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Abstract

This study investigated role of spinal lipoxygenase metabolites in induction of hyperalgesia and development of opioid analgesic
tolerance. In the rat, nociception was measured using formalin and tail-flick tests. Intrathecal administration of leukotriene receptor agonist
(LTB,) augmented the second phase of the formalin response and marginally increased sensitivity to acute thermal stimulation in the tail-flick
test, responses suppressed by 6-(6-(3R-hydroxy-1£,5Z-undecadien-1-yl)-2-pyridinyl)-1,55-hexanediol (U75302), a leukotriene BLT receptor
antagonist. Treatment with 15-hydroxyperoxyeicosatetranoic acid (HPETE) increased phase 1I formalin activity, but had no effect on tail-
flick responses. 12-HPETE failed to produce an effect in either nociceptive test. In the second part of this study, chronic spinal morphine for 5
days produced progressive decline in morphine antinociception and loss in analgesic potency. These effects were attenuated by co-
administration of morphine with selective and nonselective lipoxygenase inhibitors. These results suggest involvement of lipoxygenase

metabolites in both pain modulation and induction of opioid tolerance at the spinal level.
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1. Introduction

Metabolism of arachidonic acid via activity of the cyclo-
oxygenase and lipoxygenase pathways yields prostaglandins
and several lipoxygenase metabolites, respectively. It is
widely recognized that in states of peripheral inflammatory
pain, prostaglandins generated locally act to sensitize pe-
ripheral nociceptors to noxious stimuli, resulting in the
induction of hyperalgesia. There is evidence that at the
peripheral level, lipoxygenase metabolites exert similar
effects. Intraplantar injection of leukotriene receptor agonist
(LTBy4) or 8(R),15(S)-dihydroxy-eicosa-5cis-9,11,13-trans-
tetraenoic acid (8R,15S-diHETE), which are metabolites
derived from the 5- and 15-lipoxygenase pathways, respec-
tively, evokes a profound hyperalgesic response likely
involving sensitization of C- and A-delta nociceptors (Rack-
ham and Ford-Hutchinson, 1983; Levine et al., 1984, 1985;
Martin et al., 1987, 1988). LTB, has been shown to produce
both thermal and mechanical hyperalgesia (Bisgaard and
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Kristensen, 1985; Martin et al., 1987, 1988). Pretreatment of
animals with a S-lipoxygenase inhibitor or a leukotriene
BLT receptor antagonist effectively blocks hyperalgesia and
inflammatory response associated with peripheral injections
of carrageenan (Tonussi and Ferreira, 1999; Jain et al.,
2001).

At the level of the central nervous system, considerable
evidence has shown that activity of prostaglandins also
produces nociception. Activation of spinal prostaglandin
receptors sensitizes primary afferent fibres and increases
excitability of dorsal horn neurons (Malmberg and Yaksh,
1992; Vasko et al., 1994), an effect that underlies induction
of thermal hyperalgesia (Taiwo and Levine, 1988; Uda et
al.,, 1990) and tactile allodynia (Minami et al., 1994).
Whether lipoxygenase metabolites play a similar role in
spinal nociception is not known; however, indirect evi-
dence favours this possibility. Ritchie et al. (2000) dem-
onstrated that hyperalgesia induced by intrathecal
injections of substance P or N-methyl-p-aspartate (NMDA)
is suppressed by spinal administration of lipoxygenase
inhibitors, suggesting lipoxygenase metabolites are in-
volved in the expression of this nociceptive response.
Additionally, lipoxygenase mRNA has been localized in
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the spinal cord (Kawajiri et al., 2000); thus, lipoxygenase
metabolites could be generated in this region in response
to nociceptive stimuli. Recently, Gilbert et al. (2003)
reported that induction of spinal cysteinyl leukotriene
receptor (CysLTIR) in mice contributes to inflammation-
associated neuropathic pain. To further elucidate the role of
lipoxygenase metabolites in spinal nociception, the first
part of this study examined whether direct spinal admin-
istration of metabolites yielded by the 5-, 12- and 15-
lipoxygenase pathways induces pro-nociceptive responses
in the formalin test, a model of persistent inflammatory
pain, and in the tail-flick test, a model of acute thermal
nociception.

The second part of this study investigated the role of
lipoxygenase metabolites in the development of spinal
morphine tolerance, a phenomenon attributed to the devel-
opment of progressive latent hyperalgesia involving activ-
ity of spinal pro-nociceptive transmitters (L-glutamate,
calcitonin gene-related peptide (CGRP), substance P) and
prostaglandins. Blockade of glutamate, CGRP or substance
P receptors effectively inhibits induction of tolerance to
spinal morphine analgesia (Mao et al., 1994; Powell et al.,
2000, 2003) and suppresses precipitated morphine with-
drawal (Trang et al., 2002). Previous evidence suggests
that pro-nociceptive actions of L-glutamate and substance P
are mediated through the release of spinal prostaglandins
(Marriott et al., 1991a,b; Malmberg and Yaksh, 1992; Hua
et al,, 1999). Our studies demonstrate that activity of
sensory neurotransmitters contributing to the development
of morphine tolerance—dependence is also expressed via
spinal prostaglandins. Thus, spinal administration of cyclo-
oxygenase inhibitors, including a cyclooxygenase-2 selec-
tive inhibitor, known to decrease prostaglandin synthesis,
blocks the development of morphine tolerance (Powell et
al., 2000; Wong et al., 2000) and attenuates morphine
withdrawal (Dunbar et al., 2000; Trang et al., 2002).
However, inhibition of cyclooxygenase activity diverts
arachidonic acid into the lipoxygenase pathway yielding
lipoxygenase metabolites (Kirchner et al., 1997; Gilroy et
al., 1998), some of which modulate opioid analgesia
(Vaughan et al., 1997; Gok et al., 1999; Christie et al.,
2000). Recent evidence has shown significant induction in
expression and activity of lipoxygenase following repeated
morphine exposure (Patel et al., 2003). Activity of lip-
oxygenase has also been implicated in the genesis of
opioid physical dependence. Capasso (1999) demonstrated
that inhibition of lipoxygenase activity effectively sup-
presses acute opioid withdrawal in isolated guinea pig
ileum. Using an in vivo rat model, we showed that spinal
administration of lipoxygenase inhibitors significantly
reduces both the behavioural and neurochemical manifes-
tations of precipitated morphine withdrawal (Trang et al.,
2003). Whether lipoxygenase activity also contributes to
the development of opioid tolerance is not known. To
determine this, the present study examined effects of
selective and nonselective lipoxygenase inhibitors on the

development of analgesic tolerance to chronic morphine in
the spinal model.

2. Methods
2.1. Intrathecal catheterization and drug injection

All experiments were carried out in accordance with the
guidelines of the Canadian Council on Animal Care using
protocols approved by the University Animal Care Com-
mittee. Male Sprague—Dawley rats (200—-250 g) (Charles
River, Quebec) were housed in separate cages and main-
tained on a 12-h-light/12-h-dark cycle with access to food
and water ad libitum. Animals were implanted with indwell-
ing intrathecal catheters using the method previously de-
scribed by Yaksh and Rudy (1976). Briefly, animals were
placed in a stereotaxic frame and anesthetized using halo-
thane (4%). A small puncture was made in the atlanto-
occipital membrane and a polythene catheter (PE-10; 7.5 cm
long) inserted caudally so that the tip rested on the lumbar
enlargement of the spinal cord and the rostral end was
exteriorized to facilitate drug administration. Surgical
wounds were closed with sutures and animals allowed to
recover for 1 week. Animals showing signs of motor
dysfunction (forelimb or hindlimb paralysis) were excluded
from experiments. Drugs were injected in a 10-ul volume
(i.t.) followed by 10 ul of 0.9% saline to flush the catheter.

2.2. Behavioural assessment of nociception

2.2.1. Formalin test

The formalin test has been shown to be a reliable model
of clinical pain associated with inflammation (Dubuisson
and Dennis, 1977). One hour prior to testing, animals were
placed in a Plexiglas chamber for habituation to the test
environment. A mirror was situated behind the chamber to
facilitate observation during testing. Agents tested (see
below) were administered intrathecally immediately prior
to formalin injection.

For formalin injection, animals were lightly anesthetized
with halothane so that a transient loss of spontaneous
movement was observed. Subsequently, 50 pl of 1.5%
formalin in saline was injected subcutaneously into the right
plantar surface of the hindpaw; control animals received an
intraplantar injection of saline. Animals were returned to the
observation chamber immediately following injection. Time
zero of the study was defined as injection of formalin or
saline. It is well established that the formalin-evoked noci-
ceptive response is characterized by shaking, licking and
elevation of the injected paw (Abbott et al., 1981; Sugimoto
et al., 1986). These behavioural responses were measured
with a hand-held stopwatch for 5-min periods from 0 to 60
min and converted into seconds (maximum score of 300 s
per interval). Tjolsen et al. (1992) have previously shown
that there are two distinct phases of the formalin-evoked
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nociceptive response: an early phase (phase 1) lasting the
first 5 min that is the result of direct chemical stimulation of
nociceptors and a late phase (phase 2) caused by a latent
inflammatory reaction lasting from 20 to 60 min. Scores for
the late phase (phase 2) of the formalin test were averaged
over the 20—60-min interval. Animals were used only for
one measurement in each experiment.

2.2.2. Tail-flick test

The tail-flick test was used to evaluate response to an
acute thermal nociceptive stimulus (D’Amour and Smith,
1941). In this test, radiant heat was applied to the dorsal
surface of the tail using an analgesic meter (Owen et al.,
1981), and the time latency for removal of the tail from the
stimulus was recorded. In the hyperalgesia study, the heat
source was adjusted to yield a baseline response of 5.5-6.5
s, which allowed for the detection of increased pain
response. In the analgesic tolerance study, baseline response
was adjusted to 2—3 s to allow measurement of morphine-
induced antinociception. A cutoff of 10 s was used in both
studies to prevent tissue injury.

2.2.3. Paw-pressure test

The paw-pressure test was employed in the tolerance
study to assess response to a mechanical nociceptive stim-
ulus (Loomis et al., 1987). Using an air-filled inverted
syringe, pressure was applied to the dorsal surface of the
hindpaw. Pressure was gradually increased until a paw-
withdrawal response was observed and the value (mm Hg)
recorded. A cutoff of 300 mm Hg was used to prevent tissue
injury. Previous experiments have reported no interaction
between responses in the tail-flick and paw-pressure tests
(Loomis et al., 1985).

2.3. Experimental paradigm

2.3.1. Study 1: role of spinal lipoxygenase metabolites in
nociception

The formalin test and the thermal tail-flick test were
employed to evaluate the role of lipoxygenase metabolites
in nociception. Animals were used for one study and
evaluated using only one of these nociceptive tests. Imme-
diately prior to testing, animals were given an intrathecal
injection of either saline, nordihydroguaiaretic acid (NDGA,
a nonselective lipoxygenase inhibitor), LTB, (a 5-lipoxyge-
nase metabolite), 12-hydroxyperoxyeicosatetranoic acid
(HPETE) (a 12-lipoxygenase metabolite), or 15-HPETE (a
15-lipoxygenase metabolite). 6-(6-(3R-hydroxy-1E,5Z-
undecadien-1-yl)-2-pyridinyl)-1,5S-hexanediol (U75302), a
leukotriene BLT receptor antagonist, was administered 10
min prior to LTB, injection.

Assessment of the formalin-evoked nociceptive re-
sponse was made in blind fashion by two investigators
for a total of 60 min according to the guidelines outlined
above. The ability of acute intrathecal drug treatment to
influence the formalin response was measured by their

effect on the total time spent exhibiting formalin-evoked
nociceptive behaviours.

In the thermal nociceptive tail-flick test (see above),
animals were tested every 10 min for the first 60 min, and
a final measurement was taken at the 90-min time point. The
ability of drug treatment to influence the thermal nocicep-
tive response was indicated by changes in the latency of
response as compared to baseline.

2.4. Study 2: role of spinal lipoxygenase metabolites in the
development of opioid tolerance

2.4.1. Induction of spinal morphine tolerance

To induce morphine tolerance, animals were adminis-
tered morphine (15 pg, i.t.) once daily between 10:00 and
11:00 a.m. for 5 days, as described in an earlier study by
Powell et al. (1999). Tail-flick and paw-pressure nociceptive
tests (see above) were performed both before (baseline) and
30 min after drug injection (drug-induced response). The
peak antinociceptive effect of morphine has been shown to
occur 30 min after injection (Gouarderes et al., 2000).
Following the treatment period on day 6, animals were
given ascending doses of morphine every 30 min until a
maximal level of antinociception was reached in both the
tail-flick and paw-pressure tests. The results of this testing
was used to generate cumulative morphine dose—response
curves from which the morphine EDs value, an indicator of
morphine agonist potency, was derived. A progressive
decline in the daily antinociceptive effect of morphine and
an increase in the EDs, value of morphine indicate a state of
tolerance.

2.4.2. Effect of intrathecal administration of lipoxygenase
inhibitors on morphine tolerance

To examine the role of lipoxygenase metabolites in the
development of spinal opioid tolerance, NDGA, a nonse-
lective lipoxygenase inhibitor, baicalein, a 12-lipoxygenase
inhibitor, or (2-[12-hydroxydodeca-5,10-diynyl]-3,5,6-tri-
methyl-p-benzoquinone) AA-861, a 5-lipoxygenase inhibi-
tor, was co-administered with intrathecal morphine once
daily for 5 days. Nociceptive testing was performed daily
and cumulative dose—response curves generated on the
sixth day as described above. The action of lipoxygenase
inhibitors on the induction of tolerance was measured by
examining their effect on the decline in magnitude of
morphine antinociception over the 5-day administration
period and on the morphine EDs, values assessed at the
end of this period.

2.5. Drugs

Formalin (10%) (Sigma Diagnostics, USA) was diluted
with saline to make a 1.5% formalin solution. LTB,, 12-
HPETE, 15-HPETE and U75302 were purchased from
Caymen Chemicals (Canada) and stored in ethanol solution
at —20 °C. For injection, ethanol was removed by evap-
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oration to dryness under nitrogen gas and then dissolved in
physiological saline (0.9%). Morphine sulphate (BDH Phar-
maceuticals, Canada) was also dissolved in saline. NDGA
(nordihydroguaiaretic acid), AA-861 (2-(12-hydroxydo-
deca-5,10-diynyl)-3,5,6-trimethyl-1,4-benzoquinone) and
baicalein were dissolved in 5% cyclodextrin (Sigma-
Aldrich, Canada).

2.6. Data analysis

All values in the figures and text are expressed as
mean + standard error of the mean (S.E.M.) of n observa-
tions. Statistical significance (p <0.05) was determined by
one-way analysis of variance (ANOVA) followed by appro-
priate post hoc tests (Newman—Keuls). Tail flick and paw-
pressure values were converted to a maximum percent effect

(MPE): MPE=100 X [post-drug response — baseline re-
sponse]/[cutoff value — baseline response]. The EDs, values
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were determined using a nonlinear regressional analysis
(Prizm 2, GraphPad Software).

3. Results

3.1. Study 1: the role of spinal lipoxygenase metabolites in
nociception

3.1.1. Effect of intraplantar formalin or saline injection in
the rat hindpaw

As illustrated in Fig. 1A, intraplantar injection (50 ul) of
1.5% formalin produced a biphasic nociceptive response
characterized by shaking, licking and elevation of the
injected hindpaw. These behaviours were not seen in ani-
mals given intraplantar saline injection (50 pul). Specifically,
formalin injection elicited an immediate nociceptive re-
sponse that lasted for 5 min (phase I) in duration and
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Fig. 1. Effect of intrathecal administration of lipoxygenase metabolites on the duration of formalin response. Agents were given immediately prior to
intraplantar formalin (1.5%) injection and nociception scored for a 60-min period. (A) represents the time course of formalin response and effect of NDGA, a
nonselective lipoxygenase inhibitor, (B) represents the duration of formalin response in phase 1 and (C) represents the average response in phase 2. The data are
expressed as mean + S.E.M., n=4-6 animals per treatment group. Asterisks represent significant difference from formalin-only-injected animals; *p <0.05.
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reflects direct chemical activation of peripheral nociceptors
(Dickenson and Sullivan, 1987). The mean duration of the
phase I formalin response was 187.5 £23.6 s (n=6), a
value significantly different from that in animals given
corresponding intraplantar saline injection 0.5 £0.5 s
(n=5) (p<0.01). This response was followed by a short
quiescent period (5—20 min) during which animals ex-
hibited minimal nociceptive behaviours (11.7 £11.3 s)
(Fig. 1A). However, at 20 min post-formalin injection, there
was a marked increase in nociceptive activity representative
of phase II (20—60 min) of the formalin response. This late
phase reflects a persistent inflammatory state (Malmberg
and Yaksh, 1993; Yaksh and Malmberg, 1993). The average
duration of the formalin-evoked nociceptive response in the
second phase was 138.3 £ 14.3 s, which is significantly
different from the saline-treated group (0.5 0.1 s)
(p<0.01). Pretreatment with the nonselective lipoxygenase
inhibitor, NDGA (20 pg, i.t.; n=35), did not affect phase I
responses but significantly attenuated phase II of the for-
malin response (Fig. 1A). Thus, lipoxygenase metabolites
generated in the spinal cord likely contribute to the persis-
tent nociceptive behaviours observed in the second phase of
the formalin test.

3.1.2. Effect of lipoxygenase metabolites on the formalin
response

To investigate whether lipoxygenase metabolites play a
role in the formalin response, specific metabolites (LTBy,
12-HPETE, 15-HPETE) were injected intrathecally. These
lipoxygenase metabolites were chosen on the basis of results
obtained in previous studies demonstrating their involve-
ment in peripheral hyperalgesia in the rat model (Rackham
and Ford-Hutchinson, 1983; Levine et al., 1984, 1986; Shin
et al., 2002). Administration of LTB4 or 15-HPETE had no
effect on initial phase I response but significantly augment-
ed second-phase formalin-evoked behaviours (Fig. 1B and
C). Treatment with LTB, at a dose of 1 pg (n=5)
noticeably increased the duration of shaking, licking and
elevation of the injected hindpaw in phase II (207.2 £ 17.5
s) (p<0.05) as compared to the saline-treated control
group. This response was effectively suppressed (116.4
+31.5 s) (p<0.05) by pretreatment with a selective
leukotriene BLT receptor antagonist, U75302 (1 pg;
n=>5), suggesting that the hyperalgesic effects of LTB, is
receptor mediated. Baseline formalin responses were not
altered by acute intrathecal injection of U75302 (1 pug; n=>5)
alone (not shown). Although the duration of the formalin
response was increased by LTB, at a lower dose of 10 ng, this
effect was not statistically significant. Administration of 15-
HPETE at a dose of 10 ng (n=5) also elevated phase II of the
formalin-evoked response, but did not influence nociceptive
activity in phase I (Fig. 1C). Interestingly, this effect of 15-
HPETE was not seen at the higher dose of 1 pg (n=>5).
Injection of 12-HPETE at a dose of 10 ng (n=4) or at | pg
(n=5), failed to produce a noticeable effect on either the first
or second phase of the formalin response. Collectively, these

results indicate that 5- and 15-lipoxygenase-derived metab-
olites play a role in sensitization of nociceptive fibres
associated with the formalin-evoked inflammatory response.

3.1.3. Effect of lipoxygenase metabolites on acute thermal
nociception

The effect of intrathecal lipoxygenase metabolite admin-
istration in the thermal nociceptive tail-flick test is repre-
sented in Fig. 2A and B. In saline-treated control animals,
average baseline response to acute thermal stimulation over
the 90-min testing period was 6.0 £0.3 s (n=5). As
illustrated in Fig. 2A, administration of LTB, produced a
dose-dependent decrease in the latency of tail-flick re-
sponse. At the lowest dose tested, 0.1 ng of LTB,4 did not
alter tail-withdrawal response (6.3 £0.3 s) (n=8) (not
shown). A higher dose of 10 ng (n=28) produced a transient
reduction in the latency of response (5.0 £ 0.2 s) at 20 min
following LTB,4 administration; however, this effect was not
statistically significant. A more pronounced reduction in the
latency of tail-flick response was observed after injection of
LTB, at 1 pg (n=9), with a maximal effect (4.3 £ 0.3 s)

10 ;

@ 4 o Saline

Q 1 **

Eﬁ v LTB4 (10 ng)

g A LTB4 (1ug)

2 21 A LTB4 (1ug)+U75302 (1ug)
R U75302 (1

% 0 m] (1ng)

§ 0 10 20 30 40 50 60 70 80 90
E

s B

> 10,

)

=

2

s 81

[n]

o Saline
2 | © 15HPETE (10 ng) m 15HPETE (1ug)
© 12HPETE (10ng) e 12HPETE (1ug)

+ 15HPETE (0.1 ng)

0 10 20 30 40 50 60 70 80 90
Time (Min)

Fig. 2. Time course of latency of tail-flick response following intrathecal
administration of various lipoxygenase metabolites. Nociceptive testing was
performed at 10-min periods for a total of 90 min. (A) represents the effect
of LTB,, a S-lipoxygenase metabolite, and U75302, a leukotriene BLT
receptor antagonist, (B) illustrates the effect of 12-HPETE and 15-HPETE,
which are 12- and 15-lipoxygenase metabolites, respectively, on tail-
withdrawal response from an acute noxious thermal stimulus. The data are
expressed as mean + SE.M., n=5-9 animals per treatment group.
Asterisks represent significant difference from saline-treated animals;
*p<0.05, **p<0.01.
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Fig. 3. Time course of the antinociceptive effect of daily intrathecal
morphine (15 pg) alone and in combination with a nonselective
lipoxygenase inhibitor (NDGA), a 5-lipoxygenase inhibitor (AA-861),
and a 12-lipoxygenase inhibitor (baicalein) in the (A) tail-flick and (B) paw-
pressure tests. Nociceptive testing was performed 30 min following each
injection. The data are expressed as mean + S.E.M., n=4-8 animals per
treatment group. Asterisks represent significant difference from morphine-
only-treated animals; *p <0.05, **p<0.01.

(p<0.01) occurring at the 30-min interval and returning to
baseline after 60 min. Injection of U75302 (1 pg, it.), a
leukotriene BLT receptor antagonist, had no effect on
baseline response when given alone; however, pretreatment
of this antagonist abolished LTB4-induced hyperalgesia,
suggesting that the increased response to thermal stimula-
tion elicited by LTBy is receptor mediated (Fig. 2). Admin-
istration of 15-HPETE (1 pg; n=7) produced a slight but
statistically insignificant reduction in tail-withdrawal re-
sponse (Fig. 2B). Indeed, animals given 15-HPETE at a
dose of 0.1 ng (n=06) or 10 ng (n="7), exhibited similar tail-
flick latencies to saline-treated controls. Similarly, intrathe-
cal administration of 12-HPETE at 10 ng (n=5) and 1 pg
(n=>5) failed to produce an effect on acute thermal response.
Thus, these findings suggest that spinal lipoxygenase
metabolites play a minimal role in acute thermal nociception
in the rat.

3.2. Study 2: role of spinal lipoxygenase metabolites in the
development of opioid tolerance

Fig. 3A and B illustrates the effects of lipoxygenase
inhibitors on the antinociceptive action of chronic intrathe-
cal morphine in the tail-flick and paw-pressure tests. In
saline-treated (n=4) control animals, the baseline latency of
response in the tail-flick test was 1.4+ 1.4 s, and the
threshold pressure to induce a paw-withdrawal response
was 95 £ 8.5 mm Hg. These values were not significantly
affected by repeated 5-day saline injection. Administration
of morphine (15 pg) (n=5) to naive animals on day 1
produced maximal antinociception in both tests. However,
repeated daily administration of this dose resulted in a
progressive decline of morphine antinociception to baseline
levels by day 5, reflecting development of tolerance to the
analgesic actions of morphine (Fig. 3A and B). Co-admin-
istration of nonselective and selective lipoxygenase inhib-
itors attenuated this decline in morphine effect. NDGA, a
nonselective lipoxygenase inhibitor, attenuated the decline
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Fig. 4. Dose—response curves of the analgesic effects of acute intrathecal
morphine following 5-day chronic treatment in (A) tail-flick and (B) paw-
pressure tests. On day 6, animals were administered ascending doses of
morphine every 30 min until a maximal level of antinociception was
achieved in both nociceptive tests. The data are expressed as meant
S.E.M., n=4-8 animals per treatment group.
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in morphine antinociception. In the animals given 10 ug of
NDGA (rn=6) in combination with morphine, antinocicep-
tion on days 4—5 (p<0.05) in both nociceptive tests was
significantly greater than that in the morphine-only-treated
group. Treatment with a lower dose of NDGA (5 pg) (n=6)
slightly attenuated the decline in morphine antinociception;
however, this effect was only statistically significant in the
paw-pressure test on day 3 (p»<0.05). Co-treatment of
morphine with AA-861 (1.4 pg) (n=8), a selective 5-
lipoxygenase inhibitor, also prevented the loss of morphine
antinociception with significant effect on days 4-5
(p<0.01) in the tail-flick test and on day 5 (p<0.01) in
the paw-pressure test. A similar response was observed in
animals given baicalein (1.5 pg) (n=8), a selective 12-
lipoxygenase inhibitor, with significance achieved on days
4-5 (p<0.01) in the tail-flick test and on days 3-5
(p<0.01) in the paw-pressure test. When administered at
the dose tested without morphine, all three inhibitors failed
to produce antinociception in either test (not shown).
Following the 5-day chronic treatment period, cumula-
tive dose—response curves for the acute effects of morphine
were generated on day 6 (Fig. 4A and B). Animals were
given ascending doses of morphine at 30-min periods until a
maximal level of antinociception was reached in both the
tail-flick and paw-pressure tests. EDsq values for morphine
were derived from the constructed dose—response curves
(Table 1). As illustrated in Fig. 4A and B, morphine
administration in saline control (morphine-naive) animals
produced a dose-dependent analgesic effect in both the tail-
flick and paw-pressure tests (Table 1). Animals treated with
S-day intrathecal morphine (15 pg) required higher doses
before maximal antinociception was achieved in these tests.
This is reflected by a significant rightward shift in the
cumulative dose—response curve and approximately a five-

Table 1
Effect of lipoxygenase inhibitors on the development of spinal morphine
tolerance

Chronic treatment Tail flick Paw pressure
EDso (ug) EDso (ng)
(mean + S.E.M.) (mean + S.E.M.)
Saline 38105 45402
Morphine (15 pg) 18.9 £ 6.0° 23.5+3.5°
Morphine/NDGA (5 pg) 29406 26+04
Morphine/NDGA (10 pg) 28+03 3.0+0.1
NDGA (10 pg) 3.1+£0.6 39403
Morphine/AA-861 (1.4 pg) 43404 48+04
AA-861 (1.4 pg) 41403 39407
Morphine/baicalein (1.5 pg) 46+0.8 45+0.5
Baicalein (1.5 pg) 3.8+04 39405

Following the end of the 5-day chronic intrathecal treatment period,
cumulative dose—response curves to acute morphine were generated on day
6. Animals were given ascending doses of morphine every 30 min until a
maximal level of antinociception was reached in both the tail-flick and paw-
pressure tests. EDs values for morphine were derived from the constructed
dose—response curves. *p<0.05 and ®p<0.01 represent significant differ-
ence from saline-treated control group.

fold increase in EDsq values compared to saline controls, an
effect indicating substantial loss in morphine analgesic
potency (tolerance). Co-administration of a lipoxygenase
inhibitor with morphine during tolerance induction pre-
vented the rightward shift in the cumulative dose—response
curve (Fig. 4A and B) and completely blocked the increase
in EDsq values (Table 1). Indeed, EDsq values obtained in
groups given morphine/NDGA (5 pg), morphine/NDGA
(10 pg), morphine/AA-861 (1.4 pug) and morphine/baicalein
(1.5 pg), were comparable to saline control values (Table 1).
Administration of the lipoxygenase inhibitors alone for 5
days did not significantly alter the morphine EDs, values
from that obtained with chronic saline treatment.

4. Discussion

The present study sought to investigate the role of spinal
lipoxygenase metabolites in the modulation of nociception
and in the development of opioid analgesic tolerance. The
three metabolites, LTB,4, 12-HPETE and 15-HPETE, which
originate from the 5-, 12- and 15-lipoxygenase pathways,
respectively, were selected as test agents since they have
previously been implicated in peripheral nociception (Lev-
ine et al., 1984, 1986; Martin et al., 1987, 1988; Shin et al.,
2002). Injection of LTB4 or 15-HPETE directly into the
intrathecal space significantly enhanced nociceptive activity
in the second phase of the formalin-evoked response.
Administration of LTB,, however, produced a marginal
reduction in thermal latency in the tail-flick test, an effect
not observed following treatment with 12- and 15-HPETE.
In the second part of this study, co-administration of
selective (AA-861, baicalein) and nonselective (NDGA)
lipoxygenase inhibitors with intrathecal morphine for 5 days
significantly attenuated the decline in antinociception and
effectively blocked the loss of agonist potency associated
with the development of tolerance. The results of this study
provide evidence for a spinal action of lipoxygenase metab-
olites in the modulation of pain and in the induction of
opioid tolerance.

Two distinct measures of nociception were used to assess
the effects of spinal lipoxygenase metabolite administration:
the formalin test, chosen because it is a reliable model of
persistent inflammatory pain (Dubuisson and Dennis, 1977);
the tail-flick test, chosen because it provides a model of
acute response to noxious thermal input (D’Amour and
Smith, 1941). The first phase of the formalin response
results from direct activation of peripheral nociceptors
mediated by spinal release of pro-nociceptive transmitters
(L-glutamate, CGRP, substance P) (Smullin et al., 1990;
Zhang et al., 1994), whereas second-phase activity repre-
sents sensitization of spinal neurons to the actions of these
transmitters (Porro and Cavazzuti, 1993; Dickenson and
Sullivan, 1987). The ability of NDGA, a nonselective lip-
oxygenase inhibitor, to significantly attenuate the second
phase suggests that activity of endogenous spinal lipoxyge-
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nase-derived metabolites contribute to the sensitization
response. This is consistent with observations that spinal
injection of LTB, or 15-HPETE augmented only the second
phase of the formalin-induced response. It is also in accord
with a previous study showing intraperitoneal administra-
tion of an LTD, receptor antagonist in mice effectively
inhibits this phase (Gok et al., 1999).

How LTB4 or 15-HPETE augment formalin-induced
nociception is not entirely clear. However, the ability of
U75302, a selective leukotriene BLT receptor antagonist, to
suppress LTBy4-induced hyperalgesia indicates that this
response is receptor mediated. According to electrophysio-
logical studies, LTB, sensitizes A- and C-fibres to thermal
and mechanical stimuli in the rat paw (Martin et al., 1987,
1988). Increase in formalin response following intrathecal
LTB, injection could be related to a direct or indirect
sensitization of these spinal nociceptive fibres. Since LTB4
is a potent chemotactic factor involved in recruitment of
inflammatory cells, an indirect mechanism involving in-
flammatory mediators likely underlies this response (Ford-
Hutchinson et al., 1980; Levine et al., 1984; Bisgaard and
Kristensen, 1985). Indeed, LTB,4 has been shown to activate
ploymorphonuclear leukocytes to induce release of 8R,15S-
diHETE, a metabolite of the 15-lipoxygenase pathway that
itself contributes to peripheral nociception (Levine et al.,
1984, 1986). 15-HPETE is readily converted into 15-HETE,
lipoxins and di-HETEs (Serhan et al., 1984a,b); thus, hyper-
algesia elicited by spinal injection of this precursor could
also be related to increased levels of 8R,15S-diHETE. The
fact that LTB,4 and 15-HPETE produced hyperalgesia in the
inflammatory formalin test while producing minimal effect
in the acute thermal tail-flick test further supports involve-
ment of inflammatory mechanisms in this response. Gilbert
et al. (2003) have recently reported that intrathecal injection
of a cysteinyl leukotriene receptor antagonist suppresses
inflammation-associated neuropathic pain, but does not
affect acute thermal nociceptive response in the tail-flick
or hotplate test.

In a recent study, Hwang et al. (2000) reported that LTB,,
5-HETE, 15-HPETE, 15-HETE and 12-HPETE directly
activate the capsaicin-sensitive vanilloid receptor (VR1) in
sensory dorsal root ganglion neurons. Among these metab-
olites, 12-HPETE was found to be the most potent vanilloid
VRI1 receptor agonist because of its structural similarity to
capsaicin (Hwang et al., 2000). At the spinal level, vanilloid
VRI1 receptor expression has been identified in superficial
dorsal horn primary afferent terminals co-expressed with
pro-nociceptive transmitters, substance P and CGRP (Sko-
fitsch and Jacobowitz, 1985; Tominaga et al., 1998; Valt-
schanoff et al., 2001). Activation of the vanilloid VRI1
receptor by thermal or chemical stimulation causes profound
hyperalgesia related to significant spinal release of these
nociceptive transmitters (Jhamandas et al., 1984; Mantyh et
al., 1997). Considering the role of VR1 in spinal nocicep-
tion, it is conceivable that hyperaglesia resulting from spinal
injection of lipoxygenase metabolites is partially related to

activation of this receptor. However, the fact that spinal
injection of 12-HPETE failed to affect nociceptive
responses in either the formalin or tail-flick test suggests
that the vanilloid system likely plays a lesser role in LTB,
and 15-HPETE-induced hyperalgesia and that other spinal
mechanisms may be involved in this response.

Recent evidence suggests that induction of a latent
hyperalgesia contribute to the loss of analgesic potency that
characterizes development of opioid tolerance at the spinal
level (Mao et al., 1998; Crain and Shen, 2001; Shen and
Crain, 2001). Since spinal injections of lipoxygenase metab-
olites in the present study induced sensitization to nocicep-
tive input, we examined whether they contribute to the loss
of morphine action following chronic drug exposure. If
spinal lipoxygenase activity plays a role in the genesis of
opioid tolerance, then intrathecal administration of inhib-
itors of this activity would be expected to prevent the
decline in morphine antinociception. Indeed, daily intrathe-
cal co-administration of NDGA (nonselective lipoxygenase
inhibitor), AA-861 (5-lipoxygenase inhibitor), or baicalein
(12-lipoxygenase inhibitor) with morphine attenuated the
progressive loss of morphine effect and blocked the increase
in morphine EDs that is reflective of tolerance. Patel et al.
(2003) recently reported a significant induction in the
expression and activity of 12-lipoxygenase following chron-
ic morphine exposure. Thus, it is possible that repeated
morphine treatment leads to increased lipoxygenase expres-
sion at the spinal level, and inhibition of activity at different
loci in the enzyme cascade decreases lipoxygenase metab-
olite synthesis and attenuates analgesic tolerance. Consid-
ering that intrathecal administration of lipoxygenase
inhibitors alone did not elicit antinociception, the observed
attenuation of tolerance is unlikely to result from an addi-
tivity of their effect with that of morphine. The effects of the
different lipoxygenase inhibitors are attributable to lipoxy-
genase inhibition. NDGA is three times more potent at
inhibiting lipoxygenase activity than cyclooxygenase (Hope
et al., 1983; Salari et al., 1984), and both AA-861 and
baicalein are highly selective for 5- and 12-lipoxygenase,
respectively, with minimal effects on cyclooxygenase activ-
ity (Sekiya and Okuda, 1982; Yoshimoto et al., 1982;
Ashida et al., 1983; Dailey and Imming, 1999). We recently
reported that intrathecal administration of NDGA, baicalein,
or AA-861 at doses used in this study markedly suppress the
behavioural and neurochemical indices of antagonist-pre-
cipitated morphine withdrawal (Trang et al., 2003). Thus,
these lipoxygenase inhibitors effectively prevent induction
of opioid tolerance as well as physical dependence at the
spinal level. The effects on tolerance reported here are
strikingly similar to those seen previously following spinal
intervention with nonselective and cyclooxygenase,-selec-
tive inhibitors (Powell et al., 1999; Wong et al., 2000). This
suggests metabolites derived from both pathways of arach-
idonic acid metabolism likely contribute to the development
of spinal opioid tolerance and physical dependence. These
findings also raise the interesting question as to whether
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lipoxygenase and cyclooxygenase products activate a com-
mon cellular pathway, a possibility that remains to be
examined in future experiments.

5. Conclusion

In conclusion, the results of this study demonstrate that
spinal lipoxygenase activity contributes to both the induc-
tion of hyperalgesia and the development of spinal opioid
tolerance. Pharmacological treatments aimed at inhibiting
this activity or at blocking receptors activated by metabo-
lites generated by the lipoxygenase pathway could prove
beneficial in both the management of pain and the mainte-
nance of opioid analgesic efficacy.
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