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Abstract

Opiates modulate nociception in vertebrates. This has also been demonstrated in a number of
invertebrate models. Herein, the effect of the opiate morphine and opioid neuropeptides
Endomorphin 1 and 2 on the thermal avoidance (Tav) behavior of Caenorhabditis elegans is
explored. Adult wild-type C. elegans N2 were collected from NGM plates using M9 buffer and
exposed to morphine and endomorphine 1 and 2 in concentrations between 1078 and 1074 M (2.5
pmol/mg to 25 nmol/mg) for 30 min and tested for Tav. The opioid receptor antagonists Naloxone
and CTOP were tested in combination with the drugs. Forty-seven percentage of the morphine
exposed worms exhibited a class I response versus 76% of the control group (P < 0.001).
Endomorphin 1 and 2 also caused a statistically significant reduction in class I responses, 36 and
39%, respectively. These effects were reversed with Naloxone and CTOP. Thermonocifensive
behavior in C. elegans is modulated by opioids.
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Introduction

Avoidance of harmful stimuli in animals is a behavioral response important to their survival.
The behavior is associated with the perception of noxious stimuli or nociception. This response
in vertebrates is modulated by opiates and opioids. Opioid peptides and their receptors are
common neuroendocrine system signaling molecules in vertebrates. These peptides affect a
variety of physiological processes including analgesia, respiratory and cardiovascular function,
and thermoregulation (Dores et al. 2002). Their presence and function in invertebrates has also
been documented (Dureus et al. 1993; Duvaux-Miret et al. 1992, 1993; Dyakonova 2001,
Dyakonova et al. 1999, 2900: Goumon et al. 2000; Harrison et al. 1994; Kavaliers et al. 1983;
Leung etal. 1995; Pryor and Elizee 2000; Pryor et al. 2007; Renaud et al. 1995, 1996; Renzelli-
Cain and Kaloustian 1995; Salzet 2001; Salzet et al. 1997; Salzet and Stefano 19974, b; Sonetti
et al. 1997; Stefano et al. 2003). Opioids play an important role in modulating nociception.
The effect of morphine on the behavioral response of invertebrates to aversive stimuli is
documented in the literature (Achaval et al. 2005; Barr et al. 2008; Kalil-Gaspar et al. 2007;
Kavaliers et al. 1983, 1998; | ozada et al. 1988; Maldonado et al. 1989; Pryor et al. 2007;
Romano et al. 1990; Romero et al. 1994). In all instances, morphine increases the latency
response of the animals. Opioid receptor antagonists, e.g., naloxone and CTOP, reverse this
effect. This effect of morphine on thermonocifensive behavior has also been demonstrated in
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the parasitic nematode Ascaris suum (Pryor et al. 2007). Evidence for the presence of opioid
receptors in invertebrates has only been documented for the ganglia of the blue mussel Mytilus
edulis (Cadet and Stefano 1999). Transcripts of the receptor isolated using RT-PCR show 95%
sequence identity with the neuronal 1 mammalian receptor. Expression levels of this receptor
in the blue mussel are affected by temperature stress (Cadet et al. 2002). An attempt to isolate
this receptor from A. suum using primers for a conserved region of the neuronal 14 mammalian
receptor was unsuccessful (Zhu et al. 2004). However, exposure of A. suum to morphine and
morphine 6-glucuronide has a significant antinociceptive effect to noxious heat measured as
an increase in the latency response period (Pryor et al. 2007). These results led us to undertake
a similar pharmacological study using C. elegans as a closely related nematode for which
substantive genome annotation has been done. While the genome of C. elegans does not appear
to have ortholog genes for vertebrate opioid receptors family or their agonists, it has a very
diverse repertoire of neuropeptide molecules particularly FMRFamide-related peptides
(FaRPs). This family of neuropeptides is related to the opioid family in particular the pro-
enkephalin precursor gene (Greenberg et al. 1983; Gupta et al. 1999).

Thermal avoidance (Tav) behavior in C. elegans has been previously reported as a
thermonocifensive response to noxious heat stimuli (Wittenburg and Baumeister 1999). The
molecular mechanism and neural circuit for this behavior appears to differ from that involved
in thermotaxis (Julius and Basbaum 2001; Ryu and Samuel 2002). The effect of exogenous
morphine and the opioids endomorphin 1 and 2 on the Tav behavior in C. elegans was explored,
and the results are presented herein.

Materials and methods

Animal cultures

Stock agar cultures of wild-type N2 C. elegans were purchased from the Caenorhabditis
Genetics Center (CGC) at the University of Minnesota and maintained in Nematode Growth
Medium (NGM) agar plates and fed E. coli OP50 at 20-25 °C in the dark.

Behavioral assays

The worms were washed from a 3 to 4-day-old NGM plate using M9 buffer. A one hundred
microliter aliquot of the wash was placed on a NGM plate without food. Adult animals were
exposed to a noxious heat stimulus by using a pen with an electronically heated platinum tip
(9 = 0.8 mm) (Colwood Electronics, Eatontown, NJ) mounted on a micromanipulator. The
temperature of the heated platinum wire was monitored using a temperature probe (World
Precision Instruments) to produce a constant radial temperature gradient at 3.0 mm from the
tip of 33.0 £ 1.0°C. Exposure of the worms was done by presenting the heat stimulus at a
distance of 3.0 mm from the anterior end of the animal using the micromanipulator. Once the
probe reached the desired distance, the behavior was scored and the stimulus was immediately
removed. Scoring of the behaviors was done using an illuminated dissecting microscope (Nova
2000, Morrell). The behavioral responses of the worms were classified according to the
following categories: class 1, rapid reflexive withdrawal, backing for at least one body length
followed by a heading change; class 2, rapid reflexive withdrawal but only little backing; class
3, slow backing; class 4, no response (Wittenburg and Baumeister 1999). A total of at least
three replicates of 50-100 nematodes were counted for each experiment. Based on similar
studies done in other invertebrates, the effect of the drug treatment is assessed as the degree of
delay in the response to the noxious stimulus. In the case of Tav, a significant change in class
1 behavior was used to assess the effectiveness of the treatment.
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Drug treatments

The worms were collected from the culture plates by washing with M9 buffer. One milliliter
of the wash was collected into 1.5-ml centrifuge tubes. The control and drug treatments were
delivered into the 1 ml wash in the appropriate volumes to render the desired final treatment
concentrations. After a 30-min exposure period, a 100 pl aliquot was poured onto a NGM plate
without food, and the animals were scored as explained earlier. The animals were subjected to
drug treatments of morphine, endomorphine 1 (EM1) and endomorphine 2 (EM2) at
concentrations between 108 and 10 M, i.e., 2.5 pmol/mg to 25 nmol/mg, for 30 min, with
and without the opioid receptor antagonists naloxone and CTOP. Exposure to the antagonists
was done 15 min prior to the exposure to the agonists. These concentrations are consistent with
those used for morphine and naloxone in other invertebrates studies (Achaval et al. 2005;
Zabala and Gomez 1991). Times and mode of exposure used were also consistent with those
used for C. elegans in similar studies (Wittenburg and Baumeister 1999).

Statistical analysis

Results

Differences between control and treatments were tested for statistical significance using a one-
way ANOVA followed by multiple pair-wise comparisons of the means using the Holm-Sidak
method.

Worms exposed to a noxious thermal stimulus display a thermal avoidance behavior ranging
from a quick retraction followed by backing up for more than one body length, class 1, a quick
retraction followed by backing by less than one body length, class 2, slow backing, class 3,
and no reaction, class 4. As shown in Fig. 1, 76% + 4% (mean * standard error) of the worms
from the control group exhibited a class | behavior, 10% + 1% belonged to class 2, 6% * 1%
to class 3, and 7% = 4% to class 4. An antinociceptive effect is manifested at the behavioral
level by a significant drop in the percentage of class 1 worms, and consequently an increase
in percentage of worms in the other behavioral classes. Quantitatively, antinociception is
assessed as a statistically significant decrease in class 1 worms and an increase in the lower
behavioral classes. When the worms were exposed to 10> M morphine (2.5 nmoles/mg), the
percentage of individuals displaying a class 1 behavior dropped to 50% + 5% (ANOVA P <
0.001; Figs. 1 and 2). Increasing concentrations of morphine, i.e., 1074 M (25 pmol/mg) caused
a greater antinociceptive effect, i.e., 37% + 4% class 1 (Fig. 2). Exposure to concentrations of
morphine lower than 107 M also decreased the antinociceptive effect but the differences with
the control group were not statistically significant (Fig. 2). Morphine's antinociceptive effect
on thermal avoidance was reversed by naloxone (77% + 3%) and CTOP (76% * 6%; Fig. 3).
Similarly, the effect of 107> M EM1 and EM2 (2.5 nmoles/mg) on Tav was statistically
significant reducing the percentage of worms of class | to 36% + 4% and 39% + 11%,
respectively (Fig. 1; ANOVA P <0.001). As with morphine, the antinociceptive effect of EM1
and EM2 was concentration dependent but the effect was insignificant for concentrations lower
than 1076 M (250 pmol/mg; Fig. 2). Worms treated with the opioid antagonists Naloxone and
CTOP followed by treatment with either one of the agonists did not behave significantly
different from the control worms (Fig. 3). The antinociceptive effect of morphine, EM1, and
EM2 was reversed with the opioid receptor antagonists naloxone and CTOP (Fig. 3). The
differences in percentage of worms in class 1 between the control group and the groups treated
with both antagonists followed by the agonists were in all instances non-statistically significant.
Nevertheless, CTOP by itself caused a significant drop in percentage of worms in class 1, 46%
+ 2% (Fig. 3; ANOVA P < 0.05). Naloxone alone did not cause a significant change in
percentage of class 1 behavior.
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Discussion

The effect of morphine on the behavioral response of invertebrates to aversive stimuli is
documented in the literature (Achaval et al. 2005; Barr et al. 2008; Kalil-Gaspar et al. 2007;
Kavaliers et al. 1983, 1998: | ozada et al. 1988; Maldonado et al. 1989; Pryor et al. 2007;
Romano et al. 1990; Romero et al. 1994). In all instances, morphine increases the latency
response of the animals and opioid receptor antagonists reverse this effect. This effect of
morphine on thermonocifensive behavior has also been demonstrated in the parasitic nematode
Ascaris suum (Pryor et al. 2007). This effect was also reversed by the opioid receptor
antagonists naloxone and/or CTOP. Morphine-induced thermal antinociceptive responses have
also been documented in the snail Cepeae nemoralis (Kavaliers et al. 1999). After 7-9 days of
treatment with morphine at 10 mg/kg, the animal developed tolerance to morphine-induced
analgesia (Kavaliers et al. 1999). A similar response has been shown in the cricket
Pteronemobius sp for which 90 min after drug injections of 0.50 mg/g of morphine caused a
50% escape reaction time (ERT) increase (Zabala and Gomez 1991). The latency period of the
biphasic avoidance response to noxious heat by the gastropod Megalobulimus abbreviatus
increased when exposed to concentration of morphine, an effect reversed by naloxone (Achaval
et al. 2005). All of the above support the existence of an opioid-mediated modulatory
mechanism for nociception in invertebrates.

C. elegans exhibit thermal/warm avoidance as a survival behavior (Wittenburg and Baumeister
1999). Our results indicate that exogenous morphine, EM1, and EM2 affect an antinociceptive
response to thermal avoidance. This response is concentration dependent and is reversed by
naloxone and CTOP. These findings would support the existence of an opiate-like mechanism
modulating the thermonocifensive response in C. elegans. Similar results had already been
found previously in the parasitic nematode A. suum (Pryor et al. 2007). The precursor genes
for this family and their receptors have not been described in C. elegans. It could be surmised
that morphine may be acting through an opioid receptor subtype specific to C. elegans. Opioid
receptors are G-Protein-coupled receptors (GPCR) of the Rhodopsin family. There are a total
of 1,000 GPCRs in the genome of C. elegans of which 130 are putative neuropeptide receptors
but only a few have a known cognate ligand (Keating et al. 2003). There are reports in the
literature that support the view that the delta and mu opioid receptors subtypes evolved among
the vertebrate taxa from an ancestor kappa-like subtype receptor that would have a single
extracellular loop (EL) domain (Stevens 2004). The same researchers propose on the basis of
phylogenetic analysis of gene sequences for the three opioid receptor subtypes that the receptor
selectivity is greater in mammals than in any other vertebrate taxa since the degree of homology
among sequences for the mu receptor is also greater among mammals (Stevens 2004). This
gene family is absent of the genome of the ecdysozoans C. elegans and D. melanogaster (Dores
etal. 2002). Nevertheless, this hypothesis discards a significant number of reports that support
the presence of all the opioid receptor subtypes and their ligands among invertebrate taxa
(Hanke et al. 1997; Kavaliers and Perrot-Sinal 1996; Kreienkamp et al. 2002; Liu et al. 1996;
Makman 1994; Nieto-Fernandez et al. 1999; Salzet et al. 1997; Salzet and Stefano 1997a, °;
Stefano et al. 1993, 1995; Stefano and Scharrer 1996; Zipser et al. 1988).

An alternate explanation for the phenomenon described herein is that morphine and the opioids
EM1 and EM2 are acting through a FMRFamide-related peptide (FaRP) receptor. There is
significant evidence of an interaction between the opioid system and the Phe-Met-Arg-Phe-
NH2 (FMRF-amide) neuropeptide family (Tang et al. 1984; Yang et al. 1985). Tav is mediated
at the nervous system level by the neurotransmitter glutamate and modulated in part by
FMRFamide-related neuropeptides (FARPs; Wittenburg and Baumeister 1999). FMRFamide
has been shown to induce a slight antinociceptive effect and also to antagonize opioid and
morphine-induced analgesia (Kavaliers and Hirst 1985; Tang et al. 1984; Yang et al. 1985). It
has been proposed that FMRFamide and its related FARPs neuropeptide family may be
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secreted after prolonged exposure to morphine but its actions are mediated by a separate set of
specific receptors (Khan et al. 1998). This mechanism appears to be responsible in part for the
development of tolerance to morphine. FARPs and opioid neuropeptides appear to be ancient
neuropeptide families that are phylogenetically related. The neuropeptide precursor, Met-
enkephalin-Arg-Phe, contains the FMRFamide sequence and it affects a naloxone reversible
antinociception in mice (Gupta et al. 1999).

In summary, the results presented herein show that morphine, EM1, and EM2 affect an
antinociceptive response in C. elegans as manifested by a significant decrease in the percentage
of worms displaying a class | Tav response. This effect is reversed by Naloxone and CTOP
supporting the presence of an opioid-mediated mechanism modulating thermonocifensive
responses in C. elegans.
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Effect of opioids on Tav
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Fig. 1.

Thermal avoidance behavior of worms to noxious heat stimulus. The behavior of worms can
be classified in four classes as shown above. Percentages shown for the control represent the
baseline for Tav with 76% of the control worms belonging to class 1, 10% to class 2, 6% to
class 3, and 7% to class 4. Worms treated with morphine, EM1, and EM2 showed a significant
decrease in class 1 and proportional significant increases in class 2 (* P < 0.001) but not in
classes 3 and 4 (ANOVA followed by Holm-Sidak method for multiple comparisons)
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Fig. 2.

Dose-response curve for opioids effect on Tav. Worms were exposed to increasing
concentrations of morphine, EM1, and EM2 ranging from 2.5 pmol/mg (108 M) to 25 nmol/
mg (104 M). There is a positive correlation between drug concentration and percentage of
worms belonging to class I. At concentrations higher than 0.25 nmol/mg of worm for all the
drugs, the percentage of class 1 worms do not increase significantly

Invert Neurosci. Author manuscript; available in PMC 2011 April 16.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nieto-Fernandez et al.

Page 11

Percentage of worms of Class |

g R ¥ EREEIREE

control EM1 EM2 Morphine Nal + EM1  Nal+EM2  NalsMor CTOP+ EMI1 CTOP+EM2 CTOPsMor Maloxone — CTOP

Fig. 3.

Effect of opioid agonists and their receptor antagonists on Tav. Morphine, EM1, and EM2 at
a concentration of 107> M (2.5 nmoles/mg) caused a significant reduction in class 1 worm
percentage. The generalist opioid receptor antagonist naloxone and the 4 opioid receptor
antagonist reversed the effect of the agonists. CTOP had a significant antinociceptive effect
(P <0.05)
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