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Involvement of kappa opioid receptors in 
formalin-induced inhibition of analgesic tolerance
to morphine in mice 

Shogo Tokuyama, Ryuji Nagae, Emiko Mashida and Wakako Hamabe 

Abstract 

This study examined the role of kappa opioid receptors (KOR) in the mechanism underlying toler-
ance to the analgesic effects of morphine induced by chronic pain. The analgesic effect of morphine
(10 mg kg−1), estimated by the tail-flick test in mice, gradually decreased during repeated daily mor-
phine treatment. A significant decrease in the analgesic effect of morphine was seen on the fifth
day of repeated morphine treatment compared with the first day. Chronic pain was induced by sub-
cutaneous administration of 2% formalin into the dorsal part of the left hind paw, which signifi-
cantly inhibited development of tolerance to morphine analgesia. The effect of formalin-induced
pain on inhibition of morphine tolerance was reversed by the KOR antagonist nor-binaltorphimine.
Furthermore, an antisense oligodeoxynucleotide, but not a missense oligodeoxynucleotide, against
KOR completely suppressed the inhibitory effect of formalin-induced pain on morphine tolerance.
Naltrindole, an antagonist of delta opioid receptor, did not affect chronic-pain-induced tolerance to
morphine. Our findings show that the inhibitory effect of chronic pain on analgesic tolerance to
morphine is mediated by KOR rather than delta opioid receptors. 

The narcotic analgesic morphine is used to ameliorate cancer pain. Prolonged use of mor-
phine is limited by the development of tolerance and dependence induced by chronic
administration (Ellison 1993). However, Suzuki (2001) proposed that patients with cancer
who are in a state of chronic pain do not develop tolerance to or dependence on the effect of
morphine. The results of basic research have also shown that the development of morphine
tolerance can be inhibited in an in-vivo chronic pain model (Javan et al 2005), although the
mechanism by which tolerance to and dependence on morphine are avoided under these
conditions is as yet unclear. The well-established animal model of persistent somatic pain is
considered to be a model of clinical inflammatory pain and nerve sensitization (Mochizucki,
2004). It consists of subcutaneous injection of formalin into a hind paw of mice or rats.
Here, we have developed a chronic pain model that involves moderate continuous pain gen-
erated by injured tissue after subcutaneous injection of formalin into the hind paw of the
mouse (Iyengar et al 2004). 

Opioid receptors are classified as mu, delta or kappa (Kieffer 1995; Kieffer & Evans
2002). Mu opioid receptors (MOR) are the primary site of action of morphine, contributing
to most opioid-induced effects, including analgesia and the development of tolerance and
dependence (Kieffer & Evans 2002). Delta opioid receptors (DOR) play a role in analgesia
and the modulation of emotions. Kappa opioid receptors (KOR) are involved in analgesia,
sedation and aversion (Reisine & Pasternak 1996; Snyder & Pasternak 2003). Many reports
have shown functional interactions between these opioid receptors (Jordan & Devi 1999;
Gray et al 2006; Snook et al 2006). In particular, KOR and MOR are known to interact to
mediate various opioid effects. Specifically, the development of tolerance to morphine anal-
gesia, naloxone-precipitated morphine withdrawal symptoms (an indicator of physical
dependence) and the morphine-induced rewarding effect (an indicator of psychological
dependence) are inhibited by KOR agonists. Furthermore, behavioural studies have shown
that MOR and KOR play distinct roles in learning and memory, as well as in synaptic
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plasticity (Suzuki et al 1992; Pan 1998; Jamot et al 2003).
These findings suggest that the opposing actions of KOR ago-
nists on the MOR effect may play an important role in the
inhibition of morphine tolerance. 

In this study we investigate the role of KOR in the mecha-
nism underlying the formalin-induced inhibition of morphine
tolerance using pharmacological approaches in-vivo. We used
the KOR agonist U-50488H in combination with repeated
morphine to clarify whether stimulation of KOR suppresses
the development of tolerance to morphine analgesia. 

Animals 

Male ddY mice weighing 18–20 g (purchased from Saitama
Experimental Animals, Saitama, Japan) were housed eight
per group in plastic bracket cages maintained at a constant
temperature of 22 ± 1°C. They had access to food and tap
water ad libitum and were used in experiments at a body
weight of 23–28 g. All experimental procedures conformed
with the Guiding Principles for the Care and Use of Laboratory
Animals adopted by the Japanese Pharmacological Society. 

Chemicals 

The following drugs and substances were used: morphine
hydrochloride (Takeda, Osaka, Japan), U-50488H (trans-3, 4-
dichloro-N-methyl-N-(2-(1-pyrrolidinyl) cyclohexyl)-benzene-
acetamide methanesulfonate hydrate), nor-binaltorphimine
(nor-BNI), naltrindole hydrochloride (all Sigma Chemicals, St
Louis, MO, USA); formalin (37%; Wako, Osaka, Japan),
antisense (AS-ODN) and missense oligodeoxynucleotides
(MS-ODN) against KOR (Chien et al 1994) (5′-GGTGCCTC-
CAAGGACTATCGC-3′ and 5′-GGGTCCCTCAAGGCAT-
ACTGC-3′ respectively; Sawadee, Tokyo, Japan). 

Morphine hydrochloride, U-50488H, nor-BNI and naltrin-
dole hydrochloride were dissolved in physiological saline,
and administered subcutaneously (s.c.) or intraperitoneally
(i.p.) in a volume equivalent to 0.1 mL per 10 g body weight.
A 2% solution of formalin was prepared with ultrapure water
and 20 mL administered s.c. AS-ODN and MS-ODN were dis-
solved in physiological saline, and 20 mL administered intra-
cerebroventricularly (i.c.v.) according to the method of Haley
& McCormick (1957). 

Pain inducement and evaluation of oedema 

Formalin (20 mL 2% solution) was administered s.c. into the
dorsal part of the left hind paws of the mice. To determine the
degree of swelling at the application site, the thickness of the
induced oedema was measured using a thickness gauge
(Teclock, Nagano, Japan). Oedema was calculated from the
following formula: increment of footpad thickness (oedema
of foot in mm) = (thickness of left foot at the indicated time
after formalin administration − thickness of right foot at the
same time) − (thickness of left foot before formalin
administration − thickness of right foot before formalin
administration). Control mice were injected with saline. 

Measurement of pain threshold 

Pain threshold was assessed using an analgesy meter (Ugo
Basile, Comerio VA, Italy) according to the modified
Randall–Selitto method (Randall & Selitto 1957). Pressure
was gradually applied to the oedematous paw, and the weight
at which the mouse removed the paw was recorded. The pain
threshold before formalin administration was taken as 100%.
Pain threshold were determined daily. 

Measurement of analgesic effect 

The analgesic effect of morphine was measured using a tail-
flick analgesia meter (MK-330B, Muromachi Kikai, Tokyo,
Japan). Thermal stimulation was applied to the base of the tail
and the time until the tail was flicked was measured. To avoid
tissue damage, thermal stimulation was never applied for
longer than 10 s. Measurements were taken every 30 min for
90 min after administration of morphine. To test the develop-
ment of tolerance to morphine analgesia, the analgesic effect
of morphine (10 mg kg−1 s.c.) was measured once daily for 5
or 14 days. The difference in tail-flick time on each day com-
pared with the first day was plotted against time (day of treat-
ment) and the area under the curve (AUC) calculated. In the
formalin-pretreated mice (and saline controls), repeated mor-
phine administration (for 5 or 14 days) was started 24 h after
formalin treatment. 

For experiments with naltrindole, nor-BNI and U-50488H,
the agonist/antagonist was injected daily for 5 days, starting
24 h after the first dose of morphine. Naltrindole (2 mgkg−1

i.p.) or nor-BNI (1 mgkg−1 i.p.) were injected 10 min before
administration of morphine; U-50488H (2 mgkg−1 i.p.) was
injected 5 min after administration of morphine. 

Administration of oligodeoxynucleotides 

AS-ODN or MS-ODN (10 mg, i.c.v.) was administered daily
for 3 days before measurements of oedema or pain threshold,
and for 4 days after the start of these measurements. When
evaluating the analgesic effects of morphine, AS-ODN or
MS-ODN (10 mg, i.c.v.) was administered daily for 3 days
before the start of the measurement of analgesic effects, and
AS-ODN or MS-ODN was also administered on days 1–3 of
the repeated morphine treatment. 

Statistical analysis 

Data are presented as mean ± s.e.m. Statistical significance
was assessed using a one-way repeated analysis of variance
followed by Dunnett’s test. Differences were regarded as sig-
nificant when the P value was less than 0.05. 

Effect of formalin treatment on pain threshold 

Formalin provoked intermittent licking or biting 10–15 min
after s.c. administration to the dorsal part of the left hind
paws of the mice, and swelling and reddening were
observed at the application site 3 h after administration.

Materials and Methods 

Results 
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Compared with the untreated paw, significant swelling was
observed at the application site. Swelling peaked 3 h after
administration and persisted for at least 10 days (Figure 1A).
The nociceptive sensitivity measured by the Randall–
Selitto method also peaked 3 h after administration. Hyper-
sensitivity was maintained for 10 days, but nociceptive
sensitivity returned to normal 2 weeks after administration
(Figure 1B). 

Effect of formalin treatment on morphine 
analgesia 

On day 1 of the repeated morphine treatment, a prominent
analgesic effect of morphine (10 mg kg−1, s.c) was observed
30 min after administration and lasted for at least 90 min, in
both control and formalin-treated mice (Figure 2A). How-
ever, in control mice, the analgesic effect gradually

Figure 1 Time course of the changes in paw thickness (A) and pain threshold (measured using a modified Randall–Selitto method (B) after forma-
lin administration (20 mL 2% solution injected s.c. into the dorsal part of the left hind paw). Data are mean ± s.e.m., n = 8 mice. *P < 0.05; **P < 0.01
compared with the value on day 1. 
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Figure 2 Analgesic effects of morphine and the formalin-induced inhibition of tolerance to morphine analgesia. Formalin (20 mL 2% solution) was
injected s.c. into the dorsal part of the left hind paw; control mice were treated with saline. All mice were given morphine (10 mg kg−1) daily for 14
days, starting 24 h after formalin/saline treatment. The analgesic effect after morphine administration was measured using the tail-flick method. A.
The analgesic effect of morphine on day 1. B. Change in the analgesic effect of morphine with repeated daily morphine administration (expressed as
the area under the curve (AUC) of the increase in response time plotted against time interval). Data are mean ± s.e.m., n = 8 mice. *P < 0.05;
**P < 0.01 vs control. 
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decreased from day 3 of repeated morphine treatment, and
was completely diminished by day 5 (Figure 2B). The dec-
rement in morphine analgesia (i.e. morphine tolerance) was
maintained until day 14 of repeated morphine treatment in
control mice, whereas in formalin-treated mice morphine
tolerance was significantly inhibited on day 5 of repeated
morphine treatment and this inhibition lasted until day 10
(Figure 2B). 

Effects of nor-binaltorphimine and an antisense 
oligodeoxynucleotide against kappa opioid 
receptor 

When we administered morphine (10 mg kg−1, s.c.) daily for
5 days, a significant decrement in morphine analgesia (mor-
phine tolerance) was observed on days 3–5 of repeated mor-
phine treatment; formalin treatment significantly inhibited
morphine tolerance (Figure 3A). However, when the KOR
antagonist nor-BNI (1 mg kg−1) was administered 10 min
before morphine administration, formalin-induced inhibition
of morphine tolerance was significantly inhibited (Figure
3A). Furthermore, administration of the AS-ODN (10 mg,
i.c.v.) completely suppressed the formalin-induced inhibition
of morphine tolerance, and morphine tolerance developed on
day 4–5 of repeated morphine administration (Figure 3B).
MS-ODN had no effect (Figure 3B). AS-ODN completely
inhibited the analgesic effect of the KOR agonist U-50488H
(20 mgkg−1), whereas MS-ODN had no effect (data not
shown). 

Effect of naltrindole on formalin-induced 
inhibition of development of analgesic 
tolerance to morphine 

Administration of the DOR antagonist naltrindole (2 mg kg−1,
i.p.) 10 min before daily morphine administration did not affect
inhibition of morphine tolerance in formalin-treated mice
(Figure 4). Naltrindole had no effect on analgesia or the devel-
opment of analgesic tolerance to morphine (data not shown). 

Effect of U-50488H on the development of 
analgesic tolerance to morphine 

On day 1 of repeated morphine treatment, morphine had a prom-
inent analgesic effect after 30min that lasted for at least 90min,
in both control and U-50488H-treated mice (Figure 5A). In con-
trol mice, this analgesic effect gradually decreased from day 3 of
repeated morphine treatment, and was completely diminished by
day 5, showing that tolerance to the analgesic effect of morphine
had developed (Figure 5B). In U-50488H-treated mice, the ini-
tial analgesic effect persisted for 5 days, and the development of
morphine tolerance was inhibited (Figure 5B). After day 5, when
concomitant U-50488H treatment was ceased, tolerance
developed in the same way as in the control group (Figure 5B). 

Although the development of tolerance to morphine analgesia
is thought to limit its prolonged use in the treatment of pain

Figure 3 Effects of nor-binaltorphimine (nor-BNI; a kappa opioid receptor (KOR) antagonist) and antisense (AS-ODN) and missense oligodeoxy-
nucleotides (MS-ODN) against KOR on the formalin-induced inhibition of tolerance to morphine analgesia (expressed as the area under the curve
(AUC) of the increase in response time plotted against time interval). A. Beginning 24 h after formalin administration, mice were treated daily with
nor-BNI (1 mg kg−1 s.c.) 10 min before morphine (10 mg kg−1 s.c.) for 5 days. The analgesic effect of morphine was measured using the tail-flick
method. The control group were treated daily with saline instead of formalin and nor-BNI. Data are mean ± s.e.m., n = 18 mice. B. AS-ODN and MS-
ODN (both 10 mg in 10 mL i.c.v.) or saline (10 mL, i.c.v.) were administered for 3 days before and 4 days after injection of formalin. All mice were
given morphine daily (10 mg kg−1 s.c.) for 5 days, starting 24 h after formalin treatment. Control mice were treated with saline instead of formalin,
AS-ODN or MS-ODN. Data are mean ± s.e.m., n = 6 mice. *P < 0.05, **P < 0.01 vs value on day 1. #P < 0.05, ##P < 0.01 vs vehicle control;
†P < 0.05, †P < 0.01 vs formalin + saline treatment. 
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(Ellison 1993), it has been suggested that pain conditions may
inhibit the development of tolerance to the analgesic effect of
opioids (Suzuki 2001). In this study, we confirmed that the
decrease in the analgesic effect of morphine with repeated
daily administration was completely inhibited by chronic for-
malin-induced pain (Figure 2). Here, formalin-related
mechanical hyperalgesia was shown by assessment of paw-
withdrawal thresholds in the Randall–Selitto paw-pressure
test. Our observations show an increment in sensitivity to
mechanical noxious stimuli after formalin injection. 

We assessed the effect of morphine on sensory responses
using the tail-flick test, in which the time to movement of the
tail from a noxious heat source is measured. This test reflects
the activity of a simple spinal reflex arc and provides
information on peripheral nerve and spinal function in isola-
tion from higher nociceptive processing and cognitive sys-
tems (Ilnytska et al 2006). 

Although there are many reports on the mechanism under-
lying the inhibitory effect of pain on the development of tol-
erance to the analgesic effect of opioids, this mechanism is
not yet fully understood (Rahman et al 1994; Javan et al
2005). We focused on the interactions between opioid recep-
tors, which have been implicated in the development of mor-
phine tolerance and physical dependence (Daniels et al 2005).
MOR is an important opioid receptor that mediates analgesic
effects. Signalling pathways downstream of KOR and DOR
are known to interact with the pathways mediating this effect
of MOR. For example, dynorphin and U-50488H, which are
KOR agonists, inhibit the development of tolerance to the
analgesic effect of morphine induced by repeated morphine
administration; this inhibitory effect is blocked by nor-BNI, a

Figure 4 Effect of naltrindole on formalin-induced inhibition of tol-
erance to morphine analgesia (expressed as the area under the curve
(AUC) of the increase in response time plotted against time interval).
Formalin (20 mL 2% solution) was injected s.c. into the dorsal part of
the left hind paw. After 24 h mice were treated daily with naltrindole
(2 mg kg−1 i.p.), 10 min before administration of morphine (10 mg kg−1,
s.c.) for 5 days. The analgesic effect after morphine administration was
measured using the tail-flick method. Control mice were given saline
instead of formalin or naltrindole. Data are mean ± s.e.m., n = 5 mice.
*P < 0.05, **P < 0.01 vs value on day 1. #P < 0.05, ##P < 0.01 vs
vehicle control. 
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KOR antagonist (Takahashi et al 1991; Takemori et al 1993;
Tao et al 2000). We found that formalin-induced inhibition of
morphine tolerance was prevented by nor-BNI (Figure 3A),
suggesting that KOR may play an important role in the mech-
anism underlying the inhibition of morphine tolerance in the
chronic pain condition induced by formalin. Furthermore, an
AS-ODN against KOR significantly blocked the inhibitory
effect of formalin (Figure 3B). It has been reported that KOR
and MOR exert opposite effects. Systemic or local adminis-
tration to the ventrotegmental area of morphine or DAMGO
(D-Ala(2), NMe-Phe(4), Gly(5) ol]enkephalin), a MOR ago-
nist, has been observed to increase dopamine levels or pro-
mote dopamine release in the limbic system of the midbrain.
Conversely, dopamine levels in the nucleus accumbens (the
location of the dopamine terminals of the ventrotegmental
region) decrease following systemic or local administration
of KOR agonists such as U-50488H or U-69593 (Spanagel
et al 1992; Devine et al 1993). Furthermore, behavioural stud-
ies have reported that MOR activation impairs learning and
memory, while KOR agonists reverse this impairment (Itoh
et al 1994). In-vitro studies have shown opposite effects of
these receptors on neurotransmission in the hippocampus, an
important region for learning and memory (Simmons &
Chavkin 1996; Jamot et al 2003). In addition, it is known that
acute administration of MOR agonists causes euphoria in
humans, whereas KOR agonists cause anxiety or aversion
(Vaupel et al 1993; Vetulani 2001; Narita et al 2002). These
opposing actions of KOR and MOR could explain the
observed KOR-mediated inhibition of the development of
morphine tolerance induced by chronic pain. However, we
could not elucidate the detailed mechanism of interaction
between KOR and MOR under the chronic pain condition in
this study. 

The DOR antagonist naltrindole had no effect on the
development of analgesic tolerance to morphine (Figure 4).
Thus, DOR do not seem to be involved in the inhibition of
morphine tolerance induced by chronic pain. 

These findings indicate that KOR, but not DOR, play
important roles in the mechanism underlying inhibition of
morphine tolerance induced by chronic pain. Whether chronic
pain causes functional changes in KOR in morphine-treated
animals remains to be determined. Nevertheless, morphine
has been shown to up-regulate KOR gene expression (Suzuki
et al 2001), and we have shown that chronic morphine admin-
istration leads to increased expression of KOR protein in the
midbrain (unpublished data). In addition, Narita et al (2005)
reported that chronic pain facilitates the endogenous kappa
opioidergic system, suggesting the possibility of an involve-
ment of KOR activation in chronic-pain-induced suppression
of tolerance to morphine analgesia. Furthermore, it has been
suggested that psychological stress and social defeat stress,
which may suppress tolerance to morphine analgesia, stimu-
late KOR (Fukunaga et al 1999; McLaughlin et al 2006).
Thus, the link between KOR and anxiety, or some other psy-
chological factors, in the chronic-pain-induced inhibition of
morphine tolerance is also attracting attention. This link
remains to be examined. 

Finally, we found that the KOR agonist U-50488H com-
pletely suppressed the development of tolerance to the anal-
gesic effects of morphine (Figure 5), suggesting that KOR

activation may prevent development of morphine tolerance in
animals in a state of chronic pain. This is in line with previous
reports showing that the coadministration of a KOR agonist
and morphine reduced the development of tolerance to mor-
phine (Tao et al 1994; Lee et al 1997; Jang et al 2006). Fur-
thermore, our observations suggest that KOR stimulation will
prevent the apparent loss of opioid analgesia upon repeated
opioid administration, and may therefore increase the clinical
benefits of opioid analgesics. 

Conclusions 

Using a chronic pain model in mice, we have reproduced the
inhibitory effect of pain on the development of tolerance to
morphine analgesia, which is known to occur in patients.
KOR have a significant role in the mechanism underlying
prevention of morphine tolerance, whereas DOR have little
involvement. Although patients with chronic pain do not
readily develop morphine tolerance, fairly high doses of mor-
phine may be used when treatment is extended over a long
period of time. Our results suggest that stimulation of KOR
would avoid the need for such high doses of morphine and the
development of morphine tolerance, and may therefore be
useful in the clinic. 
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