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Abstract
Analgesia is particularly susceptible to placebo responses. Recent studies in humans have
provided important insights into the neurobiology underlying placebo-induced analgesia.
However, human studies provide incomplete mechanistic explanations of placebo analgesia
because of limited capacity to use cellular, molecular, and genetic manipulations. To address this
shortcoming, we describe here the development of a rat model of conditioned analgesia in an
operant pain assay. Specifically, rats were conditioned to associate a placebo manipulation with
the analgesic effect of 1 mg/kg morphine (s.c.) on facial thermal pain. We found that conditioned
(placebo) responding bore three of the hallmarks of placebo-induced analgesia: (1) strong inter-
animal variability in the response, (2) suppression by the opiate antagonist naloxone (5 mg/kg,
s.c.), and (3) a positive predictive relationship between the unconditioned analgesic effect and the
conditioned (placebo) effect. Due to the operant nature of the assay and the use of only a mild
noxious thermal stimulus, we suggest these results provide evidence of placebo-induced analgesia
in a preclinical model that utilizes an affective behavioral endpoint. This finding may provide
opportunities for invasive preclinical studies allowing greater understanding of placebo-induced
analgesia, thus paving the way for avenues to harness its benefits.
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Introduction
Placebo effects have been observed across diverse clinical studies, including immune
responses [1; 26; 49] Parkinson's disease [17], drug abuse [61], and in particular pain and
analgesia [2; 4; 9; 10; 18; 19; 35; 38-40; 50; 51; 54; 60; 62; 65]. In this context, the placebo
effect is usually defined as a sham or simulated medical intervention that improves a given
outcome, such as pain relief [52]. Although placebo effects are often viewed as confounding
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in clinical trials [13], understanding this phenomenon could provide valuable insight into
psychosomatic effects, which in turn could be harnessed for therapeutic benefit.

The causes of placebo effects have been the subject of much discussion. Major mechanistic
factors include learning, perception, and simulation of therapy, among others [2; 5; 9; 14;
22; 50; 52]. However, one factor that seems to apply to placebo responses across species is
that of conditioning, including Pavlovian conditioning. Indeed, Gliedman and colleagues
[27] forwarded this account as early as 1957. Subsequently, Herrnstein provided early pre-
clinical evidence supporting this hypothesis, showing that a conditioned stimulus (i.e.,
placebo) paired with the amnesic agent scopolamine causes animals to perform poorly in a
memory test. Certainly, when viewed in the context of classical conditioning, many
examples of such “placebo responses” can be found throughout the fields of learning,
memory and addiction [1; 9; 12; 24; 28; 31; 49; 61]. However, remarkably few preclinical
studies have focused on placebo-induced analgesia. Thus, we present here evidence of
placebo-induced analgesia in a preclinical model.

As far as we are aware, there have been only two major preclinical studies of placebo-
induced analgesia using animal models. Both studies used reflex-based pain assays and
relatively high doses of opiate drugs [11; 29]. In the first, Bryant, et al. demonstrated that
placebo-induced analgesia in mice conditioned with the potent opiate fentanyl, measured
using a hot plate [11]. In the second, Guo, et al. showed that a cue paired with morphine or
aspirin elicited analgesic responses, also on a hot plate [29].

While these studies provide important foundations for further studies of placebo-induced
analgesia, we reason that they are not equipped to assess aversive behaviors indicative of
affective components of pain. The affective, or “emotional”, components of pain are
particularly important to chronic pain sufferers and constitute one of the most common and
debilitating aspects [42; 57]. In light of this, we report here use of an operant-based pain
assay for studying placebo-induced analgesia. In what is essentially a conflict-reward assay,
rodents express their willingness to withstand thermal pain to obtain sweet reward [46-48;
56]. As this paradigm tests mild non-injurious pain and utilizes operant responses, we reason
that, unlike the more reflexive tests of other models, this model better incorporates cognitive
and affective components of pain. As such, this assay could support detailed neurobiological
investigations of both spinal and brain mechanisms of placebo analgesia, including cortical
mechanisms known to be critically important in humans [6; 10; 17; 21; 22; 36; 50-52; 54].

Methods
Animals

Hairless male Sprague-Dawley rats (250 - 300 g, Charles River, Raleigh, NC) were used and
housed with a cage mate in a standard 12:12 h light/dark cycle. Water and standard
laboratory chow were available ad libitum when not being tested and weights were recorded
weekly. Experiments were conducted in accordance with the guidelines of the Committee
for Research and Ethical issues of the IASP on using laboratory animals [64]. The
University of Florida Committee for the Care and Use of Animals approved all experimental
procedures.

Drugs
Morphine sulfate (15 mg/ml, uncorrected for molecular salt and water content, Baxter
Healthcare Corporation, Deerfield, IL) was diluted in phosphate buffered saline (PBS), pH
7.4 and injected subcutaneously (s.c.) at a dose of 1 mg/kg. Naloxone hydrochloride
dihydrate (Sigma, St. Louis, MO) was dissolved in PBS at 25 mg/ml (uncorrected for
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molecular salt and water content) and injected subcutaneously at a dose of 5 mg/kg. All
drugs were diluted to a final volume of 0.3 ml with PBS before injection.

Thermal facial operant testing
A detailed description of the reward-conflict operant testing paradigm used to assess facial
analgesia can be found in our previous reports [47; 56]. Briefly, this employed an acrylic
testing chamber with an adjustable slit (approx. 1 to 2 cm wide) opening lined with
aluminum tubing. The tubing served as an adjustable thermode by circulating heated water
via polyethylene tubing. A standard rodent water bottle containing diluted (1:2 with water)
sweetened condensed milk solution at room temperature (Carnation, Nestlé USA, Glendale,
CA) was mounted outside the cage as a palatable reward to incentivize rats to expose their
faces to the thermode. Room temperature was maintained at 22 ± 1 °C for all behavioral
tests.

Unrestrained animals were placed individually in testing chambers. The reward bottle was
positioned such that access to the sweetened milk reward was possible contingent on facial
contact with the thermode. The metal spout of the watering bottle was connected to a 13 V
DC power supply and, in series, to a data acquisition module (WinDaq Lite Data Acq
DI-194, DATAQ Instruments, Inc., Akron, OH). When licking from the bottle, the skin of
the rat's muzzle contacted the thermode, and the tongue contacted the metal spout, thus
completing two separate electrical circuits that registered as analog signals referred to as
“contact” and “licking” events respectively [45-47; 56].

Acquisition of operant responding
Animals were fasted for 16 hours prior to testing sessions. All sessions were 20 mins long,
separated by 48 hours, and were conducted between 08:00 h and 12:00 h. Animals were first
trained with the thermodes set to the non-noxious temperature of 37±1°C (see fig. 1A for
overview) for 6 sessions to reach criteria previously described [39]. Subsequently, animals
underwent a single training session at 48 ± 1°C (termed “BASE48”). This session served to
introduce animals to the noxious temperature at which analgesia testing would ultimately be
performed, as well as to obtain baseline measurements for subsequent data normalization.
This session was followed by one additional session at 37 ± 1°C.

Induction of placebo-induced analgesia
The first two sessions following the training described above were performed with the
thermode set at 48 °C and were designed to condition animals to associate the handling
procedure with morphine-induced analgesia (fig. 1B). The handling procedure itself
consisted of the s.c. injection procedure and light shaking of the animal for 3 s. These two
sessions were referred to as “COND1” and “COND2” respectively. Following this, a final
session referred to as “TEST” was performed (also at 48 °C) wherein rats were administered
PBS (s.c.) or naloxone (s.c.). Throughout all three sessions (COND1, COND2 and TEST),
rats were injected PBS or drugs 30 min before exposure to the training apparatus, during
which time they remained in their home cages. The main experimental groups are described
in fig. 2B. Additional groups of rats were included to compare any conditioned effects of
morphine with unconditioned effects. In this case, rats were injected either morphine or PBS
(controls) in their home cages 24 h before COND1 and COND2 training sessions.

Data and statistical analyses
The primary outcome measure in this study was the ratio of successful licks to lick attempts,
termed a “success ratio”. This ratio reflected the number of successful lick events occurring
coincident with facial contact with the thermode. We have previously reported this measure

Nolan et al. Page 3

Pain. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



is sensitive to manipulations altering pain perception. For instance, increasing the thermode
temperature decreases the number of successful licks, whereas analgesics increase the
number of successful licks [47]. Here, success ratios during COND1, COND2 and TEST are
presented normalized as a percentage of those during BASE48 within animals to account for
between-subject variability in unconditioned responding.

Various statistical analyses were applied to investigate the effects of drug treatment,
relationship between responding at various time points, and the probability of specific
responses occurring. These included repeated measures ANOVA, linear regression, chi-
squared tests, student's t-tests and F-tests. The rational for applying specific methods of
analyses is introduced in the relevant sections below. All statistical analyses were made
using Statview (Abacus Concepts, Berkeley, CA), Microsoft Excel or online resources.
Unless otherwise stated, data are presented as the mean ± standard error of the mean
(S.E.M.) and probability (p) values less than 0.05 were considered statistically significant.

Results
Effects of drug treatment on responding during conditioning

Based on our previous studies, rats were considered trained upon reaching 1,000 successful
licks during a 20 min testing session with the thermode heated to 37°C [45]. In the current
study, rats attained a mean of 2443 ± 571 licks per 20 min session when considered across
all groups prior to drug treatments. A single rat was removed from the MOR→NLX group
due to extremely high (649%) responding during COND1, which proved to be an outlier
according to Grubbs’ test.

Fig. 2A shows the normalized success ratios during COND1, COND2 and TEST in rats
conditioned to 1 mg/kg s.c.morphine. Data are shown normalized to responding in the
BASE48 session. Taking responding as the dependent measure over the three testing
sessions, repeated measure ANOVA over the three sessions showed a statistically significant
main effect of treatment (F2,34=4.501, p=0.0184), but no effect of session (F2,68=2.582.
p=0.0831) or interaction between treatment and session (F4,68=1.639, p=0.1746). The
results of post-hoc t-test and Mann-Whitney U comparisons between the effects of specific
treatments within sessions are shown in fig. 2B. These showed statistically significant
elevations in responding in both groups of morphine-treated rats (labeled MOR→ PBS and
MOR→NLX in fig. 2A) during COND2 relative to PBS-treated animals. Notably, the mean
success ratio increased approximately 30% between COND1 and COND2 in both groups of
morphine-treated rats. However, as shown in table 1, no correlation was found in responding
between these sessions.

An additional control experiment was performed to test if morphine administration 48 hr
before testing influences operant pain responding per se. For this purpose, morphine or PBS
were injected 48 hr in the home cage before operant facial testing The mean normalized
success ratios were 123.2 ± 31.0% and 100 ± 14.5% (n = 6 per group) for morphine-treated
and vehicle-treated rats respectively. There was no statistically significant difference
between these responses (t-test, p = 0.127).

Animals treated with morphine during COND1 and COND2, and then treated with PBS
during TEST showed approximately 50% more responding during TEST than animals
treated with PBS throughout. However, t-test comparison yielded a p value of 0.356 due to
large variation in responding in the MOR→ PBS group. A statistically significant difference
in the distribution of responding between the MOR→ PBS and animals treated with PBS
throughout was confirmed using an F-test, which yielded a p value of 0.045 when
comparing these two groups during TEST (fig. 2B). Animals treated with morphine during
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COND1 and COND2, and then treated with NLX during TEST showed slightly less
responding during TEST than animals treated PBS throughout, suggesting that naloxone
reversed the enhanced responding during TEST seen in MOR→ PBS-treated animals. A
separate group of rats that did not undergo conditioning sessions COND1 and COND2 but
treated with 5 mg/kg naloxone (n = 6) showed no difference in responding per se compared
to PBS (n = 7, 101.5 ± 46.7 versus 100.0 ± 20.7, t-test, p = 0.941) suggesting that the
suppressive effects of naloxone presented in fig. 2A depended on previous morphine
treatment. Together, these data suggest that the enhanced responding seen during TEST in
the MOR→ PBS-treated group depended on increased endogenous opioid activity.

Given the large variability in responses during TEST in MOR→ PBS-treated rats, a more
refined analysis was performed to determine the characteristics of the distribution of the
responses. Fig. 3 shows the responses of individual rats in the three groups of rats during
TEST. Comparing the distribution of responses between MOR→PBS and PBS→PBS rats
shows that several rats stand out within the MOR→ PBS group as displaying exceptionally
high responses. Given this, we sought to determine the statistical likelihood of such high
responses occurring based on the assumption that the responses of PBS→PBS-treated rats
would follow a normal distribution.

First, Anderson-Darling normality testing showed the distribution of responses during the
TEST session of the PBS→PBS and MOR→ PBS groups to have p values of 0.4051 and
0.0146 respectively (table 2). This indicated that the PBS→PBS group displayed a normal
distribution. In contrast, MOR→ PBS-treated animals did not. The apparent lack of
normality in the distribution of responses in the MOR→ PBS-treated group was most likely
due to skewing towards higher values. This was reflected in higher skewness and kurtosis
values in the MOR→ PBS group (1.48 and 2.23 respectively) than the PBS→PBS group
(1.07 and 1.12 respectively).

Subsequently, the probability of the occurrence of rats responding at various levels during
TEST in the MOR→ PBS relative to PBS→PBS-treated rats was estimated. To achieve
this, the mean responding and standard deviation during TEST in PBS→PBS-treated rats
was calculated (shown as horizontal dashed lines in fig. 3). This value was used to predict
the expected number of responders in any given range of standard deviations from this mean
based on a normal distribution, as shown in table 3. The expected number of responders was
statistically compared to the actual number of responders using a chi-squared test (table 3).
Based on this method of analysis, during TEST, MOR→PBS-treated animals included
responders up to 6 standard deviations from the mean, yielding extremely low p values using
a chi-squared test. No such effects were seen in the MOR→NLX group. It is important to
note that this analysis was based on the hypothesis that TEST responding in the
MOR→PBS group would be higher than in the PBS→PBS-treated group, as would be
expected of a placebo response.

Relationships between operant responding between sessions
Linear regression (Pearson's correlation) showed weak non-significant relationships between
responding during COND1 and TEST within all groups (table 1). Additionally, there were
no statistically significant correlations between responding between COND1 and COND2.
However, responding in COND2 was significantly positively correlated (r = 0.459. p =
0.048) with responding during the TEST session in MOR→PBS-treated animals (fig. 4),
indicating that on a subject-by-subject basis, animals showing the strongest response during
COND2 showed the strongest responding during TEST. Moreover, despite a lack of any
significant correlation between COND1 and TEST, the strongest and most statistically
significant correlation (r = 0.516, p = 0.024) with TEST was found when comparing the
difference between COND2 and COND1 with TEST. This indicated that those animals
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showing the largest increase in morphine-induced analgesic responses between COND1 and
COND2 showed the strongest conditioned (placebo) response during TEST.

Discussion
As far as we are aware, the current report is the first presenting placebo effects in a
preclinical operant pain assay. These results suggest that rats, like humans, show opioid-
conditioned placebo analgesia. We believe this finding provides evidence that, in addition to
nociceptive reflexes [42; 57], operant responses involving cognitive functions are also
susceptible to placebos. As these responses better index the affective dimension of pain, they
are especially relevant clinically [38; 40]. We suggest the approach used here may provide
pre-clinical researchers a means for studying the affective dimension of placebo-induced
analgesia using an animal model.

Characteristic of placebo responses observed in the current study
Placebo effects have several notable features. Among them is high variability in response
size [9; 34; 53]. To a large extent, the apparent degree of this variability depends on the
criteria used for defining the placebo response. Over the years, there have been numerous
nuanced definitions of placebo responses (see [52]), but most agree that any sham or inert
intervention with a beneficial effect beyond changes that occur due to natural history may be
called a placebo effect [5; 22; 52]. Defining how large that effect need be is matter of
discussion. Some studies specify a specific magnitude of symptom change and claim to
identify placebo responses in individual subjects. However, rather than define a specific
criterion, an alternative and objective approach is to study effect size, of which a d statistic
is particularly common. In a recent discussion of this approach applied to meta-analytic
findings on placebo effects in clinical settings, effects sizes for placebo effects of 0.24 and
above were observed (see [32]). In the study presented here, we estimate the effect size (d)
to be 0.45 (as defined in [60]), though it is important to note that relative to clinical studies,
our preclinical study relied on considerably less subjects, thus decreasing the reliability of
effect sizes.

Here, rather than defining a specific criterion, we determined the likelihood of responses of
given magnitudes arising naturally. We based our analysis on the assumption that responses
within control rats follow a normal (Gaussian) distribution. Indeed, normality testing
suggested this was the case for PBS→PBS-treated rats. However, our group sizes were
relatively small, which may have impacted the reliability of the statistical analysis.
Nonetheless, as such, our analysis showed incidences of responding during TEST in the
MOR→PBS group that statistically speaking were extremely unlikely to occur by chance.
We suggest that these rats, which fell many standard deviations from the mean, could be
considered placebo responders. It is also important to note that while our analysis was biased
towards identifying animals that responded positively, one animal responded more than one
standard deviation below the mean of the group treated PBS throughout.

A second major characteristic of placebo responses is that they often have strong
relationships with genuine (unconditioned) responses [2; 8]. Indeed, we found a statistically
significant correlation between responding in the COND2 and TEST sessions in
MOR→PBS-treated animals. It was notable, and somewhat surprising, that no such
correlation existed between COND1 and TEST in this group. On first look, that correlations
between COND1 or COND2 and TEST sessions might exist may be unremarkable, as
presumably animals should be consistent in their responses if experimental conditions
remain constant. However, this was not the case in the current study, as no correlations were
found between sessions in animals treated PBS throughout. This may reflect small but
significant day-to-day changes in experimental conditions beyond the control of the
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experimenter. If so, that a correlation was found in morphine-treated animals reinforces the
view that this relationship can overcome daily variation and may be physiologically
important. This relationship may directly reflect individual differences in the analgesic
efficacy of morphine or effects on learning capability.

A slightly stronger correlation was found between changes in responding between COND1
and COND2 sessions and responding during TEST, albeit it only marginally more
statistically significant than the correlation discussed above. This is interesting when viewed
in the context of recent theories in the psychobiology of substance abuse, one of which
emphasizes that sensitization to cues predicting the availability of rewarding drugs is critical
to the development of addiction [55; 59]. The increased responding between COND1 and
COND2 sessions (rather than tolerance) seen in both morphine-treated groups is reminiscent
of such sensitization. Furthermore, that such sensitization best predicted placebo responding
suggests an involvement of incentive learning and expectancy in acquiring placebo
responses. Indeed, our previous studies show that sensitization of locomotion and
mesolimbic dopamine (a neural pathway considered fundamental to reward prediction) is
predictive of the rewarding effects of drugs [63].

A third known feature of placebo responses is sensitivity to opioid antagonism [21; 29].
Here too, we confirmed this in our operant facial analgesia model, revealing the involvement
of endogenous opioids by using the opiate antagonist naloxone. As discussed above, many
have reasoned that placebo effects are fundamentally similar in their neurobiology to other
expectancy effects [8; 39]. Indeed, recent human imaging studies show that the expectancy
of reward is accompanied by increased endogenous opioid activity in limbic and cortical
areas [25]. Additionally, opiate antagonists such as naloxone and naltrexone block various
conditioned effects on pain [3; 21; 29]. Genetic deletion of some (but not all) endogenous
opioids attenuates the expectancy of rewards [15; 23; 37; 41]. However, an involvement of
endogenous opioids does not appear universal to all placebo effects. For instance, Amanzio
and Benedetti found that naloxone blocks placebo analgesia induced by opioid conditioning
but not by conditioning with the non-opioid ketarolac [2]. Amongst the few preclinical
studies of placebo-induced analgesia, Guo and colleagues reported that placebo-induced
analgesia was sensitive to naloxone, but that induced by aspirin was insensitive [29]. This
raises the possibility, as suggested by human imaging studies discussed above, that placebo-
induced analgesia stems from the brain simulating the original (unconditioned) effect of the
drug; an idea also put forward by Guo and colleagues. In the case of morphine, this would
be increased endogenous opioid release, thus being susceptible to naloxone.

Application to human placebo responses
Conditioning is one of several causes of human placebo analgesic responses, yet other
causes also exist [5; 9; 14; 52]. Indeed, recent studies by Bryant and colleagues suggest
rodents exhibit analgesic responses simply by being exposed to neighboring rodents exposed
to opiates [11]. Thus, an operant model of placebo analgesia has the potential to analyze
cognitive and brain mechanisms related to several causes/types of placebo analgesia such as
social observational learning just mentioned for mice [11], as well as humans [14].

Alternative explanations and limitations
Though the current study suggests rats show placebo responses in an operant facial pain
assay, other factors may be involved. First, the assay employed incorporates several
psychological processes that may act synergistically or competitively before being emitted
as a behavioral output. These not only include pain, but also reward, incentive motivation,
learning, memory recall and appetite. For instance, previous studies show opiates can
modulate appetitiveness and learning related to rewards [20; 33; 43; 44]. In this regard, our
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previous studies indicate that at the dose administered here and over the time scale applied,
morphine does not influence licking per se under non-pain conditions, though more complex
interactions may occur. Second, other studies show that morphine can stimulate locomotion
[30; 58]. Although we did not perform an exhaustive analysis here, studies elsewhere show
morphine can increase locomotion in Sprague-Dawley rats at doses as low as 1mg/kg (e.g.
[16]). Such increases in locomotion could encourage rats to approach the reward, though
these seems unlikely as again, under non-pain conditions, morphine as applied here does not
influence licking behavior.

Summary and future implications
Our study introduces a novel preclinical model for studying placebo-induced analgesia that
shows canonical features of placebo effects observed in humans. Due to its operant nature
and use of mild noxious stimuli only, this paradigm may better address the emotional
aspects of placebo-induced analgesia and executive cortical control placed over them. In
doing so, these experiments provide the foundation for methodologies that would be
extremely difficult in human studies, such as single neuron recordings, neurotransmitter
depletion, focal lesions, and molecular/genetic manipulations. As an example, human
studies have shown that, unlike conditioning with morphine, placebo analgesia (on a
tourniquet tolerance test) generated by conditioning with ketarolac was not prevented by
naloxone [2] but was prevented by a specific cannabinoid antagonist CB1 [7]. This
distinction could be tested with the operant assay used here and could lead to its molecular
and neuropharmacological characterization. Another possibility is that the genetic
distinctions between placebo “responders” and “non-responders” might also be
characterized using this same behavioral assay.
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Summary

Rats show canonical features of human placebo-induced analgesia in an assay designed
to evaluate pain affect
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Figure 1.
(A) Schematic representation of the behavioral paradigm used. Boxes represent exposure to
the operant training apparatus wherein rats had access to palatable reward contingent upon
contacting their muzzles on a heated thermode stimulus. Variations of PBS vehicle,
morphine (MOR, 1mg /kg), or naloxone (NLX, 5 mg/kg) were administered 30 mins before
the final three sessions. (B) Summary of major groups in the current study.
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Figure 2.
(A) Mean operant licking responses for palatable reward under various drug treatment
conditions as described in fig. 1B. Dashed line indicates responding in the PBS→PBS-
treated group during COND1 as a point of reference. Data is expressed as responses
normalized to mean responding during BASE48 as depicted in fig. 1A within each treatment
groups. Data is expressed as mean ± S.E.M. Group sizes (n): PBS→PBS, 8; MOR→PBS,
19; MOR→NLX, 10. (B) p values for t-test, Mann Whitney-U and F-test comparisons for
responses at all time points shown in A. p values (t-test or F-test) less than 0.05 are bolded.
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Figure 3.
Operant licking responses for palatable reward in individual rats during the TEST session as
described in fig. 1A. Solid horizontal line indicates mean responding in PBS→PBS-treated
rats. Dashed horizontal lines indicate increasing standard deviations (SD) away from the
mean responding for the PBS→PBS-treated group.
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Figure 4.
Correlative relationships between operant lick responding during COND2 and TEST for the
three main treatment groups. Each point represents an individual rat. Solid lines indicate
linear regressions. Additional analysis of correlational relationships is shown in table 2. p
values (Pearson's test) less than 0.05 are bolded.
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Table 2

Results of Anderson-Darling normality testing for distributions of responses during COND1, COND2 and
TEST.

Treatment group COND1 COND2 TEST

PBS → PBS 0.525 0.090 0.015

MOR → PBS 0.610 0.345 0.405

MOR → NLX 0.346 0.430 0.678
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