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Abstract The mechanisms underlying the transition from acute to chronic pain are unclear but
may involve the persistence or strengthening of pain memories acquired in part through associative
learning. Contextual cues, which comprise the environment in which events occur, were recently
described as a critical regulator of pain memory; both male rodents and humans exhibit increased
pain sensitivity in environments recently associated with a single painful experience. It is unknown,
however, how repeated exposure to an acute painful unconditioned stimulus in a distinct context
modifies pain sensitivity or the expectation of pain in that environment. To answer this question,

we conditioned mice to associate distinct contexts with either repeated administration of a mild
visceral pain stimulus (intraperitoneal injection of acetic acid) or vehicle injection over the course of
3 days. On the final day of experiments, animals received either an acid injection or vehicle injection
prior to being placed into both contexts. In this way, contextual control of pain sensitivity and pain
expectation could be tested respectively. When re-exposed to the noxious stimulus in a familiar
environment, both male and female mice exhibited context-dependent conditioned analgesia, a
phenomenon mediated by endogenous opioid signaling. However, when expecting the presenta-
tion of a painful stimulus in a given context, males exhibited conditioned hypersensitivity whereas
females exhibited endogenous opioid-mediated conditioned analgesia. These results are evidence
that pain perception and engagement of endogenous opioid systems can be modified through their
psychological association with environmental cues. Successful determination of the brain circuits
involved in this sexually dimorphic anticipatory response may allow for the manipulation of pain
memories, which may contribute to the development of chronic pain states.

Editor's evaluation

This study covers a series of experiments designed to characterize conditioned pain processing
using a novel animal model in which mechanical nociception (von Frey test) and writhing are
assessed following exposure to contextual cues that have been paired with visceral pain (intraperito-
neal acetic acid injection). The results reveal that such cues exert complex, dose- and sex-dependent
effects on pain processing. These experiments address an important topic from a translational
perspective, because learning is an important but understudied contributor to the human pain expe-
rience and because there is evidence for sex differences in human pain expression. These findings
will be of broad interest to researchers across fields of associative learning, neuroscience, and pain
research.
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Introduction

Chronic pain development may involve the generalization and strengthening of acute pain memo-
ries (Moseley and Vlaeyen, 2015). Neuronal encoding of painful stimuli, known as nociception, is
an evolutionarily conserved, unconditioned response (UCR) generated upon exposure to a tissue-
damaging unconditioned stimulus (UCS). When pain persists, subjects are either repeatedly presented
with or chronically experiencing this UCS, providing opportunity for various external cues or condi-
tioned stimuli (CS) to become associated with the UCS. Pairings of the painful UCS with external cues
can eventually lead to the development of a conditioned response (CR) elicited by the CS alone. In this
way, nociceptive signaling and resulting pain behaviors may be modulated by previously biologically
irrelevant stimuli.

Pavlov, 2010, was the first to describe the process through which a biologically irrelevant stim-
ulus could come to exert control over physiological processes in a way that allows the organism
to prepare for the upcoming disruption of homeostasis produced by the UCS. In addition to audi-
tory stimuli like those used in Pavlov's experiments, the immediate environment or ‘context’ may
control these preparatory responses as was demonstrated in an important experiment performed
by Siegel et al., 1982. Over the course of 15 days, Siegel et al. treated rats with escalating
doses of a mu-opioid receptor agonist (heroin) in one distinct physical environment. After training,
animals received an ostensibly lethal dose of heroin (96.4% mortality rate in heroin-naive rats) in
the same environment where training occurred, or in a separate, novel environment. When admin-
istered in a novel context, this dose of heroin killed 64.3% of animals; the same amount of heroin
administered in the familiar context decreased the death rate by ~50% such that only 32.4% of
animals died. Similar to the CR first reported by Pavlov, 2010, this work suggested that the familiar
environment served as a CS that predicted upcoming heroin administration, thereby initiating
internal processes associated with drug tolerance. This phenomenon has since been termed a
‘conditioned compensatory response’ as exposure to the CS begins the process of compensating
for the upcoming drug effect (see also Siegel, 1977; see Siegel et al., 2000, for a review). Here,
we used a similar experimental paradigm to determine if repeated exposure to an acute painful
stimulus in a specific context affects sensitivity to that stimulus. In other words, do animals exhibit
conditioned compensatory responses to painful stimuli? And if they do, what is the physiological
basis of that response?

It is also well documented that context can exert control over learned behaviors related to fear
and anxiety (Bouton and Bolles, 1979) as well as over instrumental and choice behaviors (Trask and
Bouton, 2014). Recently, context was found to influence pain behaviors in male mice and humans after
a single conditioning trial (Martin et al., 2019). Both male mice and men exhibited stress-induced
hyperalgesia if tested in an environment previously associated with a painful stimulus (Martin et al.,
2019). Similarly, in a place avoidance task, male mice avoided the environment previously associated
with this same noxious UCS (Martin et al., 2019). Neither female mice nor women exhibited condi-
tioned hypersensitivity, conditioned place aversion, or context-dependent increases in circulating
stress hormones in these experiments, suggesting that context did not impact nociceptive signaling
in females as it did in males. However, an alternative interpretation of these data may be that contex-
tual cues engaged compensatory endogenous analgesic systems in females, even in the absence of
ongoing pain, such that their pain behaviors pre- and post-conditioning were indistinguishable. This
hypothesis is appealing given the potential therapeutic implications that could follow if environment is
capable of modulating endogenous analgesic mechanisms. To date, the few studies that have exam-
ined environmental influence on conditioned analgesia have primarily done so in fear conditioning
paradigms. In general, those studies found that following fear conditioning in which a CS predicts an
aversive shock outcome, animals exhibited increased pain tolerance (i.e., conditioned hypoalgesia) in
the environment, or context, where fear conditioning occurred (Fanselow and Helmstetter, 1988;
Harris and Westbrook, 1994; Harris and Westbrook, 1995; Helmstetter and Fanselow, 1987;
Watkins et al., 1993). Although the conditioned fear responses exhibited following this associative
learning have been extensively studied, the potential compensatory analgesic responses produced
by context exposure have received little to no attention outside of these paradigms. We therefore
designed a novel set of experiments to determine if context could be used as a CS to engage endoge-
nous analgesic mechanisms and thus increase pain tolerance, in the absence of overt fear conditioning
or ongoing pain.
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Results

Female mice develop context-dependent analgesia after training with
ascending doses of acetic acid

In chronic pain conditions and models, subjects are repeatedly or continuously presented with a noxious
UCS. In these studies, we used associative learning paradigms that repeatedly coupled a painful UCS
(i.e., acetic acid) with a unique environment to determine if pain memories affect pain sensitivity
(UCR) and pain expectation (CR). To first determine if context can exert conditional control over pain
sensitivity, we designed a within-subject, 3-day conditioning paradigm in which animals were trained
to associate one unique context with escalating doses of intraperitoneal (IP) acetic acid and a second
context with IP vehicle administration (Figure 1A). Prior to being placed into either chamber on the
fourth day of the paradigm, animals were injected with a dose of acetic acid that was higher than
the doses previously administered in the acid-trained context. Two pain behaviors were assessed in
these experiments: (1) mechanical sensitivity of the hindpaw and (2) abdominal writhing. Although the
hindpaw tissue is not directly injured by the UCS, the sensitivity of the hindpaw may increase due to
a recently described phenomenon (Tansley et al., 2019) that we are calling hyperalgesic descending
control of nociception (DCN), which represents the opposite of classical analgesic DCN (previously
known as diffuse noxious inhibitory controls [DNIC] or conditioned pain modulation [CPM]). We use
this term to describe the process by which pain in one region of an animal’s body increases pain
in another anatomically distinct region via descending pain modulatory circuitry (Bannister et al.,
2021). Hindpaw sensitivity was measured in both contexts on days 1 and 4 of the experiment, 45 min
following acetic acid injection. A 2 (Sex: male, female) x 2 (Context: vehicle-paired, acetic acid-paired)
x 2 (Day: 1, 4) ANOVA revealed a main effect of day, F; 14 = 19.08, MSE = 1.71, p = 0.001, 5 p? =
0.58, a day by sex interaction, F 14 = 15.51, MSE = 1.71, p = 0.009, 7 p2 = 0.39, a context by day
interaction, F; 14 = 13.75, MSE = 1.81, p = 0.002, 5 p? = 0.50, and a three-way interaction, F 1, =
23.84, MSE = 1.81, p < 0.001, 5 p?=0.63. There was no main effect of context, sex, nor an interaction
between the two (Fs < 1). Planned comparisons were further conducted to assess differences both
between and within-groups. Male mice (Figure 1B) exhibited similar levels of hindpaw mechanical
sensitivity in both the acid- and vehicle-paired contexts on day 1 (p = 0.91) and day 4 (p = 0.29),
suggesting that associative learning did not enable environmental control of pain sensitivity in males.
Alternatively, hindpaw sensitivity of female mice varied greatly between chambers on days 1 and 4 of
the paradigm (Figure 1C). On day 1, female mice exhibited hyperalgesic DCN (i.e., increased pain in
the hindpaw following administration of a painful stimulus in the abdomen) in the acid-paired context
relative to the vehicle chamber (p < 0.001). However, on day 4, female hindpaw sensitivity was greater
in the vehicle-paired context than the acid-paired context (p = 0.001) despite the fact that animals
received IP injection of 0.9% acetic acid prior to being placed into either chamber. The individual
sexes exhibited similar levels of hindpaw sensitivity in the vehicle-paired chamber on day 1 (p = 0.72)
but displayed both quantitative and qualitative differences in hindpaw sensitivity following the various
acetic acid injections. Following acid injection on day 1, females exhibited hyperalgesic DCN whereas
males did not (p < 0.001; Figure 1D). Similarly, hindpaw sensitivity in female mice was greater than in
male mice following an IP injection of 0.9% acetic acid and placement into the vehicle-paired chamber
on day 4 (p = 0.045), even though both sexes exhibited higher mechanical sensitivity in this chamber
on day 4 as compared to day 1 (males: p = 0.003; females: p < 0.001). However, when injected with
acid and placed into the acid-paired context on day 4, females exhibited less hindpaw sensitivity than
males (p = 0.011; Figure 1D); male hindpaw withdrawal thresholds were lower in the acid-paired
chamber on day 4 as compared to day 1 (p = 0.002), whereas female hindpaw withdrawal thresholds
were higher in the acid-paired context on day 4 relative to day 1 (p = 0.006). This latter effect is espe-
cially interesting considering the dose of acetic acid administered in the acid-paired context on day 4
is ninefold higher than the dose administered in this same context on day 1.

In addition to hindpaw sensitivity, we also examined reflexive writhing behavior using the same 2
(Sex: male, female) x 2 (Context: vehicle-paired, acetic acid-paired) x 2 (Day: 1, 4) ANOVA. This anal-
ysis revealed a main effect of day, F; 4 = 198.76, MSE = 53.07, p < 0.001, 5 p? = 0.63, but no other
main effects or interactions (largest F = 1.00, p = 0.36). While no between- or within-subjects differ-
ences were observed on day 1 or day 4 in males (Figure 1E) or females (Figure 1F), males and females
exhibited more writhing behaviors in both contexts on day 4, relative to day 1 likely because of the
high dose of acetic acid administered prior to placement into either chamber on day 4 (Figure 1G;
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Figure 1. Female mice develop context-dependent analgesia after training with ascending doses of acetic acid. (A) Experimental design depicting the
within-subject procedure. In daily sessions, mice were given ascending doses of acetic acid in one physical chamber, Context A, and vehicle injections
in a separate physical chamber, Context B. On the final day, mice received an injection of 0.9% acetic acid solution in each context. Writhing behaviors
were assessed on days 1 and 4 for the first 30 min following injection. Hindpaw sensitivity was measured 45 min following injection on days 1 and 4. (B)
von Frey withdrawal thresholds of male mice (n = 8) on days 1 and 4 of the paradigm. Acetic acid injection on day 1 (0.1%) had no effect on hindpaw
mechanical sensitivity. Hindpaw mechanical sensitivity was similar in both contexts following 0.9% acetic acid injection on day 4. (C) von Frey withdrawal
thresholds of female mice (n = 8) on days 1 and 4 of the paradigm. Acetic acid injection on day 1 (0.1%) induced hindpaw mechanical hypersensitivity
(‘hyperalgesic descending control of nociception [DCNJ'). Hindpaw mechanical sensitivity differed between the contexts following 0.9% acetic acid
injection on day 4, however; females exhibited contextually mediated analgesia in the acid-paired chamber relative to the vehicle-paired chamber on
day 4. (D) von Frey withdrawal thresholds of male and female mice replotted to highlight results in the acetic acid paired chamber. Male mice exhibit
hyperalgesic DCN on day 4 relative to day 1. Female mice exhibit less hindpaw sensitivity following 0.9% acetic acid injection on day 4 than they did

Figure 1 continued on next page
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following 0.1% acetic acid injection on day 1 suggesting the development of conditioned analgesia. (E) Writhing behavior of male mice on days 1 and 4
of the paradigm. Writhing frequency was similar in both contexts on days 1 and 4. (F) Writhing behavior of female mice on days 1 and 4 of the paradigm.
Writhing frequency was similar in both contexts on days 1 and 4. (G) Writhing behavior of male and female mice replotted to highlight results in acetic
acid paired chamber. Both sexes exhibited more writhing behaviors following a 0.9% acid injection on day 4 than following a 0.1% acid injection on day

1.

male vehicle-paired 1 vs. 4: p = 0.005; male AA-paired 1 vs. 4: p = 0.014; female vehicle-paired 1 vs.
4: p = 0.03; female AA-paired 1 vs. 4: p = 0.003). Notably, context did not alter reflexive writhing
behaviors in either sex on day 4 (Figure 1G), despite blocking the hyperalgesic DCN observed in von
Frey testing. Collectively, these data suggest that prior experience, or pain memories associated with
a specific environment, induce a conditioned compensatory response that decreases hyperalgesic
DCN only in female mice.

Female and male mice develop context-dependent analgesia after
training with high doses of acetic acid

These initial experiments raised the possibility that males were not able to develop conditioned anal-
gesia. However, unlike females, male mice also failed to develop mechanical hypersensitivity (i.e.,
hyperalgesic DCN) after injection of 0.1% acetic acid on day 1 of training (Figure 1B). Previous studies
have also shown that male mice do not develop conditioned place aversion unless trained with doses
of acetic acid >0.3% (Bagdas et al., 2016). Therefore, we repeated this within-subject paradigm but
administered 0.9% acetic acid on all training and test days (Figure 2A) to determine if the UCS used
in the previous experiments was simply not strong enough to support associative learning in males.

The same 2 (Sex: male, female) x 2 (Context: vehicle-paired, acetic acid-paired) x 2 (Day: 1, 4)
ANOVA conducted to assess mechanical sensitivity found a marginal effect of day, Fj 14 = 4.12, MSE
=1.54, p = 0.06, n p2 = 0.23, a day by sex interaction, F 14 = 12.26, MSE = 1.54, p = 0.004, 1 p* =
0.47, and a context by day interaction, F 14 = 40.63, MSE = 3.31, p < 0.001, n p? = 0.74. No other
main effects or interactions were significant (largest F = 1.95, p = 0.12). As before, planned compari-
sons were conducted to assess differences both between- and within-groups. In contrast to the results
from the previous experiment, males exhibited hyperalgesic DCN in the acid-paired chamber on day 1
(p = 0.006; Figure 2B) and conditioned analgesia in this chamber on day 4 (p = 0.006) relative to the
vehicle-paired chamber. A similar pattern was observed in females (Figure 2C); relative to the vehicle-
paired chamber, female mice exhibited hyperalgesic DCN in the acid-paired chamber on day 1 (p =
0.003), and conditioned analgesia in this chamber as early as day 2 in some animals (Figure 2—figure
supplement 1), but by day 4 in all mice (Figure 2C; p < 0.001). Although the magnitude of hyperal-
gesic DCN exhibited following 0.9% acetic acid injection on day 1 was greater in females than males
(p = 0.024; Figure 2D), hindpaw mechanical thresholds in the acid-paired chamber on day 4 were not
significantly different between the sexes (p = 0.078). In planned comparisons that assessed behavior
across days, males exhibited hyperalgesic DCN in the vehicle-paired context on day 4 relative to day
1 (p < 0.001) but did not exhibit conditioned analgesia in the acid-paired chamber on day 4 relative to
day 1 (Figure 2D; p = 0.42). This was not the case for females as they demonstrated both hyperalgesic
DCN in the vehicle-paired context on day 4 relative to day 1 (p = 0.002) and conditioned analgesia in
the acid-paired context on day 4 relative to day 1 (Figure 2D; p < 0.001).

Writhing behavior was also assessed using a 2 (Sex: male, female) x 2 (Context: vehicle-paired,
acetic acid-paired) x 2 (Day: 1, 4) ANOVA. Main effects of context, F; 1o = 75.47, MSE = 95.24, p
< 0.001, np?=0.88, and a context by day interaction were noted, F, 1 = 39.42, MSE = 292.09, p
< 0.001, n p? = 0.80, but no other main effects or interactions were observed (largest F = 3.13, p =
0.11). Planned comparisons revealed that males exhibited more writhing behavior in the acid-paired
context than the vehicle-paired context on day 1 (Figure 2E, p < 0.001) but not day 4 (p = 0.56).
Although females exhibited more writhing in the acid-paired context relative to the vehicle-associated
context on day 1 (Figure 2F, p < 0.001), the opposite was observed on day 4 (p = 0.03); females
exhibited less writhing in the acid-associated context than the vehicle-associated context despite
receiving identical 0.9% acetic acid injections before being placed into each. Unsurprisingly, both
males and females exhibited more writhing behaviors in the vehicle-paired context on day 4 relative
to day 1 since animals were injected with 0.9% acetic acid before being placed into that chamber on
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Figure 2. Female and male mice develop context-dependent analgesia after training with high doses of acetic acid. (A) Experimental design

depicting the within-subject procedure. In daily sessions, mice were given a 0.9% dose of acetic acid in one physical chamber, Context A, and vehicle
injections in a separate physical chamber, Context B. On the final day, mice received an injection of 0.9% acetic acid solution in each context. Writhing
behaviors were assessed on days 1 and 4 for the first 30 min following injection. Hindpaw sensitivity was measured 45 min following injection. (B) von
Frey withdrawal thresholds of male mice (n = 8) on days 1 and 4 of the paradigm. Acetic acid injection on day 1 (0.9%) induced hindpaw mechanical
hypersensitivity ('hyperalgesic descending control of nociception [DCNJ’). Hindpaw mechanical sensitivity differed between the contexts following 0.9%
acetic acid injection on day 4, however; males exhibited contextually mediated analgesia in the acid-paired chamber relative to the vehicle-paired
chamber on day 4. (C) von Frey withdrawal thresholds of female mice (n = 8) on days 1 and 4 of the paradigm. Acetic acid injection on day 1 (0.9%)
induced hindpaw mechanical hypersensitivity ('hyperalgesic DCN’). Hindpaw mechanical sensitivity differed between the contexts following 0.9% acetic
acid injection on day 4, however; females exhibited contextually mediated analgesia in the acid-paired chamber relative to the vehicle-paired chamber
on day 4. (D) von Frey withdrawal thresholds of male and female mice replotted to highlight results in the acetic acid paired chamber. Male mice
exhibited similar levels of hindpaw mechanical sensitivity in the acid-paired chamber on days 1 and 4. Female mice exhibited less hindpaw sensitivity

Figure 2 continued on next page
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Figure 2 continued

following 0.9% acetic acid injection on day 4 than they did following 0.9% acetic acid injection on day 1 suggesting the development of conditioned
analgesia. (E) Writhing behavior of male mice on days 1 and 4 of the paradigm. On day 1, injection of 0.9% acid induced more writhing than injection of
vehicle. Writhing frequency of male mice was similar in both contexts on day 4. (F) Writhing behavior of female mice on days 1 and 4 of the paradigm.
On day 1, injection of 0.9% acid induced more writhing than injection of vehicle. Writhing frequency of female mice was lower in the acid-paired context
on day 4 than in the vehicle-paired context. (G) Writhing behavior of male and female mice replotted to highlight results in acetic acid paired chamber.
Both sexes exhibited less writhing on day 4 relative to day 1.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Time course of conditioned analgesia development in male and female mice.

day 4 (males: p = 0.02; females: p < 0.001). However, both sexes exhibited less writhing in the acid-
paired context on day 4 relative to day 1 suggesting either the development of acetic acid tolerance
or conditioned analgesia (Figure 2G; males: p = 0.043; females: p = 0.047). Considering these data,
and the fact that male mice had higher withdrawal thresholds in the acid-paired context on day 4 as
compared to the vehicle-paired context, we conclude that both sexes are able to develop conditioned
analgesia if trained with strong UCS, but the magnitude of this phenomenon may differ between the
sexes with females being especially sensitive to this type of learning.

Conditioned analgesia is unlikely to be mediated by changes in
circulating corticosterone, but rather increased endogenous opioid
signaling

To begin probing the biological basis of this conditioned analgesia, we next developed a between-
subject 3-day conditioning paradigm in which animals were only trained in one environment so as to
isolate physiological changes occurring in each context (Figure 3A). Since male and female mice both
exhibited conditioned analgesia in the previous experiment, sexes were combined for this between-
subject analysis. A 2 (Group: acid-trained, vehicle-trained) x 2 (Day: 1, 4) ANOVA found a day by group
interaction, F; 14 = 49.30, MSE = 2.01, p < 0.001, 5 p? = 0.78, but no main effect of group or day
(largest F = 1.43, p = 0.25). Planned comparisons found that similar to observations in the acid-paired
context in our within-subject experiment (Figure 2), acid-trained animals exhibited hyperalgesic DCN
relative to vehicle-trained animals on day 1 (p < 0.001) and conditioned analgesia relative to vehicle-
trained animals on day 4 (p = 0.008; Figure 3B). To determine if this context-dependent analgesia is
associated with stress, circulating corticosterone was measured in animals immediately upon removal
from the testing environment. Corticosterone levels were similar between acid- and vehicle-trained
mice (Figure 3C; t,4 = 0.56, p = 0.58) suggesting that the observed behaviors were likely not forms of
stress-induced analgesia or hyperalgesia in the acid- and vehicle-trained mice, respectively.

Another possible biological explanation for conditioned analgesia is that after repeated exposure
to acetic acid, the context may promote the release of endogenous opioids as part of a compen-
satory response to the upcoming acetic acid treatment. To test this hypothesis, we repeated the
between-subject 3-day conditioning paradigm, but injected animals with naloxone, a broad-spectrum
opioid receptor antagonist, or vehicle before they were placed into the testing environment on day
4 (Figure 3D). A 2 (Group: vehicle-trained, acid-trained) x 2 (Drug: vehicle, naloxone) ANOVA found
a main effect of group, F, 55 = 6.68, MSE = 2.77, p = 0.015, n p? = 0.19, a main effect of drug, F
29 = 6.67, MSE = 2.77, p = 0.015, n p? = 0.19, and an interaction between the two, F, 5 = 11.57,
MSE = 2.77, p = 0.002, 5 p? = 0.29. We found no evidence for any effect of naloxone pre-treatment
on the hyperalgesic DCN exhibited by vehicle-trained animals on day 4 (Figure 3E; p = 0.64), but it
successfully blocked the conditioned analgesia exhibited by acid-trained mice on day 4 (Figure 3E;
p < 0.001); the mechanical withdrawal thresholds of naloxone injected acid-trained mice were similar
to those exhibited by vehicle-trained mice after their first exposure to acetic acid. To determine if
naloxone treatment blocked conditioned analgesia to a similar extent in acid-trained males and
females, we performed a 2 (Sex: male, female) x 2 (Drug: vehicle, naloxone) ANOVA. This analysis
revealed a main effect of drug, F; 5 = 31.62, MSE = 3.14, p < 0.001, n p? = 0.61, but no main effect
of sex nor an interaction between the two (Fs < 1), suggesting that naloxone blocked conditioned
analgesia to a similar extent in male (vehicle vs. naloxone; p = 0.005) and female (vehicle vs. naloxone;
p < 0.001) acid-trained mice (Figure 3F).
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Figure 3. Endogenous opioid signaling, and not circulating corticosterone, is associated with contextually mediated conditioned analgesia. (A)
Experimental design depicting the between-subject design. Animals received an intraperitoneal (IP) injection of either acetic acid or vehicle for 3 days.
On the fourth day, all animals were given an IP injection of 0.9% acetic acid. (B) von Frey withdrawal thresholds of male and female mice on days 1 and
4 of the paradigm. Animals in the vehicle-trained group (n = 8; 4 males, 4 females) have higher withdrawal thresholds than those injected with acid

on day 1. On day 4, vehicle-trained mice (n = 8; 4 males, 4 females) exhibit 'hyperalgesic descending control of nociception [DCN]’ and have lower
withdrawal thresholds than acid-trained mice. Acid-trained mice exhibit 'hyperalgesic DCN' on day 1 and conditioned analgesia on day 4. (C) Results
from ELISA corticosterone assay. Groups (n = 8; same mice from panel B) did not differ in their circulating cortisol levels 60 min following acid injection.
(D) Experimental design depicting the between-subjects design. Animals received an IP injection of either acetic acid or vehicle for 3 days. On the
fourth and final day, all animals were given an IP injection of acetic acid. However, half of the animals in each condition were pre-treated with naloxone,
an opioid receptor antagonist, while the other half received vehicle. (E) von Frey withdrawal thresholds of male and female mice on day 4. Animals in
the vehicle-trained groups (n = 4) showed mechanical hypersensitivity irrespective of naloxone pre-treatment, and animals in the acid-trained group

(n = 12) exhibited conditioned analgesia that was blocked by naloxone. The dashed gray line represents the average withdrawal threshold of vehicle-

Figure 3 continued on next page
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Figure 3 continued

trained mice on day 1. (F) von Frey withdrawal thresholds of acid-trained male (n = 6 per treatment group) and female (n = é per treatment group) mice
replotted to examine sex differences on day 4. Both males and females showed increased mechanical hypersensitivity when pre-treated with naloxone,
suggesting that contextually mediated analgesia is mediated by the endogenous opioid system. The dashed gray line indicates the average withdrawal
threshold of vehicle-trained mice on day 4. (G) Writhing frequency of acid-trained male mice on days 1 and 4 of the paradigm. On day 4, naloxone
pre-treated mice exhibited a decrease in writhing as compared to day 1. (H) Writhing frequency of acid-trained female mice on days 1 and 4 of the
paradigm. On day 4, vehicle pre-treated mice exhibited a reduction in writhing frequency as compared to day 1. Naloxone pre-treatment prevented this
decrease in writhing on day 4, suggesting the reduction observed in vehicle-treated animals is a form of conditioned analgesia.

A 2 (Sex: male, female) x 2 (Drug: vehicle, naloxone) x 2 (Day: 1, 4) ANOVA conducted to analyze
writhing behaviors, however, revealed divergent effects of naloxone in each sex; a main effect of day,
F. 20 = 22.60, MSE = 255.08, p < 0.001, n p? = 0.53, a main effect of sex, Fy, 20, = 4.69, MSE = 400.14,
p = 0.043, np?=0.19, and a three-way interaction, F; , = 6.04, MSE = 255.08, p = 0.023, n p? =
0.23 were observed. Similar to results in the within-subject experiment, vehicle-treated acid-trained
male mice showed a modest reduction in writhing from day 1 to day 4 (Figure 3G; p = 0.12), hinting at
either the development of acid tolerance or conditioned analgesia. This reduction in writhing behavior
was even more pronounced in naloxone-treated acid-trained animals, suggesting that decreases
in reflexive writhing behaviors are not a result of increased endogenous opioid signaling in males
(Figure 3G; p = 0.001). Statistically, no difference in writhing behaviors was noted between naloxone-
and vehicle-treated, acid-trained male mice on day 4 (p = 0.31), thus supporting the idea that unlike
hyperalgesic DCN, reflexive visceral pain behaviors in male mice may not be modulated by endog-
enous opioid signaling. Alternatively, vehicle-treated, acid-trained females exhibited conditioned
analgesia on day 4 relative to day 1 (Figure 3H; p = 0.003), an effect that was blocked by naloxone
treatment on day 4 (Figure 3E; p = 0.51). Collectively, these results suggest that both male and
female mice recruit the endogenous opioid system as a compensatory response to repeated acetic
acid administration, however the extent to which this system influences UCS-induced pain behaviors
may differ between the sexes.

Contextual cues previously associated with pain induce conditioned
hypersensitivity in male mice and conditioned analgesia in female mice
Up to this point, all experimental paradigms included acid injection (UCS) on the final testing day.
As a result, it was unclear if the compensatory analgesic response was truly context-dependent (i.e.,
a CR) or simply an autonomic response initiated by repeated acetic acid treatment. To answer this
question, we developed a within-subject, 3-day training paradigm that concluded with vehicle admin-
istration before placement in either training context on day 4 (Figure 4A). Withdrawal thresholds were
analyzed using a 2 (Sex: male, female) x 2 (Context: vehicle-paired, acetic acid-paired) x 2 (Day: 1,
4) ANOVA. This analysis found a main effect of context, F;, 14 = 46.45, MSE = 1.10, p < 0.001, n p? =
0.77, a day by sex interaction, Fy 14 = 4.79, MSE = 4.30, p = 0.046, 1 p? = 0.26, and a context by day
interaction, F; 14 = 5.65, MSE = 4.78, p = 0.032, n p? =0.29, but no other main effects or interactions
(largest F=2.89, p = 0.11).

Male mice exhibited hyperalgesic DCN in the acid-paired context relative to the vehicle-paired
context on day 1 (Figure 4B; p < 0.001), and, similar to the conditioned hypersensitivity previously
reported after single exposure to a noxious UCS (Martin et al., 2019), context-dependent hypersensi-
tivity in the absence of the UCS on day 4 (Figure 4B; p = 0.027). Male hindpaw withdrawal thresholds
in the acid-paired chamber were lower than thresholds recorded in the vehicle-paired chamber on
day 4, despite receiving vehicle injections before being placed into either chamber. This conditioned
hypersensitivity was not observed in females. Despite exhibiting the same hyperalgesic DCN as males
on day 1 (Figure 4C; p < 0.001), female mice exhibited the same level of mechanical sensitivity in the
vehicle- and acid-paired contexts on day 4 (Figure 4C, p = 0.81). Further, in contrast to male mice that
exhibited similar withdrawal thresholds in the acid-paired chamber on days 1 and 4, female hindpaw
withdrawal thresholds in the acid-paired chamber were higher on day 4 than on day 1 (p = 0.003),
suggesting either a lack of any CR, or the development of conditioned analgesia.

To determine if female behavior on day 4 was reflective of context-dependent endogenous opioid
release, and thus a form of conditioned analgesia, we performed a between-subject, 3-day training
paradigm with either acetic acid or PBS vehicle and then treated animals with naloxone prior to being
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Figure 4. Males exhibit conditioned hypersensitivity and females exhibit conditioned analgesia in the absence of unconditioned stimulus (UCS)
administration. (A) Experimental design depicting the within-subject procedure. In daily sessions, mice were given a 0.9% dose of acetic acid in one
physical chamber, Context A, and vehicle injections in a separate physical chamber, Context B. On the final day, mice received an injection of vehicle
in each context. Hindpaw sensitivity was measured 45 min following injection on days 1 and 4. (B) von Frey withdrawal thresholds of male mice (n = 8)
on days 1 and 4 of the paradigm. Acetic acid injection on day 1 (0.9%) induced hindpaw mechanical hypersensitivity (‘hyperalgesic descending control
of nociception [DCNJ'). Similar hindpaw mechanical hypersensitivity was observed in the acid-paired chamber on day 4, despite the fact that animals
received a vehicle injection prior to being placed in this chamber. (C) von Frey withdrawal thresholds of female mice (n = 8) on days 1 and 4 of the
paradigm. Acetic acid injection on day 1 (0.9%) induced hindpaw mechanical hypersensitivity ('hyperalgesic DCN’). Hindpaw mechanical sensitivity
did not differ between the contexts following vehicle injection on day 4. (D) Experimental design depicting the between-subject procedure. In daily
sessions, mice were given a 0.9% dose of acetic acid or vehicle injection prior to being placed into one physical chamber. On the final day, mice
received an injection of naloxone or vehicle prior to being placed into the same training context; no acid injection was performed on day 4. (E) von
Frey withdrawal thresholds of acid-trained male (n = 8) and female (n = 7-8) mice on day 4 of the paradigm. Naloxone pre-treatment did not affect the
hindpaw withdrawal thresholds of acid-trained male mice. Conversely, naloxone treatment decreased the hindpaw withdrawal thresholds of acid-trained
female mice, suggesting conditioned recruitment of endogenous opioid systems in the training context. (F) Withdrawal thresholds of vehicle-trained
male (n = 8) and female (n = 8) mice on day 4 of the paradigm. Naloxone pre-treatment had no effect on hindpaw sensitivity of male or female mice

after 3 days of context training.

placed in the testing context on day 4 (Figure 4D). Mechanical sensitivity was assessed on day 4 in
acid-trained animals using a 2 (Sex: male, female) x 2 (Drug: vehicle, naloxone) ANOVA. This found
main effects of both sex, F; 47 = 31.42, MSE = 0.91, p < 0.001, n p? = 0.54 and drug, F,;, = 14.44,
MSE = 0.91, p < 0.001, 5 p? = 0.35, and an interaction between the two, F, »; = 20.07, MSE = 0.91, p
< 0.001, n p?=0.43. Naloxone treatment had no effect on the conditioned hypersensitivity exhibited
by male mice on day 4 (Figure 4E; p = 0.63), further supporting the notion that this behavior is an
example of stress-induced hyperalgesia. When administered in females however, naloxone unmasked
an endogenous opioid-mediated conditioned compensatory response (Figure 4E; p < 0.001). In the
absence of naloxone treatment, female behaviors appear to be unaffected by 3 days of acid training
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Figure 5. Summary of sexually divergent conditioned pain behaviors. Graphical depiction of conditioning trials, test day manipulations, and subsequent
behavior results. After training with high doses of acetic acid, male mice exhibited opioid-dependent conditioned analgesia when presented with the
same noxious unconditioned stimulus (UCS) (row 2), and conditioned hypersensitivity when placed into the context where conditioning occurred (row
4a). Alternatively, female mice developed opioid-dependent conditioned analgesia after training with low (row 1) or high (row 2) doses of acetic acid.
This conditioned analgesia was also observed when animals were placed into the context where conditioning occurred, even in the absence of the UCS

(row 4a).

(i.e., females had high withdrawal thresholds in the acid-trained context on day 4 relative to day 1
as they did not receive an acetic acid injection prior to entering the context on day 4; Figure 4C).
However, in the absence of acetic acid injection on day 4, naloxone treatment decreased withdrawal
thresholds suggesting that females actually exhibit context-dependent conditioned hypersensi-
tivity that is readily counteracted with activation of their endogenous opioid system. To determine
if contextual recruitment of this system occurs in the absence of noxious UCS training, a 2 (Drug:
vehicle, naloxone) x 2 (Sex: male, female) ANOVA was completed on results recorded in vehicle-
trained animals (Figure 4F). No main effect of sex, F <1, drug, F; 2 = 2.30, p = 0.14, or an interaction
between the two, Fy 2 = 1.59, p = 0.22 was observed, suggesting that endogenous opioid systems
are not engaged by the environment unless that environment is coupled with a painful experience.

Discussion

In the present set of experiments (see Figure 5 for a summary), we asked whether environment can
exert control over pain sensitivity and pain expectation through associative learning. We first demon-
strated, in a within-subject manner, that a context (CS) paired with a painful experience (acetic acid
injection; UCS) can induce conditioned analgesia in animals upon re-exposure to the CS. Although
female mice demonstrate this conditioned analgesia after pairing a relatively weak UCS with the CS,
male mice only develop conditioned analgesia if a stronger UCS is used throughout conditioning
trials. We then determined that this effect is likely not mediated by stress, but rather by activation of
the endogenous opioid system since administration of the opioid antagonist naloxone blocked condi-
tioned analgesia in both sexes. In a second set of experiments, we demonstrated that males exhibit
conditioned hypersensitivity when placed into a context previously associated with pain. Alterna-
tively, females exhibit conditioned analgesia that is dependent on endogenous opioid signaling when
placed into a similar environment. Together, these results demonstrate that context can come to exert
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control over the endogenous opioid system such that it is recruited as a conditioned compensatory
response to ongoing painful stimuli in both sexes, or in anticipation of a painful stimulus in females.

In the ongoing search for better/novel analgesics, many preclinical biologists, including some of
the present authors, have taken a reductionist approach using highly standardized in vitro or in vivo
assays to determine how particular genes or proteins contribute to the process of nociception. In so
doing, significantly less has been learned about the influence external factors have on pain perception
and the development of chronic pain. In their ‘Imprecision Hypothesis' (2015), Moseley and Vlaeyen
posit that chronic pain may develop, in part, as a result of associative learning; repeated coupling of
a UCS - in this case a noxious input — with neutral cues like a specific movement of the body (e.g.,
bending over) or context may lead to the perception of pain (CR) upon subsequent presentation of
these newly CS. Data presented in this manuscript are, to our knowledge, the first preclinical test of
this hypothesis; we repeatedly paired noxious visceral stimulation (i.e., IP acetic acid injection; UCS)
with a unique context (i.e., a behavior chamber; CS). Similar to the results obtained following a single
pairing of this same UCS and CS (Martin et al., 2019), male mice developed conditioned hypersen-
sitivity upon CS presentation alone (Figure 4B). In contrast, when females are exposed to the CS,
they engage their endogenous opioid system, such that behavioral responses appear similar to those
exhibited prior to injury or conditioning (Figure 4C). These divergent results suggest there are quali-
tative sex differences in the biological processes that mediate pain expectation.

The biological basis and evolutionary explanation for these qualitative sex differences is currently
unknown. Dimorphisms in endogenous opioid circuit anatomy and function are well documented
(Chakrabarti et al., 2010; Liu et al., 2007; Loyd and Murphy, 2006; Loyd et al., 2008; Tershner
et al., 2000). Perhaps adaptive pressures associated with the reproduction timeframe and energy
requirement led to differential abilities to recruit endogenous opioid signaling such that female organ-
isms are better able to activate this system as a means of dampening ongoing pain. Another intriguing
hypothesis is that brain regions required for contextual conditioning — like the dorsal hippocampus
(Maren and Holt, 2004; Matus-Amat et al., 2004) and retrosplenial cortex (Keene and Bucci, 2008,
Kwapis et al., 2015; Miller et al., 2021; Trask et al., 2021) — and those involved in descending pain
inhibition are differentially connected in each sex. For example, electrical stimulation of the retro-
splenial cortex decreases both formalin-associated spontaneous pain (Reis et al., 2010) and post-
surgical mechanical hypersensitivity (Rossaneis et al., 2011) by modulating opioid signaling in the
anterior pretectal nucleus (Rossaneis et al., 2011). Because only male rats were used in these studies,
it is unclear (1) if this circuit functions similarly in female rodents, (2) if this circuit is engaged during
contextual conditioning, and (3) if the retrosplenial cortex, or other structures important for contextual
learning, differentially projects to other brain regions associated with endogenous analgesia modula-
tion in the two sexes.

In addition to assessing pain expectation, we also examined if associative learning impacts pain
sensitivity, or the magnitude of the UCR elicited by a noxious stimulus. The UCS used in these exper-
iments was IP injection of acetic acid, a procedure that induces reflexive writhing behaviors (Koster
et al., 1959). In addition to writhing, hindpaw mechanical sensitivity testing was used as a second
UCR to examine a behavioral output that, by definition in this experimental paradigm, is modulated
by descending control. Recently, Tansley et al., 2019, characterized a phenomenon in which pain in
one part of the body causes hyperalgesia in an anatomically separate body region if evoked with a
relatively mild noxious stimulus. In contrast to the ‘pain-inhibits-pain’ idea associated with the elec-
trophysiological phenomenon known as DNIC, this observation which has been called ‘anti-DNIC’,
facilitatory CPM, or 'hyperalgesic DCN’ is observed across multiple rodent species and mouse strains
and does not depend on the anatomical proximity of the injured and test sites. Despite initially
demonstrating hyperalgesic DCN, both male and female mice in the present experiments developed
conditioned analgesia after repeated exposure to the noxious stimuli; both sexes exhibited less pain
when presented with a noxious UCS in an environment (CS) associated with an acute pain memory
(Figure 2B and C). Notably, however, there was a quantitative sex difference in the strength of the
UCS required to develop this conditioned pain tolerance; male mice only developed conditioned pain
tolerance if trained with high doses of acetic acid. Strength of conditioning also influenced whether
conditioned analgesia was observed in writhing behaviors. Context (CS) had no effect on writhing
behaviors except in female mice trained with high doses of acetic acid (Figure 2F). Conditioned anal-
gesia was not observed in writhing data collected from female mice trained with lower doses of acetic
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acid, or male mice trained with high or low doses of acid. One potential explanation for the observed
differences in writing and hindpaw withdrawal behaviors is that writhing may reflect the reflexive
unconditional response to acetic acid (analogous to rodent jumping in response to a shock presenta-
tion; animals habituate to stimuli with repeated presentations) whereas the sensitivity of the hindpaw
might be a more direct assessment of pain expectancy (analogous to freezing to a tone previously
paired with shock). Regardless, these data reiterate the idea that females are particularly sensitive
to, and thus able to associate, external cues more strongly with visceral pain stimuli. This is perhaps
unsurprising given the extensive literature describing sex differences in pain perception.

The idea that males and females perceive pain differently is a long-standing topic in both academic
and popular science discussions. Upon review of this topic, it is clear that women are more sensitive
to acute pain stimuli than men, and that chronic pain is more frequently reported in women than it
is in men (Mogil, 2012; Mogil, 2020). Rodent data presented in this paper agree with this conclu-
sion; female mice exhibited more pain than male mice following low (0.1%; Figure 1D) and high
(0.9%; Figure 2D) acetic acid administration. Similar quantitative sex differences have been previously
reported in other visceral pain models. For example, male and ovariectomized female rodents are less
sensitive to chemical or mechanical injury of the colon and urinary bladder (reviewed by Traub and Ji,
2013). Combined with the fact that stronger UCS will support more conditioning to stimuli presented
with those UCS (Holland, 1979, Morris and Bouton, 2006; see Rescorla and Wagner, 1972), the
present results suggest that females more readily associate contextual cues with noxious visceral
stimuli because they perceive visceral pain more intensely than males. Under this logic, females should
develop conditioned analgesia more quickly than males if the same noxious stimulus is used to train
both sexes. In support of this hypothesis, six of eight female mice included in Figure 2 exhibited
conditioned analgesia on day 2 of the paradigm (i.e., higher paw withdrawal thresholds in the acid-
paired chamber on day 2 vs. day 1) whereas zero of the eight male mice in this same study exhibited
conditioned analgesia on day 2 (Figure 2—figure supplement 1). An additional interpretation of the
present results is that the visceral pain introduced via acetic acid injection created a secondary internal
context that males are unable to generalize. A wide variety of internal states have been shown to
serve as contextual stimuli that influence behavioral performance (Garfinkel et al., 2021, Schepers
and Bouton, 2017; Schepers and Bouton, 2019, see Bouton, 1991). Under this interpretation, the
present results, in which males show conditioned hypersensitivity when placed into the acid-paired
context without the UCS, might be explained by a lack of generalization as only the exteroceptive, but
not interoceptive, context is the same as that which was included in training. While this seems unlikely
to explain all results, interoceptive contexts might have played a role in the current design.

Strength of conditioning, or lack of UCS generalization, may also have influenced whether condi-
tioned hyperalgesia or analgesia was displayed in the training context in the absence of the UCS. For
example, after one pairing of 0.9% acetic acid and context, male mice exhibit conditioned hypersen-
sitivity (Martin et al., 2019) whereas females, based on the observations made in these studies, likely
exhibit conditioned analgesia. Would females exhibit conditioned hypersensitivity if trained with a
single exposure to 0.1% acetic acid? Would males exhibit conditioned analgesia if trained with more
than three exposures to 0.9% acetic acid? Experiments of this nature would allow for the classification
of these sex differences as qualitative or quantitative. To this end, it is also important to clarify how
long conditioned analgesia/hyperalgesia last in the absence of further conditioning and to determine
the stimulus intensity and frequency required to maintain conditioning. Answers to these questions
might allow for better explanations as to why chronic pain is more prevalent in females than males and
provide opportunities to develop pain therapies based on associative learning principles. Although the
opportunity for maladaptive learning exists, females may be better prepared, biologically speaking, to
associate relief of ongoing pain with CS than males. Confirmation of this hypothesis may lead to the
development of novel cognitive therapeutic strategies for pain that rely on the principles of Pavlovian
conditioning, or those related to other memory-based manipulations like reframing (Pavlova et al.,
2022). However, these approaches should be developed with caution. In the present study, mice
were exposed to only novel CS and UCS. It is a well-documented finding that previous exposure to
a putative CS makes it more difficult to become predictive of a UCS (termed ‘latent inhibition’; e.g.,
Lubow, 1973). In cases of chronic pain development in humans, it is rarely the case that either the
environment or the chronic pain are inherently novel, and thus, this type of conditioning would likely
take longer to develop than in the procedure employed here.
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In conclusion, the data presented here demonstrate that context can control pain perception while
an animal is actively experiencing pain or when an animal is anticipating a painful experience. These
results are evidence that pain perception and engagement of endogenous opioid systems can become
dependent on the environment for expression and can be modified through their psychological asso-
ciation with environmental cues. Future work will examine the neural pathways associated with the
contextual control of pain processing including those that mediate opioid release in response to pain-
associated environments. Further, additional studies will need to examine if continuous chronic pain is
susceptible to the effects of conditioning observed here.

Materials and methods

Animals

Equally sized cohorts of male and female C57BL/6 mice aged 8-12 weeks were used in all experi-
ments. Mice were either bred in house or purchased from The Jackson Laboratory (Bar Harbor, ME).
Purchased animals acclimated to the housing facility for >7 days before experimental use. Purchased
animals and animals bred in-house were not intermixed, but rather used in independent experiments.
Animals were randomized to treatment group. All protocols were in accordance with National Insti-
tute of Health guidelines and were approved by the Institutional Animal Care and Use Committee
at the Medical College of Wisconsin (Milwaukee, WI; protocol #0383). We are not the first to use
repeated acetic acid injections as painful stimuli. This procedure was previously used in Stevenson
et al., 2006; approximately 4 hr after acetic acid injection, animals no longer exhibited acetic acid-
induced feeding suppression in those studies. Similarly, no animal in our study lost more than 15%
of their body weight over the course of the experiments. Therefore, no animals were excluded from
these studies as dictated by approved IACUC endpoints.

Conditioning paradigms

All experiments used two distinct contexts, counterbalanced as Context A and B for all animals. The
first context was a 10 x 10 x 15 cm?® Plexiglas chamber. Two walls of the chamber were solid black
Plexiglas, and a horizontal white and black striped pattern covered the remaining two walls. These
chambers were cleaned with C-DOX, a chlorine-based disinfectant. The second chamber was a simi-
larly sized Plexiglas chamber, consisting of four black walls, and cleaned with 70% ethanol. Both
contexts were placed onto a raised 0.7 cm? wire platform to allow for video recordings and mechanical
sensitivity testing. Dilute acetic acid (0.1%, 0.3%, 0.5%, or 0.9%) was used as the UCS in all experi-
ments. Animals received an IP injection (10 mL/kg body weight) of acetic acid (purchased from Sigma
Aldrich; diluted in phosphate buffered saline, PBS, pH 7.4) or PBS vehicle according to the experi-
mental details described below. The 0.9% dose of acetic acid was used as the final UCS since it has
previously been shown to elicit conditioned pain hypersensitivity in male mice (Martin et al., 2019).

Within-subject assessment of conditioned pain tolerance

On days 1, 2, and 3, animals received an IP injection of acetic acid immediately before being placed
into one of the two contexts for a total of 60 min. In the escalating dose experiment (Figure 1), the
concentrations administered were 0.1%, 0.3%, and 0.5% acetic acid on days 1, 2, and 3, respectively.
For the consistent dose experiments (Figure 2), a 0.9% acetic acid injection was given on days 1, 2,
and 3. Animals received an equivalent volume injection of PBS immediately before being placed into
the second of the two contexts for a total of 60 min. Contexts and time of injection (i.e., morning or
afternoon) were counterbalanced across all animals and context pairings were separated by 3 hr for
each animal. On day 4, animals received an IP injection of 0.9% acetic acid immediately before being
placed into Context A. A second IP injection of 0.9% acetic acid was administered 3 hr later imme-
diately before placing the animal into Context B. Pain behavior testing was completed after being
placed into either context as described below.

Between-subject assessment of conditioned pain tolerance

Between-subjects experiments were similar to the within-subject experiments, with the exception
that each animal was only exposed to one context for 60 min each day. On days 1, 2, and 3, half of all
animals received an [P injection of 0.9% acetic acid immediately before being placed into one of the
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two conditioning chambers described above; chambers were counterbalanced between groups. The
remaining half of the animals received an IP injection of PBS before being placed into the chamber.
On day 4, all animals received an IP injection of either 0.9% acetic acid (Figures 3E-H and 4E) or
PBS (Figures 3E and 4F) immediately before being placed into their training context. Pain behavior
testing was completed after being placed into the context on days 1 and 4 as described below.

Pain behavioral measures

Animals were moved to the behavior testing room at approximately 07:00 hr each morning. Overhead
lights were on throughout the entirety of the habituation and testing period. Animals remained in their
home cages in the behavior room for no less than 1 hr prior to the first injection each day. Immediately
following acetic acid or vehicle injection, animals were placed into Context A or Context B. A video
recording device placed beneath the animals captured all movements for 30 min following injection.
Videos were scored offline by an experimenter blinded to treatment. Videos were sampled once every
minute for 10 s for the presence or absence of the writhing posture as previously described (Martin
et al., 2019). Writhing was reported for each animal as a percentage of total bins in which the posture
was observed. Mechanical sensitivity was assessed in each animal 45-60 min following injection using
von Frey filaments. Calibrated monofilaments were delivered through the wire testing platform and
applied to the plantar surface of each hindpaw following the up-down method (Dixon, 1965); the
50% withdrawal threshold of each paw was calculated then averaged between paws (Dixon, 1980;
Chaplan et al., 1994). Toe flaring was not considered a withdrawal. von Frey filaments were not
applied to the hindpaw if animals were actively writhing.

Naloxone treatment

Naloxone hydrochloride was purchased from Sigma Aldrich and dissolved in PBS, pH 7.4. Naloxone
(10 mg/kg) or an equivalent volume of PBS vehicle was administered via IP injection 5 min before 0.9%
acetic acid (Figures 3E-H and 4E) or vehicle (Figures 3E and 4F) was injected. Animals were returned
to their home cages between the two injections. This dose (10 mg/kg) has previously been shown to
block the contribution of endogenous opioid signaling in the tail-withdrawal test (Rosen et al., 2019)

and reduce spontaneous pain behaviors initiated by complete Freund's adjuvant injection (Lee et al.,
2021).

Corticosterone ELISA

Immediately following von Frey mechanical sensitivity testing (i.e., 60 min following acetic acid or
vehicle injection on day 4; Figure 3A-B), animals were removed from the testing apparatus, placed
into a clean shoebox cage, and transferred (<1 min) to a neighboring necropsy room. Trunk blood
was obtained from isoflurane anesthetized mice via cardiac puncture, transferred to a chilled tube
containing 3.5% sodium citrate, then centrifuged at 1500 rpm, 4°C for 15 min. Plasma was collected
and stored at —-80°C until analysis. Plasma concentrations of corticosterone were measured using the
Corticosterone Enzyme Immunoassay kit (Arbor Assay’s DetectX) as previously described (Long et al.,
2016).

Data reporting and analysis

Data presented in this manuscript are those collected during the first performance of each exper-
iment. Results for all animals enrolled in each experiment are reported; no outliers were encoun-
tered. All data were analyzed using repeated measures ANOVAs with o = 0.05 in SPSS v.28. Planned
comparisons were performed following ANOVAs to determine between- and within-group differences
if significant interactions or main effects were observed. Estimates of effect size were calculated using
a partial eta-squared. Power analyses were used to determine appropriate sample sizes. Means (),
standard deviations (o), and expected effect sizes were obtained from preliminary studies and data
of a similar nature previously published by the Stucky Lab. These values were used to calculate the
sample sizes needed to achieve a significance level () of 0.05 and statistical power (1-p) of >0.8.

Trask et al. eLife 2022;11:e75283. DOI: https://doi.org/10.7554/eLife.75283 15 of 18


https://doi.org/10.7554/eLife.75283

ELlfe Research article Neuroscience
Additional information

Funding

Funder Grant reference number Author
National Institutes of K99HL155791 Katelyn E Sadler
Health

National Institutes of ROTNS070711 Cheryl L Stucky
Health

National Institutes of R37NS108278 Cheryl L Stucky
Health

Advancing a Healthier Cheryl L Stucky
Wisconsin

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Sydney Trask, Katelyn E Sadler, Conceptualization, Formal analysis, Investigation, Methodology, Visu-
alization, Writing - original draft, Writing - review and editing; Jeffrey S Mogil, Conceptualization,
Supervision, Writing - review and editing; Fred J Helmstetter, Cheryl L Stucky, Supervision, Writing
- review and editing

Author ORCIDs

Sydney Trask @ http://orcid.org/0000-0002-4396-5334
Cheryl L Stucky @ http://orcid.org/0000-0003-4966-6594
Katelyn E Sadler @ http://orcid.org/0000-0003-2078-3527

Ethics
All protocols were in accordance with National Institute of Health guidelines and were approved by

the Institutional Animal Care and Use Committee at the Medical College of Wisconsin (Milwaukee,
WI; protocol #0383).

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.75283.sa
Author response https://doi.org/10.7554/elife.75283.sa2

Additional files

Supplementary files
¢ Transparent reporting form

Data availability
All data generated or analyzed during this study are included in the manuscript.

References

Bagdas D, Muldoon PP, AlSharari S, Carroll FI, Negus SS, Damaj MI. 2016. Expression and pharmacological
modulation of visceral pain-induced conditioned place aversion in mice. Neuropharmacology 102:236-243.
DOI: https://doi.org/10.1016/j.neuropharm.2015.11.024, PMID: 26639043

Bannister K, Kucharczyk MW, Graven-Nielsen T, Porreca F. 2021. Introducing descending control of nociception:
a measure of diffuse noxious inhibitory controls in conscious animals. Pain 162:1957-1959. DOI: https://doi.
org/10.1097/j.pain.0000000000002203, PMID: 33470750

Bouton ME, Bolles RC. 1979. Contextual control of the extinction of conditioned fear. Learning and Motivation
10:445-466. DOI: https://doi.org/10.1016/0023-9690(79)90057-2

Bouton ME. 1991. Context and retrieval in extinction and in other examples of interference in simple associative
learning. Dachowski L, Flaherty CF (Eds). Current Topics in Animal Learning: Brain, Emotion, and Cognition.
Lawrence Erlbaum Associates. p. 25-53.

Chakrabarti S, Liu NJ, Gintzler AR. 2010. Formation of p-/k-opioid receptor heterodimer is sex-dependent and
mediates female-specific opioid analgesia. PNAS 107:20115-20119. DOI: https://doi.org/10.1073/pnas.
1009923107, PMID: 21041644

Trask et al. eLife 2022;11:e75283. DOI: https://doi.org/10.7554/eLife.75283 16 of 18


https://doi.org/10.7554/eLife.75283
http://orcid.org/0000-0002-4396-5334
http://orcid.org/0000-0003-4966-6594
http://orcid.org/0000-0003-2078-3527
https://doi.org/10.7554/eLife.75283.sa1
https://doi.org/10.7554/eLife.75283.sa2
https://doi.org/10.1016/j.neuropharm.2015.11.024
http://www.ncbi.nlm.nih.gov/pubmed/26639043
https://doi.org/10.1097/j.pain.0000000000002203
https://doi.org/10.1097/j.pain.0000000000002203
http://www.ncbi.nlm.nih.gov/pubmed/33470750
https://doi.org/10.1016/0023-9690(79)90057-2
https://doi.org/10.1073/pnas.1009923107
https://doi.org/10.1073/pnas.1009923107
http://www.ncbi.nlm.nih.gov/pubmed/21041644

e Llfe Research article

Neuroscience

Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL. 1994. Quantitative assessment of tactile allodynia in the
rat paw. Journal of Neuroscience Methods 53:55-63. DOI: https://doi.org/10.1016/0165-0270(94)90144-9,
PMID: 7990513

Dixon WJ. 1965. The up-and-down method for small samples. Journal of the American Statistical Association
60:967-978. DOI: https://doi.org/10.1080/01621459.1965.10480843

Dixon WJ. 1980. Efficient analysis of experimental observations. Annual Review of Pharmacology and Toxicology
20:441-462. DOI: https://doi.org/10.1146/annurev.pa.20.040180.002301, PMID: 7387124

Fanselow MS, Helmstetter FJ. 1988. Conditional analgesia, defensive freezing, and benzodiazepines. Behavioral
Neuroscience 102:233-243. DOI: https://doi.org/10.1037//0735-7044.102.2.233, PMID: 3365319

Garfinkel SN, Gould van Praag CD, Engels M, Watson D, Silva M, Evans SL, Duka T, Critchley HD. 2021.
Interoceptive cardiac signals selectively enhance fear memories. Journal of Experimental Psychology. General
150:1165-1176. DOI: https://doi.org/10.1037/xge0000967, PMID: 33180532

Harris JA, Westbrook RF. 1994. Effects of midazolam and naloxone in rats tested for sensitivity/reactivity to
formalin pain in a familiar, novel or aversively conditionedenvironment. Psychopharmacology 115:65-72. DOI:
https://doi.org/10.1007/BF02244753, PMID: 7862914

Harris JA, Westbrook RF. 1995. Effects of benzodiazepine microinjection into the amygdala or periaqueductal
gray on the expression of conditioned fear and hypoalgesia in rats. Behavioral Neuroscience 109:295-304.
DOI: https://doi.org/10.1037//0735-7044.109.2.295, PMID: 7619319

Helmstetter FJ, Fanselow MS. 1987. Effects of naltrexone on learning and performance of conditional fear-
induced freezing and opioid analgesia. Physiology & Behavior 39:501-505. DOI: https://doi.org/10.1016/
0031-9384(87)90380-5, PMID: 3575497

Holland PC. 1979. The effects of qualitative and quantitative variation in the US on individual components of
Pavlovian appetitive conditioned behavior in rats. Animal Learning & Behavior 7:424-432. DOI: https://doi.org/
10.3758/BF03209696

Keene CS, Bucci DJ. 2008. Neurotoxic lesions of retrosplenial cortex disrupt signaled and unsignaled contextual
fear conditioning. Behavioral Neuroscience 122:1070-1077. DOI: https://doi.org/10.1037/a0012895, PMID:
18823164

Koster R, Anderson M, De Beer E. 1959. Acetic acid for analgesic screening. Federation Proceedings 18:412—
430.

Kwapis JL, Jarome TJ, Lee JL, Helmstetter FJ. 2015. The retrosplenial cortex is involved in the formation of
memory for context and trace fear conditioning. Neurobiology of Learning and Memory 123:110-116. DOI:
https://doi.org/10.1016/j.nlm.2015.06.007, PMID: 26079095

Lee GJ, Kim SA, Kim YJ, Oh SB. 2021. Naloxone-induced analgesia mediated by central kappa opioid system in
chronic inflammatory pain. Brain Research 1762:147445. DOI: https://doi.org/10.1016/j.brainres.2021.147445,
PMID: 33766518

Liu N-J, von Gizycki H, Gintzler AR. 2007. Sexually dimorphic recruitment of spinal opioid analgesic pathways by
the spinal application of morphine. The Journal of Pharmacology and Experimental Therapeutics 322:654-660.
DOI: https://doi.org/10.1124/jpet.107.123620, PMID: 17488879

Long CC, Sadler KE, Kolber BJ. 2016. Hormonal and molecular effects of restraint stress on formalin- induced
pain-like behavior in male and female mice. Physiology & Behavior 165:278-285. DOI: https://doi.org/10.1016/
j-physbeh.2016.08.009, PMID: 27520589

Loyd DR, Murphy AZ. 2006. Sex differences in the anatomical and functional organization of the periaqueductal
gray-rostral ventromedial medullary pathway in the rat: A potential circuit mediating the sexually dimorphic
actions of morphine. The Journal of Comparative Neurology 496:723-738. DOI: https://doi.org/10.1002/cne.
20962, PMID: 16615128

Loyd DR, Wang X, Murphy AZ. 2008. Sex differences in p-opioid receptor expression in the rat midbrain
periaqueductal gray are essential for eliciting sex differences in morphine analgesia. The Journal of
Neuroscience 28:14007-14017. DOI: https://doi.org/10.1523/JNEUROSCI.4123-08.2008, PMID: 19109484

Lubow RE. 1973. Latent inhibition. Psychological Bulletin 79:398-407. DOI: https://doi.org/10.1037/h0034425,
PMID: 4575029

Maren S, Holt WG. 2004. Hippocampus and Pavlovian fear conditioning in rats: muscimol infusions into the
ventral, but not dorsal, hippocampus impair the acquisition of conditional freezing to an auditory conditional
stimulus. Behavioral Neuroscience 118:97-110. DOI: https://doi.org/10.1037/0735-7044.118.1.97, PMID:
14979786

Martin LJ, Acland EL, Cho C, Gandhi W, Chen D, Corley E, Kadoura B, Levy T, Mirali S, Tohyama S, Khan S,
Maclntyre LC, Carlson EN, Schweinhardt P, Mogil JS. 2019. Male-specific conditioned pain hypersensitivity in
mice and humans. Current Biology 29:192-201.. DOI: https://doi.org/10.1016/j.cub.2018.11.030, PMID:
30639112

Matus-Amat P, Higgins EA, Barrientos RM, Rudy JW. 2004. The role of the dorsal hippocampus in the acquisition
and retrieval of context memory representations. The Journal of Neuroscience 24:2431-2439. DOI: https://doi.
org/10.1523/JNEUROSCI.1598-03.2004, PMID: 15014118

Miller AMP, Serrichio AC, Smith DM. 2021. Dual-Factor Representation of the Environmental Context in the
Retrosplenial Cortex. Cerebral Cortex (New York, N.Y 31:2720-2728. DOI: https://doi.org/10.1093/cercor/
bhaa386, PMID: 33386396

Mogil JS. 2012. Sex differences in pain and pain inhibition: multiple explanations of a controversial phenomenon.
Nature Reviews. Neuroscience 13:859-866. DOI: https://doi.org/10.1038/nrn3360, PMID: 23165262

Trask et al. eLife 2022;11:e75283. DOI: https://doi.org/10.7554/eLife.75283 17 of 18


https://doi.org/10.7554/eLife.75283
https://doi.org/10.1016/0165-0270(94)90144-9
http://www.ncbi.nlm.nih.gov/pubmed/7990513
https://doi.org/10.1080/01621459.1965.10480843
https://doi.org/10.1146/annurev.pa.20.040180.002301
http://www.ncbi.nlm.nih.gov/pubmed/7387124
https://doi.org/10.1037//0735-7044.102.2.233
http://www.ncbi.nlm.nih.gov/pubmed/3365319
https://doi.org/10.1037/xge0000967
http://www.ncbi.nlm.nih.gov/pubmed/33180532
https://doi.org/10.1007/BF02244753
http://www.ncbi.nlm.nih.gov/pubmed/7862914
https://doi.org/10.1037//0735-7044.109.2.295
http://www.ncbi.nlm.nih.gov/pubmed/7619319
https://doi.org/10.1016/0031-9384(87)90380-5
https://doi.org/10.1016/0031-9384(87)90380-5
http://www.ncbi.nlm.nih.gov/pubmed/3575497
https://doi.org/10.3758/BF03209696
https://doi.org/10.3758/BF03209696
https://doi.org/10.1037/a0012895
http://www.ncbi.nlm.nih.gov/pubmed/18823164
https://doi.org/10.1016/j.nlm.2015.06.007
http://www.ncbi.nlm.nih.gov/pubmed/26079095
https://doi.org/10.1016/j.brainres.2021.147445
http://www.ncbi.nlm.nih.gov/pubmed/33766518
https://doi.org/10.1124/jpet.107.123620
http://www.ncbi.nlm.nih.gov/pubmed/17488879
https://doi.org/10.1016/j.physbeh.2016.08.009
https://doi.org/10.1016/j.physbeh.2016.08.009
http://www.ncbi.nlm.nih.gov/pubmed/27520589
https://doi.org/10.1002/cne.20962
https://doi.org/10.1002/cne.20962
http://www.ncbi.nlm.nih.gov/pubmed/16615128
https://doi.org/10.1523/JNEUROSCI.4123-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/19109484
https://doi.org/10.1037/h0034425
http://www.ncbi.nlm.nih.gov/pubmed/4575029
https://doi.org/10.1037/0735-7044.118.1.97
http://www.ncbi.nlm.nih.gov/pubmed/14979786
https://doi.org/10.1016/j.cub.2018.11.030
http://www.ncbi.nlm.nih.gov/pubmed/30639112
https://doi.org/10.1523/JNEUROSCI.1598-03.2004
https://doi.org/10.1523/JNEUROSCI.1598-03.2004
http://www.ncbi.nlm.nih.gov/pubmed/15014118
https://doi.org/10.1093/cercor/bhaa386
https://doi.org/10.1093/cercor/bhaa386
http://www.ncbi.nlm.nih.gov/pubmed/33386396
https://doi.org/10.1038/nrn3360
http://www.ncbi.nlm.nih.gov/pubmed/23165262

e Llfe Research article

Neuroscience

Mogil JS. 2020. Qualitative sex differences in pain processing: emerging evidence of a biased literature. Nature
Reviews. Neuroscience 21:353-365. DOI: https://doi.org/10.1038/s41583-020-0310-6, PMID: 32440016

Morris RW, Bouton ME. 2006. Effect of unconditioned stimulus magnitude on the emergence of conditioned
responding. Journal of Experimental Psychology. Animal Behavior Processes 32:371-385. DOI: https://doi.org/
10.1037/0097-7403.32.4.371, PMID: 17044740

Moseley GL, Vlaeyen JWS. 2015. Beyond nociception: the imprecision hypothesis of chronic pain. Pain 156:35-
38. DOI: https://doi.org/10.1016/j.pain.0000000000000014, PMID: 25599298

Pavlov PI. 2010. Conditioned reflexes: An investigation of the physiological activity of the cerebral cortex.
Annals of Neurosciences 17:136-141. DOI: https://doi.org/10.5214/ans.0972-7531.1017309, PMID: 25205891

Pavlova M, Lund T, Nania C, Kennedy M, Graham S, Noel M. 2022. Reframe the pain: A randomized controlled
trial of a parent-led memory-reframing intervention. The Journal of Pain 23:263-275. DOI: https://doi.org/10.
1016/}.jpain.2021.08.002, PMID: 34425247

Reis GM, Dias QM, Silveira JWS, Del Vecchio F, Garcia-Cairasco N, Prado WA. 2010. Antinociceptive effect of
stimulating the occipital or retrosplenial cortex in rats. The Journal of Pain 11:1015-1026. DOI: https://doi.org/
10.1016/j.jpain.2010.01.269, PMID: 20418174

Rescorla RA, Wagner AR. 1972. A theory of Pavlovian conditioning: Variations in the effectiveness of
reinforcement and nonreinforcement. Black AH, Prokasy WF (Eds). Classical Conditioning Il: Current Research
and Theory. New York, NY: Appleton-Century-Crofts. p. 64-99.

Rosen SF, Ham B, Haichin M, Walters IC, Tohyama S, Sotocinal SG, Mogil JS. 2019. Increased pain sensitivity and
decreased opioid analgesia in T-cell-deficient mice and implications for sex differences. Pain 160:358-366.
DOI: https://doi.org/10.1097/j.pain.0000000000001420, PMID: 30335680

Rossaneis AC, Reis GM, Prado WA. 2011. Stimulation of the occipital or retrosplenial cortex reduces incision
pain in rats. Pharmacology, Biochemistry, and Behavior 100:220-227. DOI: https://doi.org/10.1016/j.pbb.2011.
08.024, PMID: 21924282

Schepers ST, Bouton ME. 2017. Hunger as a context: food seeking that is inhibited during hunger can renew in
the context of satiety. Psychological Science 28:1640-1648. DOI: https://doi.org/10.1177/0956797617719084,
PMID: 28957015

Schepers ST, Bouton ME. 2019. Stress as a context: stress causes relapse of inhibited food seeking if it has been
associated with prior food seeking. Appetite 132:131-138. DOI: https://doi.org/10.1016/j.appet.2018.10.016,
PMID: 30316872

Siegel S. 1977. Morphine tolerance acquisition as an associative process. Journal of Experimental Psychology.
Animal Behavior Processes 3:1-13. DOI: https://doi.org/10.1037//0097-7403.3.1.1, PMID: 845541

Siegel S, Hinson RE, Krank MD, McCully J. 1982. Heroin" overdose" death: contribution of drug- associated
environmental cues. Science (New York, N.Y.) 216:436-437. DOI: https://doi.org/10.1126/science.7200260,
PMID: 7200260

Siegel S, Baptista MA, Kim JA, McDonald RV, Weise-Kelly L. 2000. Pavlovian psychopharmacology: the
associative basis of tolerance. Experimental and Clinical Psychopharmacology 8:276-293. DOI: https://doi.org/
10.1037//1064-1297.8.3.276, PMID: 10975617

Stevenson GW, Bilsky EJ, Negus SS. 2006. Targeting pain-suppressed behaviors in preclinical assays of pain and
analgesia: effects of morphine on acetic acid-suppressed feeding in C57BL/6J mice. The Journal of Pain
7:408-416. DOI: https://doi.org/10.1016/j.jpain.2006.01.447, PMID: 16750797

Tansley SN, Macintyre LC, Diamond L, Sotocinal SG, George N, Meluban L, Austin J-S, Coderre TJ, Martin LJ,
Mogil JS. 2019. Conditioned pain modulation in rodents can feature hyperalgesia or hypoalgesia depending
on test stimulus intensity. Pain 160:784-792. DOI: https://doi.org/10.1097/.pain.0000000000001454, PMID:
30681982

Tershner SA, Mitchell JM, Fields HL. 2000. Brainstem pain modulating circuitry is sexually dimorphic with respect
to mu and kappa opioid receptor function. Pain 85:153-159. DOI: https://doi.org/10.1016/s0304-3959(99)
00257-2, PMID: 10692614

Trask S, Bouton ME. 2014. Contextual control of operant behavior: evidence for hierarchical associations in
instrumental learning. Learning & Behavior 42:281-288. DOI: https://doi.org/10.3758/s13420-014-0145-y,
PMID: 24961749

Trask S, Pullins SE, Ferrara NC, Helmstetter FJ. 2021. The anterior retrosplenial cortex encodes event- related
information and the posterior retrosplenial cortex encodes context-related information during memory
formation. Neuropsychopharmacology 46:1386-1392. DOI: https://doi.org/10.1038/s41386-021-00959-x,
PMID: 33580135

Traub RJ, Ji Y. 2013. Sex differences and hormonal modulation of deep tissue pain. Frontiers in
Neuroendocrinology 34:350-366. DOI: https://doi.org/10.1016/].yfrne.2013.07.002, PMID: 23872333

Watkins LR, Wiertelak EP, Maier SF. 1993. The amygdala is necessary for the expression of conditioned but not
unconditioned analgesia. Behavioral Neuroscience 107:402-405. DOI: https://doi.org/10.1037//0735-7044.
107.2.402, PMID: 8484903

Trask et al. eLife 2022;11:e75283. DOI: https://doi.org/10.7554/eLife.75283 18 of 18


https://doi.org/10.7554/eLife.75283
https://doi.org/10.1038/s41583-020-0310-6
http://www.ncbi.nlm.nih.gov/pubmed/32440016
https://doi.org/10.1037/0097-7403.32.4.371
https://doi.org/10.1037/0097-7403.32.4.371
http://www.ncbi.nlm.nih.gov/pubmed/17044740
https://doi.org/10.1016/j.pain.0000000000000014
http://www.ncbi.nlm.nih.gov/pubmed/25599298
https://doi.org/10.5214/ans.0972-7531.1017309
http://www.ncbi.nlm.nih.gov/pubmed/25205891
https://doi.org/10.1016/j.jpain.2021.08.002
https://doi.org/10.1016/j.jpain.2021.08.002
http://www.ncbi.nlm.nih.gov/pubmed/34425247
https://doi.org/10.1016/j.jpain.2010.01.269
https://doi.org/10.1016/j.jpain.2010.01.269
http://www.ncbi.nlm.nih.gov/pubmed/20418174
https://doi.org/10.1097/j.pain.0000000000001420
http://www.ncbi.nlm.nih.gov/pubmed/30335680
https://doi.org/10.1016/j.pbb.2011.08.024
https://doi.org/10.1016/j.pbb.2011.08.024
http://www.ncbi.nlm.nih.gov/pubmed/21924282
https://doi.org/10.1177/0956797617719084
http://www.ncbi.nlm.nih.gov/pubmed/28957015
https://doi.org/10.1016/j.appet.2018.10.016
http://www.ncbi.nlm.nih.gov/pubmed/30316872
https://doi.org/10.1037//0097-7403.3.1.1
http://www.ncbi.nlm.nih.gov/pubmed/845541
https://doi.org/10.1126/science.7200260
http://www.ncbi.nlm.nih.gov/pubmed/7200260
https://doi.org/10.1037//1064-1297.8.3.276
https://doi.org/10.1037//1064-1297.8.3.276
http://www.ncbi.nlm.nih.gov/pubmed/10975617
https://doi.org/10.1016/j.jpain.2006.01.447
http://www.ncbi.nlm.nih.gov/pubmed/16750797
https://doi.org/10.1097/j.pain.0000000000001454
http://www.ncbi.nlm.nih.gov/pubmed/30681982
https://doi.org/10.1016/s0304-3959(99)00257-2
https://doi.org/10.1016/s0304-3959(99)00257-2
http://www.ncbi.nlm.nih.gov/pubmed/10692614
https://doi.org/10.3758/s13420-014-0145-y
http://www.ncbi.nlm.nih.gov/pubmed/24961749
https://doi.org/10.1038/s41386-021-00959-x
http://www.ncbi.nlm.nih.gov/pubmed/33580135
https://doi.org/10.1016/j.yfrne.2013.07.002
http://www.ncbi.nlm.nih.gov/pubmed/23872333
https://doi.org/10.1037//0735-7044.107.2.402
https://doi.org/10.1037//0735-7044.107.2.402
http://www.ncbi.nlm.nih.gov/pubmed/8484903

	Contextual control of conditioned pain tolerance and endogenous analgesic systems
	Editor's evaluation
	Introduction
	Results
	Female mice develop context-dependent analgesia after training with ascending doses of acetic acid
	Female and male mice develop context-dependent analgesia after training with high doses of acetic acid
	Conditioned analgesia is unlikely to be mediated by changes in circulating corticosterone, but rather increased endogenous opioid signaling
	Contextual cues previously associated with pain induce conditioned hypersensitivity in male mice and conditioned analgesia in female mice

	Discussion
	Materials and methods
	Animals
	Conditioning paradigms
	Within-subject assessment of conditioned pain tolerance﻿﻿
	Between-subject assessment of conditioned pain tolerance

	Pain behavioral measures
	Naloxone treatment
	Corticosterone ELISA
	Data reporting and analysis

	Additional information
	﻿Funding
	Author contributions
	Author ORCIDs
	Ethics
	Decision letter and Author response

	Additional files
	Supplementary files

	References


