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ABSTRACT
The heritability of nociception and antinociception has been
well established in the mouse. The pharmacogenetics of mor-
phine analgesia are fairly well characterized, but far less is
known about other analgesics. The purpose of this work was to
begin the systematic genetic study of non-�-opioid analgesics.
We tested mice of 12 inbred mouse strains for baseline noci-
ceptive sensitivity (49°C tail-withdrawal assay) and subsequent
antinociceptive sensitivity to systemic administration of (trans)-
3,4-dichloro-N-methyl-N-[2-(1-pyrrolidinyl)-cyclohexyl]benzene-
acetamide methane-sulfonate hydrate (U50,488; 10–150 mg/kg),
a �-opioid receptor agonist; (R)-(�)-[2,3-dihydro-5-methyl-3-(4-
morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-1-
naphthalenylmethanone (WIN55,212-2; 0.5–480 mg/kg), a syn-
thetic cannabinoid receptor agonist; epibatidine (7.5–150 �g/kg),
a nicotinic receptor agonist; clonidine (0.1–5 mg/kg), an �2-
adrenergic receptor agonist; and, for purposes of comparison, the

prototypic �-opioid receptor agonist, morphine (5–200 mg/kg).
Robust interstrain variability was observed in nociceptive sensi-
tivity and in the antinociceptive effects of each of the drugs, with
extreme-responding strains exhibiting antinociceptive potencies
differing up to 37-fold. Unexpectedly, we observed moderate-to-
high genetic correlations of strain sensitivities to the five drugs (r �
0.39–0.77). We also found moderate-to-high correlations be-
tween baseline nociceptive sensitivity and subsequent analgesic
response to each drug (r � 0.33–0.68). The generalizability of
these findings was established in follow-up experiments investi-
gating morphine and clonidine inhibition of formalin test nocicep-
tion. Despite the fact that each drug activates a unique receptor,
our results suggest that the potency of each drug is affected by a
common set of genes. However, the genes in question may affect
antinociception indirectly, via a primary action on baseline noci-
ceptive sensitivity.

Wide interindividual variability exists in experimental and
clinical responses to opioids in humans (see Mogil, 1999).
Morphine analgesic magnitude is likely heritable in humans
(Liston et al., 1981) and is certainly so in mice (see Mogil,
1999). Morphine antinociception has been subjected to sys-
tematic genetic analysis in mice, and quantitative trait loci
(QTLs) accounting for the vast majority of the genetic vari-
ance have been localized to broad chromosomal regions
(Belknap and Crabbe, 1992; Bergeson et al., 2001). For two of
these QTLs we have provided pharmacological and/or bind-

ing evidence implicating specific genes: the �-opioid receptor
gene (Oprm) on chromosome 10 (Belknap et al., 1995) and the
serotonin-1B (5-hydroxytryptamine-1B) receptor gene
(Htr1b) on chromosome 9 (Hain et al., 1999). Genetic vari-
ability in response to other analgesic classes is evidenced by
the demonstration of strain differences (e.g., Pick et al., 1991;
Onaivi et al., 1996; Rady et al., 1998; Flores et al., 1999), but
the pharmacogenetics of such drugs have not yet been stud-
ied in detail.

Even though morphine and other �-opioid agonists remain
the most common drug therapies for moderate-to-severe
pain, morphine has well known side effects and can be insuf-
ficiently efficacious at well tolerated doses (Jaffe and Martin,
1990). This has encouraged the use of alternatives or ad-
juncts such as �-opioid (see Millan, 1990) and �-adrenergic
agonists (see MacPherson, 2000), and the development of
novel analgesic classes such as cannabinoid (see Martin and
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Lichtman, 1998) and nicotinic receptor agonists (see Flores
and Hargreaves, 1999). All of these drugs are thought to
inhibit pain by activating descending pain-modulatory path-
ways, but the extent to which their underlying circuitries are
distinct from morphine is unclear. An appreciation of
whether common or distinct genetic factors contribute to the
variable efficacy of alternative analgesics may improve our
understanding of analgesic physiology and may facilitate the
development of individualized pain therapies.

Genetic correlation analysis can be used to assess whether
two or more traits have common genetic determination (see
Crabbe et al., 1990), even prior to the identification of the
relevant genes. Because the genetic correlation of two traits
demonstrates the existence of common genes affecting both
traits, common biochemical and/or neuronal mediation is im-
plied. Inbred mouse strains, which are homozygous at virtually
all genetic loci, are well suited for assessing genetic correlation
among traits (see Mogil, 2000 for a detailed explanation). We
previously studied genetic correlations among multiple assays
of nociception in the mouse, providing evidence for the existence
of major “types” of pain (thermal, chemical, mechanical allo-
dynia, thermal hyperalgesia, and afferent-dependent thermal
hyperalgesia) as defined by genetic codetermination (Mogil et
al., 1999a,b; Lariviere et al., 2002).

Our aim presently is to investigate sensitivity to inhibition
of nociception produced by multiple analgesic compounds in a
common set of inbred mouse strains. These data can be used
to establish heritability, identify extreme-responding strains
for use in QTL mapping efforts, and to assess genetic corre-
lations among the drugs and with basal nociceptive sensitiv-
ity. To these ends, we determined full dose-response relation-
ships in 12 inbred mouse strains to systemic injection of five
different analgesic compounds active on the 49°C tail-with-
drawal test: 1) morphine; 2) the �-opioid receptor agonist,
U-50,488; 3) the cannabinoid CB-1 receptor agonist, WIN
55,212-2; 4) the neuronal nicotinic receptor agonist, epibati-
dine; and, 5) the �2-adrenergic receptor agonist, clonidine.
Based on the previous demonstration of strain differences by
ourselves and others (Kunos et al., 1987; Pick et al., 1991;
Onaivi et al., 1996; Flores et al., 1999; Wilson et al., 1999;
Barrett et al., 2002), it was anticipated that sensitivity to
each of these drugs would be heritable. Because each drug
binds to and activates unique receptors, one might postulate
that different genes would mediate variability in responses to
each one. That is, the default assumption (a null hypothesis
of zero genetic correlation) would be that variability is pro-
duced by alternate forms or expression levels of the specific
receptor protein in each case. However, all these drugs are
known to interact with descending pain-modulatory neuro-
nal circuitry, and thus genes with common effects on several
of the drugs may exist. Genetic correlation among antinoci-
ceptive responses to these disparate compounds would imply
the existence of such genes.

Whereas the thermal nociceptive assay employed here has
been shown to predict clinical efficacy of opiate analgesics,
clinical pain is long-lasting, and typically inflammatory or
neuropathic in nature. Thus, to establish the generalizability
of findings to a nociceptive assay with greater clinical rele-
vance, a smaller follow-up study was also conducted, involv-
ing single-dose administration of morphine and clonidine to a
subset of strains on the formalin test of tonic chemical/in-
flammatory nociception.

Materials and Methods
Subjects. Male and female mice of the outbred strain, CD-1

(Hsd:ICR), were obtained from Harlan (Indianapolis, IN). Male and
female mice of the following 12 inbred strains, 129P3, A, AKR,
BALB/c, C3H/He, C57BL/6, C57BL/10, C58, CBA, DBA/2, RIIIS, and
SM (all “J” substrains), were obtained from The Jackson Laboratory
(Bar Harbor, ME). Mice were bred in our temperature-controlled
(22 � 2°C) vivarium on a 12-h light/dark cycle (lights on at 7:00 AM).
Mice were weaned at 18 to 21 days of age, housed with same-sex
littermates in groups of two to five, and given ad libitum access to
food (Harlan Teklad 8604) and tap water. All mice (n � 6–30/strain/
dose/drug) were naive when tested, at not less than 6 weeks of age.
An approximately equal number of male and female mice were tested
in each condition.

Nociceptive Testing. The 49°C tail-withdrawal/immersion test,
originally described by Ben-Bassat et al. (1959) and modified by
Janssen et al. (1963), was used to measure reflexive responses to
thermal nociception. A spinal reflex was preferable in this case to
other nociceptive assays because antinociceptive doses of opioid,
cannabinoid, and nicotinic drugs may produce motoric impairments
that are likely to confound assessment of antinociception in assays
requiring a coordinated behavioral response. During testing, mice
were gently restrained in a cardboard-bottomed cloth holder, and the
distal half of the tail was immersed in water maintained at 49 �
0.2°C by a thermal circulator. The latency to a reflexive withdrawal
response was measured to the nearest 0.1 s by an experienced ob-
server. For increased accuracy, two latency determinations sepa-
rated by at least 10 s were made and averaged together at each time
point. A 15-s cut-off was imposed to prevent any possible tissue
damage and to decrease the possibility of repeated-measures effects.

In a separate experiment, the formalin test (Dubuisson and Den-
nis, 1977) was used. Mice were injected subcutaneously into the
plantar surface of the right hindpaw, with 20 �l of 5% formalin,
using a 25 �l Hamilton microsyringe attached to a 30-gauge needle.
Mice were immediately returned to their Plexiglas observation
chamber (12 � 12 cm; 20 cm high), and the presence/absence of
licking or biting of the affected hindpaw was sampled for 5 consec-
utive seconds of each minute for the next 40 min. As described by
Saddi and Abbott (2000), and confirmed by our own pilot studies
(data not shown), a sampling strategy yields highly accurate data in
this assay, especially in the late/tonic phase. The early/acute and
late/tonic phases were defined as 0 to 5 min and 5 to 40 min postin-
jection, respectively.

Although only one stimulus intensity was used in these experi-
ments (49°C water and 20 �l of 5% formalin), it has been previously
demonstrated using similar assays that the relative nociceptive and
morphine antinociceptive sensitivities of inbred mouse strains are
preserved with changes in stimulus intensity (Elmer et al., 1997).

Drugs. Dose-response relationships were in all cases collected
using a between-subjects design, not cumulative dosing. The �-opi-
oid receptor agonist, morphine sulfate (National Institute for Drug
Abuse, Rockville, MD), was dissolved in saline and administered in
doses ranging from 5 to 200 mg/kg. The selective �-opioid receptor
agonist, (�)-trans-U50,488 methanesulfonate (Tocris Inc., Ballwin,
MO), was dissolved in saline and administered in doses ranging from
10 to 150 mg/kg. The high affinity cannabinoid CB-1 receptor ago-
nist, R(�)-WIN 55,212-2 mesylate (Tocris), was dissolved in a 50%
propylene glycol/saline solution and administered in doses ranging
from 0.5 to 480 mg/kg. In pilot studies, even 100% propylene glycol
had no discernible antinociceptive properties in the 49°C tail-with-
drawal test. The nicotinic acetylcholine receptor agonist, (�)-epiba-
tidine dihydrochloride (Sigma-Aldrich, St. Louis, MO), was dissolved
in saline and administered in doses ranging from 7.5 to 150 �g/kg.
The selective �2-adrenergic receptor agonist, clonidine (Sigma-Al-
drich), was dissolved in saline and administered in doses ranging
from 0.1 to 5 mg/kg. The starting dose for all strains was based on
pilot data obtained in CD-1 mice (data not shown). Final dose ranges
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of all drugs were determined as the experiments progressed, in an
attempt to gather data encompassing the entire linear phase of the
dose-response curve for each strain and drug. Successively higher
and lower doses were tested in each strain until the following criteria
were fulfilled: a) data from at least three doses per strain were
obtained; b) the lowest dose yielded maximum percentage of antino-
ciception (see below) of �35%; and, c) the highest dose yielded max-
imum percentage of antinociception of �65%. All drugs were admin-
istered i.p. in a volume of 10 ml/kg.

In the formalin test experiment, 5 mg/kg morphine and 0.025
mg/kg clonidine were used. These doses were based on pilot data
from CD-1 mice.

Experimental Protocol. Nociceptive testing occurred immedi-
ately before, and 15, 30, and 60 min postinjection for all drugs except
for the shorter-acting epibatidine, which occurred immediately be-
fore and 10, 20, and 30 min postinjection.

In the formalin test experiment, 6 of the 12 strains were used,
representing a range of basal sensitivities to formalin based on
previous data (Mogil et al., 1999a), as were outbred CD-1 mice (as no
attempt to estimate heritability was made in this limited experi-
ment). Because the formalin test should only be applied once to an
individual mouse, separate groups of saline- and drug-pretreated
subjects were tested. Mice were habituated to individual Plexiglas
observation chambers for 30 min, given a systemic injection of saline
or drug (5 mg/kg morphine or 0.025 mg/kg clonidine), and returned to
their chambers. Twenty minutes later, every mouse received an
intraplantar injection of 5% formalin and was then sampled for
formalin-induced licking behavior as described above. Immediately
after the cessation of testing, mice were sacrificed and both hindpaws
were severed at the ankle and weighed as previously described
(Mogil et al., 1998). The difference in weight between injected and
noninjected hindpaws was used as a measure of inflammation. Data
from eight mice were discarded based on low inflammation values
(i.e., inadequate formalin injection).

Data Analysis. Percentage of antinociception (i.e., percentage of
the maximum possible effect) at each time point was calculated for
individual mice as: [(postdrug latency � baseline latency)/(cut-off
latency � baseline latency)] � 100. The maximal percentage of
antinociception at any time point was used as the dependent mea-
sure of drug response (see below). We have observed that none of the
12 strains tested here displays significant changes in nociceptive
sensitivity after saline injection using a 49°C stimulus (S. G. Wilson
and J. S. Mogil, unpublished data). Strain differences were initially
assessed using analysis of covariance (SYSTAT v.10.0; Systat Soft-
ware Inc., Richmond, CA) with dose entered as a covariate when
using antinociception as the dependent measure. Dose-response
curves, comprised of three to four doses of each drug within the
linear portion of the dose-response relationship for each strain (see
above), were used to calculate half-maximal antinociceptive dose
(AD50) (Tallarida and Murray, 1981).

Because strain-dependent antinociception may be manifested as
differences in duration and/or peak response magnitude (see, e.g.,
Flores et al., 1999), we also calculated total antinociception (using
areas under the curve) over the entire testing period. Indeed, strain
differences in antinociceptive duration were noted (data not shown).
AD50s were less precise for total antinociception, however. Because
the genetic correlations among traits were essentially equivalent
using either measure, for simplicity we present only peak antinoci-
ception data.

In the formalin test experiment, formalin responding was quanti-
fied as the percentage of samples in each phase (early/acute, 0–5
min; late/tonic, 5–40 min) in which the mouse exhibited licking
behavior. Drug antinociception at the single dose used was quanti-
fied as percentage of antinociception in each phase with respect to
the mean values of the saline-treated animals of their strain.

Inbred strains are virtually genetically identical within strain,
and thus narrow-sense heritability (h2) can be estimated from the
between-strain (i.e., additive) genetic variation (Va) and the within-

strain (error) variation (Ve) using the formula: h2 � Va/(Va� Ve) (Fal-
coner and Mackay, 1996), which is based on the population intraclass
correlation coefficient. Sample variance components were estimated by
equating the mean squares from an analysis of variance fitting the
effects of strain and dose to the expected mean squares; this method is
most appropriate for the small sample sizes used and potential viola-
tions of normality (Lynch and Walsh, 1998). Because the sample size
per strain and dose varied in our data set, we used an approximation for
the standard error of h2 (Swiger et al., 1964).

Genetic correlations among traits (baseline latency and drug
AD50s) were assessed using correlation coefficients applied to inbred
strain means. Because the joint distribution of the traits was not
always normal, and we were interested in any common relationship
between dependent measures and not necessarily the linear relation-
ship, we chose to employ Spearman’s correlation (rs) for rank data in
all cases. However, Pearson’s correlations yielded very similar re-
sults (not shown). The criterion level of significance in all experi-
ments was chosen as � � 0.05.

Results
Strain Differences in Baseline Sensitivity and Heri-

tability Estimates. Collapsing across drug, we observed a
main effect of strain (F11,1548 � 30.1, p � 0.001) on baseline
nociceptive sensitivity to the 49°C tail-withdrawal test.
Strain sensitivities were highly correlated with those previ-
ously reported (rs � 0.89, p � 0.005) (Mogil et al., 1999a). The
heritability of baseline nociceptive sensitivity to the 49°C
tail-withdrawal test was estimated as h2 � 0.26 � 0.08.

Strain Differences in Antinociceptive Sensitivity
and Heritability Estimates. Significant main effects of
mouse strain were obtained for every analgesic (p � 0.001 in
all cases). Dose-response curves for peak antinociceptive sen-
sitivity to morphine, U50,488, WIN55,212-2, epibatidine, and
clonidine for each strain are shown in Figs. 1 to 5. At the peak
time point, robust (�65%) antinociception was achieved at
the highest dose tested in every case but two: AKR and CBA
mice were found to be particularly insensitive to the antino-
ciceptive effects of epibatidine, and the highest dose shown in
each case was associated with lethality in these strains (see
Fig. 4). AD50s with associated 95% confidence intervals are
shown in Table 1. No strain was the most or least sensitive to
all drugs, although more general patterns of sensitivity can
be evinced (see below). Heritability estimates of peak noci-
ceptive sensitivity for each drug ranged from h2 � 0.12
(U50,488) to 0.42 (clonidine) (see Table 1). Heritability esti-
mates based on total antinociception over the entire testing
period overlapped those for peak antinociceptive sensitivity
for all drugs except U50,488, for which an estimate of h2 �
0.21 was obtained for the former measure, suggesting the
existence of additional genetic factors for that drug of specific
relevance to duration of antinociception.

Sex Differences. For baseline nociception, we found a
significant main effect of sex (F1,1536 � 9.0, p � 0.005; male:
2.84 � 0.04 s; female: 2.68 � 0.04 s) but no significant sex by
strain interaction (F11,1536 � 1.1, p � 0.33). Sex-specific
heritability in both males and females was h2 � 0.26.

For antinociception, we observed a significant main effect
of sex only for clonidine (F1,199 � 17.4, p � 0.001). The sex by
strain interaction was significant for morphine,
WIN55,212-2, and epibatidine (p � 0.01, p � 0.05, and p �
0.05, respectively). Because sample sizes were too low to
properly assess the presence of sex differences in individual
cases, sex-specific AD50s are not shown. However, they were
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calculated, and males were more sensitive to drug-induced
antinociception than females in 9 of the 13 instances where
AD50s appeared to differ. Such a finding would be broadly in
line with the existing rodent literature, in which males gen-
erally (but not exclusively, depending on strain) display in-
creased antinociception relative to females where differences
exist (Kest et al., 1999; Mogil et al., 2000; Barrett et al., 2002;
see Craft, 2002). Heritability estimates calculated from sex-
specific data subsets were similar for morphine, epibatidine,
and clonidine. U50,488 antinociception appeared more highly
heritable in females (h2 � 0.22 versus 0.09, respectively),
whereas WIN55,212-2 antinociception was more highly her-
itable in males (h2 � 0.44 versus 0.24). It should be noted
finally that the genetic correlations described below were
very similar, regardless of whether male-only, female-only,
or combined data were considered.

Genetic Correlations. Correlations between ranked
strain sensitivities (i.e., AD50s) to morphine, U50,488,

WIN55,212-2, epibatidine, and clonidine are shown in Fig. 6.
Because we were unable to obtain full, linear dose-response
curves in AKR and CBA mice given epibatidine due to lethal-
ity at the highest doses tested (see above), correlations in-
volving epibatidine were based on values from the remaining
10 strains only. Of the 10 possible correlations among five
analgesics, 9 were significant at the � � 0.05 level before
correction for multiple comparisons, 7 were significant after
5% false discovery rate control (Benjamini and Hochberg,
1995), and none remained significant after Bonferroni cor-
rection. Figure 7 illustrates correlations between baseline
nociceptive sensitivity and antinociception from each of the
five drugs. Of the five correlations, three were significant
before correction, two after false discovery rate control, and
none after Bonferroni correction. We note that since the main
purpose of this work is to generate hypotheses, the signifi-
cance of individual correlations is not an overriding concern
here.

Fig. 1. Dose-response curves of antinoci-
ceptive sensitivity of 12 inbred mouse
strains to morphine sulfate, defined as
the maximum percentage of antinocicep-
tion relative to baseline nociceptive sensi-
tivity at any time point (see the text).
Symbols represent the mean � S.E.M. of
six or more mice.
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Formalin Test Experiment. There were no significant
strain differences in formalin-induced inflammation as in-
dexed by difference in hindpaw weight. Morphine displayed
anti-inflammatory actions (p � 0.001), but clonidine did not.
Although strain differences in the anti-inflammatory actions
of morphine were seen (p � 0.005), there was no significant
correlation between those actions and morphine antinocicep-
tion (rs � �0.20).

Responses of saline-treated mice were significantly strain-
dependent in the early/acute (F7,86 � 3.2, p � 0.005) and
late/tonic phase (F7,86 � 6.7, p � 0.001), and highly corre-
lated (early/acute: rs � 0.60; late/tonic: rs � 0.94) with pre-
viously collected data in which mice were tested without
saline pretreatment (Mogil et al., 1999a). The high correla-
tion, approaching unity in the late/tonic phase, speaks both
to the reliability of inbred strain differences on the formalin
test and the accuracy of the sampling approach. The corre-
lation of formalin test sensitivity and tail-withdrawal test

sensitivity in the six common strains in the present experi-
ment was found to be rs � 0.77. Such a high correlation was
unexpected based on our previous findings of considerable
genetic independence of these assays (rs � 0.26; Mogil et al.,
1999b), but the previous findings were based on a comparison
of 11 strains.

Morphine antinociception was significantly strain-depen-
dent in both phases (early/acute: F6,55 � 5.5, p � 0.001;
late/tonic: F6,55 � 5.8, p � 0.001). Clonidine only produced
significant antinociception of late-phase responding, and this
antinociception was also strain-dependent (F6,71 � 2.3, p �
0.05). For the sake of comparison among the drugs, and
because the purpose of this experiment was to establish
greater clinical relevance, we hereinafter report only late/
tonic phase data, which are most reflective of clinical pain. As
shown in Fig. 8, saline-treated formalin sensitivity in the late
phase was highly correlated with morphine antinociception
(rs � �0.79, p � 0.05) and clonidine antinociception (rs �

Fig. 2. Dose-response curves of antinoci-
ceptive sensitivity of 12 inbred mouse
strains to U50,488, defined as the maxi-
mum percentage of antinociception rela-
tive to baseline nociceptive sensitivity at
any time point (see the text). Symbols rep-
resent the mean � S.E.M. of six or more
mice.
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�0.86, p � 0.05). Thus, in the formalin test too, strains more
sensitive to the nociceptive stimulus are simultaneously less
sensitive to inhibition of that stimulus by analgesic drugs.
Furthermore, morphine antinociception and clonidine an-
tinociception on the formalin test were significantly corre-
lated (rs � 0.71, p � 0.05).

Discussion
Strain Dependence of Nociception and Antinocicep-

tion. In agreement with much previous data, baseline noci-
ceptive sensitivity to both thermal and chemical/inflamma-
tory stimuli, and drug inhibition of these stimuli, were found
to be strain-dependent in the mouse. That morphine antino-
ciception varies with mouse genotype has been reported
many times (see Mogil et al., 1996b; Mogil, 1999). Genotypic
dependence of �-opioid antinociception has also been shown

on several occasions (e.g., Pick et al., 1991; Barrett et al.,
2002).

By comparison, much less is known about the genetics
underlying antinociceptive sensitivity to other drug classes.
Onaivi et al. (1996) reported strain-dependent antinocicep-
tion from the prototypic cannabinoid, �9-tetrahydrocannabi-
nol, in three mouse strains, and Seale et al. (1996) observed
large strain differences in nicotine antinociception between
two outbred mouse stocks. Our laboratory has previously
reported that cannabinoid- and epibatidine-induced antino-
ciception are genotype-dependent based on single-dose strain
surveys (Flores et al., 1999; Wilson et al., 1999). To our
knowledge, mouse strains have not been examined for differ-
ential antinociceptive sensitivity to clonidine, although dif-
ferences among rat strains have been observed for clonidine
inhibition of formalin nociception (Kunos et al., 1987) and
mechanical allodynia (Lee et al., 1997).

Fig. 3. Dose-response curves of antinoci-
ceptive sensitivity of 12 inbred mouse
strains to WIN55,212-2, defined as the
maximum percentage of antinociception
relative to baseline nociceptive sensitivity
at any time point (see the text). Symbols
represent the mean � S.E.M. of six or
more mice.
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The present study is novel in its concurrent evaluation of
multiple strains and multiple drugs, allowing for the system-
atic evaluation of the genetic basis of drug antinociception as
a class of related traits. Furthermore, as full dose-response
information is compiled, we expect that these data may be-
come a valuable resource for the design of future experiments
and the interpretation of transgenic studies, given that the
antinociception-resistant C57BL/6 strain is the default ge-
netic background on which null mutations are constructed
(see Lariviere et al., 2001).

Genetic Correlations among Analgesics. The surpris-
ingly high genetic correlation of mouse strain sensitivity to
morphine, U50,488, WIN55,212-2, epibatidine, and clonidine
provides evidence for the existence of common genes respon-
sible for variability in antinociceptive magnitude. In turn,
this genetic commonality implies at least partial commonal-
ity of the physiological mediation of these traits. The corre-

lation between morphine and clonidine was also seen on the
formalin test, suggesting that this phenomenon is more than
an idiosyncrasy of the tail-withdrawal assay. This finding
strongly suggests that the gene(s) responsible for variability
in analgesic drug response are not those coding for the recep-
tor being bound by that drug, in which case five different
proteins (and thus five different genes) would be implicated.
We believe that these data therefore argue against a common
assumption of pharmacogenetics researchers that pharmaco-
dynamic variability will be explained primarily by polymor-
phisms in or near the gene coding for the drug’s molecular
binding site. Given that these five drugs are also biotrans-
formed and degraded by largely separate enzymatic path-
ways, it is not at all clear how a pharmacokinetic explanation
could account for the genetic correlation.

To our knowledge, only three studies have ever attempted
to address the issue of genetic commonality or dissociation

Fig. 4. Dose-response curves of antinoci-
ceptive sensitivity of 12 inbred mouse
strains to epibatidine, defined as the max-
imum percentage of antinociception rela-
tive to baseline nociceptive sensitivity at
any time point (see the text). Symbols rep-
resent the mean � S.E.M. of six or more
mice. �, dose associated with significant
lethality in that strain, precluding the use
of higher doses.
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among multiple analgesics. In one study by Belknap et al.
(1987), mice selectively bred for high and low levorphanol (a
�-opioid agonist) inhibition of thermal nociception were
found to similarly diverge in their antinociceptive responses
to morphine, the �-opioid U50,488, the mixed-action opioids
ethylketazocine and pentazocine, and clonidine. However,
the magnitude of the divergence was greatly reduced in the
case of clonidine and the �-opioid drugs, leading to the con-
clusion that sensitivity to these analgesics was mediated
largely independently from that of levorphanol and mor-
phine. Note, though, that the opposite conclusion (i.e., ge-
netic commonality) is also clearly supported by these data. In
an analogous selective breeding project, this time for swim
stress-induced antinociception, we found that selection also
affected morphine, levorphanol, and U50,488 antinocicep-
tion, and argued for genetic commonality (Marek et al., 1993;
Mogil et al., 1995). Finally, an independence of the genetic

mediation of �- and �-opioid antinociception was postulated
by Pick et al. (1991), based on a comparison of dose-response
curves for morphine and U50,488 in three strains (outbred
CD-1, outbred Swiss-Webster, and inbred BALB/c). None of
these findings can be addressed specifically, since different
genotypes were compared relative to the present work.

“Master” Antinociception Genes? The clear prediction
of the present finding, genetic correlation of sensitivity to
disparate analgesics, is that a “master” gene or set of genes
may exist, contributing to variable responses to all of them.
We are currently applying QTL mapping to these antinoci-
ception traits, to identify common gene loci. In the meantime,
one way to determine what that gene or genes might be is to
consider commonalities in the known mechanisms of action—
neuroanatomical and biochemical—of these drugs.

For instance, it is possible that the relevant gene products
are located in a central nervous system location downstream

Fig. 5. Dose-response curves of antinoci-
ceptive sensitivity of 12 inbred mouse
strains to clonidine, defined as the maxi-
mum percentage of antinociception rela-
tive to baseline nociceptive sensitivity at
any time point (see the text). Symbols rep-
resent the mean � S.E.M. of six or more
mice.
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of the binding site of each drug, where mechanisms of pain
inhibition have converged. Indeed, each of these drugs is
known to produce antinociception at least partially by acti-
vating classic descending pain-inhibitory circuitry that mod-
ulates the processing of nociceptive information at the spinal
level (see Basbaum and Fields, 1984). It is also the case that
each of these drug classes can produce analgesia when ad-
ministered intrathecally (see Yaksh, 1999), suggesting that
the convergence point could be in the spinal cord.

One of our goals was to compare analgesics that acted via
opioid or nonopioid mechanisms. Therefore, we chose two
opioid receptor agonists and agonists of three other nonopioid

receptor types. A large literature dissociates �-opioid from
�-opioid antinociception, and although high doses of naloxone
or naltrexone will block U50,488 antinociception as well as
morphine antinociception, the molecular binding sites for
these drugs have been clearly established in both pharmaco-
logical and transgenic experiments as the � and � receptor,
respectively (see Pasternak, 1993; Kieffer, 1999). That does
not, however, rule out the possible involvement of, say, �-opi-
oid receptors downstream of the � receptor binding site in the
mediation of U50,488 antinociception. Indeed, it has been
recently shown that administration of �-funaltrexamine, a
�-selective antagonist, can shift the U50,488 dose-response
curve 5-fold to the right in rats (Craft et al., 2001).

In fact, even the nonopioid analgesics may be at least
partially dependent on opioid mechanisms. A large literature
describes synergistic interactions between clonidine and
morphine (e.g., Wilcox et al., 1987). Considerable confusion
still surrounds the question of whether systemic clonidine
antinociception in rodents requires opioid receptor activa-
tion, since some studies show naloxone or naltrexone antag-
onism of the effect or morphine/clonidine cross-tolerance
(e.g., Tchakarov et al., 1985; Sierralta et al., 1996; Tejwani
and Rattan, 2000) and some do not (e.g., Spaulding et al.,
1979; Yamazaki and Kaneto, 1985). Where shown, the nal-
oxone sensitivity of clonidine antinociception was found to be
test-dependent (Tejwani and Rattan, 2000), dose-dependent
(Sierralta et al., 1996), or strain-dependent (Tchakarov et al.,
1985).

The complex interactions between morphine and cannabi-
noids have been noted for almost three decades (Fernandes
and Hill, 1974). Although naloxone and naltrexone are gen-
erally without effect on cannabinoids, the work of Welch and
colleagues has established a clear dependence of �9-tetrahy-
drocannabinol on dynorphin activation of �-opioid receptors
(also see Reche et al., 1996; e.g., Mason et al., 1999). How-
ever, this cannabinoid/�-opioid relationship may be specific
to �9-tetrahydrocannabinol, since the �-selective antagonist
nor-binaltorphimine is without effect on two other CB-1 re-
ceptor agonists, CP55,940 and anandamide (e.g., Mason et
al., 1999). Because the naloxone/naltrexone and nor-binaltor-
phimine sensitivity of WIN55,212-2 antinociception has

TABLE 1
Baseline nociceptive sensitivity on the tail-withdrawal test (�S.E.M. in parentheses) and half-maximal antinociceptive doses (AD50s; associated
95% confidence intervals in parentheses) of 12 inbred mouse strains given five different analgesics.

Strain Baseline
Latency Morphine U50,488 WIN55,212-2 Epibatidine Clonidine

s mg/kg mg/kg mg/kg �g/kg mg/kg

129P3 3.17 (0.10) 10.5 (8.5–13.0) 24.5 (16.7–35.8) 2.7 (2.0–3.7) 25.0 (18.8–33.1) 0.16 (0.12–0.23)
A 3.16 (0.10) 14.2 (12.1–16.8) 27.1 (19.8–37.0) 2.5 (1.9–3.2) 16.2 (12.1–21.7) 0.20 (0.16–0.25)
AKR 2.85 (0.08) 15.3 (10.8–21.7) 31.7 (23.5–42.8) 91.9 (41.8–202.4) n.a.d. 0.20 (0.12–0.34)
C57BL/10 2.43 (0.06) 24.3 (18.2–32.5) 38.7 (29.6–50.8) 47.9 (33.0–69.5) 65.3 (59.9–71.2) 1.36 (0.88–2.09)
C57BL/6 2.12 (0.09) 23.3 (17.8–30.6) 54.6 (42.8–69.7) 17.2 (12.7–23.3) 45.1 (31.5–64.5) 1.53 (0.98–2.39)
BALB/c 3.64 (0.11) 16.8 (14.0–20.2) 22.9 (19.5–26.9) 4.1 (3.0–5.6) 16.1 (12.4–21.0) 0.27 (0.20–0.37)
C3H/He 2.40 (0.07) 11.1 (9.5–12.9) 43.9 (29.6–64.9) 5.0 (3.4–7.5) 98.8 (91.1–107.0) 0.31 (0.20–0.48)
C58 2.56 (0.07) 38.5 (23.0–64.6) 56.7 (39.0–82.1) 21.3 (15.6–29.0) 58.6 (39.8–86.3) 1.31 (1.06–1.61)
CBA 2.29 (0.07) 13.8 (12.0–15.8) 50.7 (38.0–67.8) 8.5 (7.7–9.3) n.a.d. 0.40 (0.22–0.71)
DBA/2 2.80 (0.09) 11.0 (8.9–13.6) 24.1 (19.8–29.4) 3.2 (1.8–5.7) 26.6 (21.2–33.5) 0.22 (0.16–0.30)
RIIIS 3.17 (0.10) 13.7 (10.2–18.5) 25.1 (18.2–34.8) 8.4 (5.0–14.1) 32.9 (20.6–52.5) 1.21 (0.80–1.84)
SM 2.30 (0.08) 24.7 (19.9–30.6) 36.1 (30.3–43.0) 13.6 (11.9–15.5) 46.7 (31.7–68.6) 1.08 (0.81–1.44)

Rangea 1.7 3.7 2.5 36.8 6.1* 9.6
Heritabilityb 0.26 � 0.08 0.14 � 0.05 0.12 � 0.05 0.34 � 0.09 0.40 � 0.10 0.40 � 0.10

n.a.d., not accurately determined (see the text).
a Highest value divided by lowest value.
b See the text for details.
* Likely an underestimate, since AKR and CBA strains were even more insensitive.

Fig. 6. Genetic correlations (rs) between half-maximal antinociceptive
dose (AD50) estimates of morphine, U50,488, WIN55,212-2, epibatidine,
and clonidine among 12 inbred strains (10 inbred strains for epibatidine).
Each symbol represents one inbred strain, ranked by their AD50s (low
AD50s, indicative of high sensitivity, to the left).
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never been evaluated directly, it is premature to speculate on
possible opioid-mediated effects of this analgesic.

A similar story emerges for nicotinic analgesics. Synergis-
tic relationships appear to exist between nicotine and mor-
phine antinociception (Davenport et al., 1990; Suh et al.,
1996; Zarrindast et al., 1996), including some reports of nal-
oxone antagonism of nicotine antinociception (Molinero and
Del Rio, 1987; Aceto et al., 1993). However, epibatidine an-
tinociception is unanimously reported as naloxone/naltrex-
one-insensitive (Damaj et al., 1994, unpublished observa-
tions; Bonhaus et al., 1995; Khan et al., 1998), as is
antinociception from the potent nicotinic agonist, ABT-594
(Decker et al., 1998).

Finally, it is also possible that the “master” gene(s) are
related to signal transduction mechanisms common to each
analgesic. The �-opioid, �-opioid, CB1, and �2-adrenergic re-
ceptors are all members of the superfamily of G-protein-
coupled receptors, and all produce cellular inhibition medi-
ated by pertussis toxin-sensitive proteins of the Gi/Go

families (see Limbird, 1988; Ameri, 1999; Connor and
Christie, 1999). Intracellular effects produced by activation
of these receptors include inhibition of adenylyl cyclase, ac-
tivation of phospholipase C, activation of inwardly rectifying
K� channels, inhibition of voltage-gated Ca2� channels,
stimulation of intracellular Ca2� release, and stimulation of
mitogen-activated protein kinase. Differential alleles at
genes related to any one of these functions could thus affect
antinociception in the same direction regardless of the initi-
ating receptor protein. Although nicotinic acetylcholine re-
ceptors are excitatory, they do share with the other com-
pounds an interaction with calcium-dependent intracellular
effectors (see Flores and Hargreaves, 1999).

Genetic Correlations between Nociception and An-
tinociception. The inverse correlation between basal noci-
ceptive sensitivity and morphine antinociception replicates
previous findings (Belknap et al., 1983; Panocka et al., 1986;
Mogil et al., 1996a; Elmer et al., 1997; Kest et al., 1999). We
now extend the phenomenon to include the formalin test, but
more importantly, we show presently that the correlation
between nociceptive and antinociceptive sensitivity is not
restricted to morphine but rather appears to hold for a num-
ber of disparate analgesic compounds.

In an elegant study of this issue, Elmer et al. (1997)
pointed out that a correlation between nociception and an-
tinociception could be explained either by a “parallel” or a
“serial” mechanism. That is, either a common (pleiotropic)
genetic and physiological substrate is relevant to both phe-
notypes, or genetic influences on the first (nociception) sub-
sequently affect the second (antinociception). An example of
a parallel mechanism would be the existence (and strain-
dependence) of antinociceptive “tone”, involving the tonic
release of endogenous analgesic substances. If some strains
had more tone, perhaps by virtue of possessing higher �-opi-
oid receptor density (and assuming the tonic release of, say,
�-endorphin), then they would be simultaneously less sensi-
tive to basal nociception and more sensitive to exogenous
activation of those same receptors. The existence of opioid
tone is quite controversial, with some studies reporting nal-
oxone- or naltrexone-induced hyperalgesia (e.g., Buchsbaum
et al., 1977) but many others not (e.g., El-Sobky et al., 1976).
Using standard “high” doses of naloxone (1–10 mg/kg), we
observed no evidence of reliable hyperalgesia in any of the 12

Fig. 7. Negative genetic correlations (rs) between half-maximal antino-
ciceptive dose (AD50) estimates to five analgesics and baseline nociceptive
sensitivity of 12 inbred strains on the 49°C tail-withdrawal nociceptive
assay. Each symbol represents one inbred strain, ranked by their mean
baseline latencies on the x-axis [low latencies (i.e., high sensitivity to
nociception) to the left] and their AD50s on the y-axis [low AD50s (i.e., high
sensitivity to antinociception) at the bottom].
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strains studied here (S. B. Smith and J. S. Mogil, unpub-
lished data). The ability of the CB1 antagonist, SR 14176A, to
produce hyperalgesia in mice suggests the existence of can-
nabinoid tone (Richardson et al., 1997). It is difficult to see
why opioid or cannabinoid tone would affect analgesic po-
tency of other compounds, however.

Elmer et al. (1997) instead argue for a serial mechanism
and point to studies suggesting that a direct relationship
exists between stimulus intensity and the fractional receptor
occupancy (i.e., the proportion of receptors currently bound
by ligand) required to produce antinociception (Dirig and
Yaksh, 1995). In their study and the present one, mouse
strains more sensitive to nociception effectively experience a
higher stimulus intensity, which would thus necessitate a
higher dose of analgesic. Importantly, the stimulus intensity-
dependence of �2-adrenergic drugs, including clonidine, has
also been demonstrated (Saeki and Yaksh, 1992). Note that
to the extent that the serial explanation of the genetic corre-
lation between basal nociception and drug antinociception is
true, then there are no “antinociception genes”, only nocicep-
tion genes. We think this rather striking possibility deserves
further theoretical and experimental attention.

An attempt was made to distinguish between the compet-
ing serial and parallel hypotheses by examining genetic cor-

relations of the residuals of antinociception scores after the
influence of baseline latencies was removed. This analysis
(not shown) resulted in lower correlations overall (mean rs �
0.35 versus mean rs � 0.62 for raw antinociception scores),
suggesting that much of the correlation among analgesics
can be explained statistically by the nociception-antinocicep-
tion correlation. However, in some cases (mostly involving
clonidine) the correlations between analgesics were pre-
served or even slightly enhanced, suggesting a shared com-
ponent of antinociception independent of nociception. At the
present time we are unable to resolve the issue and consider
both hypotheses viable.

Future Directions and Clinical Implications. The
present data suggest that simultaneous QTL mapping
projects investigating baseline nociceptive sensitivity and
multiple drug antinociception phenotypes would reveal com-
mon QTLs, within which the “master” genes would be found.
The optimal hybrid population for such an effort would in-
volve strains consistently sensitive and resistant, respec-
tively, to all phenotypes studied here. Efforts are underway
to do this, using an F2 intercross between 129P3 mice (mean
tail-withdrawal latency: 3.2 s; average antinociception rank:
2.0 of 12) and C57BL/6 mice (mean tail-withdrawal latency:
2.1 s; average antinociception rank: 9.4 of 12).

Fig. 8. Genetic correlations (rs) be-
tween sensitivity to late/tonic phase
formalin-induced licking (in saline-
treated mice) and morphine antino-
ciception (5 mg/kg; in a) or clonidine
antinociception (0.025 mg/kg; in b)
in seven mouse strains. In c, the
genetic correlation between mor-
phine and clonidine antinociception
on the formalin test is shown. Each
symbol represents one strain,
ranked by their mean late/tonic
phase licking behavior or their
mean single-dose antinociception
scores (see the text).
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This study appears to have unfortunate clinical implica-
tions, should it be relevant to human pharmacogenetics. A
considerable proportion of clinical pain patients are non- or
only partially responsive to morphine and other opiates at
doses with acceptable side effect profiles (Maier et al., 2002).
These findings suggest that such patients will also show poor
responsivity to existing alternative analgesic choices such as
opioids with �-agonist activity (e.g., pentazocine) or �2-adren-
ergics (e.g., clonidine, dexmedetomidine). It should be noted,
however, that all the drugs studied here are centrally acting
analgesics active on the murine tail-withdrawal assay. It is
unclear whether other analgesic classes with peripheral ac-
tions would display the same patterns of strain-dependence.
Finally, although the analgesic efficacy of central compounds
may be coinherited, their side effect profiles are likely deter-
mined by entirely different sets of genes (e.g., Belknap et al.,
1989), and individualized treatment decisions would be made
on this basis as well.
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