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Opioids are the most effective painkillers in humans. The use of 
opioids for the treatment of chronic pain has increased dramatic-

ally over the past decade. Although these drugs provide considerable 
benefits in terms of pain reduction, a growing number of experimental 
and clinical studies have reported that opioid therapy may render 
patients more sensitive to nociception via the delayed activation of 
pronociceptive pathways resulting in an increased risk of developing 
persistent pain (1-9). This enhanced pain sensitivity has been referred 
to as opioid-induced hyperalgesia (OIH) and may appear even after a 
single exposure to an opioid, as demonstrated in both animals and 
humans (4,10). Among the potential mechanisms leading to OIH, 
excitatory amino acids play a major role in pain sensitization, primarily 
through the activation of N-methyl-D-aspartate (NMDA) receptors 
(4,11-14). Persistent excitatory neuroplasticity is now considered to be 
a major potential mechanism for the development of chronic pain and 
changes in opioid sensitivity, leading to tolerance to analgesic effects 
of opioids (2,5,15). However, whether OIH represents a ‘universal 
phenomenon’ remains a matter of debate. A substantial and growing 
amount of literature in clinical and basic research supports the idea 

that genetic factors influence pain sensitivity and the analgesic 
potency of exogenous opioids (16-20). 

In comparison, the ability of endogenous opioids to also activate 
pronociceptive pathways has been poorly studied using genetics. 
Although stress associated with endogenous opioid release induces anal-
gesia, there is a compelling body of evidence in humans to suggest that 
unmanaged negative emotions associated with stressful events can lead 
to exaggerated pain such as postoperative pain (21). In preclinical 
experiments, we recently demonstrated in rats that opioid-dependent 
stress primarily induces analgesia and secondarily induces long-lasting 
and latent pain hypersensitivity through an NMDA-dependent process, 
which results in an exaggerated pain in response to further noxious 
stimulation (22). 

Based on these data, the purpose of the present study was to com-
pare changes in pain sensitivity induced through exogenous or 
endogenous opioids in several rat strains. First, we compared the abil-
ity of a single or repeated fentanyl exposure to induce OIH in four rat 
strains (Sprague Dawley, Wistar, Lewis and Fischer). Second, we used 
an experimental model of latent pain sensitization (22) induced using 
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BACkgRouND: Opioid-induced hyperalgesia (OIH) is a recognized 
complication of opioid use that may facilitate the development of exagger-
ated postoperative pain. 
oBjECTIvE: To examine the role of genetic factors on OIH by compar-
ing four rat strains. Because the authors previously reported that the endog-
enous opioids released during non-nociceptive environmental stress induce 
latent pain sensitization, genetic and environmental factor interactions 
were also evaluated.
METHoDS: First, the propensity of Sprague Dawley, Wistar, Lewis and 
Fischer rats to develop OIH following single or repeated fentanyl exposures 
was compared by measuring the nociceptive threshold using the paw 
pressure vocalization test. Second, Sprague Dawley and Fischer rats were 
exposed to a series of three non-nociceptive environmental stress sessions 
to evaluate the ability of endogenous opioids to enhance hyperalgesia asso-
ciated with a carrageenan-induced hind-paw inflammation test performed 
two weeks later. 
RESuLTS: Sprague Dawley, Wistar and Lewis rats exhibited OIH, 
although differences were observed. OIH was not observed in Fischer rats. 
Inflammatory hyperalgesia enhancement induced through previous stress 
in Sprague Dawley rats was not observed in Fischer rats. 
CoNCLuSIoNS: The pain level not only reflects nociceptive inputs but 
also depends on both the history and genetic factors of the individual. 
Genetic and environmental models may provide new insights into the 
mechanisms that underlie individual differences observed in postoperative 
pain. 

key Words: Genetic factors; Individual history; Pain hypersensitivity; Rat 
strains

Les différences d’hypersensibilité à la douleur 
exogène et endogène induite par les opioïdes dans 
des souches murines

HISToRIQuE : L’hyperalgésie induite par les opioïdes (HIO) est une 
complication connue de l’utilisation des opioïdes qui peut favoriser 
l’apparition d’une douleur exagérée après une opération. 
oBjECTIF : Examiner le rôle des facteurs génétiques de l’HIO en com-
parant quatre souches murines. Puisque les auteurs ont déjà rendu compte 
que les opioïdes endogènes libérés pendant un stress environnemental non 
nociceptif induisent également une sensibilisation latente à la douleur, ils 
ont également évalué les interactions entre les facteurs génétiques et envi-
ronnementaux.
MÉTHoDoLogIE : D’abord, les chercheurs ont comparé la propension 
des rats Sprague Dawley, Wistar, Lewis et Fischer à présenter une HIO 
après une exposition unique ou répétée au fentanyl en mesurant leur seuil 
nociceptif au moyen du test de vocalisation induite par pression de la patte. 
Ensuite, ils ont exposé des rats Sprague Dawley et Fischer à une série de 
trois séances de stress environnemental non nociceptif pour évaluer la 
capacité des opioïdes endogènes à accroître l’hyperalgie associée à une 
inflammation de la patte arrière induite par le carraghénane deux semaines 
plus tard. 
RÉSuLTATS : Les rats Sprague Dawley, Wistar et Lewis ont présenté une 
HIO, mais des différences s’observaient entre chaque souche. L’hyperalgie 
inflammatoire induite par un stress antérieur augmentait chez les rats 
Sprague Dawley, mais pas chez les rats Fischer. 
CoNCLuSIoNS : Le niveau de douleur reflète non seulement les 
afférences nociceptives, mais dépend également à la fois des antécédents 
et des facteurs génétiques de l’individu. Les modèles génétiques et envi-
ronnementaux peuvent donner de nouveaux aperçus des mécanismes qui 
sous-tendent les différences observées en matière de douleur postopératoire.
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a series of opioid-dependent, non-nociceptive environmental stressors 
to evaluate the ability of endogenous opioids to render Sprague 
Dawley and Fischer rats more sensitive to further nociceptive inputs 
associated with inflammation in the hind paw.

METHoDS
Animals
The experiments were performed using adult male Sprague Dawley 
(300 g to 350 g), Fischer 344 (200 g to 250 g), Lewis (250 g to 300 g) 
or Wistar (250 g to 300 g) rats (Charles River Laboratories, l’Arbresle, 
France). All rats were six weeks of age on arrival at the laboratory and 
were used in experiments at eight to 11 weeks of age. The rats were 
housed in groups of four or five per cage with a 12 h light/dark cycle 
(lights on at 07:00) at a constant temperature of 23±2°C. Food and 
water were provided ad libitum. All experiments were performed dur-
ing the light period. The present study was approved by the 
Institutional Review Board for animal research (Comité d’Ethique pour 
l’Expérimentation Animale Bordeaux, CEEA50 in Comité National de 
Réflexion Ethique sur l’Expérimentation Animale, France), and all experi-
ments were conducted in a manner that does not inflict unnecessary 
pain or discomfort on the animals, in according with the United States 
Public Health Service Policy on the Humane Care and Use of the 
Laboratory Animals and the Guide for the Care and Use of Laboratory 
Animals (2011), prepared by the National Academy of Sciences 
Institute for Laboratory Animal Research. These experiments were 
conducted in an authorized laboratory under the supervision of a certi-
fied researcher, Emilie Laboureyras (certification no. B33 12 017, 
delivered by the Direction Départementale des Services Vétérinaires de la 
Gironde, France).

Drugs
Fentanyl citrate, naloxone and carrageenan λ (Sigma-Aldrich, France) 
were dissolved in physiological saline (0.9%). Fentanyl (60 µg/kg or 
100 µg/kg) and naloxone (1 mg/kg) were administered subcutaneously 
(1 mL/kg body weight). The control animals received an equal volume 
of saline injections. Carrageenan λ (0.2 mL of a 1% solution) was 
prepared 24 h before each experiment and subcutaneously injected 
into one rat plantar hind paw. 

Measurement of the nociceptive threshold
The nociceptive thresholds (NT) in the handled rats were determined 
using the modified Randall-Selitto method as previously described (3). 
Briefly, a paw pressure vocalization test was performed, in which con-
stant increasing pressure was applied to the hind paw until the rat 
squeaked. A Basile analgesimeter (Bioseb, Chaville, France; stylus tip 
diameter 1 mm) was used with a 600 g cut-off value to prevent tissue 
damage. In all experiments, the nociceptive thresholds were evaluated 
in both hind paws.

opioid treatment model
To mimic the high-dose opioid treatment used in human surgeries, 
fentanyl (60 µg/kg or 100 µg/kg subcutaneous) was injected four con-
secutive times every 15 min, resulting in a total fentanyl dose of 
240 µg/kg or 400 µg/kg. 

Non-nociceptive environmental stress
Non-nociceptive environmental stress (NNES) involved exposure to 
a novel environment for 1 h, as previously described (23). The rats 
were placed in a new experimental room in new cages with fresh bed-
ding, and the animals were then exposed to a light (350 lux) placed 
2 m away from the cages. At the end of the stress session, the rats were 
returned to their home cages in the original experimental room. The 
nonstressed animals were maintained in their home cages. 

Fentanyl ultra-low dose test
As previously reported (23), a subcutaneous fentanyl dose was used to 
induce analgesia similar to the NNES-induced analgesia observed in 
the naive rats. In contrast, the administration of an ultra-low dose of 

fentanyl (fULD) (50 ng/kg) to pain- or opioid-experienced rats 
induced paradoxical hyperalgesia, which differed from the analgesia 
observed in rats without previous pain or opioid experiences. This 
finding suggested that behavioural responses to a fULD administration 
could be used as a pharmacological method to detect pain vulnerabil-
ity (latent pain hypersensitivity) and predict exaggerated pain 
responses to further noxious stimuli. 

Inflammatory pain model
The rats were placed in a plastic cage and were subsequently anesthe-
tized using 3% isoflurane for 3 min. Carrageenan λ (0.2 mL of a 1% 
carrageenan solution in saline) was then subcutaneously injected into 
the left hind paw using a 25-gauge needle.

Experimental procedure
Following arrival at the laboratory, the animals were randomly 
assigned to different experimental groups and were acclimatized to the 
animal care unit for four days. To avoid experimental perturbations 
that may affect the NT measurement, the same experimenter per-
formed these experiments under quiet conditions in a test room near 
the animal care unit. For eight days before the start of the experiments, 
the animals were placed in the test room for 2 h daily to acclimate. In 
this test room, the animals were weighed daily and gently handled for 
5 min. All experiments were performed on groups of 10 animals during 
the light cycle. NT assessments were performed on the day (ie, on 
D−1) preceding the experimental day (D0) and were repeated on the 
experimental day immediately before opioid administration (D0). The 
experiments were only initiated when there were no statistical changes 
in the basal NT for two successive days (D−1 and D0; one-way 
ANOVA; P>0.05). The animals were tested at the same time each 
day. The reference value of the NT was selected as the basal value on 
D0. In addition, the experimenter was blinded to the treatment 
conditions. 
Experiment 1: Effects of a single fentanyl administration on the 
nociceptive threshold in four rat strains: Four groups of 10 rats each 
were formed using the following rat strains: Sprague Dawley, Wistar, 
Lewis and Fischer. Each rat received a subcutaneous administration of 
fentanyl (4×60 µg/kg) on D0. The NT was evaluated every 30 min 
after fentanyl administration on D0 until the return to baseline and 
once daily on subsequent days until the return to the basal level. At 
the end of the experiment, the rats received a subcutaneous injection 
of naloxone (1 mg/kg) and the NT was measured at 5 min after the 
injection.
Experiment 2: Comparative effects of repeated fentanyl administra-
tions on the nociceptive threshold in Sprague Dawley and Fischer 
rats: Two groups of 10 rats each were formed using Sprague Dawley 
and Fischer rats. Each rat received a subcutaneous injection of 
fentanyl (4×100 µg/kg) on D0, D6 and D15 when the NT had returned 
to baseline. The NT was evaluated every 30 min after fentanyl admin-
istration on the experimental day until the return to baseline and once 
daily on subsequent days. At the end of the experiment (D32), the rats 
received a subcutaneous injection of naloxone (1 mg/kg) and the NT 
was measured 5 min after the injection.
Experiment 3: Comparative effects of pre-exposures to NNES on 
changes in the nociceptive threshold induced by fuLD and subse-
quent inflammation in Sprague Dawley and Fischer rats: Four groups 
of 10 rats each were formed using nonstressed Sprague Dawley rats, 
stressed Sprague Dawley rats, nonstressed Fischer rats and stressed 
Fischer rats. On D0 and D9, the rats received a fULD (50 ng/kg) injec-
tion to determine whether the stress sessions on D1, D3 and D8 could 
change the response to fULD. The NT was assessed every 30 min after 
fentanyl injection for 4.5 h. The NNES was performed on D1, D3 and 
D8 for 1 h. The NT was measured for 30 min, 1.5 h, 2.5 h and 4.5 h 
after the initiation of stress. On D11, a carrageenan injection was per-
formed in the left hind paw. NT was evaluated at 2 h, 4 h and 6 h after 
the carrageenan injection and once daily on subsequent days until the 
return to baseline.
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Statistical analysis
Data are presented as mean ± SEM. Repeated-measures two-way 
ANOVAs according to the factors of time (within) and group 
(between) were performed using Statistica 5.1 software (Statsoft, 
Maisons-Alfort, France). When the ANOVAs demonstrated a signifi-
cant time effect (P<0.05), the Newman Keuls post hoc test was used to 
assess the differences between each time point and the baseline value 
on D0. When the ANOVAs demonstrated a significant group effect 
and/or a time-group interaction (P<0.05), the Newman Keuls post hoc 
test was used to assess the differences between groups. Analgesic or 
hyperalgesic indexes, represented by the area under or above the 
curve, respectively, were calculated for each rat using the trapezoidal 
method. As previously reported (3), surface areas were calculated by 
summing the NT values measured daily after the planned experi-
mental day according the formula:

Surface = Σ (nociceptive threshold at Dn+1) − basal value  
× (n+1)

The n value indicates the number of days with an NT significantly 
different (one-way ANOVA and Newman Keuls test, P<0.05) from 
the nociceptive threshold basal value. A one-way ANOVA was used 
to compare the analgesic or hyperalgesic indices following fULD 
administration or carrageenan injection. When the ANOVA revealed 
a significant group effect, the Newman Keuls post hoc test was used to 
determine the differences between groups. The differences were con-
sidered to be statistically significant at P<0.05. 

RESuLTS
Experiment 1: Effects of a single fentanyl administration on the 
nociceptive threshold in four rat strains
The administration of fentanyl (4×60 µg/kg) induced an immediate 
NT increase (Figure 1) that lasted for 3 h (Newman Keuls test, 
P<0.05) in Lewis and Wistar rats and 3.5 h (Newman Keuls test, 
P<0.05) in Sprague Dawley and Fischer rats. This increase was fol-
lowed by a significant early NT decrease in Sprague Dawley and Lewis 
rats, but no NT decrease was observed in Wistar or Fischer rats (one-
way ANOVA, P>0.05; no time effect). In addition, a significant long-
lasting NT decrease was observed several days after fentanyl 
administration in Sprague Dawley (duration three days, Newman 
Keuls test, P<0.05), Lewis (duration seven days, Newman Keuls test, 
P<0.05) and Wistar (duration six days, Newman Keuls test, P<0.05) 
rats, although no NT decrease following fentanyl administration was 
observed in Fischer rats (one-way ANOVA, P>0.05, no time effect). 
Naloxone administration at the end of the experiment induced an NT 
decrease in Sprague Dawley, Lewis and Wistar rats (Newman Keuls 
test, P<0.05) but not in Fischer rats (one-way ANOVA, P>0.05, no 
time effect).

Experiment 2: Comparative effects of repeated fentanyl 
administrations on the nociceptive threshold in Sprague Dawley 
and Fischer rats
In Sprague Dawley rats, the first administration of a higher dose of 
fentanyl (4×100 µg/kg) induced an NT increase followed by an early 
NT decrease (Newman Keuls test, P<0.05). A delayed and sustained 
NT decrease was also observed for three days after the first fentanyl 
administration (Newman Keuls test, P<0.05) (Figure 2A). The second 
administration of fentanyl (4×100 µg/kg) on D6 elicited an NT 
increase followed by an equivalent early NT decrease (Newman Keuls 
test, P<0.05). Moreover, a longer delayed NT decrease was observed 
for eight days following the second fentanyl administration (Newman 
Keuls test, P<0.05) (Figure 2A). Interestingly, the third administration 
of fentanyl (4×100 µg/kg) on D15 elicited an NT increase followed by 
a very important delayed NT decrease (Newman Keuls test, P<0.05). 
In addition, a longer delayed NT decrease was observed for 13 days 
following the third fentanyl administration (Newman Keuls test, 
P<0.05). According to the AUC calculations, the second and third 
fentanyl administrations induced 1.2- and 1.7-fold increases in the 

early NT decrease, respectively, compared with the first fentanyl 
administration. Similarly, the second and third fentanyl administra-
tion induced three- and 5.8-fold increases in the delayed NT decrease, 
respectively.

In Fischer rats, three administrations of fentanyl (4×100 µg/kg) 
elicited NT increases (Newman Keuls test, P<0.05) (Figure 2B). 
However, neither early nor delayed NT decreases were observed in 
Fischer rats following three fentanyl administrations (one-way 
ANOVA, P>0.05; no time effect).

Experiment 3: Comparative effects of pre-exposure to NNES on 
changes in the nociceptive threshold induced by fuLD and 
subsequent inflammation in Sprague Dawley and Fischer rats
The fULD administration on D0 induced a similar NT increase for 
30 min in both Sprague Dawley and Fischer rats (one-way ANOVA, 
P>0.05; no group effect). In Sprague Dawley rats (Figures 3A and 4A), 
the first NNES on D1 induced analgesia limited to the time of the 
stress exposure (Newman Keuls test, P<0.05). The amplitude of the 
stress-induced analgesia decreased with stressor repetition (Newman 
Keuls test, P<0.05). No change in the baseline NT was observed in 
nonstressed rats (one-way ANOVA, P>0.05). In nonstressed rats, the 
fULD administration on D9 induced a NT increase for 30 min 
(Newman Keuls test, P<0.05). In contrast, the fULD administration 
resulted in a decrease in the NT that lasted for 4 h (Newman Keuls 
test, P<0.05) in stressed rats. In nonstressed rats, an intraplantar car-
rageenan injection on D11 induced a decrease in the NT in the 

Figure 1) Effects of a single fentanyl administration on the nociceptive 
threshold (NT) in four rat strains. Changes in the NT were evaluated using 
a paw pressure vocalization test at the hind paw in Sprague Dawley (A), 
Wistar (B), Lewis (C) and Fischer (D) rats. Fentanyl administration was 
performed on day 0 (D0). Fentanyl (60 µg/kg subcutaneous) was injected 
four consecutive times every 15 min, resulting in a total fentanyl dose of 
240 µg/kg. NT was assessed on D−1 and D0 every 30 min after the first 
fentanyl injection until the return to the basal values on D0 and subsequently 
once daily. Once the NT had returned to baseline, naloxone was injected 
(1 mg/kg subcutaneous) and the NT was assessed 5 min later. The mean 
(± SEM) pressure values that triggered vocalization are expressed in g 
(n=10 for each group). *Newman Keuls test, P<0.05 for comparisons with 
the basal value
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inflamed hind paw that lasted for four days (Figure 3A; Newman Keuls 
test, P<0.05) and a limited NT decrease in the contralateral non-
inflamed hind paw that lasted for several hours. No NT decrease was 
observed in the noninflamed hind paw on the days following the car-
rageenan injection (Figure 4A; one-way ANOVA, P>0.05, no time 
effect). In stressed rats, an intraplantar carrageenan injection on D11 
induced a decrease in the NT of the inflamed and noninflamed hind 

paws that lasted for 11 days (Figure 3A; Newman Keuls test, P<0.05) 
and nine days (Figure 4A; Newman Keuls test, P<0.05), respectively. 
Moreover, the hyperalgesic indices were increased by threefold in the 
inflamed hind paw compared with nonstressed group (data not shown, 
Newman Keuls test, P<0.05). 

In Fischer rats (Figures 3B and 4B), the first NNES on D1 induced 
analgesia limited to the time of the stress exposure (Newman Keuls 

Figure 3) Comparative effects of pre-exposures to non-nociceptive environ-
mental stress on changes in the nociceptive threshold induced by fentanyl 
ultra-low dose (fULD) and subsequent inflammation at the ipsilateral hind 
paw level in Sprague Dawley and Fischer rats. Changes in the nociceptive 
threshold were evaluated using a paw pressure vocalization test on the 
inflamed hind paws of Sprague Dawley (A) and Fischer (B) rats. On 
day 0 (D0), all rats received fULD administration (50 ng/kg subcuta-
neous). The non-nociceptive environmental stress was performed on D1, D3 
and D8 for animals in the stressed groups. On D9, a second fULD adminis-
tration (50 ng/kg subcutaneous) was performed on all rats. On D11, the 
animals received an intraplantar carrageenan λ injection (0.2 mL, 1%). 
The mean (± SEM) pressure values that triggered vocalization are expressed 
in g (n=8 for each group). *Newman Keuls test, P<0.05 for comparisons 
with the basal value

Figure 2) Comparative effects of repeated fentanyl administrations on the 
nociceptive threshold (NT) in Sprague Dawley and Fischer rats. Changes 
in the NT were evaluated using a paw pressure vocalization test at the hind 
paw in Sprague Dawley (A) and Fischer (B) rats. The first fentanyl 
administration was performed on day 0 (D0). Fentanyl (100 µg/kg sub-
cutaneous) was injected four consecutive times every 15 min, resulting in 
a total fentanyl dose of 400 µg/kg. Fentanyl administration (4×100 µg/kg) 
was repeated on D6 and D15. NT was assessed on D−1 and D0 every 
30 min after the fentanyl injection until the return to basal values on D0 
and subsequently once daily. Once the NT had returned to baseline after 
the third fentanyl administration, naloxone was injected (1 mg/kg subcuta-
neous) and the NT was evaluated 5 min later. The mean (± SEM) pres-
sure values that triggered vocalization are expressed in g (n=10 for each 
group). *Newman Keuls test, P<0.05 for comparisons with the basal 
value
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test, P<0.05). In contrast to stressed Sprague Dawley rats, no change 
in the amplitude of the stress-induced analgesia was observed with 
stressor repetition (one-way ANOVA, P>0.05; no time effect). No 
change in the baseline NT was observed in nonstressed rats (one-way 
ANOVA, P>0.05). The fULD administration on D9 induced a similar 
NT increase that lasted for 30 min (Newman Keuls test, P<0.05) in 
both nonstressed and stressed rats. In nonstressed rats, an intraplantar 
carrageenan injection on D11 induced an NT decrease in the inflamed 
hind paw that lasted for two days (Figure 3B; Newman Keuls test, 
P<0.05). No NT decrease was observed in the contralateral non-
inflamed hind paw on the days following the carrageenan injection 
(Figure 4B; one-way ANOVA, P>0.05, no time effect). In stressed rats, 
an intraplantar carrageenan injection on D11 induced a NT decrease 
in the inflamed hind paw that lasted for two days (Figure 3B; Newman 
Keuls test, P<0.05), but no NT decrease was observed in the contral-
ateral noninflamed hind paw on the days following the carrageenan 
injection (Figure 4B; one-way ANOVA, P>0.05; no time effect). No 
increases in the hyperalgesic indices were observed for the inflamed 
hind paw of stressed animals compared with nonstressed animals (one-
way ANOVA, P>0.05). The amplitude of hyperalgesia in the non-
stressed and stressed Fischer rats was lower (−60%) than that observed 
in nonstressed Sprague Dawley rats (Figures 3A and 3B).

DISCuSSIoN 
The results of the present study revealed considerable interstrain dif-
ferences in the ability of acute or repeated fentanyl administrations to 
induce OIH in rats. OIH was not observed in Fischer rats even after 
three fentanyl injections. Similarly, the enhancement in pain sensitiv-
ity, ie, latent pain sensitization, induced by previous endogenous opi-
oid release associated with NNES in Sprague Dawley rats was not 
observed in Fischer rats. 

Although some differences in the OIH were observed in both 
the amplitude and duration of the OIH, Sprague Dawley, Wistar and 
Lewis strains evoked a similar biphasic pattern, ie, analgesia followed 
by a sustained hyperalgesia. These changes were observed using a pain 
vocalization mechanical test. OIH to noxious and mechanical stimuli 
have also been reported using the measurement of withdrawal laten-
cies in rats (11) and mice (19) treated with various opioids such as 
morphine, fentanyl, remifentanil and alfentanil. In contrast, Fischer 
rats showed fentanyl-induced analgesia, but OIH was not observed in 
this rat strain after the first series of 4×100 µg/kg fentanyl injections. 
To determine whether Fischer rats were less sensitive to fentanyl 
for inducing OIH compared with Sprague Dawley rats, we repeated 
fentanyl administrations using the highest fentanyl dose. In Sprague 
Dawley rats, the repetition of fentanyl injections markedly enhanced 
both early and delayed hyperalgesia but, in contrast, OIH was never 
observed in Fischer rats. Consistent with these results, naloxone injec-
tion precipitated hyperalgesia in Sprague Dawley, Wistar and Lewis 
rats when the opioid receptor antagonist was administered to animals 
that had attained the predrug nociceptive threshold value. In contrast, 
naloxone did not precipitate hyperalgesia in fentanyl-treated Fischer 
rats. Because naloxone induces an effect in rats that recover from OIH, 
it has been previously suggested (24-26) that the injection of an opioid 
antagonist may unmask a new biological equilibrium (allostasis) associ-
ated with a high-level balance between endogenous opioid-dependent 
analgesic systems and counteracting systems (ie, NMDA-dependent 
pronociceptive systems [11,12]), which can mask one another for a 
long period of time (2,5). The activation of opposing pronociceptive 
processes, potentially promoting a changed set point (5,26-29), would 
not be activated in Fischer rats. Collectively, this first series of experi-
ments clearly shows major differences between Fischer rats on the one 
hand, and Sprague Dawley, Wistar and Lewis rats on the other, in the 
development and the expression of OIH. These results suggest that a 
potent synthetic opioid, such as fentanyl, cannot trigger the activation 
of NMDA-dependent pronociceptive systems in the Fischer rat strain. 

These results led us to evaluate whether endogenous opioids 
induce pain hypersensitivity using a recently developed NNES 

paradigm. In a previous Sprague Dawley rat study (22), we showed that 
endogenous opioids, released during NNES, could induce immediate 
analgesia and secondarily induce an NMDA-dependent latent pain 
sensitization, leading to exaggerated pain in response to further nox-
ious stimulation two weeks later. Interestingly, the blockade of opioid 
receptors by naltrexone before each stress session inhibited 

Figure 4) Comparative effects of pre-exposures to non-nociceptive environ-
mental stress on changes in the nociceptive threshold induced by fentanyl 
ultra-low dose (fULD) and subsequent inflammation at the contralateral 
hind paw level in Sprague Dawley and Fischer rats. Changes in the nocicep-
tive threshold were evaluated using a paw pressure vocalization test on the 
noninflamed hind paws of Sprague Dawley (A) and Fischer (B) rats. On  
day 0 (D0), all rats received fULD administration (50 ng/kg subcuta-
neous). The non-nociceptive environmental stress was performed on D1, D3 
and D8 for animals in the stressed groups. On D9, a second fULD adminis-
tration (50 ng/kg subcutaneous) was performed in all rats. On D11, the 
animals received an intraplantar carrageenan injection (0.2 mL, 1%). The 
mean (± SEM) pressure values that triggered vocalization are expressed in g 
(n=8 for each group). *Newman Keuls test, P<0.05 for comparisons with 
the basal value
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stress-induced analgesia and suppressed the enhanced inflammatory 
hyperalgesia observed in prestressed Sprague Dawley rats. This result 
suggests that endogenous opioids paradoxically play a major role in the 
development of latent pain sensitization. Using this original protocol 
in Fischer rats, several differences were observed with Sprague Dawley 
rats. First, inflammatory hyperalgesia was more moderate in Fischer 
rats compared with Sprague Dawley rats. Second, previous NNES in 
Fischer rats did not enhance inflammatory hyperalgesia in the 
inflamed hind paw, as observed in the Sprague Dawley rats. Third, in 
contrast to results obtained in Sprague Dawley rats, prestressed and 
nonstressed Fischer rats did not show pain hypersensitivity in the 
contralateral noninflamed hind paw. Consistent with our previous 
data (22), the present study confirms that prestressed and nonstressed 
Sprague Dawley rats can be experimentally distinguished according to 
their hyperalgesic or analgesic responses to fULD, respectively. In 
contrast, prestressed Fischer rats always evoked fULD analgesia and 
not fULD hyperalgesia. This result confirms that fULD analgesic/
hyperalgesic indexes facilitate experimental predictions of individual 
pain vulnerability in various rat strains. As observed in OIH with 
exogenous opioids, Fischer rats are less sensitive to the development of 
pain sensitization following opioid receptor activation through 
endogenous opioids. Interestingly, we previous demonstrated in 
Sprague Dawley rats that latent pain hypersensitivity induced through 
endogenous opioid release associated with previous NNES are pre-
vented using NMDA receptor antagonists (22). Consistent with a 
potential difference in NMDA receptor functioning in Fischer rats 
versus other rat strains, prenatal stress increases the hippocampal 
expression of Grin2b (one of four NR2 subunit types containing 
NMDA receptors) in Sprague Dawley and Lewis rats but not in the 
Fischer rat strain, although similar baseline levels were observed (30). 
Thus, these results indicate that environmental influences on individ-
ual pain sensitivity are dependent on genetic factors. 

Although several mechanisms, including various neural and glial 
components at the spinal and supraspinal levels (19,31-42), have been 
suggested to mediate the development of OIH, the activation of the 
NMDA receptor complex by µ receptor agonists is one of the most 
important underlying mechanisms for the development of abnormal 
pain hypersensitivity induced by both exogenous (2,5,6,15,22,43) and 
endogenous opioids (22). However, genetic analyses suggest that the 
β2-adrenergic receptor (44), the 5-HT3 receptor (45) and the 
P-glycoprotein gene Abcb1b (46) contribute to the differences observed 
among various strains of mice that develop OIH. From a clinical point 
of view, the experimental models developed in the present study may be 
effective tools to provide a better understanding of the mechanisms that 
underlie individual differences observed in pain sensitivity in humans, 
particularly after surgical injuries.

Collectively, our results suggest that OIH, fULD hyperalgesia and 
latent pain sensitization have common mechanisms because these 
conditions are triggered through the activation of opioid receptors 
and prevented by the administration of NMDA receptor antagonists 
(3,22,23). Although medically unpleasant, hyperalgesia induced by 
exogenous opioid administration and latent pain sensitization 
induced by previous endogenous opioid release (in the context of 
individual stress histories) should be considered as adaptive responses 
because these mechanisms provide reinforcement for a coordinated 
set of behavioural drives based on memories of dangerous events fol-
lowing exposure to threats. Indeed, it has been speculated that pain 
hypersensitivity facilitates learning processes to avoid environmental 
changes leading to tissue injuries and associated pain. Interestingly, 
pain hypersensitivity has also been described following analgesia 
induced through triptan overuse (47) or α2-adrenergic agonist 
administration (48). Consistent with the compensatory response 
hypothesis (5,29,49), particularly with regard to the opponent pro-
cess theory (27), it can be speculated that an excess of various drug-
induced analgesia leads to abnormal pain vulnerability. Paradoxically, 
Fischer rats appear to be less adapted to environmental changes 
compared with other rat strains because these rats demonstrated a 

deficit in neuroplasticity following endogenous opioid release. These 
preclinical results may provide support for further studies to obtain a 
better understanding of the role of genetic and environmental inter-
actions in individual differences in both pain sensitivity and pharma-
cological responses to an opioid.
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