
Abstract. The naked mole-rat (Heterocephalus glaber) is a
promising animal model for the study of pain mechanisms,
therefore a thorough characterization of this species is
essential. The aim of the present study was to establish the
naked mole-rat as a model for studying the cholinergic
receptor system in antinociception by investigating the
involvement of muscarinic, nicotinic and opioid receptors in
nociceptive tests in this species. The effects of systemic
administration of the muscarinic receptor agonist
oxotremorine and the nicotinic receptor agonist epibatidine
were investigated in the tail-flick, the hot-plate, and the
formalin tests. The effects of co-administration of the
muscarinic receptor antagonist atropine, the nicotinic
receptor antagonist mecamylamine, and the opioid receptor
antagonist naloxone were also investigated. Oxotremorine
and epibatidine induced a significant, dose-dependent
antinociceptive effect in the tail-flick, hot-plate, and formalin
tests, respectively. The effects of oxotremorine and
epibatidine were blocked by atropine and mecamylamine,
respectively. In all three nociceptive tests, naloxone in
combination with oxotremorine or epibatidine enhanced the
antinociceptive effects of the drugs. The present study
demonstrated that stimulation of muscarinic and nicotinic
receptors produces antinociceptive effects in the naked-mole
rat. The reversal effect of atropine and mecamylamine
suggests that this effect is mediated by cholinergic receptors.
As naloxone increases the antinociceptive effects of
cholinergic agonists, it is suggested that the cholinergic
antinociception acts via a gateway facilitated by opioid

receptor blockage; however, the precise interaction between
these receptor systems needs further investigation. 

The naked mole-rat (Heterocephalus glaber) is an animal that
is gaining increasing interest as a model for human diseases
such as cancer, aging, hypoxia, and pain (1-4). Pain is one of
the foremost causes of suffering in humans, as well as in
animals, and there is a well-acknowledged need for improved
treatments against pain (5, 6). Although numerous animal
models for various pain conditions exist, these are not
sufficient at present to solve the challenges in discovering
novel pain therapies, which is why there is a need for
developing new animal models in pain research. The use of
animal species of different phylogeny may increase the
knowledge of the evolution of the nociceptive system, and
thus increase our understanding of the pharmacological and
physiological mechanisms that regulate nociception and pain-
related behavior (7). Thorough characterization of nociceptive
mechanisms in different species is, thus, important. 

The naked mole-rat is a sub-terranean rodent belonging to
the family Bathyergidae. It is considered an interesting animal
model for nociceptive mechanisms, as its nociceptive system
has been shown to differ from that of other mammals. It has
been reported that the animal completely lacks cutaneous C-
fibre immunoreactive to substance P and calcitonin gene-
related peptide (GRRP) (2, 3). In the hot-plate test, the animals
were found to display aggressive behavior and hyperalgesia,
instead of analgesia, when treated with morphine or pethidine
(8, 9). This appears to be related to different properties of μ-,
δ- and κ-receptors in mole-rats compared to other rodents
(10). In the formalin test, however, stimulation with μ-, κ- ad
δ-opioid receptor agonists resulted in antinociceptive effects
(11). The antinociceptive effects of non-steroidal and steroidal
anti-inflammatory drugs have also been investigated in this
animal (12, 13). 

Other receptor systems, including the cholinergic receptor
system, are known to be involved in nociceptive regulation
and have been extensively investigated in other animal
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species [reviewed in (14)]. The role of the cholinergic
receptor system in antinociception has been evaluated in
several species, including rats (15-24), mice [reviewed in
(25)], sheep (26,27), cats (28) and humans (29,30). To our
knowledge, the cholinergic receptor system has not yet been
investigated in the naked mole-rat. To our belief, studies of
the nociceptive system in animal species of different
phylogeny may provide important information about the
underlying mechanisms of pain, we consider it important to
investigate the effect of cholinergic receptor agonists and
antagonists in the naked mole-rat. 

The aim of this study was to characterize the potential use of
the mole rat as a model for studying cholinergic system in pain
transmission. For this purpose, the three commonly used
analgesiometric tests – the tail-flick, hot-plate and formalin tests
– were applied in order to evaluate effects of cholinergic agonists
and antagonists in antinociception, and their possible interactions
with the opioid system in the naked mole-rat. It was
hypothesized that the cholinergic receptor system is involved in
antinociceptive mechanisms in the naked mole-rat. This
hypothesis was tested by demonstrating that intraperitoneal
injection of the muscarinic receptor (mAChR) agonist
oxotremorine, and the nicotinic receptor (nAChR) agonist
epibatidine, would reduce pain-related behavior in the three
applied tests, and that this reduction would be reversed by co-
administration with the mAChR antagonist atropine, and with
the nAChR antagonist mecamylamine, respectively. Furthermore,
it has been hypothesized that the opioid receptor system is
involved in the cholinergic regulation of nociception. This
hypothesis was tested by demonstrating that the effect on pain-
related behavior caused by oxotremorine and epibatidine in the
three analgesiometric tests would be reversed by co-
administration of the opioid receptor antagonist naloxone. 

Materials and Methods

Animals. Naked mole-rats (Heterocephalus glaber) were captured
from Kathekani and Kambu areas in the Kibwezi district, Kenya.
The animals were captured under a permit issued by the Kenya
Wildlife Services (KWS). The experimental procedures were
performed after ethical approval of KWS and of the Institutional
Animal Care and Use Committee (the Faculty of Veterinary
Medicine Research Ethics Committee of the University of Nairobi).
The experimental procedures were conducted in accordance with the
guidelines set forth by the American Physiological Society (31). The
animals were under health surveillance by veterinary staff, and
found to be in good health throughout the duration of the
experimental period. A total of 317 male and female adult animals
weighing 30-35 g were captured and used in the study. Each animal
was used only once, and euthanized with an intraperitoneal injection
of pentobarbitone, 200 mg/ml, after testing was completed.

Housing and husbandry. Animals were housed in colonies of 50-70
in designated cages covered by non-transparent lids. The cages,
made of plastic glass and painted with black super gloss on the
outside surface, measured 70×50×20 cm. Each cage comprised of

two compartments, with an interconnecting tunnel that measured
30×10×10 cm between the sub-dividing walls. Wood shavings
mixed with sand were used as beddings and were changed once a
week to ensure the cages were fresh and damp-free. To avoid the
drying and scaling of the skin of the animals, the humidity in the
room was maintained at 45-50%. The animals were fed on fresh
carrots and sweet potatoes (4 g per animal and day). All naked
mole-rats were acclimatized to the new environment for one month
before experimentation. During this period and during the
experiments, the naked mole-rats were handled and weighed daily.

Tail-flick test. The tail-flick test was performed using an IITC model
33D analgesimeter (IITC Inc., Woodland Hills, CA, USA) with a
sensitivity setting of 10 and beam at 8. In order to protect the tail from
tissue damage, heat cut-off was set at 10 seconds in the absence of a
tail-flick. Before the start of the experiments, the naked mole-rats
were acclimated to the restrainer for 30 min per day for a period of 30
days. Thirty minutes after drug or saline injection, the animal was
placed gently in the restrainer and a radiant beam focused on the
dorsal surface of the tail, at mid-point to the tip, and until occurrence
of a flick or cut-off. The latency from the application of heat until the
animal flicked its tail away from the heat source was recorded. Any
animal that failed to respond before the cut-off at 10 sec would be
assigned a response latency of 10 sec. However, no animal reached
the cut-off time on any occasion. 

Hot-plate test. The hot-plate test was performed using an IITC
model 35D analgesimeter, which consisted of a copper plate (27×29
cm) enclosed in a 30×30×30 cm lidded perspex box. During
experimentation, the plate was heated to a fixed temperature of
60˚C. Before the start of the experiments, the naked mole-rats were
acclimated to the plate at room temperature, 30 min per day for a
period of 30 days. Prior to tests, the animal was examined to
ascertain that it had normal sensorimotor function by observing its
ability to explore and negotiate the corners of the perspex box.
Thirty minutes after drug or saline injection, the animal was placed
gently on the hot-plate and the latency (in seconds) to escaping or
jumping (hot plate response latency) was recorded. To guard against
damage to the paws, any animals that failed to respond by 60 sec
was removed from the plate and assigned a response latency of 60
sec. However, no animal reached the cut-off time on any occasion. 

Formalin test. The naked mole-rats were acclimatized to the
observation chamber (measuring 30×30×30 cm) for 60 min daily
during the 30-day acclimation period. Prior to the formalin test,
each animal was acclimatized for 30 min. A 30-gauge needle (U-
100 insulin syringe) was used to inject 20 μl of 10% formalin in
0.9% NaCl intradermally into the dorsal side of the rear right hind
paw. The volume and concentration of formalin used was based on
previous experiments (11, 12). The animal was returned to the
observation chamber immediately after the formalin injection, and
the observation period of one hour started. The time in seconds the
animal spent licking the injected hind paw was recorded in blocks of
five minutes.

Drugs and chemicals. Oxotremorine sesquifumarate salt, (+/–)-
epibatidine dihydrochloride, atropine sulfate salt, and naloxone
hydrochloride dehydrate were purchased from Sigma-Aldrich,
Stockholm, Sweden. Mecamylamine hydrochloride was purchased
from Tocris Bioscience, Copenhagen, Denmark. Formaldehyde 40%
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was purchased from Merck, agents F & S, Nairobi, Kenya. All drugs
were weighed and dissolved in physiological saline (0.9% NaCl)
and stored as a stock solution at a temperature of 2-4˚C. 

Drug administration. All the drugs except formalin were injected
intraperitoneally 30 min prior to testing. The injections were given
in a volume of 50 μl, using a U-100 insulin syringe with a 30-gauge
needle. The doses were based on data from preliminary studies, as
well as from doses used in similar studies (15-17, 21). The mAChR
agonist oxotremorine was administered in doses of 10, 20, 50 and
100 μg/kg body weight (bw). Oxotremorine at 20 μg/kg bw was
also tested in co-administration with the mAChR antagonist atropine
(2.5 mg/kg bw), or the opioid receptor antagonist naloxone (2.5
mg/kg bw). The nAChR agonist epibatidine was administered in
doses of 0.5, 1, 2 and 3 μg/kg bw. Epibatidine at 2 μg/kg bw was
also tested in co-administration with the nAChR antagonist
mecamylamine (50 μg/kg bw) or naloxone (2.5 mg/kg bw). Control
animals were injected with 0.9% physiological saline. All treatments
were administered in a randomized order. Co-administration of
substances was performed in accordance with previous studies,
where the same chemicals were tested (32). However, it should be
pointed-out that the pharmacokinetics for these substances is
unknown in the naked mole-rat. The experiments were performed
in a sound-proof room, at a room temperature of 26-28˚C, between
8:00 and 14:00.

Statistical analysis. Data are presented in graphs as mean
value±standard error of the mean (SEM). Data from tail-flick and
hot-plate tests were analyzed with a one-way analysis of variance
(ANOVA), with Tukey’s post-hoc test to compare latency between
groups. Data from formalin tests were analyzed with a two-way
ANOVA, with time and treatment as factors, and with Bonferroni’s
post-hoc test to compare pain-related behavior between treatment
groups. Statistics were calculated using the GraphPad Prism 5.01
(GraphPad Inc., La Jolla, CA, USA). p-values <0.05 were
considered significant. 

Results

Atropine, mecamylamine, and naloxone had no effect in any
of the three tests described below, when administered alone.

Tail-flick test. The effect of oxotremorine at 10-100 μg/kg bw
on tail-flick latency is shown in Figure 1A. The tail-flick latency
in animals treated with 20, 50 and 100 μg/kg bw oxotremorine
was significantly different from that of the saline-treated
animals. The difference was found to be dose-dependent. Co-
administration of 2.5 mg/kg bw atropine was found to reverse
the effect of oxotremorine at 20 μg/kg bw, as shown in Figure
1B. Co-administration of naloxone 2.5 mg/kg bw was found to
enhance the effect of oxotremorine at 20 μg/kg bw, as shown in
Figure 1C. 

The effect of epibatidine at 0.5-3 μg/kg bw on tail-flick
latency is shown in Figure 2A. The tail-flick latency in
animals treated with epibatidine at 1, 2 and 3 μg/kg bw was
significantly different from that of the saline-treated animals.
The difference was found to be dose-dependent. Co-
administration of 50 μg/kg bw mecamylamine was found to

reverse the effect of epibatidine at 2 μg/kg bw, as shown in
Figure 2B. Co-administration of naloxone 2.5 at mg/kg bw
was found to enhance the effect of epibatidine at 2 μg/kg bw,
as shown in Figure 2C. 

Hot-plate test. The effect of oxotremorine at 10-100 μg/kg
bw on hot-plate response latency is shown in Figure 3A. The
hot-plate response latency in animals treated with 20, 50 and
100 μg/kg bw oxotremorine was significantly different from
that of the saline-treated animals. The difference was found
to be dose-dependent. Co-administration of atropine at 
2.5 mg/kg bw was found to reverse the effect of oxotremorine
at 20 μg/kg bw, as shown in Figure 3B. Co-administration of
2.5 mg/kg bw naloxone was found to enhance the effect of
oxotremorine at 20 μg/kg bw, as shown in Figure 3C.

The effect of epibatidine at 0.5-3 μg/kg bw on hot-plate
response latency is shown in Figure 4A. The hot-plate
response latency in animals treated with epibatidine at 1, 2
and 3 μg/kg bw was significantly different from that of the
saline-treated animals. The difference was found to be dose-
dependent. Co-administration of 50 μg/kg bw mecamylamine
was found to reverse the effect of epibatidine at 2 μg/kg bw,
as shown in Figure 4B. Co-administration of naloxone at 2.5
mg/kg bw was found to enhance the effect of epibatidine at
2 μg/kg bw, as shown in Figure 4C. 

Formalin test. The time the animals spent in licking the
injected paw (referred to as pain-related behavior) during the
one-hour observation period is shown in Figure 5. It was
found that pain-related behavior occurred in two phases: The
first phase during the first five minute block, and the second
phase from 35 to 60 min after injection, in comparison to
animals injected with saline. 

The effect of oxotremorine at 10-100 μg/kg bw on pain-
related behavior is shown in Figure 6A. The pain-related
behavior in animals treated with oxotremorine at 20, 50 and
100 was significantly different from control animals, both in
the first and second phase. Co-administration of 2.5 mg/kg
bw atropine was found to reverse the effect of oxotremorine
at 20 μg/kg bw, as shown in Figure 6B. Co-administration of
naloxone at 2.5 mg/kg bw was found to enhance the effect
of oxotremorine at 20 μg/kg bw, as shown in Figure 6C. 

The effect of epibatidine at 0.5-3 μg/kg bw on pain-related
behavior is shown in Figure 7A. The pain-related behavior
in animals treated with 0.5 μg/kg bw epibatidine was
significantly different from that of the saline-treated animals
in the second phase only (45-55 min). The pain-related
behavior in animals treated with epibatidine at 1, 2 and 3
μg/kg bw was significantly different from that of the saline-
treated animals in both the first and second phase. The
difference was found to be dose-dependent. Co-
administration of 50 μg/kg bw mecamylamine was found to
reverse the effect of epibatidine at 2 μg/kg bw, as shown in
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Figure 2. Tail-flick latency [mean±standard error of the mean (SEM)] in
the African naked mole-rat. A: Latency after treatment with epibatidine
at 0.5 μg/kg bw (EPI 0.5) 1 μg/kg bw (EPI 1), 2 μg/kg bw (EPI 2) and
3 μg/kg bw (EPI 3) (all n=6), in comparison with control animals
(saline) (n=8). Significantly different latency a, from saline; b, from EPI
0.5; and c, from EPI 1, as determined by one-way ANOVA with Tukey’s
post-hoc test. B: Latency after treatment with EPI 2 in co-administration
with mecamylamine at 50 μg/kg (EPI 2 + MEC 50) (n=6), in
comparison with treatment with saline, EPI 2, and mecamylamine at 50
μg/kg alone (MEC 50) (n=6). Significantly different latency a, from
saline; and b, from EPI 2. C: Latency after treatment with EPI 2 in co-
administration with naloxone at 2.5 mg/kg (EPI 2+ NAL 2.5) (n=6), in
comparison to treatment with saline, EPI 2, and naloxone at 2.5 mg/kg
alone (NAL 2.5), n=6. Significantly different latency a, from saline; b,
from NAL 2.5; and c, from EPI 2.

Figure 1. Tail-flick latency [mean±standard error of the mean (SEM)] in
the African naked mole-rat. A: Latency after treatment with
oxotremorine at 10 μg/kg bw (OXO 10), 20 μg/kg bw (OXO 20), 50
μg/kg bw (OXO 50), and 100 μg/kg bw (OXO 100), (all n=6), in
comparison with control animals (saline) (n=8). Significantly different
latency a, from saline; b, from OXO 10; and c, from OXO 20, as
determined by one-way ANOVA with Tukey’s post-hoc test. B: Latency
after treatment with OXO 20 in co-administration with atropine at 
2.5 mg/kg (OXO 10 + ATR 2.5) (n=6), in comparison with treatment
with saline, OXO 20, and atropine at 2.5 mg/kg alone (ATR 2.5), (n=6).
a, Significantly different latency from saline. C: Latency after treatment
with OXO 20 in co-administration with naloxone at 2.5 mg/kg (OXO 10
+ NAL 2.5), n=6, in comparison with treatment with saline, OXO 20,
and naloxone 2.5 mg/kg alone (NAL 2.5), (n=6). Significantly different
latency a, from saline; b, from NAL 2.5; and c, from OXO 20.
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Figure 3. Hot-plate response latency [mean±standard error of the mean
(SEM)] in the African naked mole-rat. A: Latency after treatment with
oxotremorine at 10 μg/kg bw (OXO 10), 20 μg/kg bw (OXO 20), 50 μg/kg
bw (OXO 50), and 100 μg/kg bw (OXO 100) (all n=6), in comparison to
control animals (saline) (n=8). Significantly different latency a, from saline;
b, from OXO 10; c, from OXO 20; and d, from OXO 50, as determined by
one-way ANOVA with Tukey’s post-hoc test. B: Latency after treatment with
OXO 20 in co-administration with atropine at 2.5 mg/kg (OXO 20 + ATR
2.5) (n=6), in comparison with treatment with saline, OXO 20, and atropine
at 2.5 mg/kg alone (ATR 2.5) (n=6). Significantly different latency a, from
saline; b, from ATR 2.5; and c, from OXO 20 + ATR 2.5. C: Latency after
treatment with OXO 20 in co-administration with naloxone 2.5 mg/kg (OXO
10 + NAL 2.5), n=6, in comparison with treatment with saline, OXO 20,
and naloxone 2.5 mg/kg alone (NAL 2.5), n=6. Significantly different
latency a, from saline; b, from NAL 2.5; and c, from OXO 20.

Figure 4. Hot-plate response latency mean±standard error of the mean
(SEM)] in the African naked mole-rat. A: Latency after treatment with
epibatidine at 0.5 μg/kg bw (EPI 0.5), 1 μg/kg bw (EPI 1), 2 μg/kg bw (EPI
2), and 3 μg/kg bw (EPI 3) (all n=6), in comparison to control animals
(saline) (n=8). Significantly different latency a, from saline; b, from EPI
0.5; c, from EPI 1; and d, from EPI 2, as determined by one-way ANOVA
with Tukey’s post-hoc test. B: Latency after treatment with EPI 2 in co-
administration with mecamylamine at 50 μg/kg (EPI 2 + MEC 50) (n=6),
in comparison to treatment with saline, EPI 2, and mecamylamine 50 μg/kg
alone (MEC 50) (n=6). Significantly different latency a, from saline; b, from
MEC 50; and c, from EPI 2 + MEC 50. C: Latency after treatment with
EPI 2 in co-administration with naloxone at 2.5 mg/kg (EPI 2+ NAL 2.5)
(n=6), in comparison with treatment with saline, EPI 2, and naloxone at
2.5 mg/kg alone (NAL 2.5) (n=6). Significantly different latency a, from
saline; b, from NAL 2.5; and c, from EPI 2.



Figure 7B. Co-administration of naloxone at 2.5 mg/kg bw
resulted in pain-related behavior similar to the effect of
epibatidine at 2 μg/kg bw, as shown in Figure 7C. 

Discussion

Acetylcholine and cholinergic receptors appear to be an
essential neurotransmitter system in antinociception,
particularly at the spinal cord level. It has been suggested
that an increased release of spinal acetylcholine after
treatment with an mAChR agonist is associated with an
increased pain threshold in rats, while mAChR antagonist
treatment reduces the acetylcholine release and is associated
with hyperalgesia (15). Further studies in rats have shown
that acetylcholine release is increased after systemic or
intraspinal treatment with several substances associated with
antinociception, such as lidocaine (16), α2-adrenoceptor
agonists (17), epibatidine (22), and serotonergic receptor
agonists (23). It has also been suggested that spinal
acetylcholine release is under tonic regulation by the GABA-
receptor activity (24). In addition, an indication of
acetylcholinergic involvement of the central antinociceptive
actions of morphine (20), ketamine (19) and peripheral
analgesics (18) has been shown. 

The data presented in the present investigation suggest that
the cholinergic receptor system is involved in antinociceptive
mechanisms in the naked mole-rat, in accordance with the
hypothesis. Oxotremorine is a well-characterized mAChR
agonist, and has been applied in numerous studies to
investigate the involvement of mAChRs in various species
and experimental settings (15, 25, 28, 33, 34). Involvement
of mAChRs in antinociception has been demonstrated e.g. in
rats, using similar dose ranges as in the present study (15).
The same is valid for the mAChR antagonist atropine (15,
16, 34, 35). Similarly, the nAChR agonist epibatidine and the
nAChR antagonist mecamylamine have been extensively
used to test for the involvement of nAChRs in
antinociception (16, 17, 21, 22, 33, 36). Thus, it is proposed
that both mAChRs and nAChRs are involved in
antinociceptive mechanisms in the naked mole-rat.
Furthermore, since the antinociceptive effect of both
muscarinic and nicotinic agonists is similar in all three
applied nociceptive tests, it could be speculated that both
mAChRs and nAChRs activate a common mechanism.
However, to what extent mAChRs and nAChRs are present
in the naked mole-rat and their distribution in this animal
remains to be discovered. 

The finding that naloxone enhanced the antinociceptive
effect of both oxotremorine and epibatidine was contrary to
our hypothesis. Previous studies have shown
antinociceptive effects of μ-, κ- and δ-opioid receptor
agonists when using the formalin test in the naked mole-rat
(11). This suggests that all opioid receptor subtypes are

involved in antinociception in this species. Since opioid
receptors are known to play a key role in antinociception
in most species [reviewed in (34, 37)], it was believed that
the effects of cholinergic receptor agonists in the
analgesiometric tests would be mediated via a pathway
involving opioid receptors. It was, therefore, expected that
co-administration with naloxone would reverse the
antinociceptive effects of oxotremorine and epibatidine.
Furthermore, it was believed that if the cholinergic effect
was not mediated via such an opioid pathway, naloxone
would have no effect on cholinergic agonists. The fact that
the opposite effect was observed indicates a complex
organization of interaction between the cholinergic and
opioid receptor systems in the regulation of antinociception
in the naked mole-rat, possibly much different from that of
other mammals. This is supported by a previous finding
based on different properties of opioid receptor subtypes in
the naked mole-rat compared to that of other rodents, as
stimulation of κ- and δ-receptors produced antinociception,
while μ-receptor stimulation produced hyperalgesia in the
hot-plate test (10). How this interaction is mediated is not
possible to explain from the present experimental setup. It
is possible that opioid blockage removes a possible tonic
opioid inhibition of ACh release, which leads to an
enhanced agonistic effect on cholinergic receptors.
Alternatively, opioid blockage may facilitate cholinergic
antinociception by opening an antinociceptive gateway not
involving opioid receptors. This could be of great
importance for future pain therapies, since opioids have
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Figure 5. The effect of injection of 20 μl of 10% formalin and saline on
licking the injected paw (pain-related behavior) in the African naked
mole-rat (n=8). Data are presented as mean±standard error of the mean
(SEM). a, Pain-related behavior in the formalin-treated group was
significantly different from that of the saline-treated, as determined by
two-way ANOVA with Bonferroni’s post-test. 
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Figure 6. The effect of injection of 20 μl of 10% formalin on licking the injected paw (pain-related behavior) in the African naked mole-rat, 30 min after pre-
treatment with drugs. Data are presented as mean±standard error of the mean (SEM). A: Pain-related behavior 30 min after pre-treatment with saline (n=8)
and oxotremorine at 10 μg/kg bw (OXO 10), 20 μg/kg bw (OXO 20), 50 μg/kg bw (OXO 50), and 100 μg/kg bw (OXO 100) (all n=6). Two-way ANOVA with
Bonferroni’s post-test was used to demonstrate differences in pain-related behavior between groups. Significant difference a, between saline and OXO 20; b,
between saline and OXO 50; c, between saline and OXO 100; d, between OXO 10 and OXO 50; and e, between OXO 10 and OXO 100. B: Pain-related
behavior 30 min after pre-treatment with OXO 20 in co-administration with atropine at 2.5 mg/kg (OXO 10 + ATR 2.5) (n=7), in comparison to treatment
with saline (n=8) OXO 20, and atropine at 2.5 mg/kg alone (ATR 2.5) (n=6). Significant difference a, between saline and OXO 20; b, between ATR 2.5 and
OXO 20; and c, between OXO 20 and OXO 20 + ATR 2.5. C: Pain-related behavior 30 min after pre-treatment with OXO 20 in co-administration with
naloxone at 2.5 mg/kg (OXO 10 + NAL 2.5) (n=6), in comparison with treatment with saline, OXO 20, and naloxone at 2.5 mg/kg alone (NAL 2.5) (n=6).
Significant difference a, between saline and OXO 20; b, between saline and OXO 20 + NAL 2.5; c, between NAL 2.5 and OXO 20; d, between NAL 2.5 and
OXO 20 + NAL 2.5; and e, between OXO 20 and OXO 20 + NAL 2.5.



several shortcomings, such as tolerance development and
opioid-induced hyperalgesia (38). Further histological,
molecular and pharmacological characterization of this
issue is thus necessary. 

Oxotremorine and epibatidine produced antinociception
in all of the three applied tests, which could be blocked with

atropine or mecamylamine, respectively. The tests were
selected because of their involvement of different
nociceptive mechanisms. The tail-flick test measures a
spinal reflex response to an acute noxious thermal stimulus
(39, 40), and is thus not considered to involve any supra-
spinal mechanism. The hot-plate test also measures a
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Figure 7. The effect of injection of 20 μl of 10% formalin on licking the
injected paw (pain-related behavior) in the African naked mole-rat, 30
min after pre-treatment with drugs. Data are presented as
mean±standard error of the mean (SEM). A) Pain-related behavior 30
min after pre-treatment with saline (n=8) and epibatidine at 0.5 μg/kg
bw (EPI 0.5), 1 μg/kg bw (EPI 1), 2 μg/kg bw (EPI 2), and 3 μg/kg bw
(EPI 3) (all n=6). Two-way ANOVA with Bonferroni’s post-test was used
to demonstrate differences in pain-related behavior between groups.
Significant difference a, between saline and EPI 0.5; b, between saline
and EPI 1; c, between saline and EPI 2; d, between saline and EPI 3; e,
between EPI 0.5 and EPI 1; f, between EPI 0.5 and EPI 2; g, between
EPI 0.5 and EPI 3; and h, between EPI 1 and EPI 3. B: Pain-related
behavior 30 min after pre-treatment with EPI 2 in co-administration with
mecamylamine at 50 μg/kg bw (EPI 2 + MEC 50) (n=6), in comparison
to treatment with saline (n=8), EPI 2, and mecamylamine 50 μg/kg alone
(MEC 50) (n=6). Significant difference a, between saline and EPI 2; b,
between MEC 50 and EPI 2; and c, between EPI 2 and EPI 2 + MEC
50. C: Pain-related behavior 30 min after pre-treatment with EPI 2 in
co-administration with naloxone 2.5 at mg/kg (EPI 2 + NAL 2.5) (n=6),
in comparison to treatment with saline, EPI 2, and naloxone 2.5 mg/kg
alone (NAL 2.5) (n=6). Significant difference a, between saline and EPI
2; b, between saline and EPI 2 + NAL 2.5; c, between NAL 2 and EPI 2;
and d, between NAL 2.5 and EPI 2 + NAL 2.5.



response to an acute noxious thermal stimulus, but this test
is considered to involve more complex mechanisms at
supra-spinal levels (7, 41). The formalin test measures the
response to two different stimuli (42). In the first phase, the
animals’ paw-licking behavior is most likely a response to
the acute pain from the direct nociceptor activation by
formalin, while in the second phase, it has been suggested to
relate to an inflammatory reaction in the tissue (43, 44). The
results, therefore, indicate that the cholinergic receptor
system is an essential mediator of antinociception in the
naked mole-rat, involved in mechanisms activated by
thermal, chemical and inflammatory mechanisms. As the
tail-flick test is considered to mainly reflect a spinal reflex,
part of this mediation is suggested to occur, directly or
indirectly, at the spinal cord level. However, it should be
pointed out that the anatomical structure of descending
mechanisms in the naked mole-rat is unknown; hence the
spinal portion of the antinociception in this species needs
further investigation. 

In conclusion, the naked mole-rat appears to be a relevant
animal for studying cholinergic involvement in
antinociceptive mechanisms. The present study has
demonstrated that intraperitoneal injection of the mAChR
agonist oxotremorine, and the nAChR agonist epibatidine,
reduced pain-related behavior in the tail-flick, hot-plate, and
formalin tests, and that the reduction was reversed by co-
administration with the mAChR antagonist atropine, and with
the nAChR antagonist mecamylamine, respectively,
suggesting involvement of muscarinic and nicotinic receptors.
Furthermore, it was shown that the effect on pain-related
behavior caused by oxotremorine and epibatidine was
enhanced by co-administration of the opioid receptor
antagonist naloxone in all three tests. This suggests an
interaction between the cholinergic and opioid receptor
systems in the regulation of nociceptive transmission in the
naked mole-rat, which could prove to be important for the
understanding of the nociceptive regulation in this species.
However, in order to fully-understand the involvement and
interaction, more research is needed to determine the presence
and distribution of muscarinic, nicotinic and opioid receptors,
as well as the pharmacological binding properties of various
ligands to these receptors. 

Competing Interests

The Authors declare that they have no competing interests. 

Acknowledgements 

The Authors are very grateful to the Government of Kenya, Ministry
of Livestock Development, which granted some financial assistance;
to Mr. Marete and Kamonde, who took care of the experimental
animals; and to the Director, Kenya Wildlife Services for granting a
permit for capturing animals which enabled us to perform this study. 

References

1 Liang S, Mele J, Wu Y, Buffenstein R and Hornsby PJ:
Resistance to experimental tumorigenesis in cells of a long-lived
mammal, the naked mole-rat (Heterocephalus glaber). Aging
Cell 9: 626-635, 2010.

2 Park TJ, Comer C, Carol A, Lu Y, Hong HS and Rice FL:
Somatosensory organization and behaviour in naked mole-rats:
II. Peripheral structures, innervation, and selective lack of
neuropeptides associated with thermoregulation and pain. J
Comp Neurol 465: 104-120, 2003.

3 Park TJ, Lu Y, Juttner R, Smith ES, Hu J, Brand A, Wetzel C,
Milenkovic N, Erdmann B, Heppenstall PA, Laurito CE, Wilson
SP and Lewin GR: Selective inflammatory pain insensitivity in
the African naked mole-rat (Heterocephalus glaber). PLoS Biol
6: e13, 2008.

4 Peterson BL, Larson J, Buffenstein R, Park TJ and Fall CP:
Blunted neuronal calcium response to hypoxia in naked mole-
rat hippocampus. PLoS One 7: e31568, 2012.

5 Melzack R: The tragedy of needless pain. Sci Am 262: 27-33,
1990.

6 Strong J, Unruh AM, Wright A, and Baxter GD: Preface. In:
Pain - A Textbook for Therapists. Strong J, Unruh AM, Wright A
and Baxter GD (eds.). London, Churchill Livingston, 2002.

7 Abelson KSP and Roughan JV: Animal models in pain research.
In: Handbook of Laboratory Animal Science, Vol. II: Animal
Models. Hau J and Schapiro SJ (eds.). Boca Raton, CRC Press,
pp. 123-147, 2011.

8 Kanui TI and Hole K: Morphine induces aggression but not
analgesia in the naked mole-rat (Heterocephalus glaber). Comp
Biochem Physiol C 96: 131-133, 1990.

9 Towett PK and Kanui TI: Effects of pethidine, acetylsalicylic
acid, and indomethacin on pain and behaviour in the mole-rat.
Pharmacol Biochem Behav 45: 153-159, 1993.

10 Towett PK, Kanui TI and Juma FD: Stimulation of mu and delta
opioid receptors induces hyperalgesia while stimulation of kappa
receptors induces antinociception in the hot-plate test in the
naked mole-rat. Brain Res Bull 71: 60-68, 2006.

11 Towett PK, Kanui TI, Maloiy GM, Juma F and Olongida Ole MJ:
Activation of micro, delta or kappa opioid receptors by DAMGO,
DPDPE, U-50488 or U-69593 respectively causes antinociception
in the formalin test in the naked mole-rat (Heterocephalus glaber).
Pharmacol Biochem Behav 91: 566-572, 2009.

12 Kanui TI, Karim F and Towett PK: The formalin test in the naked
mole-rat (Heterocephalus glaber): Analgesic effets of morphine,
nefopam and paracetamol. Brain Res 600: 123-126, 1993.

13 Karim F, Kanui TI and Mbugua S: Effects of codeine, naproxen
and dexamethasone on formalin induced pain in the naked mole-
rat. Neuroreport 4: 25-28, 1993.

14 Abelson KSP: Acetylcholine in Spinal Pain Modulation - An In
Vivo Study in the Rat. Digital Comprehensive Summaries of
Uppsala Dissertations from the Faculty of Medicine 19. 2005.
Uppsala, Acta Universitatis Upsaliensis. 

15 Abelson KSP and Höglund AU: Intravenously administered
oxotremorine and atropine, in doses known to affect pain
threshold, affect the intraspinal release of acetylcholine in rats.
Pharmacol Toxicol 90: 187-190, 2002.

16 Abelson KSP and Höglund AU: Intravenously administered
lidocaine in therapeutic doses increases the intraspinal release of
acetylcholine in rats. Neurosci Lett 317: 93-96, 2002.

Dulu et al: The Mole Rat as a Model for Study of Cholinergic System in Pain Transmission

47



17 Abelson KSP and Höglund AU: The effects of the a2-adrenergic
agonists clonidine and rilmenidine, and antagonists yohimbine
and efaroxan, on the cholinergic receptorsystem in the rat. Basic
Clin Pharmacol Toxicol 94: 153-160, 2004.

18 Abelson KSP, Kommalage M and Höglund AU: Spinal
cholinergic involvement after treatment with aspirin and
paracetamol in rats. Neurosci Lett 368: 116-120, 2004.

19 Abelson KSP, Röstlinger Goldkuhl R, Nylund A and Höglund
AU: The effect of ketamine on intraspinal acetylcholine release:
Involvement of spinal nicotinic receptors. Eur J Pharmacol 534:
122-128, 2006.

20 Chen SR and Pan HL: Spinal endogenous acetylcholine
contributes to the analgesic effect of systemic morphine in rats.
Anesthesiology 95: 525-530, 2001.

21 Kommalage M and Höglund AU: Nicotinic acetylcholinergic
receptors regulate the intraspinal release of acetylcholine in male
rats. Pharmacol Toxicol 93: 169-173, 2003.

22 Kommalage M and Höglund AU: (+/–) Epibatidine increases
acetylcholine release partly through an action on muscarinic
receptors. Basic Clin Pharmacol Toxicol 94: 238-244, 2004.

23 Kommalage M and Höglund AU: Involvement of spinal
serotonin receptors in the regulation of intraspinal acetylcholine
release. Eur J Pharmacol 509: 127-134, 2005.

24 Kommalage M and Höglund AU: Involvement of spinal GABA
receptors in the regulation of intraspinal acetylcholine release.
Eur J Pharmacol 525: 69-73, 2005.

25 Wess J, Duttaroy A, Gomeza J, Zhang W, Yamada M, Felder CC,
Bernardini N and Reeh PW: Muscarinic receptor subtypes
mediating central and peripheral antinociception studied with
muscarinic receptor knockout mice: A review. Life Sci 72: 2047-
2054, 2003.

26 Bouaziz H, Tong C and Eisenach JC: Postoperative analgesia
from intrathecal neostigmine in sheep. Anesth Analg 80: 1140-
1144, 1995.

27 Bouaziz H, Tong C, Yoon Y, Hood DD and Eisenach JC:
Intravenous opioids stimulate norepinephrine and acetylcholine
release in spinal cord dorsal horn. Anesthesiology 84: 143-154,
1996.

28 Yaksh TL, Dirksen R and Harty GJ: Antinociceptive effects of
intrathecally injected cholinomimetic drugs in the rat and cat.
Eur J Pharmacol 117: 81-88, 1985.

29 Flodmark S and Wramner T: The analgesic action of morphine,
eserine and prostigmine studied by a modified Handy-Wolff
Goodell method. Acta Physiol Scand 9: 88-96, 1945.

30 Lambert DG and Appadu BL: Muscarinic receptor subtypes: Do
they have a role in clinical anaesthesia? Br J Anaesth 74: 497-
499, 1995.

31 American Physiological Society: Guiding principles for research
involving animals and human beings. Am J Physiol Reg Integr
Comp Physiol 283: R281-R283, 2002.

32 Wambugu SN, Towett PK, Kiama SG, Abelson KSP and Kanui
TI: Effects of opiods in the formalin test in the Speke’s hinged
tortoise (Kinixys spekii). J Vet Pharmacol Ther 33: 347-351,
2010.

33 Höglund AU, Hamilton C and Lindblom L: Effects of
microdialyzed oxotremorine, carbachol, epibatidine, and
scopolamine on intraspinal release of acetylcholine in the rat. J
Pharmacol Exp Ther 295: 100-104, 2000.

34 Rang HP, Dale MM, and Ritter JM: Pharmacology. Edinburgh,
UK, Churchill Livingstone, 1999.

35 Pinardi G, Sierralta F and Miranda HF: Atropine reverses the
antinociception of non-steroidal anti-inflammatory drugs in the
tail-flick test of mice. Pharmacol Biochem Behav 74: 603-608,
2003.

36 Qian C, Li T, Shen TY, Libertine-Garahan L, Eckman J, Biftu T
and Ip S: Epibatidine is a nicotinic analgesic. Eur J Pharmacol
250: R13-R14, 1993.

37 Fürst S: Transmitters involved in antinociception in the spinal
cord. Brain Res Bull 48: 129-141, 1999.

38 DuPen A, Shen D and Ersek M: Mechanisms of opioid-induced
tolerance and hyperalgesia. Pain Manag Nurs 8: 113-121, 2007.

39 D’Amour FE and Smith DL: A method for determining loss of
pain sensation. J Pharmacol Exp Ther 72: 74-79, 1941.

40 Tjølsen A and Hole K: Animal models of analgesia. In:
Pharmacology of Pain. Dickenson AH and Besson JM (eds.).
Berlin, Springer Verlag, pp. 1-20, 1997.

41 Woolfe G and Macdonald AD: The evaluation of the analgesic
action of pethidine hydrochloride (Demerol). J Pharmacol Exp
Ther 80: 300-307, 1944.

42 Dubuisson D and Dennis SG: The formalin test: A quantitative
study of the analgesic effects of morphine, meperidine, and brain
stem stimulation in rats and cats. Pain 4: 161-174, 1977.

43 Coderre TJ, Vaccarino AL and Melzack R: Central nervous
system plasticity in the tonic pain response to subcutaneous
formalin injection. Brain Res 535: 155-158, 1990.

44 Shibata M, Ohkubo T, Takahashi H and Inoki R: Modified
formalin test: Characteristic biphasic pain response. Pain 38:
347-352, 1989.

Received August 2, 2013
Revised November 19, 2013

Accepted November 20, 2013

in vivo 28: 39-48 (2014)

48


