

Expression pattern of exons I, IV and common exon
IX of BDNF gene in the spinal cord of morphine
tolerant rats

The results of RT-PCR confirmed the presence of PCR
products with predicted lengths of about 156 bp (exon I),
148 bp (exon 1IV) and 212 bp (exon IX) in the cDNA
library prepared from the spinal cord of rats (data not
shown). gRT- PCR method was used to evaluate the
effects of morphine tolerance and AMY on the
expression of BDNF transcripts containing exons I, IV
and IX in the spinal cord of rats. As shown in the Fig. 3,
morphine tolerance significantly increased the level of
BDNF transcripts containing exons |, IV and IX
(p < 0.01, Kruskal-Wallis, Dunn’s post hoc tests)
compared to those of the saline-treated control group.
The i.t. administration of AMY alone (1, 10 and 60
pmoles) for 10days increased levels of BDNF
transcripts containing exons | and 1V, but the increase
was only significant at the dose of 10 pmoles of AMY
(p <0.05, Kruskal-Wallis, Dunn’s post hoc tests).
However, it. AMY (60 pmoles) decreased the
expression level of exon IX compared with saline-
treated control rats (p < 0.01, Kruskal-Wallis,
Dunn’s post hoc tests). Co-administration of morphine
and various doses of AMY to morphine tolerant animals
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Fig. 1. Reversal of the established tolerance to morphine by AMY. A) Induction of established tolerance to morphine. Tolerance was induced by the
i.t. administration of a single dose of morphine (22.00 nmoles) from days 1-5. From days 6—10, rats received either morphine or morphine combined
with AMY in doses of 1 pmole (B), 10 pmoles (C) and 60 pmoles (D). Tolerance to morphine tended to decrease in animals co-treated by morphine
and AMY 1 pmole and 10 pmoles, and reversed in those by AMY 60 pmoles (E). Effects of AMY alone at i.t doses of 1, 10 and 60 pmoles are shown
at figures B, C and D respectively. Data are expressed as mean + S.E.M for 6—7 animals. Asterisks indicate significant differences between the
saline and the morphine (and/or morphine + AMY) treated groups (p < 0.05, Mann Whitney U test). Crosses show significance between the
antinociception caused by i.t. AMY alone and/or saline (p < 0.05, Mann Whitney U test). Number signs show significance between the groups
treated by morphine andfor by AMY alone (p < 0.05, Mann Whitney U test). Plus signs show significant differences (p < 0.05, Kruskal-wallis
analysis followed by Dunn’s test) between the areas under the curve responses of morphine antinociceptive effects in days 1-5 (blank area in A) and
in days 6-10 (Hatched areas). AMY = amylin, M = morphine.

led to a decrease in levels of BDNF exons |, IV and the significant with respect to exons [, IV and the common
common exon IX expression compared to those of the exon IX (p < 0. 01, Kruskal-Wallis, Dunn’s post hoc
morphine tolerant group. This decrease was statistically tests),
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Fig. 2. Dose response curves for the effect of AMY (60 pmoles) on
the acute antinociceptive potency of morphine. Following 10-days of
morphine treatment, cumulative dose response curves for the acute
antinociceptive potency of morphine were prepared on day 11. On the
eleventh day, rats in all groups were given ascending doses of
morphine every 30 min until a maximal level of antinociception was
reached in the tail flick test. The dose response curve for acute
morphine showed a shift to the right in animals that received
morphine for 10 days, when compared to those treated by saline.
This shift was smaller when AMY (60pmoles) was added to morphine
from days 6—10 under the same experimental conditions. Therefore
AMY can cause the morphine dose response curve to shift to the left
and restore morphine potency in tolerant rats. Antinociceptive
potency of acute morphine in rats injected by AMY alone for 10 days
was close to that in saline treated animals. Data are mean = SEM of
the percentage of maximum possible effect produced by the acute
injection of ascending doses of morphine every 30 min. Five to six
rats were tested at each dose.

Table 1. The effect of AMY on morphine tolerant rats.

Treatment (n = 5) Morphine ED50

(nmoles)

Saline 2.381 + 0.13

Morphine (22nmoles) 111.50 + 4.12*

AMY (60pmoles) 7.79 £ 1.39 7

AMY + Morphine (60 pmoles + 22 17.96 = 3.11¢7
nmoles)

Data are mean £ SEM of EDsg values (nmoles/10 pL) of morphine in various
groups. Following 10-days of i.t treatment of rats with saline, morphine, AMY, and
AMY + Morphine, cumulative dose response curves for the acute antinociceptive
potency of morphine were prepared on day 11. EDsg values were derived from
dose response curves using nonlinear regression analysis. Statistical significance
of differences between each group and saline (*) and or morphine treated groups
(1) were determined using Kruskal-Wallis analysis followed by Dunn’s post hoc
test. P < 0.05 was considered as a significant difference.

AMY abolished morphine tolerance-induced
production of pro-BDNF protein in the lumbar spinal
cord of rats

Western blotting was performed to analyze the levels of
pro-BDNF protein expression in the lumbar spinal cord
of rats before and after the development of morphine
tolerance (Fig. 4). As shown in the Fig. 4 chronic
morphine (22.0 nmoles) injection caused a significant
increase in the pro-BDNF level compared to the normal
saline group. Co-administration of morphine and AMY at
dose of 60 pmoles (Fig. 4C) for 5 days after established
morphine tolerance, led to significant decrease in levels
of pro-BDNF as compared to the morphine group.
Injection of AMY 60 pmoles alone caused an increase,
albeit not significant, in the pro—-BDNF level in
comparison to saline treatment. As depicted in Fig. 4

the level of pro-BDNF remained unchanged in the
animals co—administered with morphine and AMY in
doses of 1 and 10 pmoles. The administration of AMY
(1 and 10 pmoles) alone from days 1-10, had no
significant effects on the expression of pro-BDNF
compared to saline injection to rats.

AMY reduced morphine tolerance-induced BDNF
protein in the lumbar rat spinal cord

ELISA assay (Fig. 5) showed a significant increase in the
levels of BDNF protein in lumbar spinal cord of morphine
tolerant rats compared to control saline treated group
(P < 0.05, Kruskal-Wallis test followed by Dunn’s test).
Co-administration of AMY in doses of 60 and 10 pmoles
with morphine reduced the levels of BDNF protein
compared to morphine tolerant group in a significant
and dose dependent manner (p < 0.05, Kruskal-Wallis
test followed by Dunn’s test). Co-administration of AMY
in a dose of 1 pmole also caused a decrease in the
level of BDNF protein; however this effect was not
statistically significant. Administration of AMY (1—
60 pmoles/10 uL) alone from days 1-10 had no
significant effects on the level of BDNF compared to
control specimens (Fig. 5).

DISCUSSION

Tolerance to and physical dependence on morphine, the
most effective pain-reliever, has restricted the
therapeutic use of this drug (Chu et al., 2012). In the cur-
rent study, we employed a widely used experimental
model to investigate effects of i.t. administration of AMY
against morphine tolerance (Powell et al., 2000). Our find-
ings revealed that antinociceptive effects of AMY did not
undergo tolerance after ten days of i.t. injection. This pep-
tide could also restore both acute and chronic antinoci-
ceptive effects of morphine in morphine tolerant rats.
We further demonstrated that co-administration of AMY
with morphine could reduce morphine-induced BDNF
expression at both mRNA and protein level. To the best
of our knowledge, this is the first study which demon-
strates a novel function for AMY as an effective sensitizer
for morphine effects on pain relief. This effect of morphine
is accompanied by the inhibition of BDNF expression.
Both CGRP and Adrenomedullin (Maggi, 1995; McCoy
et al., 2012; Wang et al., 2014) have shown pronocicep-
tive properties and their peptide antagonists are reported
to reverse morphine tolerance when injected intrathecally
to rats (Powell et al., 2000; Wang et al., 2011). In contrast
to these peptides, AMY has previously been reported to
have antinociceptive effects (Khoshdel et al., 2014;
Khoshdel et al., 2016). Our data from cumulative dose
response curves for acute morphine also revealed that
AMY restored the potency of morphine in animals already
tolerant to this opiate. Accordingly, AMY demonstrates
the capacity to reverse the tolerance to morphine. Fur-
ther, our results also show the dose dependent antinoci-
ceptic effects of AMY. This effect remained unchanged
when rats were exposed daily to an i.t. dose of the peptide
for 10 days, implying that repeated exposure to i.t. AMY
may not lead to a tolerance to its antinociceptive proper-
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Fig. 3. qRT-PCR data related to the expression of BDNF transcripts containing exons I, IV and IX in the spinal cord of rats before and after
development of morphine tolerance. Tolerance was induced by the administration of a single i.t morphine (22.0 nmoles) from days 1-10. Control
rats were treated chronically with saline for 10 days. Amylin (1, 10 and 60 pmoles) was injected i.t from days 6—10. The lumbar spinal cord region
was dissected from rats 2 h after the last injection on day 10. B-actin and GAPDH were used as housekeeping genes . Expression levels of BDNF
exons were normalized with B-actin and analyzed by AACT method. Data (Means + SEM of 6-8 rats) are the fold change of BDNF exons
expression in the treatment groups compared to the control group. Differences between groups were assessed by nonparametric analysis of
variance (Kruskal-Wallis, Dunn’s post hoc tests). Significant differences between the relative expression of exons in the saline-treated rats and the
morphine-treated animals are respectively shown by asterisks (* p < 0.05, ** p < 0.01) and crosses ({ p < 0.05, 1t p < 0.01). AMY = Amylin,

M = Morphine.

ties. Whether AMY has the potential to hinder the devel-
opment of morphine tolerance is a subject of further
investigation. The present data and those reported earlier
(Khoshdel et al., 2014; 2016) show that spinal cord of rats
are sites of AMY action. The functions of AMY are medi-
ated through specific receptors that are composed of a
combination of calcitonin receptor (CTR) and one of the
three receptor activity modifying proteins (RAMPs) (D.L.
Hay Oct 26, 2004). The expression of RAMPs (oliver,
2001) and CTR has been demonstrated in both DRG
and dorsal horn of the rat spinal cord (Pondel, 2000).

However, the exact molecular structure of AMY receptors
in the spinal cord is not verified yet.

The mechanisms underlying development of
tolerance to morphine has been under intense
investigation (Wang et al., 2017; Martyn, et al. 2019).
Neurotrophins like BDNF have been proposed as candi-
dates implicated in this process (Akbarian S 2002). BDNF
has been shown to participate in the transmission of pain
(Fukuoka, 2001; Malcangio and Lessmann, 2003). It has
also been reported that morphine induces BDNF expres-
sion in cultured microglia (Small, 1998) and that central
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Fig. 5. Scatter plot of various intrathecal treatments versus levels of
BDNF in the lumbar spinal cord. Rats were treated by morphine (22
nmoles/10 pL) from day 1-10 and by AMY (1, 10 and 60 pmoles/
10 pL) from day 6 to 10. The Mean and SEM of data are shown by
vertical (|) and horizontal () markers. Significance of differences
between each group was analyzed by Kruskal-Wallis test followed by
Dunn’s test with P < 0.05 as the level of significance. The number of
rats in each group was 4-6. (*) significance relative to the saline
group, (#) significant in comparison to the morphine group. M = mor-
phine, AMY = amylin.

injection of anti-BDNF antibody reduced morphine toler-
ance (Matsushita and Ueda, 2009). In agreement with
these studies (Ueda and Ueda, 2009), our present find-
ings clearly demonstrate that following morphine toler-
ance, there is an increase in the BDNF expression at
both levels of MRNA and protein. This notion is evidenced
by qRT-PCR for BDNF transcripts as well as by western
blot analyses for pro-BDNF and ELISA assay for BDNF
concentration. These data suggest a role for BDNF in
the development of morphine tolerance. The rat BDNF
gene has eight 5 noncoding exons (I-VIII), which each
of them can splice to a one 3’ coding exon (IX) that

encodes the mature BDNF protein. Results of the present
study revealed that BDNF transcripts containing exons |
and |V, as well as the coding exon IX are increased fol-
lowing morphine tolerance in the spinal cord. This data
is in line with research showing that chronic morphine tol-
erance significantly increased the expression of BDNF
transcripts of | and IV in the periaqueductal gray matter
(PAG) of mice. This area is the major brain region
involved in morphine analgesia (Matsushita and Ueda,
2009). The morphine-induced mRNA expression of BDNF
exons was completely reversed upon injection of AMY at
all doses we tested. AMY, when injected alone, did not
show a uniform effect on the expression levels of BDNF
exons tested in this study. Thus, AMY tended to decrease
levels of transcripts containing the common exon IX, while
increasing the mRNA expression of the exon | and IV,
although this increase achieved significance at 10 pmoles
of the peptide. An explanation for this dichotomy would be
that the decreased levels of the common exon IX tran-
scripts by AMY alone may be due to the declined levels
of transcripts that contain exons other than exons | and
IV. The decreasing effect of AMY alone on levels of tran-
scripts containing the coding exon IX is not consistent
with the fact that levels of the pro-BDNF and BDNF pro-
teins remained unchanged under the same experimental
conditions. This lack of correlation between levels of
BDNF mRNA and its encoded protein implies that post-
transcriptional events including mRNA transcript—specific
regulation of translation and protein degradation may play
a prominent role in controlling the levels of BDNF in spinal
cells. The finding that intrathecal co-administration of
AMY with morphine from days 6-10 completely sup-
pressed morphine induced BDNF expression along with
restoration of morphine sensitivity suggests a possible
role for BDNF in the observed anti-tolerance effects of
AMY. The main source of the morphine induced increase
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in the BDNF level observed in this study remains to be
investigated. However, chronic exposure to opioids is
shown to increase the secretion of BDNF from DRG neu-
rons into the dorsal horn (Garraway et al., 2005) and to
induce the synthesis of BDNF by microglia (Takayama
and Ueda, 2009; Ferrini et al., 2013). It is hypothesized
that BDNF induces synaptic facilitation in lamina Il neu-
rons. This action of BDNF may contribute to central sen-
sitization and exaggerated pain responses (Garraway
et al., 2005). Given that AMY has been shown to be
expressed in the neurons from DRG of rats (Ferrier
et al., 1989; Nicholl et al., 1992; Mulder et al., 1995), it
would be interesting to analyze the expression of AMY
and BDNF in this tissue during the course of morphine tol-
erance. Experimental evidence also suggests that the
BDNF released following microglia activation is a key reg-
ulator in morphine tolerance mechanisms (Takayama and
Ueda, 2009; Ferrini et al., 2013). Thus, the inhibitory
effect of AMY on morphine induced expression of BDNF
in microglial cells, if demonstrated, can explain its contra-
dictory effects on morphine tolerance. To what extent
AMY affects the expression and or release of BDNF from
microglial cells needs further investigation. A vast number
of reports relate that over expression of BDNF has been
associated with neuropathic pain induced by tissue, nerve
and or spinal cord injury (Yajima et al., 2002; Ramer et al.,
2007; RWang et al., 2009; Khan and Smith, 2015). Pub-
lished results also suggest that activation of BDNF-TrkB
receptor signaling causes a down regulation of the potas-
sium chloride co-transporter 2 (KCC2). The outcome is
reduced CI™ extrusion capacity of spinal neurons leading
to a shift in the GABA A receptor signaling from inhibitory
to excitatory. The resulting enhanced nociceptive pro-
cesses may be a major factor in the development of
chronic inflammatory and neuropathic pain that is induced
by tissue and nerve injury (Lee-Hotta et al., 2019).
Whether or not AMY could also affect KCC2 levels is
another subject for further research.

Up-regulation of pronociceptive mediators in the
spinal cord such as CGRP (Menard et al., 1996), sub-
stance P (Powell et al., 2000), NO (Kielstein et al,
2007) and TRPV1 (Chen et al., 2008) are other proposed
mechanisms underlying the development of morphine tol-
erance (King et al., 2005). The inhibitory actions of NMDA
receptor antagonists (Dunbar, 1996) and or inhibitors of
cyclooxygenase activity (Powell et al., 1999) on the devel-
opment of tolerance to morphine have also been indi-
cated. Whether these mechanisms are also involved in
the reverse effects of AMY on the established tolerance
to morphine needs more investigation.

These results suggest that i.t. administration of AMY
alone produces enduring antinociceptive effects. This
peptide reverses established tolerance to morphine
when co-injected with the drug. This effect is
accompanied by an inhibition in the morphine-induced
expression of BDNF in the lumbar spinal cord.
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