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The role of o receptors in antinociceptive processes remains equivocal, because previous o drugs also bind to PCP/NMDA
and opiate receptors. The present study examined the antinociceptive effects of the high-affinity, o-selective ligand 1,3-di-o-
tolylguanidine (DTG; 10, 15, and 20 mg/kg, IP) on tail-withdrawal latencies in mice. DTG produced significant but short-lived
increases in withdrawal latencies at all dose levels. DTG also produced hypothermia, but this effect was dissociable from
antinociception. The highly selective ¢ ligand rimcazole (10 and 25 mg/kg, IP) antagonized DTG antinociception in a
dose-dependent manner. The opiate antagonist naloxone and the PCP/NMDA antagonist MK-801 were, however, without
effect. Haloperidol, which also binds to ¢ receptors, increased withdrawal latencies but did not alter DTG antinociception.
These data implicate o receptors as the site of DTG antinociception, and more generally support the distinction between o,

opiate, and PCP/NMDA receptors.
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BASED on their work with several classes of opioid com-
pounds in the chronic spinal dog preparation, Martin and
co-workers (41) proposed the existence of three types of opiate
receptors designated g, 8, and o. The o receptor was proposed
to account for the dysphoric and psychotomimetic effects ob-
served following the administration of certain opiate benzo-
morphans, such as N-allylnormetazocine (SKF 10,047), cy-
clazocine, and pentazocine. These o opiates also produced
potent pain inhibition in humans and animals (49,50).
However, the use of racemic enaniomers of the benzomor-
phans led to the erroneous characterization of the ¢ receptor
as an opiate receptor subtype. It is now clear that the ¢ binding

site displays opposite stereoselectivity (dextrorotatory < levo-
rotatory) relative to classical opiate receptors [see (60)]. Nal-
oxone and naltrexone, which are levorotatory, do not antago-
nize the in vitro and in vivo effects of ligands acting at the ¢
site (40,52,55,57,59). The observation that SKF 10,047, the
prototypic o ligand, and phencyclidine (PCP) produced simi-
lar behavioral responses in several species, and that ¢ opioids
inhibit the binding of PH]PCP (7,8,29,35,43,54,55), led to the
proposition that o ligands exerted their effects by acting at a
singular “o/PCP” binding site (65). There is now considerable
evidence that these two sites are distinct. The ¢ receptor dis-
plays high affinity for [*H)(+)-SKF 10,047 and is preferen-
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tially labelled by haloperidol. PCP binding sites have low af-
finity for [PH](+)-SKF 10,047 and are located in the ion
channel of the N-methyl-D-aspartate (NMDA) receptor (52).

Attempts to define a functional role for the o receptor have
previously been complicated by drugs that are nonselective for
this site. Even (+)-SKF 10,047 has strong interactions with
other brain binding sites. However, some functional data have
recently become available via the use of ligands such as 1,3-di-
o-tolylguanidine (DTG), which displays high selectivity and
affinity for the o receptor. Depending on the ligand used for
displacement, DTG has an affinity for ¢ receptors several hun-
dredfold greater than for PCP/NMDA receptors (15,56,61).
DTG does not produce the behavioral effects typically ob-
served following PCP administration, and DTG’s physiologic
effects are also not consistent with a PCP/NMDA receptor
site of action (8,25,28,30,62) [see, however, (14)]. Therefore,
DTG represents a suitable probe with which to evaluate the
role of the ¢ receptor in nociceptive processes. In Experiment
1, the effect of the DTG on tail-withdrawal latencies in mice
were examined. To confirm the role of ¢ receptors in DTG
antinociception, animals in Experiment 2 were pretreated with
the ¢ ligands haloperidol and rimcazole, which have been pre-
viously shown to antagonize effects attributable to DTG and
other o ligands (11,12,20,31,34,38,46,47). Furthermore, be-
cause racemic SKF 10,047, (+)-SKF 10,047, and other benzo-
morphan opiates used to characterize the o receptor produce
potent analgesia (1,16,23,35,50) consistent with an opiate or
PCP/NMDA receptor site of action, mice were also pretreated
with the opiate antagonist naloxone and the specific, noncom-
petitive PCP/NMDA antagonist MK-801 (45). Finally, be-
cause DTG has been reported to produce hypothermia in rats
(5), a potential confounding factor in tests of thermal nocicep-
tion such as tail withdrawal, the effect of DTG on body tem-
perature, and the ability of rimcazole to antagonize this effect,
was assessed in Experiment 3.

METHODS
Subjects

Adult male Swiss-Webster mice weighing 30-45 g were
used in all experiments. Animals were housed five to a cage,
and maintained on a 12 L : 12 D cycle (lights on at 08:00 h) in
a temperature-controlled environment, with food and water
available ad lib. Different mice were used in each separate
experiment.

Drugs

The following drugs were used: 1,3-di-o-tolylguanidine
(DTG; Aldrich Chemical Co., Milwaukee, WI), haloperidol
(Research Biochemicals Inc., Natick, MA), MK-801 (dizocil-
pine; Research Biochemicals Inc.), naloxone (Sigma Chemical
Co., St. Louis, MO), and rimcazole (Research Biochemicals
Inc.). DTG was initially dissolved in a small volume of acetic
acid, then enough sodium hydroxide and saline were added to
neutralize (pH 7.0) the solution and obtain the desired final
concentration. All other drugs were dissolved in 0.9% physio-
logic saline. Drugs were injected intraperitoneally in a volume
of 10 ml/kg.

Nociceptive Testing

All testing occurred between 10:00 and 15:00 h. Nocicep-
tive thresholds of all mice were assessed using the tail-
withdrawal test. Briefly, mice were lightly restrained and the
distal 4 cm of their tails immersed in a water bath kept at a
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constant temperature of 50 + 0.2°C. The trial was termi-
nated upon the reflexive removal of the tail from the water,
and the latency recorded by use of a hand-held stopwatch.
Latencies were composed of the mean of two determinations,
separated by approximately 10 s. A cutoff latency of 10 s was
employed to prevent the possibility of tissue damage.

Core Body Temperature

Separate groups of mice were used to assess core body
temperature. A lubricated thermistor probe (YSI 400 Series;
Yellow Springs, OH) connected to a digital thermometer
(VWR Scientific Digital Thermometer 500; San Francisco,
CA) was inserted 3 cm into the rectum. The probe was re-
moved following stabilization of the temperature reading
(£0.1°C).

Data Analysis

In Experiment 1, repeated measures ANOVAs were per-
formed using raw latency data (i.e., preinjection latency vs.
postinjection latency) to establish the existence of antinoci-
ception.

In Experiment 2, postinjection tail-withdrawal latencies
were expressed as percentages of the maximum possible effect
(% MPEs), as calculated by the formula:

(postinjection latency — baseline latency)
(cutoff latency — baseline latency)

%MPE = X 100
The use of %MPEs takes into account differences in baseline
nociceptive latencies so that these differences will not bias the
quantification of antinociception. Group ¥%eMPE means were
compared using a two-way ANOVA (agonist X antagonist)
and then one-way ANOVAs for identification of simple main
effects.

In Experiment 3, a repeated-measures ANOVA was per-
formed on core body temperature data to establish the exis-
tence of hypothermia.

In all experiments, post hoc analyses were performed,
where appropriate, using the Student-Newman-Keuls test.
The criterion level of significance in all cases was p < 0.05.

Experiment 1: Effect of DTG on Nociception

Immediately following assessment of baseline withdrawal
latency, mice received either saline (N = 21) or DTG (10, 15,
or 20 mg/kg; N = 7 per dose), and nociceptive thresholds
were assessed at 15, 30, 60, 90, and 120 min postinjection.
Only one DTG dose was tested each day, with a minimum of
4 days between successive trials, along with a corresponding
number of saline-treated controls. However, there were no
day differences noted in either baseline or postinjection tail-
withdrawal latencies of DTG- or saline-treated mice. Thus, all
saline data were pooled (N = 21).

Experiment 2: Effect of o, PCP/NMDA, and Opiate
Antagonists on DTG Antinociception

Immediately following baseline determinations, subjects
received an antagonist (N = 8-10 per group) or saline (N =
8) followed by DTG. Rimcazole (RIM; 10 and 25 mg/kg),
naloxone (NAL; 5 mg/kg), and saline were administered im-
mediately before DTG administration, and MK-801 (0.1 mg/
kg) and haloperidol (HAL; 0.025 and 0.05 mg/kg) were ad-
ministered 5 and 15 min, respectively, before DTG administra-
tion. Animals were then retested at 15 min following DTG (15
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mg/kg) administration, corresponding to the dose and time
found in Experiment 1 to yield peak antinociception. Separate
groups of mice (N = 8 per group) serving as controls were
pretreated with saline, MK-801, RIM (25 mg/kg), and HAL
(0.025 and 0.05 mg/kg) according to the schedule described
previously, but received saline instead of DTG and were re-
tested 15 min later.

Experiment 3: Effect of DTG and Rimcazole on Core Body
Temperature

Mice (N = 7) received one of the following drug pairs imme-
diately after determination of basal core body temperature: sa-
line plus saline, saline plus DTG (15 mg/kg), RIM plus saline (25
mg/kg), and RIM plus DTG (same doses). Fifteen minutes later,
animals were retested for core body temperature.

RESULTS
Experiment 1

A one-factor-between (DTG dose), one-factor-within re-
peated-measures ANOVA revealed significant main effects of
drug [F(3, 285) = 9.41], repeated measure [F(5, 285) =
44.03], as well as a significant drug X repeated-measure inter-
action [F(15, 285) = 4.39].

No significant differences between baseline tail-withdrawal
latencies were noted [F(3, 57) = 0.66, NS]. Post hoc analyses
revealed that the two higher DTG doses (15 and 20 mg/kg)
produced significant increases in tail-withdrawal latency rela-
tive to saline at 15 and 30 min postinjection (Fig. 1). Peak
levels of antinociception (tail-withdrawal latency increases of
2.5 s) were observed in both doses at 15 min. The low DTG
dose (10 mg/kg) failed to produce significant antinociception
at 15 min postinjection, but did so at 30 min.

It should be noted that the 20 mg/kg dose of DTG proved
lethal in 10-20% of mice. There were no instances of lethality
resulting from either of the lower doses (10 and 15 mg/kg).
We did not observe ataxia or any other motoric effects as
assessed by performance on an inclined plane (data not
shown), even after the 20 mg/kg dose in surviving animals.
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FIG. 1. Mean tail-withdrawal (50°C) latencies following 10, 15, and
20 mg/kg (IP) of DTG. Animals were tested immediately before, and
15, 30, 60, 90 and 120 min following drug administration. Saline
values represent pooled scores from all experimental trials. Baselines
(not shown) did not differ between groups. Error bars are omitted for
purposes of clarity. *Significantly different from saline, p < 0.05.
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FIG. 2. The effect of saline, naloxone (NAL; 5 mg/kg), MK-801 (0.1
mg/kg), haloperidol (HAL; 0.025 and 0.05 mg/kg), and rimcazole
(RIM; 10 mg/kg and 25 mg/kg) on nociceptive thresholds following
either saline or 15 mg/kg DTG. Data are presented as percentages of
the maximum possible effect. Bars represent means + SEM. All
groups receiving DTG displayed significant antinociception relative to
the saline + saline group, except DTG + RIM (25 mg/kg). *Signifi-
cantly different from baseline (saline + saline), p < 0.05. §Signifi-
cantly different from DTG + saline, p < 0.05. n.t., Not tested.

Experiment 2

As in Experiment 1, there were no significant baseline dif-
ferences between groups, and neither DTG nor any of the
antagonists, alone or in combination, produced visible ataxia
or motoric impairment. A two-way ANOVA revealed signifi-
cant main effects of agonist [DTG vs. saline; F(1, 100) =
37.53] and antagonist [F(6, 100) = 7.75], as well as a signifi-
cant agonist X antagonist interaction [F{4, 100) = 7.07]. A
one-way ANOVA performed on mice receiving saline instead
of an antagonist revealed a significant simple main effect of
DTG [F(1, 35) = 45.46] (Fig. 2). The mean DTG antinocicep-
tion in these animals was 43.6 %MPE, which was virtually
identical to the level observed in Experiment 1. A one-way
ANOVA performed on mice receiving saline instead of DTG
revealed a significant simple main effect of antagonist [F(4,
30) = 6.78], indicating that at least one of the antagonists
produced antinociception. Post hoc analysis demonstrated
that only HAL, at both doses, was antinociceptive. A one-way
ANOVA performed on mice receiving DTG as the agonist also
revealed a significant simple main effect of antagonist [F(6,
61) = 8.43]. Post hoc analysis demonstrated a significant an-
tagonism of DTG antinociception by both doses of RIM. No
other antagonist significantly altered DTG antinociception.

Experiment 3

1,3-di-o-Tolylguanidine produced significant hypothermia
[F(1, 16) = 46.65], but this effect was not altered by the prior
administration of RIM [F(1, 16) = 0.35, NS]. RIM alone had
no effect on core body temperature [F(1, 8) = 0.35, NS] (Ta-
ble 1).

DISCUSSION

In the present study, DTG produced small but significant
increases in nociceptive thresholds. Antinociception was not
accompanied by gross motor impairment, a result similar to
those reported for other species following systemic adminis-
tration (5,8,62).



590

KEST ET AL.

TABLE 1

EFFECTS OF DTG (15 mg/kg) AND RIMCAZOLE (25 mg/kg) ON
CORE BODY TEMPERATURE

Group N BL PI PI - BL
Saline + saline 5 38.1 + 0.1 38.0 + 0.1 -0.1
Saline + DTG S 383 + 0.2 349 + 0.6* 3.3t
Rimcazole + saline 5 38.2 + 0.2 38.1 £ 0.2 -0.1
Rimcazole + DTG 5 38.2 + 0.1 342 + 0.9* 4.0t

BL, Baseline temperature; PI, Postinjection temperature. Values are expressed
as mean + SEM. *Significantly different from BL, p < 0.05. tSignificantly differ-

ent from saline + saline, p < 0.05.

The supposition that DTG’s antinociceptive effect was me-
diated by activity at o-binding sites is supported by the finding
that 15 mg/kg DTG antinociception was significantly blocked
by rimcazole (10 and 25 mg/kg) in a dose-dependent manner,
but not by the opioid antagonist naltrexone (5 mg/kg) or the
NMDA antagonist MK-801 (0.1 mg/kg). Rimcazole has good
affinity and high selectivity for the o receptor, with at least a
10-100 times higher affinity for o-binding sites than at 16
other CNS receptor sites (18-20). Rimcazole has also been
previously reported to antagonize physiologic and behavioral
effects attributable to o receptors and DTG (11,12,31). The
failure of both naltrexone and MK-801 to block DTG antino-
ciception in the present study is consistent with their lack of
affinity for the o-receptor site (17,40,52,55,57,59). However,
the failure of MK-801 to block DTG antinociception does not
necessarily preclude the converse: that DTG antinociception is
affected through NMDA receptors. Because NMDA is prono-
ciceptive (1,16), DTG may produce antinociception if it acts
as an NMDA antagonist. In this case, the antinociceptive ac-
tions of DTG would not be blocked by MK-801, as was ob-
served here, because both agents act in the same direction
(i.e., NMDA antagonism). However, this possibility is not
likely, as DTG antinociception was blocked by rimcazole,
which has no affinity for the NMDA receptor, and NMDA
antagonism had no antinociceptive effect in our behavioral
paradigm (see MK-Sal group, Experiment 2). Furthermore,
Delander and Wabhl (16) reported that MK-801 and PCP, but
not DTG, reduce NMDA-induced nociception following in-
trathecal administration. For these reasons, it does not appear
that DTG produces antinociception by acting as an NMDA
receptor antagonist. Thus, in addition to opioid receptors,
PCP/NMDA receptors are also discounted as a putative site
of DTG antinociception, consistent with the lack of even mod-
erate affinity of DTG for either site (61).

In the study by Delander and Wahl (16), DTG was ineffec-
tive in reducing NMDA- and substance P-induced nociception
following intrathecal administration. Although this observa-
tion seems to contrast with the present results, it may be attrib-
utable to the different routes of administration used in the two
studies. Because all three drugs used in their study were adminis-
tered intrathecally, any conclusions would be limited to the role
of DTG and o receptors in spinal mechanisms of antinocicep-
tion. In the present study, DTG was administered systemically,
allowing for the possibility that the drug interacted with any
number of supraspinal loci that are involved in modulating noc-
iception. Sites that have been reported to display high densities
of DTG binding sites (42) and modulate pain reactivity include
the dorsal raphe nucleus (2,3,37), locus coeruleus (26,27,33,44),

habenula (6,13), and the paraventricular nucleus and medial
preoptic area of the hypothalamus (10,63).

Haloperidol, which has high affinity for ¢ receptors (24,
58,60,64,66), potently displaces "H)DTG binding (22,53), and
has putative antagonist effects at the ¢ site (17,38,52), also
did not significantly alter DTG antinociception in the present
study. However, haloperidol significantly increased nocicep-
tive thresholds on its own. Therefore, any potential antagonis-
tic effect of haloperidol on DTG antinociception may have
been masked. A clear agonist-antagonist relationship for hal-
operidol at ¢-binding sites has yet to be unequivocally deter-
mined (4,39), and thus a o site of action in haloperidol anti-
nociception is not inconceivable. Alternatively, haloperidol
may have increased nociceptive thresholds by acting at recep-
tor sites other than o receptors. Indeed, haloperidol binds with
high affinity to dopaminergic, «;-adrenergic, serotonergic,
and muscarinic receptors (9,48,51). Because these receptors
have all been shown to have modulatory roles in nociceptive
circuits [see (21)], it is difficult to ascribe the activity of halo-
peridol in the present study exclusively to a single site of ac-
tion.

In agreement with previous studies using rats (5), we ob-
served significant hypothermia in mice following DTG admin-
istration. This finding represents a potential confound of ef-
fects in nociceptive assays that use reactivity to thermal stimuli
as an end point. However, it is unlikely that the increases in
nociceptive thresholds observed presently in the tail-with-
drawal test following DTG administration are a result of hy-
pothermia, as only DTG antinociception, but not hypother-
mia, was blocked by rimcazole. This finding is consistent with
the previously reported inability of rimcazole to block DTG
hypothermia in the rat (5). Furthermore, DTG produces
marked reductions in pain behavior following SC injection of
formalin into the paw, a nonthermal test of nociception (36).
Subtypes of the o receptor have been described (32,60), and it
is possible that DTG exerts its hypothermic effects at a o-
receptor subtype at which rimcazole has low affinity.

The modest magnitude of the DTG antinociception re-
ported here may be more attributable to the method of noci-
ceptive assessment used (tail withdrawal) than to the intrinsic
analgesic activity of DTG. We have recently observed DTG
antinociception of a considerably larger magnitude when as-
sayed using the more sensitive formalin test (36). Although
DTG is among the best of the current ¢ ligands, the in vivo
pharmacology of DTG and its metabolites is not fully charac-
terized at this time, and ascribing the present findings solely
to a o site of action must be made with caution. Furthermore,
because the highest dose of DTG (20 mg/kg) produced 10-
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20% mortality in mice, lower doses of the drug (10 and 15
mg/kg) could be toxic, although no motoric dysfunction or
indications of malaise were apparent upon gross inspection.
However, given that the psychotomimetic side effects of
benzomorphan opiates are now thought not to be mediated at
o sites (49), a reevaluation of the clinical potential of ¢ ligands
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