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Effect of diabetes on bradykinin-induced thermal hyperalgesia in mice
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Abstract

To investigate the role of protein kinase C in the attenuation of bradykinin-induced thermal hyperalgesia in diabetic mice, we
examined the effects of a protein kinase C activator or inhibitor on the i.t. bradykinin-induced hyperalgesia in diabetic and non-diabetic
mice. Intrathecal injection of bradykinin caused a transient antinociceptive effect, which diminished within 30 min, and then produced a
thermal hyperalgesia, which lasted about 120 min, in non-diabetic mice. Although the duration of the antinociceptive phase was longer in
diabetic mice than in non-diabetic mice, the hyperalgesic response was not observed in diabetic mice. The bradykinin-induced

Ž .hyperalgesia was dose-dependently and significantly enhanced by pretreatment with calphostin C 0.3 to 3 pmol, i.t. , a specific protein
Ž .kinase C inhibitor, in diabetic mice. However, calphostin C 3 pmol, i.t. had no significant effect on bradykinin-induced hyperalgesia in

Ž .non-diabetic mice. On the other hand, pretreatment with phorbol-12, 13-dibutyrate 12.5 to 50 pmol, i.t. , a protein kinase C activator,
significantly and dose-dependently reduced bradykinin-induced hyperalgesia in non-diabetic mice. However, phorbol-12, 13-dibutyrate
Ž .50 pmol, i.t. had no significant effect on bradykinin-induced hyperalgesia in diabetic mice. These results suggest that the change in
bradykinin-induced thermal hyperalgesia in diabetic mice may be due, at least in part, to the modification of nociceptive transmission in
the spinal cord by the activation of protein kinase C. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

We previously demonstrated that although s.c. injection
of formalin into the hindpaw produced the first phase of
the nociceptive response, the second phase of the nocicep-

Žtive response was barely observed in diabetic mice Kamei
.et al., 1993 . However, the duration of the first phase of

the nociceptive response was significantly longer in dia-
Ž .betic mice than in non-diabetic mice Kamei et al., 1993 .

When spantide, an antagonist of substance P, reduced the
duration of the first phase of the nociceptive response to
levels observed in non-diabetic mice, the second-phase

Ž .nociceptive response appeared Kamei et al., 1993 . The
first-phase response was dose-dependently and signifi-
cantly reduced by pretreatment with calphostin C, a spe-
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Žcific protein kinase C inhibitor, in diabetic mice Ohsawa
.et al., 1998 . The second-phase response was markedly

increased when diabetic mice were pretreated with
Ž .calphostin C Ohsawa et al., 1998 . On the other hand,

pretreatment with phorbol-12, 13-dibutyrate, a protein ki-
nase C activator, significantly enhanced the first-phase
response and significantly reduced the second phase of the
formalin-induced nociceptive response in non-diabetic mice
Ž .Ohsawa et al., 1998 . Furthermore, we recently indicated
that thermal allodynia and hyperalgesia in diabetic mice
may be due to the enhanced substance P followed by

Žactivation of protein kinase C in the spinal cord Ohsawa
.and Kamei, 1999 . These results suggest that the change in

the formalin-induced nociceptive response in diabetic mice
may be due, at least in part, to the modification of nocicep-
tive transmission in the spinal cord by the activation of

Ž .protein kinase C Ohsawa et al., 1998 .
Formalin induces a long-lasting nociceptive response in

the mouse paw, and this effect has been widely used to
model persistent tonic pain of moderate intensity which
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involves chemical irritation, some tissue damage, and the
formation of edema due to the release of inflammatory

Žmediators Hunskaar et al., 1985; Hunskaar and Hole,
.1987; Murray et al., 1988 . This nociceptive model usually

involves two distinct phases. It has been proposed that the
early phase reflects the direct stimulation of nociceptors,
while the late phase may be associated with the release of

Žinflammatory mediators Dubuisson and Dennis, 1977;
.Hunskaar et al., 1985, 1986; Tjolsen et al., 1992 . In

addition, formalin-induced persistent pain is thought to
Žresemble clinical pain due to its tonic nature Dennis and

Melzack, 1979; Abbott et al., 1982; Abbott and Franklin,
.1986 . On the other hand, there is evidence that substance

ŽP and inflammatory mediators e.g., somatostatin,
.bradykinin, and prostaglandins participate in the first and

second phases of the formalin-induced nociceptive re-
Žsponse, respectively Shibata et al., 1989; Ohkubo et al.,

.1990 . Recently, we demonstrated that the i.t. bradykinin-
induced nociceptive response was significantly less intense

Žin diabetic mice than in non-diabetic mice Ohsawa et al.,
.1998; Kamei et al., 1999 . Furthermore, the second phase,

but not the first phase, of the formalin-induced nociceptive
response was dose-dependently and significantly reduced

w 3 5 7by pretreatment with D-Arg- Hyp , Thi , D-Tic ,
8 x Ž .Oic bradykinin Hoe-140 , a selective bradykinin B re-2

Ž .ceptor antagonist Ohsawa et al., 1998 . Based on these
results, we suggested that a lower sensitivity to bradykinin
in processing nociception may be responsible, at least in
part, for the reduction in the second phase of the formalin-

Žinduced nociceptive response in diabetic mice Ohsawa et
.al., 1998 .

Thus, it is possible that increased protein kinase C
activity may be responsible for the altered bradykinin-in-
duced nociceptive response. To examine this possibility, in
the present study, we assessed the effect of calphostin C, a
specific protein kinase C inhibitor, on the i.t. bradykinin-
induced thermal hyperalgesia in diabetic and non-diabetic
mice.

2. Materials and methods

2.1. Animals

ŽMale ICR mice Tokyo Animal Laboratory, Tokyo,
.Japan , weighing about 20 g at the beginning of the

experiment, were used. They had free access to solid food
Ž .MF; Oriental Yeast, Tokyo, Japan and water in an animal
room, which was maintained at 24"18C with a 12-h
light–dark cycle. Animals were rendered diabetic by an

Ž .injection of streptozotocin 200 mgrkg, i.v. prepared in
0.1 M citrate buffer at pH 4.5. Age-matched control mice
were injected with the vehicle alone. The experiments
were conducted 2 weeks after the injection of vehicle or
streptozotocin. Mice with serum glucose levels above 4000
mgrl were considered diabetic. This study was carried out

in accordance with the Declaration of Helsinki andror
with the guide for the care and use of laboratory animals
as adopted by the committee on the care and use of
laboratory animals of Hoshi University, which is accred-
ited by the Ministry of Education, Science, Sports and
Culture.

2.2. Bradykinin-induced thermal hyperalgesia

The nociceptive response was evaluated by recording
the latency to withdraw the tail in response to noxious skin
heating under restrained condition. Briefly, the tails of
mice were exposed to a focused beam of light from a
50-W projection bulb. The voltage for a projection bulb
was set to 65 V. A cut-off latency of 15 s was used to
prevent injury to the tail. Intrathecal injection was per-
formed by the method described by Hylden and Wilcox
Ž .1980 . I.t. injection was performed using a 30-gauge
needle directly through the intact skin between the L and5

L vertebrae. Drugs were given in a volume of 56

mlrmouse. The nociceptive response was examined before
and 10, 20, 30, 60, 90, 120, 150, 180 and 360 min after i.t.

Fig. 1. Time courses of the thermal hyperalgesia induced by the intrathe-
Ž .cal administration of bradykinin 1.0 mg, closed symbol in non-diabetic

Ž . Ž . Ž .A and diabetic B mice. D t s spost-drug latencyypre-drug latency.
Each point represents the mean with S.E. for 10 mice in each group.
U Ž .P -0.05 vs. saline-treated group open symbol .
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Fig. 2. Effects of Hoe-140 on bradykinin-induced thermal hyperalgesia in
Žnon-diabetic mice. Hoe-140 30 ng, closed triangle; 100 ng, closed

. Ždiamond was injected i.t. 20 min before the injection of bradykinin 1.0
. Ž .mg, i.t. . D t s spost-drug latencyypre-drug latency. Each point repre-

sents the mean with S.E. for 10 mice in each group. U P -0.05 vs.
Ž .vehicleqbradykinin-treated group open circle .

Ž .administration of bradykinin 1 mg . Each animal was used
only once.

2.3. Drugs

ŽStreptozotocin was purchased from Sigma St. Louis,
.MO , and calphostin C and phorbol-12, 13-dibutyrate were

purchased from Calbiochem-Novabiochem International
Ž .San Diego, CA . Bradykinin and Hoe-140 were purchased

Ž .from Research Biochemical International Natick, MA .
Calphostin C and phorbol-12, 13-dibutyrate were dissolved
in 0.1% ethanol in saline. Hoe-140 was dissolved in saline.

Ž .Calphostin C 0.3, 1 and 3 pmol and phorbol-12, 13-di-
Ž .butyrate 12.5, 25 and 50 pmol were injected i.t. 60 min

before the administration of bradykinin. Hoe-140 was in-
jected i.t. 20 min before the administration of bradykinin.
The dose and schedule for calphostin C and phorbol-12,
13-dibutyrate in this study were determined as described

Ž .previously Narita et al., 1997, Ohsawa and Kamei, 1997 .

2.4. Statistical analysis

Data are expressed as the means with S.E. The statisti-
cal significance of differences between groups was as-

Ž .sessed with an analysis of variance ANOVA followed by
the BonferronirDunn test.

3. Results

3.1. Bradykinin-induced thermal hyperalgesia

The basal tail-flick latency at a projection bulb voltage
Žof 65 V was not different between diabetic 5.6"0.1 s,

. Ž .ns80 and non-diabetic mice 5.7"0.1 s, ns110 . I.t.

Ž .injection of higher dose of bradykinin )2 mg produced
marked nociceptive responses in diabetic and non-diabetic
mice, which lasted more than 20 min. However, the noci-
ceptive responses induced by 1 mg of bradykinin dimin-

Ž .ished within 10 min data not shown . Thus, a dose of 1
mg was chosen for experiments designed to quantify the
effect of bradykinin.

In non-diabetic mice, i.t. injection of bradykinin, at a
dose of 1 mg, resulted in prolongation of the tail-flick
latency, which diminished within 30 min after i.t. injection
of bradykinin. Thereafter, the tail-flick latency was re-
duced. The reduction in the tail-flick latency reached its
peak 120 min after injection, gradually declined and re-
turned to the preinjection level 360 min after bradykinin

Ž . Žinjection Fig. 1A . I.t. injection of Hoe-140 30 and 100
.ng , an antagonist of bradykinin B receptors, dose-depen-2

dently and significantly antagonized the transient antinoci-
ceptive effect of i.t. bradykinin. Furthermore, the
bradykinin-induced reduction in the tail-flick latency was
dose-dependently and significantly antagonized when Hoe-

Ž .140 30 and 100 ng was injected 20 min before the
Ž .injection of bradykinin Fig. 2 .

Fig. 3. Effects of phorbol-12, 13-dibutyrate on bradykinin-induced ther-
Ž . Ž .mal hyperalgesia in non-diabetic A and diabetic B mice. Phorbol-12,

Ž13-dibutyrate 12.5 pmol, closed triangle; 25 pmol, open circle; 50 pmol,
.closed circle was injected i.t. 60 min before the injection of bradykinin

Ž . Ž .1.0 mg, i.t. . D t s spost-drug latencyypre-drug latency. Each point
represents the mean with S.E. for 10 mice in each group. U P -0.05 vs.

Ž .vehicleqbradykinin-treated group open diamond .
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In diabetic mice, i.t. injection of bradykinin, at a dose
of 1 mg, also resulted in prolongation of the tail-flick

Ž .latency Fig. 1B . The duration of the bradykinin-induced
antinociceptive phase was longer in diabetic mice than in
non-diabetic mice. Indeed, a significant prolongation of the
tail-flick latency in diabetic mice was observed up to 60
min after i.t. injection of bradykinin, whereas the prolonga-
tion of the tail-flick latency in non-diabetic mice was
diminished within 30 min after injection. However, there
was no significant difference in the peak intensity of
bradykinin-induced antinociception between diabetic and
non-diabetic mice. On the other hand, the reduction in the
tail-flick latency was not observed in diabetic mice when

Ž .bradykinin was injected intrathecally Fig. 1B .

3.2. Influence of a protein kinase C actiÕator, phorbol-12,
13-dibutyrate, on bradykinin-induced thermal hyperalgesia

The effect of phorbol-12, 13-dibutyrate, a protein kinase
C activator, on bradykinin-induced thermal hyperalgesia in
diabetic and non-diabetic mice is shown in Fig. 3. In
non-diabetic mice, i.t. pretreatment with phorbol-12, 13-di-

Fig. 4. Effects of calphostin C on bradykinin-induced thermal hyperalge-
Ž . Ž . Žsia in non-diabetic A and diabetic B mice. Calphostin C 0.3 pmol,

.closed triangle; 1 pmol, open circle; 3 pmol, closed circle was injected
Ž . Ž .i.t. 60 min before the injection of bradykinin 1.0 mg, i.t. . D t s spost-

drug latencyypre-drug latency. Each point represents the mean with S.E.
for 10 mice in each group. U P -0.05 vs. vehicleqbradykinin-treated

Ž .group open diamond .

Ž .butyrate 12.5, 25 and 50 pmol 60 min before bradykinin
injection dose-dependently attenuated bradykinin-induced
thermal hyperalgesia. Indeed, a bradykinin-induced reduc-
tion in the tail-flick latency was not observed when mice

Žwere pretreated with phorbol-12, 13-dibutyrate 50 pmol,
. Ž .i.t. Fig. 3A . However, i.t. pretreatment with phorbol-12,

13-dibutyrate had no significant effect on the bradykinin-
induced prolongation in the tail-flick latency in either

Ž .non-diabetic or diabetic mice Fig. 3A,B .

3.3. Influence of a protein kinase C inhibitor, calphostin C,
on bradykinin-induced thermal hyperalgesia

The effect of calphostin C, a protein kinase C inhibitor,
on bradykinin-induced thermal hyperalgesia in diabetic
and non-diabetic mice is shown in Fig. 4. Neither
bradykinin-induced antinociception nor hyperalgesia was

Ž .affected by the i.t. administration of calphostin C 3 pmol
Ž .in non-diabetic mice Fig. 4A . As shown in Fig. 4B,

however, the duration, but not the peak intensity of the
bradykinin-induced antinociceptive effect in diabetic mice
was dose-dependently attenuated by i.t. pretreatment with

Ž .calphostin C 0.3, 1 and 3 pmol . Furthermore, the tail-flick
latency after bradykinin challenge was dose-dependently

Žreduced by i.t. pretreatment with calphostin C 0.3–3
. Ž .pmol in diabetic mice Fig. 4B . The time course and

intensity of bradykinin-induced thermal hyperalgesia in
Ž .calphostin C 3 pmol, i.t. -treated diabetic mice were

similar to those in non-diabetic mice.

4. Discussion

In the present study, i.t. bradykinin caused long-lasting
thermal hyperalgesia in non-diabetic mice. Consistent with
previous studies, the bradykinin-induced reduction in the
tail-flick latency was dose-dependently and significantly
antagonized by pretreatment with Hoe-140, a selective
bradykinin B receptor antagonist. On the other hand,2

bradykinin-induced thermal hyperalgesia was not observed
in diabetic mice. These results are consistent with our
previous finding that the bradykinin-induced nociceptive
response was significantly less intense in diabetic mice

Žthan in non-diabetic mice Ohsawa et al., 1998; Kamei et
.al., 1999 . We recently reported that the second phase of

the formalin-induced nociceptive response in non-diabetic
mice was markedly reduced when non-diabetic mice were

Žpretreated with phorbol-12, 13-dibutyrate Ohsawa et al.,
.1998 . Furthermore, when diabetic mice were pretreated

i.t. with calphostin C, the second-phase nociceptive re-
sponse was significantly increased to the level observed in

Ž .non-diabetic mice Ohsawa et al., 1998 . The second phase
of the formalin-induced nociceptive response may repre-
sent an enhanced response of sensitized dorsal horn neu-
rons resulting from low-level neuronal input due to periph-
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Ž .eral inflammatory insult Hunskaar and Hole, 1987 . The
second phase, but not the first phase, of the formalin-in-
duced nociceptive response was dose-dependently and sig-

Žnificantly reduced by pretreatment with Hoe-140 Ohsawa
.et al., 1998 . Therefore, it seems likely that a lower

sensitivity to bradykinin in processing nociception may be
responsible, at least in part, for the reduction in the second
phase of the formalin-induced nociceptive response in
diabetic mice. Several studies have suggested that
bradykinin induces strong thermal sensitization via
bradykinin B receptors, a phenomenon that can be at-2

Žtributed to protein kinase C activation Cesare and Mc-
.Naughton, 1996; Mizumura et al., 1997 . Many investiga-

tors have reported that hyperglycemia or elevated glucose
levels can increase diacylglycerol levels and activate pro-
tein kinase C in vascular tissue, cardiac tissues or cultured

Žcells Craven and De Rubertis, 1989; King et al., 1990;
.Tanaka et al., 1991; Inoguchi et al., 1992 . Thus, it is

possible that the long-lasting activation of a diacylglyc-
erol-protein kinase C cellular signal pathway occurs in

Ž .diabetic animals. Cesare and McNaughton 1996 reported
that application of the specific protein kinase C activator
phorbol-12-myristate 13-acetate caused a long-lasting sen-
sitization of the heat response in the dorsal root ganglion
neurons, while further applications of phorbol-12-myristate
13-acetate had no effect. They also observed that stau-
rosporine, which inhibits protein kinase C by competing
for the ATP binding site, rapidly reversed the sensitization
caused by phorbol-12-myristate 13-acetate. In the present
study, we observed that bradykinin-induced thermal hyper-
algesia in non-diabetic mice was diminished when the
spinal protein kinase C was activated in readiness by i.t.
pretreatment with a protein kinase C activator, phorbol-12,
13-dibutyrate. In contrast, in diabetic mice, bradykinin-in-
duced thermal hyperalgesia appeared when mice were
pretreated i.t. with a protein kinase C inhibitor, calphostin
C. Thus, it is likely that the reduction in bradykinin-in-
duced thermal hyperalgesia in diabetic and phorbol-12,
13-dibutyrate-treated non-diabetic mice results from the
desensitization of sensory neurons to heat stimuli by long-
lasting activation of protein kinase C.

On the other hand, i.t. injection of bradykinin resulted
in prolongation of the tail-flick latency, which diminished
within 30 min after i.t. injection of bradykinin in both
non-diabetic mice and diabetic mice. Furthermore, this
bradykinin-induced antinociception was dose-dependently
and significantly antagonized by pretreatment with Hoe-
140. These results were essentially equivalent to those

Ž .reported by Laneuville and Couture 1987 . We also ob-
served that the duration of the bradykinin-induced
antinociception in diabetic mice was significantly longer
than that in non-diabetic mice. However, there was no
significant difference between the intensity of the
bradykinin-induced transient antinociceptive effect in non-

Ž .diabetic and diabetic mice. Laneuville et al. 1989 re-
ported that bradykinin-induced antinociception was unaf-

fected by the prior i.t. administration of propranolol and
naloxone, but was significantly potentiated by prazosin. In
contrast, the response to bradykinin was significantly
blocked by phentolamine, idazoxan and yohimbine as well
as by 6-hydroxydopamine at a dose of 20 mg, i.t., 1 week
earlier. A biochemical analysis revealed that treated with
6-hydroxydopamine reduced the noradrenaline content in
the lumbar spinal cord by 60% without affecting the levels
of serotonin, dopamine, adrenaline or their main metabo-

Ž .lites Laneuville et al., 1989 . Based on these results, they
suggested that bradykinin increases noradrenaline trans-
mission in the spinal cord by a presynaptic action through
a bradykinin B receptor located on the terminals of2

Žbulbospinal noradrenaline-containing fibers Laneuville et
.al., 1989 . Furthermore, these results also indicated that

noradrenaline may interact with a postsynaptic a -adren-2
Ž .oceptor Laneuville et al., 1989 . It has been reported that

the release of noradrenaline is markedly suppressed in the
Žbrain and spinal cord of the diabetic mice Kamei and

.Ohsawa, 1997; Bitar et al., 1999 . Furthermore, Bitar et al.
Ž .1999 reported that the density and expression of mRNA
encoding for a -adrenoceptor were also reduced in dia-2

betic mice spinal cord. On the other hand, many investiga-
tors have indicated a direct link between noradrenaline

Žrelease and protein kinase C activation Allgaier et al.,
1991; Schroeder et al., 1995; Kotsonis and Majewski,

.1996; Wang and White, 1998 . These results indicate that
although bradykinin B receptors are involved in2

bradykinin-induced transient antinociception, the long-last-
ing activation of a protein kinase C-mediated cellular
signal pathway in diabetic mice does not influence this
antinociception. Thus, it is possible that the enhancement
of the duration of bradykinin-induced antinociception in
diabetic mice may result from the secondary effect in
response to the desensitization of sensory neurons to heat
stimuli by the long-lasting activation of protein kinase C.

We conclude that the change in bradykinin-induced
thermal hyperalgesia in diabetic mice may be due, at least
in part, to the modification of nociceptive transmission in
the spinal cord by the activation of protein kinase C.
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