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A Peripheral, Intracerebral, or Intrathecal Administration of an Opioid
Receptor Antagonist Blocks Illness-Induced Hyperalgesia in the Rat

Gavan P. McNally, Ian N. Johnston, and R. Frederick Westbrook
University of New South Wales

‘We used the tail-flick response of rats to study the role of opioid receptors in illness-induced hyperal-
gesia. An intraperitoneal injection of lithium chloride (LiCl) produced hyperalgesia that was blocked in
a dose-dependent manner by subcutaneous injection of the opioid antagonist naloxone. Neither hyper-
algesia nor its blockade by naloxone were due to variations in tail-skin temperature induced by LiCl.
Hyperalgesia was also blocked when opioid receptor antagonism was restricted to (a) the periphery, by
intraperitoneal administration of the quaternary opioid receptor antagonist naloxone methiodide; (b) the
brain, by intracerebroventricular microinjection of naloxone; or (¢} the spinal cord, by intrathecal
microinjecrion of naloxone. These results document a pain facilitatory role of opioid receptors in bath the
peripheral and central nervous systems and are discussed with reference to their analgesic and motiva-

tional functions.

Illness-inducing substances such as lithium chtoride (LiCl) or
the bacterial endotoxin lipopolysaccharide (LPS) increase basal
levels of nociceptive sensitivity in rats (e.g., Maier, Wiertelak, &
Watkins, 1992; Wiertelak, Smith, et al., 1994). This hyperalgesia
is initiated by cytokines released from activated macrophages
and involves the vagus nerve because it is abolished by section-
ing of the subdiaphragmatic branch of the vagus, destruction of
hepatic macrophages, or intraperitoneal administration of an
interleukin-18 receptor antagonist (Maier, Wiertelak, Martin, &
Watkins, 1993; Watkins, Wiertelak, Goehler, et al., 1994), [llness-
induced hyperalgesia is also abolished by decerebration (Watkins,
Wiertelak, Goehler, et al., 1994), but the precise forebrain mech-
anisms for this hyperalgesia remain unclear. Nonetheless, lesion
and infusion studies have identified a critical role for vagal termi-
nations in the nucleus of the solitary tract and the eventual acti-
vation of a pathway that descends from the nucleus raphe magnus
in the rostral ventromedial medulla to the spinal cord dorsal horn,
recruiting excitatory amino-acid (especially N-methyl-b-aspartate
[NMDA]) and cholecystokinin systems {(Watkins, Wiertelak, Fur-
ness, & Maier, 1994; Wiertelak, Furness, Watkins, & Maier, 1994;
Wiertelak, Roemer, Maier, & Watkins, 1997).

The hyperalgesia induced by LiCl or LPS co-occurs with other
sickness behaviors that include adipsia, aphagia, hyperthermia, and
reductions in locomotor and social activity (for reviews, see Hart,
1988; Kent, Bluthe, Kelley, & Dantzer, 1992; Maier & Watkins,
1998). This co-occurrence has been taken as evidence of a sickness
(e.g., Hart, 1988; Kent et al., 1992) or recuperative (Bolles &
Fanselow, 1980) motivational system that has evolved to afford
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protection from pathogens. In particular, it has been suggested that
the recuperative function served by pain-related behaviors may be
enhanced by the sickness subsequent to activation of the immune
system, and that evolution has selected for mechanisms that facil-
itate pain during this state (Maier & Watkins, 1998). The endog-
enous opioid system is an important component of this immune-
mediated recuperative or sickness-motivational system. For
instance, injections of u-opioid receptor agonists induce a set of
behaviors, including somnolence, nausea, and impaired contextual
learning (e.g., Bechara & Van der Kooy, 1985; Reisine & Paster-
nak, 1995; Westbrook, Good, & Kiemnan, 1997), that are similar to
those produced by injections of LiCl or LPS (e.g., Kent et al.,
1992; Pugh et al., 1998), whereas injections of opioid receptor
antagonists reduce the aversive motivational impact of LPS and
LiCl (Lieblich & Yirimiya, 1987; Shippenberg, Millan, Mucha, &
Herz, 1988).

Opioid peptides and their receptors have been identified in the
immune system, and these serve a potent modulatory function
(Madden, Whaley, & Ketelsen, 1998; Peterson, Molitor, & Chao,
1998; Sharp, Roy, & Bidlack, 1998). These opioid-immune inter-
actions are not restricted to the periphery because central opioid
receptors also serve an important immunomaodulatory role (e.g.,
Mellon & Bayer, 1998) and because stimulation of the immune
system increases the activity of opioid-containing cells in the
central nervous system (e.g., Day, Curran, Watson, & Akil, 1999;
Ruzicka, Thompson, Watson, & Akil, 1996). Opieid receptors also
contribute to the pain modulatory consequences of illness. Thus,
systemic injection of naloxone reduced the pain modulation ob-
served when rats were tested in either the hot-plate test following
injection of LPS (Yirimiya, Rosen, Donchin, & Ovadia, 1994) or
the formalin test following exposure to an LiCl-associated context
(McNally, Gorrisen, Low, & Westbrook, 1999),

In this research, we stadied whether the hyperalgesia produced
by an intraperitoneal injection of LiCl also involves activation of
opioid receptors. In the initial experiments, we e¢xamined whether
an injection of the competitive opioid receptor antagonist naloxone
modulates the expression of the hyperalgesia induced by LiCl
(Experiment 1A), the dose-response properties of such modulation
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(Experiment 1B), and the role of thermoregulatory changes in the
production of hyperalgesia (Experiment 1C). In subsequent exper-
iments, we studied the anatomical locus for opicid receptor in-
volvement in hyperalgesia by restricting the actions of naloxone to
the periphery (Experiment 2A), brain (Experiment 2B), and spinal
cord (Experiment 2C).

EXPERIMENTS 1A, 1B, AND 1C

In Experiments 1 A-1C, we studied the effects of a subcutaneous
injection of naloxone on the hyperalgesia produced by an intra-
peritoneal injection of LiCL Experiment [A used & 2 X 2 factorial
design in which the first factor was pretreatment with either
subeutaneous naloxone (2.5 mg/kg) or saline and the second factor
was intraperitoneal injection with either LiCl (127.2 mg/kg) or
saline. Experiment 1B examined the dose-response properties of
naloxone’s antagonism of LiCl-induced hyperalgesia. Specifically,
in this single-factor design, rats were pretreated with one of several
doses of naloxone (0, 0.005 , 0.050, 0.500, or 5.000 mg/kg) and 10
min later with LiCl. The mterpretation of data from the tail-flick
test with reference to the actions of pain modulatory circuits can be
confounded by an influence of tail-skin temperature on tail-flick
latencies (Berge, Garcia-Cabrera, & Hole, 1988; Hole & Tjolsen,
1993). Thus, any effect of an injection of LiCl or naloxone de-
tected in Experiments 1A and 1B could be secondary to drug-
induced shifts in peripheral blood flow affecting heat transfer in
the tail. We examined this possibility using two approaches. First,
in Experiments 1A and 1B we measured tail-skin temperatures of
rats immediately before the tail-flick test. Second, in Experiment
1C we examined whether rats exhibited hyperalgesia when their
tail-skin temperatures had been increased by immersion in water
and whether any such hyperalgesia was reversed by 2.5 mg/kg
naloxone. The design of this experiment consisted of the 2 X 2
factorial described for Experiment 1A,

Method

Subjects

The subjects were experimentally naive male Wistar rats weighing
between 300 and 400 g. They were obtained from the colony of Specific-
Pathogen-Free rats maintained by the Combined Universities Laboratory
Animal Services (Sydney, Australia). There were 32 rats in Experiment
LA, 40 rats in Experiment 1B, and 32 rats in Experiment 1C. Rats were
housed in plastic boxes (65 cm long % 40 cm wide X 22 ¢m high) with 6
to 8 rats per box. The wire mesh roof of each box held food and water
bottles that were continuously available. The boxes were kept in a colony
room maintained under natural ighting. The experiments were conducted
between 9 am. and 5 p.m.

Apparatus

The tail-flick apparatus consisted of a waterbath whose temperature
conld be controlled *+ 0.5 °C by a Ratek Open-Bath Thermoregulator
(Ratek Instruments, Melbourne, Australia). The temperature of this water-
bath was maintained at 51 *C for tail-flick testing. A second waterbath
whose ternperature was maintained at 34 °C was used to preheat the tail in
Experiment 1C. Tail-skin temperature was measured with a digital thermal
probe {Anritsu, Tokyo, Japan). The waterbaths were located in a Jaboratory
whose ambient temperature was maintained between 21 and 23 °C. The
laboratory also contained plastic buckets (26 ¢m diameter X 45 c¢m height)
with air holes drilled in the lid and sides. These buckets served as chambers
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in which rats were kept in isolation from each other when they were
brought to the laboratory.

Drugs

LiCl anhydrous (Becton Dickinson, Sydney, Australia) was dissolved in
distilled waler to obtain a concentration of 6.36 g/l (0.15 M) and was
injected iniraperitoneally in a volume of 20 mlkg, producing a dose of
127.2 mg/kg. Naloxone hydrochloride (Sigma Chemical Company, St
Louis, MQ) was dissolved in sterile, nonpyrogenic saline (0.9% [wi/voll).

Procedure

During the 5 days before the start of the experiment, each rat was
handled for 1 min each day.

Familiarization

Across Days 1-4 of the experiments, rats were transported to the
laboratory. On arrival, rats were placed in the plastic buckets for 20 min,
removed, handled, and returned to the buckets. We repeated this handling
three more times at S-min intervals to familiarize the rats with the proce-
dures to be used on the tests.

Test

Experiment A, On Day 3, rats were transported to the laboratory and
placed in the plastic buckets for 20 min. We then determined baseline
tail-skin temperatures and tail-flick latencies by taking the average of the
last three of the four trials spaced 5 min apart. Tail-skin temperatures were
measured immediately before the tail-flick test. For tail-skin temperature
testing, the thermal probe was placed on the dorsal surface of the tail, 8 cm
from the distal tip. For tail-tlick testing, the distal 4-cm portion of the tail
was immersed in the waterbath, and latency to completely remove the tail
was recorded with a stopwatch. TImmediately following tail flick, we wiped
the tail with a flanmel cloth o prevent hot water clinging to the tail. Five
minutes after baseline determination, rats were injected subcutaneously
with eithcr naloxone or saline. Ten minutes later, rats were injected intraperi-
toneally with either LiCl or saline. Tail-flick and tail-skin temperature
testing commenced S min later and were repeated once every 10 min for 40
min. The tail-flick response is predominanlly organized ut the level of the
spinal cord. However, there is evidence that response latencies greater than
2 s require a degree of supraspinal integration (Jensen & Yaksh, 1986).
Thus, it is worth noting that in the present experiments, tail-flick latencies
represent more than spinal reflexive nociceptive processing.

Experiment 1B, On Day 35, rats were transported to the laboratory and
placed in the plastic buckets. The procedure for baseline tail-flick latency
and tail-skin temperature determination was the same as that described for
Experimant 1A. Five minutes after baseline tail-flick latency and tail-skin
temperature determination, rats were injected subcutaneously with either 0,
0.005, 0.050, 0.500, or 5.000 mg/kg naloxone, Ten minutes later, rats were in-
jected intraperitoneally with LiCl. Tail-flick and tail-skin temperature test-
ing commenced 5 min later and were repeated once every 10 min for 40 min,

Experiment 1C. On Day 5, rats were transported to the laboratory and
placed in the plastic buckets. The procedure for baseline tail-flick and
tail-skin determination was the same as that described previously excepl
that tails were preheated by immersion in the 34-°C waterbath for 15 s
immediately before the test. Five minutes after baseline tajl-flick latency
and tail-skin temperature determination, rats were injected subcutaneously
with either naloxone or saline. Ten minutes later, rats were injected
intraperitoneally with either LiCl or saline. Tail-flick and tail-skin temper-
ature testing commenced 5 min later and were repeated once every 10 min
for 40 min. The tail was immersed in the 34-°C waterbath for 15 s
immediately prior to each testing occasion, and tail-skin temperature
measured.
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Statistical Analyses

Pilot stndies indicated that the effects of an injection of LiCl and
naloxone on tail-flick latency as well as tail-skin temperature were stable
across the 30-40-min test period used in these experiments. Therefore, the
average of performances across these trials was used as the basis for
analysis. The data in these and subsequent experiments were analyzed by
means of planned orthogonal contrasts written to partition the variance
attributable to the between-groups manipulation into standard components
(i.e., main effect of pretreatment and main effect of injection of LiCl or
saline as well as their interaction). The per-contrast error rate was con-
trolled at the 0.05 level with the procedure described by Hays (1972; see
Harris, 1994, for review).
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Results and Discussion

The top left-hand panel of Figure 1 shows the mean (+ SEM)
tail-tlick latencies for rats in each of the groups in Experiment 1A.
There were no significant differences between groups in baseline
tail-flick latencies (Fs < 1). The mean baseline latencies
were 5.8 s for rats injected twice with saline (saline—saline
group), 5.9 s for those injected with saline before LiCl (saline—
LiCl group), 6.1 s for those injected with naloxone then with saline
(naloxone—saline group), and 5.7 s for rats injected with naloxone
then with LiCl (natoxone-LiCl group). Inspection of the panel
indicates that rats injected with LiCl exhibited a substantial hy-
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peralgesia that appeared to have been reversed by pretreatment
with naloxone. These observations were confirmed by the statis-
tical analysis.

There was a significant main effect for injection of LiCl versus
saline, F(1, 28) = 21.9, critical F(1, 28) = 4.2. There was also a
significant main effect for injection of naloxene versus saline, F(1,
28) = 40.9. Finally, the 2 X 2 interaction was also significant, F{1,
28) = 12.5, such that the effects of pretreatment with naloxone
were greater among rats later injected with LiCl than those later
injected with saline.

The top right-hand panel of Figure 1 shows the mean (+ SEM)
tail-skin temperatures for rats in Experiment 1A. There were no
differences between groups in baseline tail-skin temperatures,
Fs < 1: means = 23.3 °C, saline-saline group; 23.6 °C, saline-
LiCl group; 22.9 °C, naloxone—saline; 23.0 °C, naloxone-LiCl
group. Inspection of the panel indicates that LiCl increased tail-
skin tcmperatures compared with those of rats injected with saline
and that this increase in tail-skin temperatures among LiCl-treated
rats was comparable among rats pretreated with saline or with
naloxone. These observations were confirmed by the statistical
analysis. There was a significant main effect for injection of LiCl
versus saline, F(1, 28) = 74.4, critical F(1, 28) = 4.2. However,
there was no main effect for injection of naloxone versus saline, F
= 2.5. Finally, there was no significant 2 X 2 interaction, F <C 1.

The middle left-hand panel of Figure 1 shows the mean (+
SEM) baseline and test tail-flick latencies for rats in Experiment
1B. There were no difterences between groups in baseline tail-flick
latencies (F's << 2.6). Inspection of the panel indicates that pre-
treatment with naloxone produced a dose-dependent reduction in
the hyperalgesia elicited by LiCl. There was no difference in
tail-flick latencies between rats pretreated with either 0.005
or 0.050 mg/kg naloxone and control rats injected with 0 mg/kg
naloxone. However, hyperalgesia was partially attenuated by a
subcutaneous injection of 0.500 mg/kg naloxone and completely
prevented by an injection of 5.000 mg/kg naloxone. These obser-
vations were confirmed by the statistical analysis. There was a
significant difference in tail-tlick latencies between rats pretreated
with 5000 mgkg naloxone versus rats pretreated with
0.500, 0.050, 0.005, and 0 mg/kg naloxone, F(1, 35) = 47.5;
critical F(1, 35) = 4.1. There was also a significant difference in
tail-flick latencies between rats pretreated with 0.500 mg/kg nal-
oxone versus rats pretreated with 0.050, 0.005, and 0 mg/kg, F(1,
35) = 10.51. However, there was no significant difference in
tail-flick latencies between rats pretreated with 0.050 mg/kg nal-
oxone versus rats pretreated with 0.005 or 0 mg/kg, F = 2.0, nor
was there a significant difference between rats in these latter two
groups, F <C L

The middle right-hand panel of Figure | shows the mean (+
SEM) baseline and test tail-skin temperatures for rats in Experi-
ment 1B. There were no differences between groups in baseline
tail-skin temperatures latencies (&s < 3.5). Inspection of the panel
indicates that none of the doses of naloxone exerted any detectable
effect on tail-skin temperatures. This observation was confirmed
by the statistical analysis. There was no significant difference in
tail-skin temperatures between rats injected with 5.000 mg/kg
naloxone and those in the remaining groups, F = 2.8; between rats
injected with (0.500 mg/kg and those injected with lower doses,
F = 2.7, nor between rats injected with (.050 mg/kg versus rats
injected with 0.005 or 0 mg/kg, F < 1; nor between these latter
two groups, F < |, critical F(1, 35) = 4.1
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The bottom left-hand panel of Figure 1 shows the mean (+
SEM) tail-flick latencies of rats in Experiment 1C. There were no
differences between groups in baseline tail-flick latencies, Fs << I:
means = 5.3 s, saline-saline group; 5.3 s, saline-LiCl group; 5.6 5,
naloxone-saline group; 5.4 s, naloxone-LiCl group. Inspection of
the panel suggests that LiCl produced hyperalgesia that was pre-
venied by pretreaiment with naloxone. The statistical analysis
revealed a significant main effect for injection of LiCl versus
saline, F(1, 28) = 32.1, critical F(1, 28) = 4.2. There was alsc a
significant main effect for injection of naloxone versus saline, F(1,
28) = 23.9. Importantly, there was a significant 2 X 2 interaction,
F(1, 28) = 16.7, such that the effects of pretreatment with nalox-
one were greater among rats later injected with LiCl than those
later injected with saline.

The bottom right-hand panel of Figure 1 shows the mean (+
SEM) tail-skin temperatures from rats in Experiment 1C. There
were no differences between groups in baseline tail-skin temper-
atures, Fs < 1; means = 32.0 °C, saline—saline group; 31.8 °C
saline-LiCl group; 32.0 °C naloxone-saline group; 31.6 °C
naloxone-LiCl group. Inspection of baseline tail-skin temperatures
indicates that the experimental manipulation of tail-skin tempera-
tures was successful: Baseline tail-skin temperatures for all groups
were elevated in the present experiment, and there was no differ-
ential effect of LiCl versus saline on tail-skin temperatures. This
observation was confirmed by the statistical analysis. There was no
significant main effect for injection of LiCl versus saline, F < 1.
There was also no significant main effect for injection of naloxone
versus saline, F < 1. Finally, there was no significant 2 X 2
interaction, F << 1.

EXPERIMENTS 2A, 2B, AND 2C

Experiments 1A—1C provided evidence for a hyperalgesic effect
of an intraperitoneal injection of LiCl that is mediated, at least in
part, by activity al opioid receptors. The present experiments
studied the anatomical locus for opioid receptor involvement in
LiCl-induced hyperalgesia. In Experiment 2A we pretreated rats
with a quaternary form of naloxone, which does not readily cross
the blood-brain barrier, to restrict opioid receptor antagonism to
the periphery (Experiment 2A; see also Russell, Bass, Goldberg,
Schuster, & Merz, 1982). In Experiment 2B we prelreated rats with
an intracerebroventricular infusion of naloxone to restrict opioid
receptor antagonism to supraspinal sites. In Experiment 2C we
pretreated rats with an intrathecal infusion of naloxone to restrict
opioid receptor antagonism to spinal sites. These experiments
employed the same 2 X 2 factorial design described for Experi-
ment 1A in which the first factor was whether rats were pretreated
with naloxone or saline and the second factor was whether they
were then injected with LiCl or saline.

Method

Subjects, Apparatus, and Drugs

The subjects were experimentally naive adult male Wistar rats obtained
from the same source and maintained under the same conditions as de-
scribed for Experiments 1 A, 1B, and 1C. There were 32 rats in Experiment
2A, 24 rats in Experiment 2B, and 27 rats in Bxperiment 2C (after surgery
and histology). After surgery in Experiments 2B and 2C, rats were housed
singly in rack-mounted wire cages. Food and water were continucusly
available in these cages. All apparatus was the same as that described
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previously. We dissolved naloxone methiodide (Research Biochemical
International, Natick, MA) in sterile, isotonic saline to obtain a concentra-
tien of 4 mg/ml for Experiment 2A. Naloxone hydrochloride was dissolved
in sterile, nonpyrogenic saline (0.9% [wt/vol]) to obtain a concentration
of 5 pg per 3 ul for Experiments 2B and 2C.

Surgery and Infusion

Rats were handled for 5 days before surgery and injected with a pro-
phylactic dose of 0.1 ml of a 300.0 mg/ml solution of procaine penicillin
on the day of surgery. Rats were anesthetized using intraperitoneal injec-
tions of 1.3 ml/kg of the anesthetic ketamine at a concentration of 100.0
mg/ml and 0.3 ml’kg of the muscle relaxant xylazine at a concentration
of 20.0 mg/ml. Briefly, a 22-gauge guide cannula (Plastics One, Roanoke,
VA) was aimed to terminate 0.3 mun dorsal to the right lateral ventricle by
positioning it through a hole drlled (.8 mm posterior and 1.5 mm lareral
to bregma. During dmg infusion, the 26-gauge microinjection cannula
projected a further 1 mm to terminate in the ventricle. The microinjection
cannula was cennected to a 25-ul Hamilton glass syringe operated by an
infusion pump (Harvard Apparatus, South Natick, MA). Drugs were in-
fused across a 1-min period, and the microinjection cannula left in place for
another 1 min to permit diffusicn from the tip of the cannula. The gnide
cannula was fixed in position with dental cement and anchored by three
jeweler’s screws. A dummy cannula was kept in place at all other times
except during drug infusion. At the end of the experiment, rats were given
an overdose of sodium pentobarbital, and their brains removed. Unfixed
brains were sectioned coronally at 40 um and stained with cresyl violet to
determine the location of the cannulas. Rats whose microinjection tips were
more than 0.5 mm outside the ventricle were excluded from the analysis
(Paxinos & Watson, 1986). Rats were allowed 5 days recovery between
surgery and the start of the experiment.

Intrathecal surgery was performed as described by Storkson, Kjorsvik,
and Hole (1996). Briefly, an 18-gange needle was inserted between the LS
and L6 vertebrae. The catheter (30-cm, sterile PE-10 tubing) was inserted
through the needle and advanced 3.0 cm rostraily beyond its tip, terminat-
ing in the lumbosacral enlargement. The 18-gange needle was removed,
and the catheter sutured to the superficial musculature of the lower back
before being wnneled subcutaneously to exit through a small incision made
in the dorsal neck region. The catheter was then flushed with sterile saline
and heat sealed. Microinjections of drugs during testing were followed by
an additional microinjection of 25 pl saline to ensure the drug reached the
cord. Correct intrathecal placement was confirmed at the time of surgery by
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tail flick or hind-paw retraction during catheter insertion and after the
completion of tail-flick testing by infusion of 10 ul 2.0% (wtivol) lido-
caine, which produced paralysis of the hindquarters. Rats were then over-
dosed with intraperitoneal sodium pentobarbital. Rats were allowed 5 days
recovery between surgery and the start of the experiment.

Procediire
Familiarization

Across Days 1-4 of the experiments, rats were familiarized with the
handling procedures and test apparatus as described for Experiments 1A,
iB, and 1C.

Test

Cn Day 5 of the experiments, rats were tested. Baseline tail-flick
latencies were determined in the manner described previously. Five min-
utes after baseline determination, rats in Experiment 2A received an
intrapetitoneal injection of 4 mg/kg naloxone methiodide or saline, rats in
Experiment 2B received an intracerebroventricular microinjection of &i-
ther 5 pg naloxone or saline, and rats in Experiment 2C recetved an
intrathecal microinjection of either 5 pg naloxone or saline. Ten minutes
later, rats were injected intraperitoneally with either LiCl or saline. Tail-
flick testing commenced 5 min later and was repeated once every 5 min
for 30 min,

Results and Discussion

The left panel of Figure 2 shows the mean (+ SEM) tail-flick
latencies for rats in each of the four groups in Experiment 2A.
There were no differences between groups in baseline tail-flick
latencies, Fs < 2: means = 5.6 s, saline-saline group; 5.5 s,
saline-LiCl group; 5.6 s, naloxone methiodide—saline group; 5.9 s,
naloxone methiodide-LiCl group. Inspection of the panel indicates
that the quaternary opioid receptor antagonist naloxone methiodide
had little effect on tail-flick latencies among rats later injected with
saline (naloxone methiodide-saline group vs. saline—saline group)
but appeared to have prevented the hyperalgesia among rats sub-
sequently injected with LiCl (naloxone methiodide-LiCl group vs.
saline-LiCl group). These observations were confirmed by the
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g i .
i ¢
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O Saline I Naloxone

Figure 2. Mean (+ SEM) tail-flick latencies from Experiment 2A (left), Experiment 2B (middle), and

Experiment 2C (right). LiCl = lithium chloride.
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statistical analysis. There was a significant main effect for injec-
tion of LiCl versus injection of saline, £(1, 28) = 16.2, critical F(1,
28) = 4.2. There was also a significant main effect for injection of
naloxone methiodide versus saline, (1, 28) = 11.8. Importantly,
there was a significant 2 X 2 interaction, F(1, 28) = 8.6, such that
the effect of naloxone methiodide was greater among rats subse-
quently injected with LiCl than with saline. Thus, these results
document evidence for the invelvement of peripheral opioid re-
ceptors i LiCl-induced hyperalgesia.

The middle panel of Figure 2 shows the mean (+ SEM) tail-flick
latencies for rats in Experiment 2B. There were no differences
between groups in baseline tail-flick latencies, Fs < 3.9
means = 4.6 s, saline—salinie group; 4.3 s, saline—LiCl group; 4.3 s,
naloxone-saline group; 4.4 s, naloxone-LiCl group. Inspection of
the panel indicates that LiCl produced hyperalgesia that was re-
versed by an intracerebroventricular microinjection of naloxone.
These observations were confirmed by the statistical analysis.
There was an overall significant main effect for injection of LiCl
versus saline, F(1, 20) = 19.1, critical £(1, 20) = 4.5. There was
also a significant main eftect for intracerebroventricular microin-
jection of naloxone versus saline, F(1, 20) = 8.4. Importantly,
there was also a significant 2 X 2 inleraction, F(1, 20) = 12.6,
such that the effect of naloxone was greater among rats later
injected with LiCl than with saline. Thus, these results document
evidence for the involvement of supraspinal opicid receptors in
LiCl-induced hyperalgesia.

The right-hand panel of Figure 2 shows the mean (+ SEM)
tail-flick latencies for rats in Experiment 2C. There were no
differences between groups in baseline tail-flick latencies,
Fs <0 3.5: means = 5.2 s, saline—saline group; 5.7 s, saline-LiCl
group; 4.9 s, naloxone—-saline group: 5.2 s, naloxone-LiCl group.
Inspection of the panel indicates that LiCl produced hyperalgesia
that was reversed by an intrathecal microinjection of naloxone.
These observations were confirmed by the statistical analysis.
There was a significant main effect for injection of LiCl versus
saline, F(1, 23) = 6.4, critical F(l, 23) = 4.2. There was no
significant main effect for intrathecal microinjection of naloxone
versus saline, F(1, 23) = 3.9, Importantly, there was a significant
2 ¥ 2 interaction, F(1, 23) = 7.6, such that the effect of intrathecal
microinjection of naloxone was greater among rats later injected
intraperitoneally with LiCl than with saline. Thus, these results
document evidence for the involvement of spinal opicid receptors
in LiCl-induced hyperalgesia.

GENERAL DISCUSSION

This series of experiments has confirmed that an intraperitoneal
injection of the illness-inducing drug LiCl produces hyperalgesia
when rats are tested for pain sensitivity with the tail-flick test.
These experiments have also shown that opioid receptors contrib-
ute to illness-induced hyperalgesia because a subcutaneous injec-
tion of naloxone prevented, in a dose-dependent manner, the
expression of hyperalgesia. There was evidence here that the
populaticn of opioid receptors contributing to hyperalgesia is
widespread throughout the nervous system because restricting the
actions of naloxone to either the peripheral (Experiment 2A) or
central nervous svstems (Experiments 2B and 2C) was equally
effective in preventing the expression of hyperalgesia.

It is unlikely that the reversal of hyperalgesia by an injection of
naloxone in these experiments can be attributed to drug-induced
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alterations in thermoregulation. Specifically, althcugh intraperito-
neal injection of LiCl both increased tail-skin temperature and
decreased tail-flick latency, the former was insensitive to naloxone
injection across a wide dose range, whereas the latter was blocked
in a dose-dependent manner by the opiocid antagonist. Moreover,
hyperalgesia as well as its reversal by a subcutaneous injection of
naloxone was obscrved when tail-skin temperatures for rats in all
groups were experimentally equated by immersion in a 34-°C
waterbath immediately before the test. If either hyperalgesia or its
naloxone sensitivity were secondary to drug-induced changes in
tail-skin temperature, then experimentally equating all groups on
tail-skin temperature should have abolished both effects. Instead,
both hyperalgesia and its reversal by naloxone were preserved
under these conditions. These findings are consistent with demon-
strations that antinociception in the tail-flick test is also indepen-
dent of alterations in thermoregulation (Lichtman, Smith, & Mar-
lin, 1993).

The evidence presented here for widespread opioid receptor
involvement in LiCl-induced hyperalgesia could have been sec-
ondary to a widespread ditfusion of naloxone from the site of
injection in these experiments. For example, it could be argued that
the effects of centrally administered naloxone were secondary to a
diffusion of the drug to the periphery. However, the amount of
naloxone that diffuses to the periphery within 60 min of intrace-
rebral microinjection is low (a maximum of 5% of the total dose)
and is significantly lower than that chscrved within 60 min of
central admunistration of a quaternary form of the antagonist {(a
maximum of 10% of the total dose; Schroeder, Weinger, Vakas-
sian, & Koob, 1991). Moreover, the results of Experiment 1B
directly address this possibility. If the effects of intracerebroven-
tricular or intrathecal microinjections of naloxone were attribut-
able to peripheral diffusion, then the same dose of naloxone
administered systemically should have also prevented hyperalge-
sia. Instead, the results of Experiment 1B showed that this dose of
naloxone as well as an injection of 0.050 mg naloxone, an order of
magnitude higher than the dose of the drug administered centrally
in Experiments 2B and 2C, failed to affect the expression of
hyperalgesia. These results are inconsistent with an interpretation
that accords a causal role to peripheral diffusion of centrafly
administered naloxone in the prevention of hyperalgesia. Alterna-
tively, it could be suggested that the effects of intrathecal naloxone
reported in Experiment 2C were sccondary to the diffusion of the
drug 10 supraspinal sites. However, the available data from con-
ditions similar to those used here indicate minimal supraspinal
diffusion within 25 min of microinjection (Storkson et al., 1996).
In the absence of microinjections into discrete brain regions, it 1s
possible that the effects of intracerebroventricular microinjection
of naloxone (Experiment 2B) could be explained by the caudal
spread of the drug to the spinal cord, but the effects of intracere-
broventricular and intrathecal infusions of the same volume as
used here have previously been dissociated (McNally & West-
brook, 1998, Experiments 3 and 4). Moreover, even if caudal
diffusion were causal to the effects of the intracerebroveniricular
infusion of naloxone, it does not reduce the central finding of these
experiments: Opioid receptors located in the periphery as well as
in the central nervous system (or at least in the spinal cord} serve
a pronociceptive function following an intraperitoneal injection of
LiCL

The evidence for a hyperalgesic function of peripheral and
central opioid receptors documented in the present experiments is
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consistent with previous demonstrations of a pronociceptive role
for these receptors. For example, peripheral opioid receptors con-
tribute to the hyperalgesia produced by nexious chemical stimu-
lation (Van der Kooy, 1986), and antagonism of spinal opioid
receptors prevents the hyperalgesia produced by stimulation of
vagal afferents (Ren, Randich, & Gebhart, 1991). Moreover, this
evidence for the involvement of peripheral and central opioid
receptors in pronociception parallels demonstrations that both pe-
ripheral—in particular those derived from the adrenal—and central
opioid peptides contribute critically to particular instances of
stress-induced hypoalgesia {(e.g., Lewis, Tordoff, Sherman, &
Liebeskind, 1982). Nonetheless, it is difficult to reconcile this
pronociceptive role with the weil-documented hypoalgesic func-
tion of these receptors. In the spinal cord, opioid receptors are
comumonly viewed as producing hypoalgesia through two actions.
The first is through the inhibition of transmitter release from
presynaptic primary afferent terminals, and the second is through
the inhibition of postsynaptic nociceptive neurtons (for review, see
McNally & Akil, in press). There are grounds for suggesting that
this postsynaptic activity could also contribute to hyperalgesia.
Chen and Huang (1991) reported that binding to p-opioid recep-
tors potentiated the consequences of activation of trigeminal dorsal
horn NMDA receptors in vilro. Moreover, Martin, Nie, and Sig-
gins (1997) identified a similar in viiro potentiation of the conse-
quences of NMDA receptor activation by u-opioid receptors on
neurons from the nocleus accumbens, which was restricted to
postsynaptic sites. At the level of the spinal cord, activation of
NMDA receplors has been shown to mediale the hyperalgesia
produced by intraperitoneal injection of LiCl and other illness-
inducing drugs (Watkins, Wiertelak, Furness, & Maier, 1994).
According to this line of reasoning, activity at u-opicid receptors
could be central to maintaining or enhancing activity in spinal
hyperalgesic circuits (see Mao, 1999, for review). In the absence of
direct evidence, such a mechanism is speculative; it is offered
simply to indicate that the behavioral evidence presented here is
not inconsistent with the hypoalgesic function of opioid receptors.
Further experimentation on the effects of specific opieid receptor
subtype antagonists is needed to address this issue.

Finally, it is important to note that the pronociceptive function
of opioid receptors shown here may not generalize to all forms of
hyperalgesia. For instance, the conditioned hyperalgesia observed
in the tail-flick test following intracral infusion of a flavor previ-
cusly paired with an injection of LiCl was reversed by opioid
receptor antagonism {Wiertelak, Murmay, Worenczuk, & Koski,
1999). However, the hyperalgesia observed in this test when rats
were exposed to a distinctive context previously paired with an
injection of LiCl was naloxone insensitive (McNally et al., 1999).
These discrepant tindings not only argue strongly against interpre-
tations emphasizing nonspecific effects of naloxone injection in
reducing hyperalgesia, but they also highlight the complexity
apparent in orgamization of endogenous pronociceptive circuits.
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