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f the opioid systems of the naked mole-rat in nociception is scanty and unique
compared to that of other rodents. In the current study, the effect of DAMGO, DPDPE andU-50488 andU-69593
on formalin-induced (20 μl, 10%) nociceptionwere investigated. Nociceptive-like behaviors were quantified by
scoring in blocks of 5min the total amount of time (s) the animal spent scratching/biting the injected paw in the
early (0–5min) and in the late (25–60min) phase of the test. In both the earlyand late phases, administration of
1 or 5 mg/kg of DAMGO or DPDPE caused a naloxone-attenuated decrease in the mean scratching/biting time.
U-50488 andU-69593 at all the doses tested did not significantly change themean scratching/biting time in the
early phase. However, in the late phase U-50488 or U-69593 at the highest doses tested (1 or 5 mg/kg or 0.025
or 0.05 mg/kg, respectively) caused a statistically significant and naloxone-attenuated decrease in the mean
scratching/biting time. The data showed thatmu, delta or kappa-selective opioids causes antinociception in the
formalin test in this rodent, adding novel information on the role of opioid systems of the animal on pain
regulation.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction
Although nociception is fundamental to all animals, it has not been
studied well in lower vertebrates such as the naked mole-rat. Naked
mole-rats are primitive poikilothermic mammals found in semi-arid
areas of Eastern Africa. They are subterranean rodents whose
physiology is rather unique and interesting. Compared to other
rodents of similar size, nakedmole-rats have long life span (N28 years)
(Buffenstein, 2005). They are virtually blind and on their skin are
vibrissae-like hairs that are useful for underground locomotion. They
have prominent incisors and tactile hairs, both of which have large
representation in the somatosensory cortex (Catania and Remble,
2002; Crish et al., 2003; Park et al., 2003; Henry et al., 2006).

Research on the nervous system of the naked mole-rat has shown
that its skin lacks substance P- and calcitonin gene-related peptide-
(CGRP) immunoreactive fibers (Park et al., 2003). Substance P and
CGRP are among other neuropeptides involved in pain transmission
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and are up-regulated in response to noxious peripheral stimulation in
rats (Zhang et al., 1994). The absence of SP and CGRP in the skin of the
naked mole-rat raises queries on how this primitive rodent responds
to noxious stimuli. Detailed study of its skin innervations revealed
numerous non-peptidergic C-fibers, A-δ fibers and lanceolate endings
supplied by Aβ fibers containing SP and CGRP (Park et al., 2003). The
abundance of these fibers may suggest that they are crucial in
nociception in this fossorial rodent. Aβ fibers are low threshold
mechanoreceptors (Gottschaldt et al., 1973) but may also act as
nociceptive fibers (Djouhri et al., 1998; Djouhri and Lawson, 2004).

Investigations on the roles of opioid systems of the naked mole-rat
have also revealed some peculiarities. In the hot plate test (60 °C) Kanui
and Hole (1990) reported that morphine caused aggression instead of
analgesia. In a later study, we reported increased pain sensitivity in the
hot plate test (60 °C) after acute administration of pethidine (Towett and
Kanui,1993). These reports suggested that the opioid drugs used had no
analgesic effects but insteadwere pronociceptive in the hot plate test in
this animal. However, studies performed using the formalin test in the
same species of rodent demonstrated analgesic effects of morphine
(Kanui et al., 1993) and codeine (Karim et al., 1993). This suggests a
difference in the roles of opioid systems of the naked mole-rat on
different kinds of pain. Such differences have also been documented in
other rodents (Abbott et al., 1986).
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Fig. 1. Effects of i.p. administration of vehicle or DAMGO (0.1, 1 or 5 mg/kg), 1 mg/kg of
naloxone (Nal 1) or a combination of 1mg/kg of DAMGOand 1mg/kg of naloxone (DAM1/
Nal 1) on themean scratching/biting time. Datawere plotted asmean±S.E.M., and n=9–11
animals per group. Each treated group (i.e. DAMGO and naloxone groups) was statistically
compared with the vehicle group and ⁎ indicates a significant difference (Pb0.05). For
naloxone antagonism in each phase, + indicates significant difference (Pb0.05, list
significant difference) from DAM alone group or from DAM+Nal group.
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The unique anatomy, behavior and physiology of the naked mole-
rat make it very interesting for comparative studies of pain regulation.
It is therefore essential to increase the knowledge about the
nociceptive and antinociceptive responses in this particular species.
Data available indicate that only morphine and codeine (mu agonists)
have been tested for analgesia using the formalin test in the naked
mole-rat (Kanui et al., 1993; Karim et al., 1993). To the best of our
understanding, no report on the role of highly selective mu, delta or
kappa opioid agonists in the formalin-induced pain in this animal is
available. In a recent study, we reported that stimulation of mu or
delta opioid receptors caused hyperalgesia while activation of kappa
receptors caused antinociception in the hot plate test (Towett et al.,
2006). In the light of these recent data, it is important to find out how
receptor-selective opioids modulate formalin-induced pain in the
naked mole-rat and how the data will compare with those of other
rodents.

The aim of the present study was therefore to evaluate the effects
of the mu [D-Ala2-NMePhe4-Gly-ol-enkephalin (DAMGO)], delta [D-
Pen2-D-Pen5-enkephalin (DPDPE)], and kappa [trans(+)-3,4-Dichloro-
N-methyl-N- [2-(1-pyrrolidinyl)-cyclohexyl]-benzeneacetamide
methane sulfonate (U-50488) and (5α,7α,8β)-(+)-N-Methyl-N- [7-(1-
pyrrolidinyl)-1-oxaspirol[4.5]dec-8-yl]-benzeneacetamide (U-69593)
receptor agonists on the formalin-induced pain in the naked mole-rat.
In addition, the study aimed to verify the opioid-receptor involvement
by attenuating antinociceptive effects with naloxone. The data collected
suggest that mu- and delta-selective opioid agonists have antinocicep-
tive effects in the formalin test contrary to what was earlier observed in
the hot plate test (Towett et al., 2006) and provide additional knowledge
on pain modulation by the opioid systems of the naked mole-rat.

2. Materials and methods

2.1. Animals

In this study, 200 adult male naked mole-rats (Heterocephalus
glaber), weighing 20–40 g, were used in the experiments. They were
trapped from the field and transported to a laboratory where they
were kept in rooms with conditions almost similar to those of their
natural habitat (Towett et al., 2006). Feeding was also as previously
described (Towett et al., 2006). The naked mole-rats were allowed at
least one month to acclimate to the laboratory conditions before they
were used for the experiments.

2.2. Drugs

All the opioid agents used in the experiments were bought from
Research Biochemicals International (RBI, Natick, USA). These were D-
Ala2-NMePhe4-Gly-ol-enkephalin (DAMGO), D-Pen2-D-Pen5-enkepha-
lin (DPDPE), trans-(±)-3,4-Dichloro-N-methyl-N-[2-(1-pyrrolidinyl)-
cyclohexyl]-benzeneacetamide methane sulfonate (U-50488),
(5α,7α,8β)-(+)-N-methyl-N-[7-(1-pyrrolidinyl)-1-oxaspirol [4.5]dec-8-
yl]-benzeneacetamide (U-69593), and naloxone hydrochloride. DAMGO,
DPDPE, U-50488 and naloxone were dissolved in physiological saline
(0.9% NaCl). U-69593 was dissolved in 0.1 N hydrochloric acid. All the
precautions regarding handling and stability of the drugs as recom-
mended by themanufacturer were followed strictly. The opioid peptides
chosen have been shown to be receptor-selective in rats and mice and
their analgesic effects have been widely demonstrated (VonVoigtlander
et al.,1983;Corbett et al.,1984; Porreca et al.,1987;Calcagnetti et al.,1988;
Suh and Tseng, 1990).

2.3. Antinociceptive testing

To investigate antinociceptive effects, DAMGO (0.1–5mg/kg), DPDPE
(0.1–5mg/kg), U-50488 (1–5mg/kg), andU-69593 (0.0125–0.05mg/kg)
were administered intraperitoneally 30 min before nociceptive testing.
Naloxone (1 or 5 mg/kg) was co-administered with an opioid receptor
agonist 30 min before injecting formalin. DAMGO (1 mg/kg), DPDPE
(1 mg/kg), U-50488 (5 mg/kg) and U-69593 (0.05 mg/kg) were each
administered with naloxone (1 or 5 mg/kg). The selection of the dose
ranges of the agonists and antagonists was based on previous report
(Towett et al., 2006) and on preliminary dose response curves. Drugs
were administered in a constant total volumeof 50 μl. In all experiments,
weused freshpreparations of the drugs. Therewasone control group for
each agonist and control animals receiveddrugvehicle. Nakedmole-rats
were randomly selected froma colony of 50–100members and assigned
to treatment groups. Each animal was used only once and the
experiments were blinded.

A transparent observation chamber measuring 30×30×30 cmwas
used for behavioral assessment of the animals. Naked mole-rats were
adapted to the chamber for 1 h every day during the acclimation
period of 30 days and 30min prior to the start of the experiments. The
naked mole-rat was gently restrained and using a 100 μl syringe and a
26-gauge needle, 20 μl of 10% formalin in 0.9% NaCl was carefully
injected subcutaneously into its right dorsal hind paw. The naked
mole-rat was put back into the observation chamber and the
observation period immediately started. Pain-like behaviors were
quantified by scoring in blocks of 5 min the total amount of time (s)
the animal spent scratching/biting the injected paw in the initial acute
phase (early phase: 0–5 min) and in the prolonged tonic phase (late
phase: 25–60 min). The mean of each 5-minute data for a group of
naked mole-rats was calculated to give mean time (s) spent in
scratching/biting the injected paw. The volume and the concentration
of formalin used were based on data reported (Kanui et al., 1993,
Karim et al., 1993). The experiments were performed between 8 a.m.
and 2 p.m., and in a room with minimal noise and vibrations, and a
temperature range of 25–28 °C. In all the experiments performed, the



Fig. 2. Effects of i.p. administration of vehicle or DPDPE (0.1, 1 or 5 mg/kg), 5 mg/kg of
naloxone (Nal 5), or a combination of 1 mg/kg of DPDPE and 5 mg/kg of naloxone (DP 1/
Nal 5) on themean scratching/biting time. Datawere plotted as mean±S.E.M., and n=10
animals per group. Each treated group (i.e. DPDPE and naloxone groups) was compared
with the vehicle group and ⁎ indicates a significant difference (Pb0.05). For naloxone
antagonism in the late phase, + indicates significant difference (Pb0.05, list significant
difference) from DP alone group.

Fig. 3. Effects of i.p. administration of vehicle or U-50488 (1, or 5 mg/kg) or 5 mg/kg of
naloxone (Nal 5), or a combination of 5 mg/kg of U-50488 and 5 mg/kg of naloxone
(U50, 5/Nal 5) on the mean scratching/biting time. Data were plotted as mean±S.E.M.,
and n=10 animals per group. Each treated group (i.e. U-50488 and naloxone groups)
was compared with the vehicle group and ⁎ indicates a significant difference (Pb0.05).
For naloxone antagonism in the late phase, + indicates significant difference (Pb0.05, list
significant difference) from U50 alone group.
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principles of laboratory animal care (NIH Publication No. 85-23,
revised 1996), as well as local guidelines regarding the use of animals
in pain experiments were followed.

2.4. Data analysis

The response data from the early and the late phases were
examined separately. The data were statistically assessed by an
analysis of variance (ANOVA) and intergroup differences were
analyzed by least significant difference. The results presented are
means±S.E. and the level of significance was set at 5% (Pb0.05).

3. Results

3.1. Effects of mu agonist

The effects of DAMGO (0.1, 1 or 5 mg/kg) alone or in combination
with naloxone (1 mg/kg) on the mean scratching/biting response are
shown in Fig. 1. In either the early or the late phase, the effect of 1 or
5 mg/kg of DAMGO on the mean scratching/biting time was
statistically significant (Pb0.05) while that of 0.1 mg/kg dose was
not (PN0.05, least significant difference, subsequent to ANOVA) when
compared to the vehicle control group. Simultaneous administration
of DAMGO (1 mg/kg) and naloxone (1 mg/kg) caused a statistically
significant increase (Pb0.05) in mean scratching/biting time in the
early phase but not in the late phase (PN0.5) when each of the means
was compared to the corresponding mean of 1 mg/kg of DAMGO
alone. In both phases of the test, the means of naloxone- and vehicle-
treated groups were insignificantly different. The mean of the group
given the combined treatment (DAM+Nal) and that of the vehicle
group was statistically different (Pb0.05) in the late phase only.
3.2. Effects of delta agonist

The effects of DPDPE (0.1, 1 or 5 mg/kg) alone or in combination
with naloxone (5 mg/kg) on the mean scratching/biting time are
shown in Fig. 2. In both phases of the test, the effect of 1 or 5 mg/kg of
the agonist on the mean scratching/biting time was statistically
significant (Pb0.05) while that of 0.1 mg/kg dose was not (PN0.05)
when compared to the vehicle control group. In the early phase, co-
administration of DPDPE (1 mg/kg) and naloxone (5 mg/kg) caused no
change (PN0.05) in the mean scratching/biting time while in the late
phase there was a significant (Pb0.05) effect when each treatment
was separately compared to the corresponding mean for the agonist-
treated group (1 mg/kg of DPDPE). In both the early and late phases,
the means of naloxone- and vehicle-treated groups were insignif-
icantly different. Similarly, the mean of the group given the combined
treatment (DP+Nal) and that of the vehicle group were not
statistically different.

3.3. Effects of kappa agonists

The effects of U-50488 (1 or 5 mg/kg) alone or in combination with
naloxone (5 mg/kg) on the mean scratching/biting time are shown in
Fig. 3. In the early phase, no dose of U-50488 had statistically significant
effect (PN0.05) on the mean scratching/biting time when compared to
the vehicle control group. A higher dose (10mg/kg) of U-50488 caused a
severe motor impairment with no behavioral response following the
injection of formalin. The standard errors of themeans of the treatments
in the early phase were large thus causing insignificant difference
between the two groups (i.e. agonist-treated and agonist plus
antagonist-treated groups) of animals. In the late phase, the effect of
U-50488 (1 or 5 mg/kg) was statistically significant (Pb0.05, compared
to controls). Co-administration of U-50488 (5 mg/kg) and naloxone



Fig. 4. Effects of i.p administration of vehicle or U-69593 (0.0125, 0.025 or 0.05 mg/kg),
5 mg/kg of naloxone (Nal 5), or a combination of 0.05 mg/kg of U69593 and 5 mg/kg of
naloxone (U69, 0.05/Nal 5 on the mean scratching/biting time. Data were plotted as
mean±S.E.M., and n=10 animals per group. Each treated group (i.e. U-69593 and
naloxone groups) was compared with the vehicle group and ⁎ indicates a significant
difference (Pb0.05). For naloxone antagonism in the late phase, + indicates significant
difference (Pb0.05, list significant difference) from U69 alone group or the vehicle
group.
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(5 mg/kg) caused a statistically significant effect (Pb0.05, compared to
agonist-treated group) on the mean scratching/biting time in the late
phase.

The effects of U-69593 (0.0125, 0.025 or 0.05 mg/kg) alone or in
combination with naloxone (5 mg/kg) are shown in Fig. 4. In the early
phase, no dose of the agonist had statistically significant effect on the
mean scratching/biting time. Doses higher than 0.05 mg/kg caused
severe motor impairment. In the late phase, the effect of 0.025 or
0.05 mg/kg of the agonist on the mean scratching/biting time was
statistically significant (PN0.05, compared to controls) whereas that of
the lower dose used was not. In the late phase only, co-administration
of U-69593 (0.05 mg/kg) and naloxone (5 mg/kg) caused a mean
scratching/biting time that was significantly different from that of the
agonist- and vehicle-treated groups (Pb0.05).

4. Discussion

The formalin test is widely used in behavioral studies for studying
antinociceptive agents. The test has two distinct phases of pain related
behavior both of which have different mechanisms. The first phase is
attributed to a direct peripheral stimulation of nociceptive afferents
whilst the second phase results fromperipheral inflammatory reaction
involving the release of proinflammatory substances (Hunskaar and
Hole,1987; Shibata et al.,1989) and the spinal processes induced by the
first phase (Dickenson and Sullivan, 1987). Formalin elicits pain-
related behavior in rodents by activating Transient Receptor Potential
cation channel, subfamily A, member 1 (TRPA1) on primary afferent
nociceptors (McNamara et al., 2007). No study on TRPA channels is
reported in naked mole-rat. However, the scratching and biting
behavior induced by 20 μl of 10% formalin in this rodent suggests a
similar mechanism of action as documented in other animals.
Although the formalin-induced behavior in the naked mole-rat is
similar to that observed in other animals (Dubuisson and Dennis,
1977; Hunskaar et al., 1985; Hunskaar and Hole, 1987), in this animal
the volume and the concentration of formalin required to induce the
nocifencive behavior are higher (Tjolsen et al., 1992). This suggests
that the reaction to formalin is weaker in the naked mole-rat. This
could be due to the low body temperature and low metabolic rate of
this animal (McNab, 1966, 1968). Park et al. (2008) also reported a
reduced pain behavior after formalin injection and attributed it to the
absence of neuropeptides in the skin, altered connectivity of C fibers in
the spinal cord and the lack of proton sensitivity of single nociceptors
in this rodent. Concerning formalin-induced behavior, naked mole-
rats resemble TRPA1-knockout mice or mice injected with TRPA1
antagonists (Bautista et al., 2006; McNamara et al., 2007), suggesting
that these channels may be fewer or absent in this animal. This may
therefore explain the need to use high concentrations of formalin.

In the present study, i.p. administration of DAMGO, DPDPE, U-50488
or U-69593 caused a dose-dependent and naloxone-attenuated
decrease in themeanscratching/biting time, suggestingantinociception.
The significant difference between the vehicle control group and the
DAMGOplusnaloxonegrouporU-69593plus naloxone in the late phase
suggests that the dose of the antagonist was low (Fig. 1) or high (Fig. 4)
respectively. The present results agree with the published ones where
morphine (Kanui et al., 1993) or codeine (Karim et al., 1993) also caused
antinociception in the same rodent. However, there is one main
difference between the current study and the previous reports. In the
current study, the effects of opioid peptides shown to be receptor-
selective in other rodents (VonVoigtlander et al., 1983; Corbett et al.,
1984; Porreca et al., 1987; Calcagnetti et al., 1988; Suh and Tseng, 1990)
were investigated, whereas in the published reports only mu-selective
agonists (morphine and codeine)were tested for antinociception. To the
best of our knowledge, opioid receptor-selectivity in the nakedmole-rat
has not been studied. Naloxone, a general opioid antagonist, was used to
demonstrate that the effects of the four drugs used in this study were
mediated through opioid receptors. This is true because naloxone was
able to attenuate their antinociceptive effects. Administration of opioid
peptides (e.g. DPDPE) at high doses may interact with mu receptors to
causemuagonist effects in the animal (Millan,1986;Murray andCowan,
1991) hence the need to use highly selective receptor antagonists.
However, the antinociceptive doses (1 or 5 mg/kg, i.p.) of DPDPE in this
study are rather low and not likely to have mu agonist effects in this
animal. The use of receptor-selective antagonists would shed some light
on the specific roles of the four opioid peptides used in this study.
However, the current study provided novel information on the effects of
DAMGO, DPDPE, U-50488 or U-69593 on the formalin-induced
nociception in the naked mole-rat.

The first phase of the formalin test was not significantly affected by
U-50488 or U-69593 at all the doses used in this study. This finding
contrasts with a number of studies performed in other rodents. These
studies reported antinociception after i.c.v. (Calcagnetti et al., 1988), i.t.
(Chapman and Dikenson, 1992; Haley et al., 1990; Pelissier et al., 1990),
systemic (Murray and Cowan, 1991) or peripheral (Hong and Abbott,
1995; Nozaki-Taguchi and Yamamoto, 1998; Barr et al., 2003) admin-
istration of mu, delta and kappa agonists (e.g. U-50488) in both phases
of the formalin test. Someresearchers reportedantinociceptive effects of
i.t. U-50488 in the early phase only in rats (Machelska et al., 1997). The
use of other chemogenic tests of nociception have also revealed the
antinociceptive effects of opioid agonists including kappa ones in other
rodents (Stein et al., 1988; 1989; Catheline et al., 1998,1999). We cannot
exactly explain why our results differ with those for other rodents.
However, some of the possible reasons include the fact that the doses of
the kappa agonists used compared to those used in the other rodents
were relatively lower. Subsequently, the peritonealfluids over-dilute the
peptides resulting in little amounts reaching the CNS or the peripheral
sites. An attempt to use higher doses of either U-50488 or U-69593
resulted in marked motor depression.
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Species difference may also account for the lack of antinociceptive
effects of the kappa agonists in the early phase of the test in this study
(Murray and Cowan, 1991). Opioid transport systems determine
distribution and elimination of peptides in the body. Distribution of
exogenously administered drugs influences their physiological effi-
cacy (Weber et al., 1991, 1992). Perhaps the low metabolism in the
naked mole-rat influences the activity of the opioid transport systems
causing a lack of kappa effect in the early phase of the formalin test.
The difference between mu or delta and kappa effects in the early
phase in this report may suggest different mechanisms of action of
opioid peptides on nociceptive fibers (Nozaki-Taguchi and Yamamoto,
1998). An opioid receptor characterization may reveal interesting
information in this unique rodent and this requires investigation.

Opioid effects are mediated by central and peripheral opioid
receptors (Stein, 1995; Stein et al., 2001; Labuz et al., 2007) and the
latter have been widely demonstrated in animals. In the current
report, the opioid peptides were administered systemically (i.p.) and
might have acted centrally as well as peripherally. Studies done in
mice have shown that systemically injected opioids cause potent
analgesia (Baamonde et al., 1991, 2005; Murray and Cowan, 1991;
Weber et al., 1991, 1992) and this is in agreement with our present
report. Opioid receptors are synthesized in the dorsal root ganglion
(Schafer et al., 1995) and are then transported into the peripheral and
central terminals via axonal transport.

Peripherally mediated opioid antinociception has been widely
documented in rats and mice (Hong and Abbott, 1995; Catheline et al.,
1998, 1999; Stein, 1995; Stein et al., 1988, 1989, 2001; Labuz et al.,
2007). Peripheral antinociceptive effects of opioid peptides aremainly
present in inflamed tissue (Stein et al., 2001). This is because
inflammation enhances axonal transport of opioid receptors (Hassan
et al., 1993) thus increasing their numbers in the periphery.
Inflammation also increases contact between the opioid receptors
and the peptides by disrupting the innermost layer of the perineurium
(Olsson, 1990; Antonijevic et al., 1995). This evidence clearly indicates
that inflammation potentiates the antinociceptive effects of periph-
erally or systemically administered opioid peptides. In the present
study, it is possible that the four opioid peptides used acted
peripherally considering that the formalin test is inflammatory in
modality.

Supraspinal and spinal antinociceptive effects of the opioid peptides
used in this study are alsowidely documented in other rodents. Inmost
of these studies, the peptides were centrally administered (Dickenson
and Sullivan, 1987; Calcagnetti et al., 1988; Murray and Cowan, 1991;
Chapman and Dikenson, 1992; Machelska et al., 1997,). Central
administration of peptides is preferred to systemic routes because in
the latter peptides may not cross the blood brain barrier (BBB) intact.
However, several studies have shown that peptides and their analogs
can cross the BBB when administered i.p., i.v., S.C., or orally (Rapoport
et al., 1980; Zlokovic et al., 1987; Weber et al., 1991, 1992; Chen and
Polack, 1997). Behavioral studies employing the formalin test have also
shown that systemically administered opioid peptides have antinoci-
ceptive effects in rodents (Baamonde et al., 1991, 2005; Murray and
Cowan,1991;Weber et al., 1991,1992). However, some researchers have
reported no analgesia of systemically administered opioid peptides in
some animal models (Hong and Abbott, 1995). One of the reasons for
lack of analgesia following systemic administration of an opioid peptide
is its rapid elimination from the CNS (Weber et al., 1991,1992; Chen and
Polack, 1997). For instance, biliary excretion of DPDPE is responsible for
its short duration of analgesia in mice (Weber et al., 1992).

Species or strain differences may also account, in part, for the poor
opioid analgesia after systemic administration (Neilan et al., 2003;
Schiller, 2005). Difference in pharmacokinetics of a peptide in
different animal species may account for the poor opioid analgesia
after systemic injection (Weber et al., 1992). Many aspects of the
anatomy and the physiology of the naked mole-rat are unique. The
present and the previous report (Towett et al., 2006) on systemic
administration of opioid peptides tend to suggest that these
compounds cross the BBB in this animal. However, this is not
conclusive and there is a need to examine the ability of peptides to
cross the BBB of this animal. There is also a need to investigate effects
of centrally administered opioid peptides in the naked mole-rat and
compare the results with the systemic ones.

The doses of the opioid peptides that caused antinociception in
either the formalin or the hot plate tests in the nakedmole-rat are lower
compared to those reported to produce the same in other rodents. For
instance, in the hot plate test DPDPE at doses, less than 40 mg/kg (i.v.)
did not cause antinociception in mice (Chen and Polack, 1997) and
U50488 at doses less than 3mg/kg (s.c.) had noantinociceptive effects in
the formalin test in mice (Murray and Cowan, 1991). The differences
between these reports and the studies in the naked mole-rat are the
routes of administration (i.p. versus i.v. or s.c.), the nociceptive test and
the species of the animal used. In the i.v. route, the drug reaches the CNS
faster than in either the i.p. or s.c. route (Weber et al.,1992) and therefore
lower doses of drugs administered i.v. compared to those given i.p. are
expected to cause antinociception in animals. In the naked mole-rat
higher doses (N5 mg/kg) of DAMGO or DPDPE induced hyper-activity
and hyper-excitability, whereas higher doses of U-50488 (N5 mg/kg) or
U-69593 (N0.05mg/kg) induced severemotor depression. This suggests
a robust effect of opioid peptides in this animal. This could be due to a
high density of opioid receptors in the CNS, low enzymatic degradation,
or low biliary excretion of peptides in this animal versus other rodents.
All these factors should be further investigated.

In this study, all the opioid peptides tested caused antinociception,
whereas in our earlier study increased pain sensitivity was observed
after DAMGO or DPDPE (Towett et al., 2006). Formalin test involves a
continuous stimulus (Dennis and Melzack, 1979; Wheeler-Aceto et al.,
1990), whereas the hot plate test is a brief, phasic nociceptive test
(Dennis and Melzack, 1980). In the two tests, the motor response
(elevation and licking/biting of the paw) are similar but not identical.
Research has shown that themechanisms of different types of pain are
different in the CNS (Dennis and Melzack, 1980; Abbott et al., 1986). A
number of studies on voltage-dependent calcium channels (VDCC)
suggest their differential roles on types of pain in animals (Malberg
and Yaksh, 1994; Diaz and Dickenson 1997). Naked mole-rats have
unique physiology compared to other mammals and therefore the
mechanisms of different types of pain may be unique.

Formalin nociception involves the release of pronociceptive and
proinflammatory substances such as SP, calcitonin gene-related
peptide, met-enkephalin, neurotensin, somatostatin and excitatory
amino acids (Kantner et al., 1988; Skilling et al., 1988; McCarson and
Goldstein, 1991; Zhang et al., 1994; Dickenson et al., 1997; Furst, 1999).
Peripheral noxious stimulation causes a release of these chemicals
from peripheral and spinal nociceptive afferents. Very little is known
about the peptides involved in pain transmission in the naked mole-
rat. It has been reported that this animal lacks C fibers immunor-
eactive to calcitonin gene-related peptide and SP but has abundant A-
delta fibers (Park et al., 2003). Formalin induces activity in nociceptive
C-fibers as well as in A-delta fibers (Puig and Sorkin, 1995). The
absence of peptidergic C-fibers in the naked mole-rat suggests that
these fibers are perhaps not involved in pain transmission in this
rodent. Transmission of pain signals in the naked mole-rat may be a
function of other types of nerve fibers. Studies have shown that the
skin of the naked mole-rat has numerous peptidergic Aβ fibers (Park
et al., 2003). Aβ fibers are nociceptive in normal, non-injured tissues
(Djouhri et al., 1998) and are activated in the first phase of the formalin
test (Puig and Sorkin,1995). It is possible that Aβ fibers are very crucial
in pain transmission in the naked mole-rat, and this needs to be
further investigated.

In summary, the current data indicate that mu-, delta- and kappa-
selective opioid peptides are antinociceptive in the formalin nocicep-
tion in the naked mole-rat. The data presented here differ with that
obtained using the hot plate test in the same rodent, thus addingmore
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information on the mechanisms of different types of nociception.
Although the data is the first of its kind, it does not show how the
opioid systems of the subterranean rodent modulate formalin
nociception. However, it adds novel information on the effects of
opioid systems on nociception in the animal.
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