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A B S T R A C T

The naked mole rat (NMR) is a rodent that has gained importance as a biomedical research model for various
conditions like hypoxic brain injury, cancer and nociception. This study was designed to investigate possible
involvement of the noadrenergic receptor system in antinoception in the NMR, using the alpha-2 adrenergic
receptor specific ligands clonidine (agonist) and yohimbine (antagonist) in the formalin test. Formalin test fol-
lowed 30 min after intraperitoneal administration of ligands or control. A total of 96 naked mole rats were used. A
significant reduction in nociceptive behaviours was demonstrated after administration of clonidine in the doses
1,3,10 and 30 μg/kg (n ¼ 8 per group). Doses of clonidine above 30 μg/kg caused loss of motor and proprietion
skills exhibited by prostration and failure to turn over when placed on their backs. The antinociception by 3 μg/kg
clonidine was reversed by administration of 30 μg/kg of yohimbine. The present study demonstrates that the
noradrenergic receptor system is present and involved in formalin test-related antinociceptive mechanisms in the
NMR, similar to other mammals. Given the increasing importance of the NMR as a model for pain and noci-
ception, the species may prove useful as an animal model for noradrenergic mechanisms in pain modulation.
1. Introduction

Naked mole rats (NMRs) are rodents that live a longer life compared
to other rodents, sometimes living over 31 years and without showing
signs of aging (Grimes et al., 2014; Kim et al., 2011). NMRs have evolved
to survive underground in colonies of 100–300 animals. They are resis-
tant to experimentally induced tumors and can survive under low oxygen
levels owing to their hemoglobin's high affinity for oxygen. They also
have few c-fibers and which lack the neurotransmitter substance P in the
skin. Substance P is involved in sending pain signals to central nervous
system, its lack in the NMR makes them behaviorally insensitive to itch
induced by capsaicin, ammonia fumes and histamine. They are also
insensitive to pain induced by acid and acidic fumes (Abiyselassie, 2018;
Clarke and Faulkes 1998; Schuhmacher et al., 2015; Grimes et al., 2014;
Kim et al., 2011).

Due to these unique characteristics, NMRs are used as research animal
models for studying longevity, cancer, hypoxic brain injury and noci-
ception (induced by heat, mechanical force, or chemicals). These studies
in return assist in understanding mechanisms involved in various bio-
logical diseases affecting humans Abiyselassie (2018); Schuhmacher
et al. (2015); Rochelle (2005).
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Previous research show the interest to understand mechanisms
related to pain modulation in the NMR. Kanui & Hole (1990) reported
that morphine induces aggression and not analgesia, and therefore opioid
systems in NMR may not be involved in nociception but motor and
agonistic behavior regulation. Karim et al. (1993) and Kanui et al. (1993)
reported that some opioid drugs significantly inhibit formalin induced
pain behaviors. Kanui & Towett (1993) demonstrated that in the hot
plate test, pethidine causes aggression, sensorimotor impairment and
hyperalgesia while specific doses of acetylsalicylic acid and indometh-
acin cause significant increase in response latency.

Kanui et al. (2006) and Towett et al. (2009) demonstrated the role of
opioid receptors mu, delta and kappa in NMR pain regulation. Dulu et al.
(2014) reported the presence of cholinergic and opioid systems in NMR
pain control. Jørgensen et al. (2016) reported the presence and
involvement of acetylcholine muscarinic receptor subtypes M1 and M4 in
NMR antinociception. These studies have thus established the involve-
ment of both opioid and cholinergic receptor systems in NMR pain
mechanisms.

The noradrenergic receptor system has been shown to play an
important role in nociception and antinociception in several species. This
receptor system is the target for alpha-2 adrenergic drugs that include
October 2020
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agonists like clonidine, dexmedetomidine and xylazine and antagonists
like yohimbine (Yasaei & Saadabadi, 2019; Briskas et al., 1987). These
agonists are common in veterinary medicine where they are used for
their fast onset, reversibility and analgesia. For example, in ruminants
they are used as sedatives and analgesics for restraint, clinical work and
minor surgeries though they are reported to cause several side effects, but
these side effects are easily managed due to availability of specific an-
tagonists (Alfa et al., 2014).

In African marsh terrapins (Pelomedusa subrufa), administration of
clonidine causes a significant reduction in formalin induced pain-related
behavior that is reversible with administration of its specific antagonist
yohimbine (Makau et al., 2014). In Speke's hinged tortoises (Kiniskys
spekii), administration of clonidine also causes a significant reduction in
the duration of formalin induced pain-related behavior (Makau et al.,
2016).

In rats, administration of alpha-2 adrenergic receptor ligands affects
the release of intraspinal acetylcholine and thereby affecting nociceptive
mechanisms (Abelson and H€oglund, 2004). In mice, intrathecal admin-
istration of clonidine (0.46 and 0.92 μg), prazosin (3.75, 7.5 and 15 μg)
and yohimbine (7.5 μg) injected intrathecally reduce pain behavior in
both phases of formalin test, indicating that increased noradrenergic
activity in the spinal cord inhibits nociception (Kanui et al., 1993).

An increased understanding of the noradrenergic receptor system –

and its role in pain related mechanisms – is important for an increased
understanding of transmission and processing of nociceptive informa-
tion. This may in turn prove invaluable for future development of novel
treatments against pain. Given the properties of the NMR presented
above, this species could be an important animal model for a further
understanding of noradrenergic antinociceptive mechanisms. To our
knowledge, the involvement of the noradrenergic system in nociceptive
and antinociceptive functions has never been investigated in the naked
mole rat.

The aim of the present study was to study the role of the noradren-
ergic receptor system in the NMRs using the receptor agonist clonidine
and antagonist yohimbine in the formalin test, in order to establish
whether NMR can be used as animal model for noradrenergic anti-
nociception. It was hypothesized that clonidine would reduce the
formalin induced nocifensive behavior in a dose-relatedmanner, and that
this effect could be reversed by yohimbine.

2. Materials and methods

Ethical statement: The experiments were conducted after research
approval licensing (Ref; KWS/BRM/5001) and obtaining a naked mole
rat capture permit (Ref; KWS/904) from Kenya Wildlife Service (KWS).
KWS licenses all research on wildlife in Kenya. The study also adhered to
prevention of cruelty to animals act, chapter 360, laws of Kenya, and
where applicable to Directive 2010/63/EU of the European Parliament
and of the Council on the protection of animals used for scientific
purposes.

Animals:NMRs of both sexes were captured by opening underground
burrows at their natural habitat in Makueni County, Kenya, while they
were digging fresh mole hills. The weights of NMRs used during the
experiment ranged from 26-35 g. Their ages were unknown since they
were captured from the wild. They were acclimatized to the laboratory
conditions for one month before start of the experiments. Health status
monitoring was done daily and animals were handled carefully by skilled
personnel to avoid incidences that could evoke fear, anxiety and stress.

Housing and husbandry: The NMRs were housed in cages parti-
tioned into four equal chambers each measuring 35 � 25 � 20 cm in
length, width and height respectively and joined by four tunnels, each
measuring 30 � 5.5 � 5.5 cm in length, width and height respectively.
Tunneling was to mimic underground burrows in their natural habitat.
Ventilation of the cages was achieved by covering them with plywood
that was not closely fitting. Each captured colony was kept in its own
cage. The cage bedding consisted of wood shavings of fine texture made
2

from local trees; was not pre-treatedwith any chemicals and was changed
weekly. The cage bedding was about 2.5 cm deep. No additional mate-
rials were provided in the cage.

The housing conditions were almost similar to those in the wild i.e.
temperatures of 28–31 �C and 24/0 h dark/light cycle. Relative humidity
was maintained at 50–70% to prevent drying and scaling of the mole rat
skin. Both temperature and humidity in the room were measured by a
thermo hygrometer (Brannan-England). Room temperature was main-
tained by the use of two 250 W infrared lamps (Euro-matt) and a fan
heater (1500 W, Intertronic, UK). By blowing hot air, the fan heater
assisted evaporation of water from plastic basins placed in the animal
room, thus raising humidity levels.

Food composed of fresh carrots, irish and sweet potatoes and was
chopped into pieces of about 1 cm, which made it necessary for the an-
imals to spend time chewing the food. Enough food was provided to
allow ad libitum consumption. The NMRs obtained their water re-
quirements from these succulent foods just like in the wild. Animals were
monitored on a daily basis.

Study design: The experiment was carried out at South Eastern
Kenya University. A total of 96 NMRs were used. The sample size (n) was
eight NMRs per group of mixed sex per drug or control dose with each
animal acting as an experimental unit. Females and males were equally
distributed in groups to avoid any sex related bias. Each group of eight
NMRswas injected with either clonidine (1,3,10 or 30 μg/kg), yohimbine
(30 μg/kg), a combination of clonidine (3 μg/kg) and yohimbine (30 μg/
kg), saline (0.9% NaCl) or 10% formalin. The sample size (n) was based
on previous studies by Jørgensen et al. (2016), from which data was
obtained for a group size determination through a power analysis: The
control group was expected to have a maximal latency of approximately
100 s; a 50% decrease in latency in treated animals was considered
biologically relevant; the standard deviation was estimated to 35 s; the
alpha was set to 0.05 and the power to 80%. This gives a group size of 8
animals per group. Each NMRwas randomly selected and used only once.
The experimenter was blinded and thus not aware of the drugs or vehicle
injected until after data analysis.

Procedures: The formalin test was performed based on previous
studies by Towett et al. (2009), Dulu et al. (2014) and Jørgensen et al.
(2016). Each NMR was injected subcutaneously with 20 μl of 10 %
formalin dorsally on the right hind paw and immediately placed in a glass
observation chamber measuring 15 � 14.5 � 14.5 cm for one hour, and
observed for pain related behaviors in blocks of 5 min. The concentration
of 10% formalin is higher than what normally is used in the formalin test.
The reason for choosing the higher concentration for the naked mole rat
is that this is considered necessary to trigger a sufficient response, and
has been established as the standard concentration used for this species
(Jørgensen et al. (2016); Dulu et al. (2014); Towett et al. (2009); Kanui
et al. (1993a, b). The behaviors observed included the time in seconds
spent licking, biting or flinching the injected paw. During investigation of
the effects of clonidine and yohimbine, the ligands (or saline control)
were injected intraperitoneally 30 min before formalin administration.
All substances were administered using U-50 insulin syringe with a 30
Gauge needle. The experiments were carried out during daytime between
8.30 a.m. to 17.00 p. m at a room temperature of between 27.2-28.9 �C.
Prior to the formalin test, each animal was acclimatized for 30 min to the
observation chamber during the acclimation period and the day of
experiment.

In connection to the formalin tests, the animals sensorimotor and
proprioception skills were checked. Sensorimotor skills were checked by
placing the dorsal surface of each injected hind paw on the table to see if
the animal would sense this and turn the paw back to a normal position.
For proprioception skills, the animals were placed on their back to see if
they were capable of turning back on their feet.

Each animal was euthanized by cervical dislocation after the experi-
ment to avoid any unnecessary pain following the procedure. Each ani-
mal was thus used only once.
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Drugs: Clonidine hydrochloride (alpha-2 adrenergic agonist) and
yohimbine hydrochloride (alpha-2 adrenergic antagonist) both from
Sigma-Aldrich (Taufkirchen, Germany), 0.9 % NaCl (saline) and formalin
were used. Saline was used to dissolve clonidine, diluting formalin to
10%, and injected as a control treatment. Yohimbine was dissolved in
water as per manufacturer instructions. Drugs (formalin and ligands) and
their controls were injected using U-50 insulin syringe with a 30-gauge
needle.

Statistical analysis: The data were analyzed using two-way ANOVA
with Bonferroni's post hoc test in Graph Pad Prism version 5.0. Data are
presented as mean time in seconds (�SEM) in the graphs. P < 0.05 was
considered a statistically significant difference.

3. Results

In a pilot study preceding the present study, it was found that doses of
clonidine above 30 μg/kg caused loss of motor and proprioception skills
exhibited by prostration and failure to turn over when placed on their
backs. Sweating by the immobilised animals was also noted. At a cloni-
dine dose of 300 μg/kg, all four NMRs used were completely immobilized
for more than 30 min. At a clonidine dose of 100 μg/kg, one NMR was
completely immobilized, two went under ventral reccumbency from 13
min onwards and one had only deppressed activity. Therefore doses of
clonidine of 30 μg/kg and below were chosen for the present study. Co-
administration of clonidine and yohimbine at high doses resulted in loss
of pain related behaviour in the chronic phase of the formalin test.
Yohimbine doses above 30 μg/kg did not cause antagonism to 3 μg/kg
clonidine while even higher doses caused diarrhea. Doses of yohimbine
below 30ug/kg were not evaluated in this study. Co-administration of
clonidine 3 μg/kg with a yohimbine dose of 30 μg/kg was therefore
chosen.

Subcutaneous injection with 20 μl of 10% formalin dorsally in the
right hind paw resulted in a significant increase in pain related behavior
compared to saline control in the first 5 min interval (p < 0.05) and later
intervals between 40-60 min (P < 0.001) as shown in Figure 1.

Intraperitoneal injection with 50 μl clonidine in the doses 1,3,10 or
30 μg/kg 30 min prior to formalin injection showed significant effect on
the pain-related behavior compared to control. Significant differences
were also observed between clonidine 30 μg/kg and doses 1 and 3 μg/kg
respectively (Figure 2).
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Figure 1. The effects of subcutaneous injection of 20μl 10% formalin (unfilled
circle) or saline (unfilled triangle pointed down) dorsally on right hind paw on
pain behaviours in the naked mole rat. Significance difference in pain behavior
were observed in the time intervals 0–5 min (p < 0.05) and 40–60 min (P <

0.001). Shown as a** ¼ P < 0.05 and a*** ¼ P < 0.001. Data are shown as mean
� SEM. Number of animals (n) ¼ 8 for both saline and formalin. Data were
analyzed using two way ANOVA with Bonferroni's post hoc test.
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A dose of 30 μg/kg yohimbine was chosen for antagonizing clonidine.
This dose was found not to significantly affect pain-related behaviours
compared to its dissolvent (Figure 3). Administration of 30 μg/kg of
yohimbine significantly reversed the effects of 3 μg/kg of clonidine in the
formalin test (Figure 4).

4. Discussion

This is to our sincere knowledge the first study to report anti-
nociception in naked mole rats mediated by the noradrenergic receptor
system.

The noradrenergic receptor system refers to the endogenous ligand
noradrenaline and its receptors (Sofuoglu and Sewell, 2009; Smythies,
2005). While it is true that noradrenaline also binds to beta-adrenergic
receptors, the affinity is much lower to these than to alpha-adrenergic
receptors (Atzori et al., 2016), and therefore the term noradrenergic
normally refers to alpha-, while adrenergic refers to beta-adrenergic re-
ceptors. Based on this, the term noradrenergic receptor system was
chosen for this study. As clonidine primarily is an alpha 2 adrenergic
agonist, the term alpha 2 adrenergic receptor system could have been
chosen instead. However, this would not reflect the truth either.
Although clonidine is a prototypical alpha 2 adrenergic receptor agonist,
it also shows some affinity for alpha 1 adrenergic receptors (Giovannitti
et al., 2015).

The current study in NMR established a biphasic pain response using
the formalin test with a first phase between 0-5 min and a second phase
between 40-60 min. A biphasic response has been reported in NMR at
similar time periods to our study (Jørgensen et al., 2016). A biphasic
response in NMRwhere first phase occurred at similar time periods to our
study but different time periods for the second phase is also reported
(Dulu et al., 2014; Towett et al., 2009).

This biphasic response is also commonly reported in other animal
species (Reddy and Yaksh, 1980) although time periods for first and
second phase differ among different species. Biphasic responses have
been reported in monkeys (Sharma et al., 1993), guinea pigs (Leite-Pa-
nissi et al., 2001), mice and rats (Kanui et al., 1993; Kariuki et al., 2012),
African toad (Ajao et al., 2007), and zebra fish (Francisco et al., 2017).
However some animals like rabbits (Esmaeal, 2010), Speke's hinged
tortoise (Wambugu et al., 2010; Makau et al., 2016), marsh terrapins
(Makau et al., 2014), and crocodile (Kanui et al., 1990) have been re-
ported to show a monophasic response.

Formalin test was first described in rats and cats by Dubuisson and
Dennis in 1977 (Dubuisson and Dennis, 1977), and involves injecting
small volumes of formalin subcutaneously or intradermally into the
animal's paw. The responses observed include licking, biting or flinching
the injected paw and occur in two phases; the early phase (acute phase)
caused by C-fibers activation occurring in the first 5–10 min due to pe-
ripheral stimulus and the late phase (chronic phase) occurring 15–60min
later due to inflammatory reaction (Abelson and Roughan, 2011; Tjolsen
et al., 1992). The acute phase of formalin test is used to model acute pain
while chronic phase models chronic inflammatory pain (Sawynok and
Liu, 2003), in other animals species and humans.

In the current experiment, intraperitoneal administration of clonidine
at the doses 1,3,10 and 30 μg/kg significantly reduced formalin induced
pain behavior compared to control (saline) in both the early and late
phases in a dose dependent manner. This shows the antinociceptive ef-
fects of clonidine, the presence and involvement of noradrenergic re-
ceptor system of NMRs in pain modulation.

Intraperitoneal administration of clonidine under formalin test re-
sponds in a similar dose dependent manner in mice and rats (Yoon et al.,
2015; Fukuda et al., 2006). Clonidine administration intrathecally also
shows similar dose dependent responses under formalin test in the Af-
rican marsh terrapin (Pelomedusa subrufa) and Speke's hinged tortoise
(Makau et al., 2014, 2016); mice (Kanui et al., 1993), and
Sprague-Dawley rats (Yoon et al., 2009).
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Figure 2. The effect of intra-peritoneal (i. p) injection of
clonidine in concentrations of 1.0, 3.0, or 10, 30 μg/kg
compared to a control group of i. p saline injection fol-
lowed by a formalin test after 30 min of treatment (cloni-
dine) or control (saline) administration. Significant
differences in pain behavior were found in the periods; p <

0.001 (a***) during 35–60 min between control and
clonidine dosages 30 and 10 μg/kg; p < 0.001 (b***)
during 35–45 and 50–60 min and p < 0.05 (b**) during
45–50 min between control and clonidine dosages 3 and 1
μg/kg; p < 0.05 (c**) during 50–60 min between clonidine
dosages 30 and 3 μg/kg; p < 0.01 (d*) during 45–50 and
55–60 min between clonidine dosages 30 and 1 μg/kg;
Data are shown as mean time (�SEM). Number of animals
(n) ¼ 8 for control and clonidine dosages 1, 3, 10 and 30
μg/kg respectively. Data were analyzed using two way
ANOVA with Bonferroni's post hoc test.
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Clonidine has a high affinity for alpha-2 adrenoceptors at both CNS
and PNS. It is reported to have a predilection of 200: 1 for alpha-2
compared to alpha-1 adrenoceptors (Giovannitti et al., 2015). It acts by
inhibiting nociceptive transmission through mimicking the action of
norepinephrine. In the spinal cord, it inhibits action on alpha-2 adreno-
ceptors pre-synaptically and post-synaptically (Pertovaara, 2006). In
addition, it acts by affecting release of acetylcholine in the dorsal horn of
the spinal cord and therefore affecting nociception (Abelson and
H€oglund, 2004).

Clonidine and other alpha-2 adrenergic receptor agonists such as
dexmedetomidine and xylazine are commonly used as sedatives and
analgesics. In humans, clonidine is used in the management of hyper-
tension, pain, treatment of attention deficit hyperactivity disorder
(ADHD) in children among other off label uses (Yasaei & Saadabadi,
2019). The drug can cross the blood brain barrier and bind specific re-
ceptors in the central nervous system and other organs (Huwyler et al.,
1997).

Clonidine at doses above 30 μg/kg resulted in altered motor and
proprietion skills during pilot studies. Clonidine has been reported to
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Figure 3. The effect of intra-peritoneal (i. p) injection of 20 μl water for in-
jection (solvent for yohimbine hydrochloride powder) and 30 μg/kg yohimbine
followed by a formalin test after 30 min of treatment (yohimbine) or control
(water for injection) administration. Data are shown as mean � SEM. Sample
size (n) ¼ 8 for both control and yohimbine. No significant difference in pain
behavior was found between the two treatments.
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cause motor blockade and hypnosis (Qingli et al., 2016), and hypother-
mia (Livingston et al., 1984) in experimental animals, which could
explain the observed effect. Smaller clonidine doses, like those used in
current study did not cause any side effects. This concurs with previous
findings where small doses of clonidine had no effect on the sensorimotor
performance in the mouse (Kanui et al., 1993).

Yohimbine is indicated as a prototypical alpha-2 adrenergic receptor
antagonist due to its high selectivity (Zaretsky et al., 2015). In the current
study, administration of 30 μg/kg yohimbine significantly reversed the
effects of 3 μg/kg clonidine during the late phase of formalin test.
Yohimbine is reported to show similar antagonistic effects to clonidine
even in humans (Charney et al., 1983), rats (Normansell and Panksepp,
1985), marsh terrapins (Makau et al., 2014) and tortoises (Makau et al.,
2016). Yohimbine acts by presynaptically inhibiting alpha-2 adrenergic
receptors (Mekkaw and Al-Badr, 1987). Yohimbine alone is used in
humans to manage drug induced hypotension and dry mouth, and as
antidote for clonidine (Meyler, 2016).
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Figure 4. The effect of intra-peritoneal (i. p) injection of control, clonidine 3
μg/kg and co administration of yohimbine 30 μg/kg with 3 μg/kg clonidine.
Significant differences in pain behavior were found in the periods; p < 0.05
(a**) during 45–50 min between control and clonidine 3 μg/kg; p < 0.05 (b**)
during 45–55 min between clonidine 3 μg/kg and co-administered yohimbine
30 μg/kg & clonidine 3 ug/kg. Data are shown as mean � SEM. Number of
animals (n) ¼ 8 for clonidine and control while n ¼ 7 for yohimbine co-
administered with clonidine. Data were analyzed using two way ANOVA with
Bonferroni's post hoc test.
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Results from this study showed some high variation between each
animal. This was probable since use of wild type strains causes pheno-
typic variation due to genetic diversity (Brekke et al., 2018). In addition,
the ages of NMR used in this experiment were unknown since they were
captured from their natural burrows. Furthermore, both sexes were
included, which could have added to the variation, but both sexes were
equally represented in all groups to avoid bias. However, despite the high
variation, the conclusion drawn from the results should still be valid,
since our power analysis show that our group size most likely is sufficient
for finding any significant differences.

In conclusion, the present study indicates the presence and involve-
ment of noradrenergic receptor system of naked mole rats in pain mod-
ulation. The study also supports that formalin test is a good test for
studying nociception and antinociception in NMR. This makes the NMR a
relevant animal model for studying noradrenergic receptor system using
the formalin test.
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