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Dissociation of Analgesic and Hormonal Responses to Forced
Swim Stress Using Opioid Receptor Knockout Mice

Candice Contet', Claire Gavériaux-Ruff', Audrey Matifas', Claudia Caradecz, Marie-France Champy2
and Brigitte L Kieffer®'

'Institut de Geénetique et de Biologie Moleculaire et Cellulaire, CNRS/INSERM/ULP, lllkirch, France; ?Institut Clinique de la Souris,
Geénopole de Strasbourg, lllkirch, France

Exposure to stress triggers hormonal and behavioral responses. It has been shown that the endogenous opioid system plays a role in
some physiological reactions to stress. The opioid system was described to mediate analgesia induced by mild stressors and to modulate
the activation of the hypothalamic—pituitary—adrenal axis. Our study assessed the contribution of opioid receptors in stress-induced
analgesia and adrenocorticotropic hormone (ACTH) and corticosterone release by a genetic approach. We performed a parallel analysis
of mice deficient in mu, delta, or kappa opioid receptors, as well as of triple opioid receptor knockout mice, following exposure to a mild
stress (3-min swim at 32°C). In wild-type mice, stress elicited an increase in jumping latency on the hot plate, which was influenced by
gender and genetic background. This analgesic response was reversed both by naloxone and by the triple mutation, and decreased in mu
and delta opioid receptor knockout females. In wild-type females, stress also delayed front- and hindpaw behaviors in the hot plate test
and increased tail-flick latency in the tail immersion test. Opioid receptor deletion however did not affect these stress responses. In
addition, stress produced an increase in ACTH and corticosterone plasma levels. This endocrine response remained unchanged in all
mutant strains. Therefore our data indicate that, under our stress conditions, the endogenous opioid system is recruited to produce
some analgesia whereas it does not influence hypothalamic—pituitary—adrenal axis activity. This implies that brain circuits mediating

analgesic and hormonal responses to stress can be dissociated.

INTRODUCTION

Exposure to a stressful stimulus is perceived as a threat
to the organism’s homeostasis and elicits a variety of
physiological adaptations, encompassing endocrine, auto-
nomic, and behavioral aspects (Yamada and Nabeshima,
1995; Carrasco and Van de Kar, 2003). Chronic exposure to
stress may eventually lead to pathological consequences,
such as drug abuse (Kreek and Koob, 1998; Goeders, 2003)
or depression (Tafet and Bernardini, 2003).

At the behavioral level, response to stress includes a
transient decrease of pain sensitivity (Rodgers and Randall,
1988; Yamada and Nabeshima, 1995). Stress-induced
analgesia plays an adaptive role to threat and is a
component of the defensive behavioral response (Amit
and Galina, 1988). It appeared early that stress-induced
analgesia could be mediated by at least two distinct
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neuronal mechanisms: opioid (naloxone-reversible) vs
non-opioid (naloxone-irreversible). It was demonstrated
that the type of stress-induced analgesia was partly
determined by the severity of stress (Lewis et al, 1980;
Terman et al, 1986; for a review, see Bodnar, 1990).
Analgesia induced by a mild stressor, such as a brief swim
in lukewarm water, was described as mediated by the
endogenous opioid system (Terman et al, 1986; Mogil et al,
1996). Alternatively, non-opioid pain inhibitory pathways
are activated by more intense stress and involve neuro-
transmitter systems such as serotonin (Bodnar et al, 1980;
Snow et al, 1982), glutamate (Marek et al, 1992), histamine
(Hough et al, 1985; Robertson et al, 1988), and endocanna-
binoids (Hohmann et al, 2005). Interestingly, a collateral
inhibition between opioid and non-opioid mechanisms
was demonstrated, with both pathways being mutually
antagonistic (Bodnar, 1990).

The use of selective antagonists for each type of opioid
receptor has provided insights into the molecular mecha-
nisms underlying opioid-mediated stress-induced analgesia.
It appeared that delta as well as mu and kappa systems
could be involved, depending on the experimental condi-
tions (for a review, see Yamada and Nabeshima, 1995).
More recently, opioid stress-induced analgesia was also
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tested in mice lacking individual components of the
endogenous opioid system (for a review, see Kieffer and
Gavériaux-Ruff, 2002). Stress-induced analgesia was abol-
ished in prodynorphin knockout mice (McLaughlin et al,
2003), markedly reduced in fS-endorphin knockout mice
(Rubinstein et al, 1996; Slugg et al, 2000), and unchanged or
promoted in preproenkephalin knockout mice (Konig et al,
1996; Bilkei-Gorzo et al, 2004). One study reported that the
late but not the initial phase of opioid stress-induced
analgesia was reduced in mu receptor knockout mice
(LaBuda et al, 2000). However, neither delta nor kappa
receptor knockout mutants were tested yet.

At the hormonal level, the major response to stress
involves stimulation of the hypothalamic-pituitary-adrenal
(HPA) axis (Miller and O’Callaghan, 2002; Tsigos and
Chrousos, 2002). Stress increases the secretion of cortico-
tropin-releasing factor from the paraventricular nucleus of
the hypothalamus into the hypophyseal portal system.
Corticotropin-releasing factor then triggers the release of
adrenocorticotropic hormone (ACTH) from the anterior
pituitary gland, which in turn stimulates the secretion of
glucocorticoids by the adrenal cortex. The main autonomic
response to stress is the activation of the sympathetic
nervous system, which causes a massive secretion of
catecholamines in the periphery (Carrasco and Van de
Kar, 2003; Goldstein, 2003) and induces the mobilization of
body’s energy required to prepare the ‘fight or flight’
response to stress (Cannon, 1939).

A role for the endogenous opioid system in the response
to stress was also suggested at the endocrine and autonomic
levels. First, the regional distribution of opioid peptides and
receptors suggests a functional interaction between the
opioid system and the HPA axis. Many brain areas involved
in the neurobiology of stress, including autonomic nervous
system centers, are richly innervated by opioidergic
neurons and express opioid receptors. Besides, stress
promotes the expression and the release of opioid peptides
in these regions (see Przewlocki, 1993; Drolet et al, 2001).
Second, pharmacological studies evidenced that activation
of opioid receptors could affect various stress-induced
hormonal secretions (Pfeiffer and Herz, 1984; Yamauchi
et al, 1997). The net effect (stimulatory or inhibitory) of
opioid system on HPA axis activity is however controversial
(for reviews, see Pfeiffer and Herz, 1984; Bodnar and Klein,
2004). Experiments in genetically modified mice also
brought variable results. In mu opioid receptor knockout
mice, chronic restraint stress triggered a lower increase in
corticosterone than in wild-type mice, consistent with a
stimulatory role of the mu opioid system (Wang et al, 2002).
On the other hand, f-endorphin-deficient mice displayed
slightly higher corticosterone levels following social conflict
stress, suggesting that this peptide would play an inhibitory
role (Vaanholt et al, 2003).

To clarify the contribution of each opioid receptor type in
stress-induced hormonal and behavioral effects, we com-
pared wild-type mice to mice deficient in each individual
opioid receptor, mu (MOR—/—), delta (DOR—/—), and
kappa (KOR—/—) receptor knockout mice. In addition, we
used mice devoid of all three opioid receptors, namely triple
knockout mice (MKD—/—). In the present study, we report
a parallel analysis of analgesia, measured in the hot plate
and the tail immersion assays, and of plasma ACTH and
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corticosterone levels in these mice following a 3-min swim
in 32°C water.

MATERIALS AND METHODS
Animals

Mice lacking mu, delta, or kappa opioid receptors (MOR—/
—, DOR—/—, and KOR—/—) were generated by homologous
recombination and have been described earlier (Matthes
et al, 1996; Simonin et al, 1998; Filliol et al, 2000). Mice were
originally obtained on a hybrid 50% 129/SvPas 50% C57BL/
6] genetic background and were fully backcrossed on the
C57BL/6] background (wild-type counterparts of single
knockouts are referred as to WT BI6). Triple knockout
mutants (MKD—/—) were produced by interbreeding of
single mutant mice and maintained on the original hybrid
50% 129/SvPas:50% C57BL/6] genetic background (wild-
type counterparts of triple knockouts are referred as to WT
50:50). In mutant mice, there was no obvious alteration of
growth and fertility, as well as no major modification
among the remaining components of the opioid system
(Kieffer and Gavériaux-Ruff, 2002). These mice were also
characterized for their acute antinociceptive response
(Martin et al, 2003). Mice, aged 16 weeks on average, were
housed under standard conditions in a 12 h dark-light cycle
with free access to water and food. At 4 days prior to the
experiments, mice were handled and habituated to the
experimental room. Mice were always tested between 08:00
and 11:00 to minimize bias due to circadian rhythm of
stress hormone release. In all experiments, genotype, and
treatment were blinded to the experimenter until data
analysis. All experiments were carried out in accordance
with the European Communities Council Directive of 24
November 1986.

Chemicals

Naloxone hydrochloride was purchased from RBI (Natick,
MA).

Stress-Induced Analgesia

Stress-induced analgesia was assessed in the hot plate and
in the tail immersion tests following a mild stress, induced
by a 3-min forced swim in 32°C water. In preliminary
kinetic studies (see section Genetic inactivation of opioid
receptors: alternative measures of thermal antinociception
and Figures 4a and 5b), three resting times between the end
of swim and the beginning of the assay (1, 2, and 5 min)
were tested. In subsequent experiments, a 1-min interval for
the tail immersion test and a 2-min interval for the hot plate
test were used. For the tail immersion test, the mouse was
restrained in a soft tissue pocket and the distal half of the
tail dipped into a water bath set at 52°C. Latency for tail-
flick was measured with a 10-s cutoff time. For the hot plate
test, the mouse was placed on a 52°C hot plate and latencies
for frontpaw licking and for jumping were recorded, with
60- and 240-s cutoff times, respectively. Jump is defined as
having the four paws of the mouse off the hot plate. In a
second set of experiments, two other parameters were
scored: latencies for hindpaw licking and for hindpaw



shaking, with 120-s cutoff times. For pharmacological
reversal experiments, 10mg/kg naloxone or saline was
injected s.c. 20 min before stress. The dose of naloxone was
chosen according to the literature (Marek et al, 1992;
Menendez et al, 1993; Mogil and Belknap, 1997).

Plasma Corticosterone and ACTH Dosage

Mice were exposed to a 3-min swim stress in 32°C water.
They were then allowed to rest for 10min before being
killed. The 10-min interval between the end of stress and the
time of killing was chosen according to previous articles
reporting simultaneous dosage of plasma ACTH and
corticosterone (Timpl et al, 1998). Mice were decapitated
and trunk blood was collected in tubes containing
aprotinin-EDTA. The blood was centrifuged at 3000 r.p.m.
for 5min to obtain plasma from the supernatant. Plasma
samples were aliquoted and stored at —80°C until use.
ACTH was quantified with a '*’I-radioimmunoassay kit
(MP Biomedicals, Irvine, CA, reference 07-106101) and
25-50 pl plasma samples were used. Corticosterone was
measured with a *H-radioimmunoassay kit (MP Biomedi-
cals, Irvine, CA, reference 07-120002) and 2-10ul plasma
samples were used.

Statistical Analysis

Each group contained 6-30 animals (8-10 on average). Data
are presented as means+SEM. In all analyses, knockout
mice were compared to their wild-type counterparts of
corresponding genetic background. Therefore, triple knock-
out mice were compared to WT 50:50 and single knockout
mice were compared to WT BIl6. Statistical analysis was
performed using one-, two-, or three-way ANOVAs accord-
ing to the experimental design. When appropriate, con-
secutive post hoc comparisons, using the Bonferroni test,
were carried out. Results of post hoc analyses are presented
in graphs, with symbols representing the level of signifi-
cance of a difference. One symbol corresponds to p<0.05,
two symbols to p<0.01, and three symbols to p<0.001.

RESULTS
Stress-Induced Analgesia

Stress-induced analgesia in wild-type mice: effect of
gender and genetic background. In wild-type animals,
swim stress produced analgesia, as evaluated by an increase
of the jump latency in the hot plate test (Figure la). Not
only was the stress effect significant (F(1,166)=145.3;
p<0.001), but sex (F(1,166) =29.3; p<0.001) and genetic
background (F(1,166) =40.7; p<0.001) effects were also
revealed. Interactions of stress with sex (F(1,166) =6.2;
p=0.014) and with genetic background (F(1,166)=3.9;
p=0.05) as well as the triple interaction (F(1,166)=6.6;
p<0.001) were significant, but there was no interaction
between sex and genetic background (F(1,166)=1.6;
p>0.05). Subsequent post hoc comparisons indicated a
sexual dimorphism in the C57BL/6] strain (WT BI6), with
female mice showing higher pre- and poststress jump
latencies than males. This gender difference was not
detected in the hybrid 50% 129/SvPas:50% C57BL/6]
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genetic background (WT 50:50) even if the tendency was
the same. Accordingly, genders were analyzed separately in
the following experiments. Significant differences between
the two genetic backgrounds appeared in nonstressed males
and females, as well as in stressed males, with WT 50:50
mice displaying higher jump latencies than WT Bl6 animals.
As a consequence, knockout animals were always compared
to their wild-type counterparts of corresponding back-
grounds: WT BI6 for single knockout mice and WT 50:50
for the triple mutants.

Frontpaw licking latencies in the hot plate test were
also measured (Figure 1b). Both stress (F(1,165)=12.3;
p<0.001) and sex (F(1,165) =7.5; p=0.007) effects, but no
genetic background effect (F(1,165)=0.8; p>0.05),
were detected. None of the interactions was significant
(stress x sex:  F(1,165)=0.7; p>0.05; stress x genetic
background: F(1,165) =0.003; p>0.05; sex X genetic
background: F(1,165)=0.1; p>0.05) except the triple
interaction (F(1,165)=4.2; p=0.04). Post hoc analyses
pointed out that a significant stress effect was present only
in WT BIl6 females. Sexual dimorphism was also found in
this single group. Consequently, jumping was considered as
the most consistent parameter to assess stress-induced
analgesia in the hot plate test as it was reliably affected
by stress in both genders of our two mouse genetic
backgrounds.

Naloxone effect in wild-type mice. Naloxone administra-
tion reduced the level of stress-induced analgesia, as
measured by jumping latency, in both genders of both Bl6
and 50:50 genetic backgrounds (Figure 2).

In WT BIl6 animals (Figure 2a), three-way ANOVAs
revealed significant main effects of stress (F(1,56) =101.0;
p<0.001) and treatment (F(1,56)=93.6; p<0.001) but
not of sex (F(1,56)=2.5; p>0.05). Interactions of stress
with treatment (F(1,56) =41.7; p<0.001) and with sex
(F(1,56) =16.3; p<0.001) as well as the triple interaction
(F(1,56) =5.7; p<0.02) were significant, but there was no
interaction between sex and treatment (F(1,56)=2.0;
p>0.05). Consecutive post hoc tests revealed that stress
produced analgesia in saline-treated males and females, as
well as in naloxone-treated females. Naloxone efficiently
decreased poststress jump latencies in both genders and
also affected basal nociceptive threshold in males. Sexual
dimorphism appeared in saline-treated stressed animals,
with female displaying more analgesia, as previously shown
in noninjected mice (see section Stress-induced analgesia in
wild-type mice: effect of gender and genetic background
and Figure 1a).

In WT 50:50 animals (Figure 2b), strong main effects of
stress (F(1,70) = 124.8; p<0.001), treatment (F(1,70) = 42.6;
p<0.001), and sex (F(1,70) = 34.2; p<0.001) were detected.
There were interactions of stress with treatment
(F(1,70) =8.6; p=0.005) and with sex (F(1,70)=38.8;
p=0.004) but neither interaction between treatment and
sex (F(1,70)=0.2; p>0.05) nor the triple interaction
(F(1,70)=1.2; p>0.05) were significant. Simple stress
effects were revealed in all groups but naloxone significantly
attenuated stress-induced increase of jump latencies in both
males and females. Naloxone also decreased basal nocicep-
tive thresholds in females. Gender differences were detected
in all groups with the exception of the naloxone-treated
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Figure | Sex- and strain-dependent effect of forced swim stress on
nociceptive thresholds measured in the hot plate test. Male and female
wild-type mice of C57Bl/6] (WT BI6, n=34-40) or C57Bl/é] x 129SvPas
(WT 50:50, n=7-9) genetic background were tested. Mice were
exposed to forced swim stress during 3 min in 32°C water. Antinociception
was measured in the hot plate test 2 min after stress. Latencies for jumping
(@) and frontpaw licking (FPL) (b) were recorded. Data are expressed as
mean+SEM. Data were subjected to three-way ANOVA with stress,
genetic background, and sex as between-subject variables. One symbol,
p<0.05; two symbols, p<0.01; three symbols, p <0.001; black stars, effect
of stress; white stars, effect of genetic background; sharp symbols, effect of
sex (Bonferroni post hoc test).

stressed animals, with females consistently being less
sensitive to thermal pain than males.

Genetic inactivation of opioid receptors: jumping latency
in the hot plate test. Deletion of all mu, delta, and kappa
opioid receptors in triple knockout mice (MKD—/—) led
to a decrease in stress-induced analgesia, similar to that
obtained after naloxone administration (Figure 3a). Three-
way ANOVA revealed stress (F(1,53)=91.3; p<0.001),
genotype (F(1,53) =161.6; p<0.001), and sex (F(1,53)=
7.6; p=0.008) effects. Stress significantly interacted with
genotype (F(1,53) =21.1; p<0.001) but interactions of sex
with stress (F(1,53)=0.7; p>0.05), with genotype
(F(1,53) =2.1; p>0.05), and with stress and genotype
(F(1,53) =0.8; p>0.05) were absent. As for naloxone
experiment in WT 50:50 mice, simple stress effects were
present in all groups and triple mutation significantly
decreased poststress jumping latencies, as well as basal
nociceptive thresholds. Gender differences did not reach
significance.

Deletion of individual opioid receptors in single knockout
mice (MOR—/—, DOR—/—, and KOR—/—) indicated a sex-
dependent role of mu and delta opioid receptors in stress-
induced analgesia (Figure 3b-d). In all single mutants,
three-way ANOVAs revealed significant effects of stress
(WT/MOR—/—: F(1,193) =145.0; p<0.001; WT/DOR—/—:
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Figure 2 Effect of naloxone on stress-induced analgesia. Male and
female wild-type mice of C57BI/6) (WT Bl6 (a)) or C57BI/6) x 129SvPas
(WT 50:50 (b)) genetic background were tested (n=7-11). Antinocicep-
tion was measured in the hot plate test 2 min after swim stress. Latencies
for jumping were recorded. Saline or 10 mg/kg naloxone was injected s.c.
20min before stress. Data are expressed as mean+SEM. Data were
subjected to three-way ANOVA with stress, treatment, and sex as
between-subject variables. One symbol, p <0.05; two symbols, p<0.01;
three symbols, p<0.001; black stars, effect of stress; white stars, effect of
treatment; sharp symbols, effect of sex (Bonferroni post hoc test).

F(1,156) =117.9; p<0.001; WT/KOR—/—: F(1,63) =106.2;
p<0.001), genotype (WT/MOR—/—: F(1,193)=25.8;
p<0.001; WT/DOR—/—: F(1,156)=7.0; p=0.009; WT/
KOR—/—: F(1,63) =5.6; p=0.02), and sex (WT/MOR—/—:
F(1,193) = 46.5; p<0.001; WT/DOR—/—: F(1,156) =47.1;
p<0.001; WT/KOR—/—: F(1,63) =34.9; p<0.001). There
were major interactions between stress and sex (WT/
MOR—/—: F(1,193)=29.4; p<0.001; WT/DOR—/—:
F(1,156) =18.7; p<0.001; WT/KOR—/—: F(1,63)=16.8;
p<0.001). Apart from the WT/MOR—/— group
(F(1,193) =9.6; p =0.002), there was no interaction between
genotype and sex (WT/DOR—/—: F(1,156) =3.8; p>0.05;

WT/KOR—/—: F(1,63) =1.9; p>0.05). The pattern was
similar for the triple interaction (WT/MOR—/—:
F(1,193) =3.9; p=0.05 WT/DOR—/—: F(1,156)=1.1;

p>0.05, WT/KOR—/—: F(1,63)=0.06; p>0.05). Finally,
no interactions between stress and genotype were detected
(WT/MOR—/—: F(1,193) =3.4; p>0.05, WT/DOR—/—:
F(1,156) =0.003; p>0.05; WT/KOR—/—: F(1,63)=1.5;
p>0.05). Subsequent post hoc analyses revealed that stress
strongly increased jump latencies in all groups of animals.
Mutation altered basal latencies in MOR—/— males and
females, as well as in DOR—/— and KOR—/— female mice.
Most importantly, a major genotype effect appeared in
stressed MOR—/— females, as well as a slighter one
in DOR—/— females, indicating that poststress jumping
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Figure 3 Effect of opioid receptor deletion on stress-induced analgesia. Male and female MKD—/— (a, n=7-9), MOR—/— (b, n=22-30), DOR—/—
(¢, n=16-26), and KOR—/— (d, n =7-10) mice were compared to their wild-type counterparts (WT 50:50 and WT BI6). Antinociception was measured
in the hot plate test 2 min after swim stress. Latencies for jumping were recorded. Data are expressed as mean +SEM. Data were subjected to three-way
ANOVA with stress, genotype, and sex as between-subject variables. One symbol, p <0.05; two symbols, p <0.01; three symbols, p<0.001; black stars,
effect of stress; white stars, effect of genotype; sharp symbols, effect of sex (Bonferroni post hoc test).

latencies were significantly reduced in those mice. Sexual
dimorphism was detected in most groups of animals, with
the exception of MOR—/— nonstressed females.

Genetic inactivation of opioid receptors: alternative
measures of thermal antinociception. In order to poten-
tially extend the phenotype of MOR—/— and DOR—/—
females to other nociceptive measures, WT BI6 and single
knockout females were tested in a distinct thermal pain
assay, the tail immersion test. A kinetic study was first
performed on WT Bl6 females to assess whether stress-
induced analgesia could be detected in this test within 1, 2,
or 5min after the end of swim stress (Figure 4a). One-way
ANOVA revealed a main effect of stress (F(3,33) =4.8;
p=0.007) and post hoc tests pointed out that stress
significantly increased tail-flick latencies 1 and 5min after
stress. The former time point was selected to test the single
knockout females (Figure 4b). In this experiment, there was
a significant stress effect (F(1,50) =22.1; p<0.001) but no
genotype effect (F(3,50) =1.3; p>0.05) and no interaction
between stress and genotype (F(3,50) =0.2; p>0.05). Follo-
wing post hoc analysis, a stress effect was detected in WT BI6
and KOR—/— mice but did not reach significance in MOR—/—
and DOR—/— animals, although the tendency was clear.

We previously found that stress increased frontpaw
licking latencies in WT Bl6 females (see section Stress-
induced analgesia in wild-type mice: effect of gender and
genetic background and Figure 1b). This parameter was
therefore also analyzed in single mutant females (Figure 5a).
Main effects of stress (F(1,169) =76.5; p<0.001) and geno-
type (F(3,169) =4.5; p=0.005) were detected but the two
variables did not interact with each other (F(3,169) =108.1;
p>0.05). A major effect of stress was revealed in all geno-
types. Basal frontpaw licking latency was decreased in
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Figure 4 Stress-induced analgesia in wild-type and single knockout
females measured in the tail immersion test. (a) Female C57BI/6) mice were
exposed to forced swim stress during 3 min in 32°C water. Antinociception
was measured in the tail immersion test |, 2, or 5min after stress (n=7-
12). Data are expressed as mean 4+ SEM. Data were subjected to one-way
ANOVA with resting time as between-subject variable. One symbol,
p<0.05; black star, effect of stress (Bonferroni post hoc test). (b) Female
MOR—/—, DOR—/—, and KOR—/— mice were compared to their wild-
type counterparts (WT BI6) (n=6—12). Antinociception was measured in
the tail immersion test | min after swim stress. Data are expressed as
mean + SEM. Data were subjected to two-way ANOVA with stress and
genotype as between-subject variables. One symbol, p <0.05; two symbols,
p<0.01I; black stars and ‘p=0.07, effect of stress (Bonferroni post hoc
test).
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DOR—/— females, as previously shown for jumping latency
(see section Genetic inactivation of opioid receptors:
jumping latency in the hot plate test and Figure 3c).
However, genotype did not alter poststress latencies.

In an independent experiment, the hot plate test was
again used with single knockout females and their WT Bl6
counterparts, but other nociceptive responses were evalu-

@ 507 ] Non stressed Jokok
[ Stressed l
% 40
; Yook
B Yolok
Q' 30
2
8 204
A |
o
w104
0
WTBIE MOR-- DOR-/- KOR -/-

807

*
60 1 —
04
20
0

First HPR latency (s) o

no stress 1'rest 2'rest 5'rest

C 807 i
> ok |
S *
360{ *ok
=
2
L) i
& 40
T
+« 201
@
=

v WTBIE MOR-/- DOR-- KOR-/-

Figure 5 Stress-induced analgesia in wild-type and single knockout
females measured by licking latencies in the hot plate test. (a) Female
MOR—/—, DOR—/—, and KOR—/— mice were compared to their wild-
type counterparts (WT BI6) (n=7-40). Antinociception was measured in
the hot plate test 2 min after swim stress. Frontpaw licking (FPL) latencies
were recorded. Data are expressed as mean+SEM. Data were subjected
to two-way ANOVA with stress and genotype as between-subject
variables. Two symbols, p<0.01; three symbols, p<0.001; black stars,
effect of stress; white stars, effect of genotype (Bonferroni post hoc test). (b)
Female C57BI/6) mice were exposed to forced swim stress during 3 min in
32°C water. Antinociception was measured in the hot plate test |, 2, or
5min after stress (n=8-9). First hindpaw response (HPR) latencies were
recorded. Data are expressed as mean+SEM. Data were subjected to
one-way ANOVA with resting time as between-subject variable. One
symbol, p<0.05; black star, effect of stress (Bonferroni post hoc test).
(c) Female MOR—/—, DOR—/—, and KOR—/— mice were compared to
their wild-type counterparts (WT BI6) (n=6-14). Antinociception was
measured in the hot plate test 2min after swim stress. First hindpaw
response (HPR) latencies were recorded. Data are expressed as
mean + SEM. Data were subjected to two-way ANOVA with stress and
genotype as between-subject variables. One symbol, p <0.05; two symbols,
p<0.01I; three symbols, p<0.001; black stars, effect of stress (Bonferroni
post hoc test).
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ated: hindpaw licking and hindpaw shaking. The response
occurring first was taken into account. Three time points
(1, 2, and 5min rest following the swim stress) were first
tested on WT Bl6 females to assess whether the latency
to display this first hindpaw response would be increased
by stress (Figure 5b). There was a main effect of stress
(F(3,30) =3.6; p=0.02) that ended up to be significant
2min poststress. Mutant females were therefore tested at
this time point (Figure 5c). Two-way ANOVA detected a
stress effect (F(1,54)=36.0; p<0.001) and no genotype
effect (F(3,54)=1.5; p>0.05) and no interaction of
genotype with stress (F(3,54) =0.7; p>0.05). Subsequent
post hoc analysis indicated that stress significantly increased
the latency of first hindpaw response in all genotypes.
First hindpaw response was also evaluated in WT 50:50
females, but stress did not affect the latency in this
genetic background (no stress: 43.4+ 5.0 s; 1 min poststress:
49.8+4.6s; 2min poststress: 43.5+1.9s; 5min poststress:
42.6+3.2s; F(3,28)=0.7; p>0.05). Therefore, the effect
of triple opioid receptor deletion on this parameter was not
assessed in MKD—/— mice.

Stress-Induced ACTH Release

In wild-type animals, swim stress triggered the release of
ACTH from the pituitary gland, as assessed by an increase
of the plasma level of ACTH. Neither the deletion of
individual mu, delta, or kappa opioid receptor nor the triple
mutation affected this stress-induced elevation in plasma
ACTH (Figure 6). In all groups, three-way ANOVAs
revealed a significant effect of stress (WT/MKD—/—:
F(1,56) =91.0; p<0.001; WT/MOR—/—: F(1,63)=094.0;
p<0.001; WT/DOR—/—: F(1,69)=84.9; p<0.001; WT/
KOR—/—: F(1,62) =161.7; p<0.001) and no effect of
genotype (WT/MKD—/—, WT/MOR—/—, WT/DOR—/—
and WT/KOR—/—: p>0.05). Sex effect was present in
WT/MKD—/— (F(1,56) = 13.9; p<0.001) and WT/KOR—/—
mice (F(1,62) =9.7; p=0.003) but absent in WI/MOR—/—
(p>0.05) and WT/DOR—/— animals (p>0.05). There was
no interaction of genotype with stress (WT/MKD—/—, WT/
MOR—/—, WT/DOR—/— and WT/KOR—/—: p>0.05) or
with sex (WT/MKD—/—, WI/MOR—/—, WT/DOR—/— and
WT/KOR—/—: p>0.05). Apart from WT/DOR—/— mice
(F(1,69) =6.2; p=0.02), stress did not interact with sex
(WT/MKD—/—, WT/MOR—/— and WT/KOR—/—: p>0.05).
The triple interaction was not significant except in WT/
MOR—/— group (WT/MOR—/—: F(1,63)=4.7; p=0.03;
WT/MKD—/—, WT/DOR—/— and WT/KOR—/—: p>0.05).
Post hoc analyses indicated that stress induced a robust
increase in plasma ACTH in both genders of all genotypes.
Sexual dimorphism was evidenced on the 50:50 genetic
background, with females displaying lower pre- and
poststress ACTH levels than males. There was also a gender
difference in one group of WT BIl6 mice, but this disparity
disappeared when all WT BI6 groups were pooled for
analysis (not shown).

Stress-Induced Corticosterone Secretion

In wild-type animals, swim stress induced an increase of
corticosterone plasma level. As for ACTH, the secretion of
corticosterone remained unchanged upon deletion of opioid
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receptors (Figure 7). In all groups, the effect of stress
was significant (WT/MKD—/—: F(1,56) =51.7; p<0.001;
WT/MOR—/—: F(1,96) = 440.4; p<0.001; WT/DOR—/—:
F(1,102) =311.9; p<0.001; WT/KOR—/—: F(1,63) =404.5;

p<0.001) and there was no effect of genotype (WT/
MKD—/—, WT/MOR—/—, WI/DOR—/— and WT/KOR—/—:
p>0.05). Sex effect was present only in MKD—/— mice
(WT/MKD—/—: F(1,56)=15.1; p<0.001; WT/MOR—/—,
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WT/DOR—/— and WT/KOR—/—: p>0.05). There was no
interaction between stress and genotype (WT/MKD—/—,
WT/MOR—/—, WT/DOR—/— and WT/KOR—/—: p>0.05),
between stress and sex (WT/MKD—/—, WTI/MOR—/—, WT/
DOR—/— and WT/KOR—/—: p>0.05), between genotype
and sex (WT/MKD—/—, WT/MOR—/—, WT/DOR—/— and
WT/KOR—/—: p>0.05), nor between the three variables
(WT/MKD—/—, WT/MOR—/—, WT/DOR—/— and WT/
KOR—/—: p>0.05). Subsequent post hoc tests evidenced that
stress produced a substantial rise in plasma corticosterone
whatever gender or genotype was considered. Sexual
dimorphism again appeared on the mixed genetic back-
ground, with females harboring higher basal corticosterone
concentrations than males.

DISCUSSION

This is the first study assessing stress-induced analgesia
and HPA axis activity simultaneously in all three strains
of opioid receptor knockout mice, together with naloxone-
treated and triple knockout mice.

We used a well-accepted procedure to induce opioid-
mediated stress-induced analgesia, namely a 3-min forced
swim in 32°C water (Mogil et al, 1996). Analgesia was
measured in the hot plate and the tail immersion tests, two
classical assays reflecting distinct modalities of thermal
nociception (see Tjolsen and Hole, 1997). The tail immer-
sion test indicates a spinal nociceptive reflex, while the hot
plate test requires neuronal circuitry of both brain and
spinal cord and thus reflects an integrated behavioral
response to stress (Tjolsen and Hole, 1997).

In our experimental procedure, wild-type mice bearing
distinct genetic backgrounds had different pain sensitivity,
as measured by the jump end point in the hot plate assay.
Mice with a hybrid 129/SvPas x C57BL/6] genetic back-
ground displayed longer jumping latencies than animals
backcrossed on C57BL/6] genetic background. This strain
difference was not detected with the frontpaw licking
latency. A previous study similarly reported strain differ-
ences in analgesia in the hot plate test using a given
behavioral end point but not another (Belknap et al, 1990).
C57BL/6] mice are generally depicted as highly sensitive to
thermal stimulus, both in the hot plate (Elmer et al, 1998)
and in the tail immersion assays (Mogil and Wilson, 1997;
Mogil et al, 1999). On the contrary, 129 mice are classified
as normal or low responders to thermal stimulus, although
distinct 129 substrains can markedly differ from each
other (Simpson et al, 1997; Threadgill et al, 1997). When
compared in the same study, 129 mice were in any case less
sensitive than C57BL/6] mice (Mogil and Wilson, 1997;
Mogil et al, 1999). Our observation that animals carrying
half 129/SvPas and half C57BL/6] genetic contents are more
resistant to thermal pain than 100% C57BL/6] mice is
therefore consistent with published literature.

Further examining our wild-type animals, we detected
sexual dimorphism both in the jumping and the frontpaw
licking latencies in the hot plate test. In our conditions,
females displayed consistently more analgesia than males,
although this gender difference reached significance only on
the C57BL/6] genetic background. Females had not only
higher baseline values (jumping only) but also markedly
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longer poststress latencies (jumping and frontpaw licking).
While most studies reporting sexual dimorphism in rodents
related that females were more sensitive to pain than males,
there are considerable variations between animal species/
strains and between nociception assays (for reviews, see
Mogil et al, 2000; Craft, 2003). Across 40 different mouse
strains tested for baseline nociception in the tail immersion
test, the computational analysis performed by Chesler et al
(2002) evidenced that sex could account for no more than
0.4% of the total variance. Sex thus does not seem to
influence thermal nociception in a constant direction in
distinct mouse strains. Concerning the influence of sex on
stress-induced analgesia, no previous study specifically
addressed this issue in our model, namely a warm water
forced swim stress. Possible mechanisms underlying sexual
dimorphism in our paradigm involve the influence of
gonadal hormones on nociception circuitry. In particular, it
was shown that estrogens could modulate opioid peptide
and receptor expression, possibly enhancing endogenous
pain inhibitory circuits in females (see Craft et al, 2004).

The stress procedure that we applied was reported to
predominantly recruit the endogenous opioid system to
produce antinociception (Mogil et al, 1996). In accordance,
we found that stress-induced analgesia was totally (C57BL/
6] males) or partially (other groups) reversed by naloxone.
In addition, the tendency of naloxone to decrease basal
latencies in nonstressed animals indicates that an endogen-
ous opioidergic tone produces subtle analgesia, as pre-
viously described (Berntson and Walker, 1977; Coderre and
Rollman, 1983).

Interestingly, the genetic inactivation of all three opioid
receptors (in MKD—/— mice) produced similar data to
pharmacological blockade (by naloxone). First, the de-
creased stress-induced analgesia in MKD—/— mice again
demonstrates that, in our model, analgesia is mainly
mediated by the opioid system. We also observed a
significant decrease in baseline, reflecting the inhibitory
opioidergic tone on pain perception. This finding is in
accordance with data previously reported with these mice
(Martin et al, 2003; Scherrer et al, 2004).

Regarding the single knockout animals, we obtained
divergent results depending on the nociceptive end point
considered. The jump parameter in the hot plate test
indicated that stress-induced analgesia was decreased in
MOR—/— and DOR—/— females, and remained unchanged
upon inactivation of any individual opioid receptor in
males. Conversely, mutant females did not differ from wild-
type mice regarding frontpaw licking and hindpaw licking/
shaking latencies in the hot plate test and tail-flick latency
in the tail immersion test. This discrepancy most probably
arises from the distinct pain modalities reflected by these
various end points, as previously observed in other studies
(Fasmer et al, 1986; Hill et al, 1987; Perissin et al, 2000;
Harasawa et al, 2003). Tail-flick in the tail immersion test is
a pure reflex response, maintained following spinal
transection (Irwin et al, 1951). Front- or hindpaw licking/
shaking consists in both a spinal reflex (paw withdrawal
from the heated surface) and a supraspinally coordinated
behavior (licking or shaking per se). Frontpaw licking is
generally considered as a misleading end point since it
belongs to the normal mouse grooming behavior (see
Wilson and Mogil, 2001). Hindpaw licking was also shown



to be potentially confounding since nonanalgesic drugs
could alter this response (Carter, 1991). Jumping usually
occurs after a prolonged exposure to heat and reflects pain
tolerance threshold, thereby encompassing an affective
component of pain (O’Neill et al, 1983; Espejo and Mir,
1993). As a conclusion, our data suggest that mu and delta
receptors would mediate the most integrated level of stress-
induced analgesia in females.

Previous studies using selective antagonists to reverse
opioid stress-induced analgesia mostly reported a role for
the delta receptor. However, other studies also indicated the
involvement of kappa and mu receptors (see Yamada and
Nabeshima, 1995 and references therein). Altogether, it
appears that the recruitment of distinct opioid receptor
types is highly dependent on the experimental conditions
(mouse strain, age, gender, stressor type, analgesia assay),
therefore highlighting that our findings are restricted to our
particular protocol. As compared to other studies con-
ducted in knockout animals, our data in females correlate
well with the reduction of stress-induced analgesia in f-
endorphin-deficient mice (Rubinstein et al, 1996). On the
other hand, lack of change in kappa receptor knockout mice
differs from the abolition of stress-induced analgesia in
prodynorphin knockout mice (McLaughlin et al, 2003). This
may be due to the use of distinct stress intensity (repeated
vs single swim). Alternatively, prodynorphin and kappa
opioid receptor knockout mice are not strictly equivalent
animal models. Prodynorphin gene encodes a number of
opioid peptides (dynorphins A and B, leumorphin, «- and
p-neoendorphins) that bind with low selectivity to mu,
delta, and kappa opioid receptors (see Akil et al, 1997). In
addition, dynorphin A and leumorphin were shown to act at
non-opioid targets (see Lai et al, 2001; Lee et al, 2005).
Finally, our data obtained with the males are consistent with
a previous paper reporting unchanged stress-induced
analgesia in mu receptor knockout mice 5min after swim
stress (LaBuda et al, 2000).

The lack of phenotype of single knockout males contrasts
with the strong phenotype observed in triple knockout
males. It seems unlikely that the genetic background is
responsible for this discrepancy, since naloxone was as
effective in WT Bl6 as in WT 50: 50 to inhibit stress-induced
analgesia. Most probably, the addition of subtle MOR-,
DOR-, and/or KOR-mediated effects contributed to the
highly significant change detected in triple knockout mice.
Interestingly, this additive phenomenon was previously
shown for the endogenous antinociceptive tones using the
same animals (Martin et al, 2003). The collateral inhibition
demonstrated between opioid and non-opioid stress-
induced analgesia could also provide an explanation for
the poor phenotype in single knockout mutants (Hopkins
et al, 1998). The original data suggesting the existence
of a collateral inhibition was that naloxazone, an opioid
antagonist, potentiated non-opioid stress-induced analgesia
(Kirchgessner et al, 1982). In our model, stress-induced
analgesia is not entirely mediated by the opioid system
since some analgesia remains following naloxone injection
or genetic inactivation of the three opioid receptors. It could
therefore be that the deletion of a given opioid receptor in
single mutants facilitates the non-opioid component of
stress-induced analgesia and thus masks the reduction of
the opioid component.
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At the hormonal level, we observed two kinds of sexual
dimorphism in the hybrid 129/SvPas x C57BL/6] genetic
background (WT 50:50). First, basal corticosterone con-
centrations were higher in females than in males, despite
similar or lower basal ACTH levels. Second, stress-induced
ACTH values were lower in females than in males, despite
comparable or higher poststress corticosterone levels. The
former feature is well documented, at least in the rat, and
suggests a higher responsiveness of adrenal cortex to ACTH
in females (see Atkinson and Waddell, 1997 and references
therein; Spinedi et al, 1997). Supporting this hypothesis,
TLR2—/— mutant mice that bear an impaired adrenal gland
display higher ACTH but decreased corticosterone basal
levels (Bornstein et al, 2004). The latter aspect can also be
explained by this mechanism, where less ACTH is required
to achieve a given corticosterone response. Interestingly, a
genetic model of high adrenal responsiveness (Dax-1'*
mice) was developed and displayed decreased ACTH but
unchanged corticosterone levels following restraint stress
(Babu et al, 2002), reminiscent of the phenotype of WT
50:50 females compared to males following our swim
stress paradigm. Dax-1~'Y mice also have reduced basal
ACTH concentrations, similar to WT 50:50 females
(Babu et al, 2002). Noticeably, an identical sexual dimorph-
ism in basal and poststress ACTH and corticosterone
levels was previously observed (Timpl et al, 1998).

Basal ACTH and corticosterone levels were unchanged in
all strains of knockout mice. These data indicate that, under
our conditions, the endogenous opioid system does not
tonically modulate the basal HPA axis activity, or that
compensatory changes may have developed in the knockout
animals. A two-fold increase in basal plasma ACTH and
corticosterone levels was previously evidenced in another
strain of mu receptor knockout mice (Roy et al, 2001). This
divergence with our data could arise from a difference in
genetic background between the two strains (C57BL/6 vs
BALB/c x C57BL/6). It should however be noted that the
same animals were found to have corticosterone levels equal
to those of wild-type mice in a later study (Wang et al,
2002).

Our swim stress procedure induced a prominent increase
in both plasma ACTH and corticosterone levels in all mice.
We found no difference between stress-induced levels of
wild-type and knockout mice. We also tested naloxone’s
effect on hormonal stress response. However, the saline
control injection per se produced a strong increase of ACTH
and corticosterone plasma concentrations (up to three-
fold), which was comparable to the increase induced by the
swim stress procedure in noninjected mice (three- to five-
fold). Under those conditions, the swim stress effect was
mild and no significant effect of naloxone treatment as
compared to saline injection was detected (data not shown).

Previous studies testing the effect of opioid antagonists
on basal and stress-induced ACTH and corticosterone levels
brought controversial results, reporting either decreased,
increased, or unchanged levels (Pfeiffer and Herz, 1984;
Buckingham and Cooper, 1986; Cover and Buckingham,
1989; Odio and Brodish, 1990). In the study by Wang et al
(2002), mu receptor knockout mice displayed reduced
elevation in plasma corticosterone following chronic
restraint stress. The discrepancy with our data may arise
from the use of distinct stressors (chronic restraint vs forced
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swim) that may differentially involve mu opioid receptors in
corticosterone secretion. On the other hand, our results are
in agreement with data obtained with opioid peptide
knockout animals. Both basal and stress-induced corticos-
terone levels were unchanged in f-endorphin-deficient mice
(Rubinstein et al, 1996) and both basal and stress-induced
ACTH levels were unaffected in preproenkephalin knockout
mice (Bilkei-Gorzo et al, 2004).

Our data suggest that the endogenous opioid system
contributes to the most integrated component of stress-
induced analgesia, but not to HPA axis activation, in our
strains of mice and using our stress protocol. Previous
studies have already evidenced a dissociation between
mechanisms mediating antinociceptive and hormonal
responses to stress. Stressors inducing maximal ACTH
and corticosterone release may trigger minimal analgesia
(Kelly, 1982). Hart et al (1985) reported that the degree of
antinociception was not related to corticosterone levels
measured 11 min after a 3-min forced swim. In another
paper, analgesia induced by a 3-min swim in 20°C water was
antagonized by naltrindole whereas neither naltrindole nor
naloxone affected plasma corticosterone at the time of
peak antinociception (Kitchen and Pinker, 1990). The
differential effect of opioid receptor deletion on analgesic
and hormonal responses to stress may indicate that our
stress procedure induced an ‘opioid-neural’ rather than an
‘opioid neurohormonal’ form of stress-induced analgesia,
following the classification proposed by Watkins and Mayer
(1982). In the future, it will be of interest to confirm this
categorization by determining whether analgesia is pre-
served following alteration of HPA axis activity.

The dissociation of analgesic and endocrine response to
mild stress is consistent with the anatomical dissociation
between brain regions mediating pain modulation (mainly
periaqueductal gray matter and rostral ventromedial
medulla) (Fields, 1993) and the HPA axis. However, some
brain structures commonly control descending pain inhi-
bitory pathway and the HPA axis (Herman and Cullinan,
1997). For instance, the central nucleus of the amygdala
sends projections to both periaqueductal gray matter (Rizvi
et al, 1991) and paraventricular nucleus of the hypothala-
mus (Gray et al, 1989), and lesion of this nucleus reduces
stress-induced analgesia (Werka and Marek, 1990) as well as
corticosterone release (Van de Kar et al, 1991). From our
data, it seems that opioid receptors expressed in central
nucleus of the amygdala either are not generally involved
in the responses to stress observed in our study or do
contribute to the nociceptive response only by a mechanism
that remains to be explored.

In conclusion, our parallel analysis of single and triple
opioid receptor knockout mice exposed to an acute stress
highlight that stress-induced analgesia can be mediated by
endogenous opioids independently from HPA axis activity.
Future studies will examine the involvement of opioid
receptors in behavioral models of chronic stress.
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