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Abstract
The mechanisms supporting temporal processing of pain remain poorly understood. To determine
the involvement of opioid mechanisms in temporal processing of pain, responses to dynamic
noxious thermal stimuli and offset analgesia were assessed following administration of naloxone,
a μ-opioid antagonist, and on a separate day, during and following intravenous administration of
remifentanil, a μ-opioid agonist, in 19 healthy human volunteers. Multiple end points were
sampled from real time computerized visual analog scale ratings (VAS, 1–10) to assess thermal
sensitivity, magnitude and duration of offset analgesia, and painful after sensations. It was
hypothesized that the magnitude of offset analgesia would be reduced by direct opioid antagonism
and during states of acute opioid-induced hypersensitivity (OIH), as well as diminished by the
presence of exogenous opioids. Surprisingly, the magnitude of offset analgesia was not altered
following naloxone administration, during remifentanil infusion, or following the termination of
remifentanil infusion. Since thermal hyperalgesia was observed following both drugs, 8 of the
original 19 subjects returned for an additional session without drug administration. Thermal
hyperalgesia and increased magnitude of offset analgesia were observed across conditions of
remifentanil, naloxone and no drug within this subset analysis, indicating that repeated heat testing
induced thermal hyperalgesia which potentiated the magnitude of offset analgesia. Thus, it is
concluded that the mechanisms subserving temporal processing of nociceptive information are
largely opioid-independent, but that offset analgesia may be potentiated by heat-induced thermal
hyperalgesia in a proportion of individuals.
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1. Introduction
Alterations in temporal processing, such as after sensations, occur during acute central
sensitization and chronic pain [32, 14, 17]. Moreover, chronic pain patients exhibit increased
temporal summation of pain [35, 55, 50]. However, little is known about the mechanisms
subserving temporal processing of nociceptive information. A novel putative model of
temporal contrast, offset analgesia, may provide insight to how pain is temporally altered in
disease states and may be useful to test for altered temporal processing of nociceptive
information. Offset analgesia occurs when small incremental decreases in noxious stimulus
intensity produce disproportionately large decreases in perceived pain intensity [18]. Offset
analgesia is thought to be centrally mediated since regions of the brainstem implicated in
descending control of pain are activated during offset analgesia in healthy subjects [62].
Since many of these regions, such as the periaqueductal gray, are associated with opioid
analgesia, it was hypothesized that offset analgesia may be supported by opioid
mechanisms.

The most direct method to test for opioid involvement is to administer an opioid antagonist.
Diffuse noxious inhibitory control (DNIC), decreased pain to an acute stimulus when an
additional heterotopic stimulus is applied simultaneously, is blocked by opioid antagonists
[59]. Accordingly, it was hypothesized that naloxone (μ-opioid antagonist) administration
would decrease the magnitude of offset analgesia by direct opioid antagonism.

Additionally, exogenous opioids can be administered to test for involvement of endogenous
opioids in pain phenomena. Exogenous opioids may outcompete or saturate receptors and
effectively block endogenously released neurotransmitters. For example, DNIC is blocked
by morphine administration [29]. Thus, during opioid infusion endogenous opioid effects
supporting offset analgesia might be eliminated or enhanced.

Finally, states of opioid-induced hypersensitivity (OIH) provide an alternative method to
assess mechanisms subserving offset analgesia. During OIH increased sensitivity to acute
stimuli often occurs following administration of opioid analgesics [37, 8, 23]. Clinically,
increased post-operative pain and increased morphine requirement occur following
procedures involving high doses of remifentanil [15, 19], and opioid tolerance / hyperalgesia
to acute stimuli occurs in opioid-treated patients [16, 12, 21]. OIH reflects similarities to
states of opioid tolerance and dependence [38]. Interestingly, OIH is distinct from effects of
direct opioid antagonism and is thought to involve a more complicated sequence of
physiological events [26] by several possible mechanisms including altered activity of
opioid receptors (eg. dynorphin), upregulation of N-methyl D-aspartate receptors
(NMDARs) and altered descending control of pain [56, 36, 2]. Thus, the final hypothesis
was that following the period of opioid analgesia, subjects would exhibit increased
sensitivity to noxious thermal stimuli and the magnitude of offset analgesia would decrease
due to disruption of descending inhibition and local inhibitory mechanisms that may
normally contribute to offset analgesia.

To test these hypotheses, healthy volunteers were administered naloxone and remifentanil
on separate days, and rated pain from noxious heat stimuli. It was predicted that if opioid
mechanisms support offset analgesia, 1) subjects would exhibit decreased magnitude of
offset analgesia following administration of naloxone, 2) the presence of exogenous opioids
would eliminate or enhance offset analgesia during remifentanil infusion, and 3) the
magnitude of offset analgesia would be reduced during OIH.
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2. Methods
2.1. Subjects

All study procedures were approved by the Institutional Review Board (IRB) at Wake Forest
University School of Medicine. Before participating in the study, every subject gave written,
informed consent acknowledging that they understood all methods and procedures used in
the experiment, that they would experience painful stimuli and receive intravenous
administration of naloxone and remifentanil on separate days, and that they were free to
withdraw from the study at any time. Nineteen healthy, pain-free volunteers with no history
of chronic pain or any neurological disorder participated in the study (8 females, 11 males; 2
black, 17 white; 25 ± 5.9 yrs, mean ± SEM). Two additional subjects were excluded due to
insensitivity to the thermal stimuli. All subjects were asked not to take analgesics within 48
hours before study sessions. All female subjects reported using a reliable method of birth
control and were not pregnant while participating in this study. Negative urine pregnancy
test results from all female subjects and negative urine drug screen results from all subjects
were required prior to administration of study drugs. Eight control subjects were recruited
from the original group of volunteers (3 females, 5 males; 27 ± 7.9 yrs, mean ± SEM).

2.2. Psychophysical Training and Assessment
Psychophysical training and assessment was similar to that used previously [39]. Subjects
participated in a psychophysical training session prior to the study visits when drugs were
administered. Thermal stimuli were delivered using a 16 × 16 mm2 peltier device that was
applied to the lower left leg (Medoc, Ramat-Yishai, Israel, TSA-II). Subjects were first
presented with four series of thermal stimuli (35°C, 43–49°C, 5 s) to familiarize them with
using a computerized sliding visual analog scale (VAS; end points of “no pain sensation”
and “most intense pain sensation imaginable”) [49, 47, 27].

Subjects were then familiarized with the sequence of thermal stimuli that would be used at
multiple time points on the days involving drug administration. At the beginning of each
testing sequence, short duration stimuli (35, 45, and 49°C, 5 s) were presented in random
order to assess thermal sensitivity, and subjects were asked to report pain ratings using a
sliding scale non-electronic VAS after each stimulus. Next, long duration (30 s) stimuli were
presented in two pseudo-randomized blocks. Each of these blocks consisted of three stimuli:
a constant 49°C stimulus (30 s), a three-temperature stimulus [T1=49°C (5 s), T2= 50°C (5
s), T3=49°C (20 s)], and a control stimulus [T1=49°C (5 s), T2= 50°C (5 s), T3=35°C (20
s)] (Fig. 1). Offset analgesia is evoked by the 1°C decrease from 50°C to 49°C in the three-
temperature 49-50-49°C stimulus. A block of 4 short-duration stimuli (49°C, 4–6 seconds)
with varying fall rates of 0.5°C/s or 5.0°C/s was also administered to test for alterations in
VAS fall rates. The order of stimuli within blocks as well as the order of block presentation
was pseudo-randomized to minimize effects of expectation. Additionally, after each
stimulus, the thermal probe was moved to a completely distinct, yet adjacent area of skin.

2.3. Drug Administration and Thermal Testing
Subjects were asked to fast after midnight prior to reporting in the morning to the General
Clinical Research Center (GCRC) at Wake Forest University School of Medicine for study
sessions involving drug administration. A peripheral intravenous catheter was started in the
subject’s right arm, and normal saline was infused for the duration of both study sessions. A
two-session, crossover design was used (Fig. 1). Study days were randomized for drug,
naloxone or remifentanil, and at least one week apart. Subjects were not informed which
drug they received.
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2.3.1. Naloxone Administration—Naloxone (naloxone hydrochloride, International
Medication Systems, Ltd., Amphastar Pharmaceuticals, USA) was administered
intravenously. A 0.01 mg/kg dose was infused over a period of 5 minutes according to
Koppert et al. [26]. Subjects were monitored for nausea and vomiting, sweating, possible
increase in heart rate, tremor, rapid breathing, agitation, irritability, restlessness or
excitement. Vital signs were taken every 15 minutes including respiration rate, oxygen
saturation, end-tidal CO2.

2.3.2. Remifentanil Administration—Intravenous infusions of remifentanil (Ultiva,
Glaxo, Bioniche Pharma, Hospira, USA LLC) were delivered according to Hood et al. [23].
The infusions were computer-controlled using the STANPUMP algorithm to titrate to
desired blood plasma levels [20]. Initial targeted plasma concentrations were 1 ng/ml. After
8–10 minutes of remifentanil infusion, analgesia was assessed by having subjects rate 35°C,
45°C, and 49°C stimuli (5 s). This titration was then increased by 0.5 ng/ml every 8–10
minutes until a sufficient rate was reached such that pain ratings to 49°C (5 s) decreased to
approximately 50% of baseline, or until side effects prevented additional increases in
remifentanil dose. Once targeted analgesia was achieved, the infusion was maintained for 60
minutes. Subjects received supplemental oxygen, and vital signs of peripheral
oxyhemoglobin saturation, blood pressure, heart rate, respiration rate and end-tidal CO2
were monitored and recorded every 5 minutes during the infusion (and every15 minutes
after drug infusion) to minimize risks associated with respiratory and / or cardiovascular
suppression.

2.4. Time Course of Psychophysical Assessment
Hood et al. found effects of OIH up to 4 hours following discontinuation of remifentanil
infusion, therefore we tested responses to sequences of thermal stimuli at multiple time
points throughout the sessions up to 4 hours post-infusion [23]. Each testing sequence
included one block of 5-second duration stimuli (35°C, 45°C, 49°C), two blocks of three
long-duration stimuli (constant 49°C, 49-50-49°C, 49-50-35°C), and one block of 4 short-
duration stimuli (49°C, 4–6 seconds). The 5-second duration stimuli were rated
conventionally as post-stimulus ratings. All other stimuli were rated using the real-time
computerized VAS. Sequences of thermal stimuli were administered at matched time points
on both drug days: prior to drug administration (Pre), immediately after delivery of the drug
(0 hr), and every half hour following drug infusion for 4 hours (post-drug time points of 0.5
hr, 1.0 hr … 4.0 hr). Two additional testing sequences were used on the remifentanil day
during the 60 minute steady-state infusion period, one at 0 minutes (Inf1) and a second
testing block at 30 minutes into the steady-state infusion period (Inf2).

Control data (noxious heat testing with no drug administered) were acquired from 8 of the
original 19 subjects during a separate visit that did not involve an infusion. This served to
measure effects of possible sensitization over time due to repeated application of thermal
stimuli. No infusion was involved because this session was designed to specifically assess
the effects of repeated heat stimulation without possible confounds arising from placebo
effects. Time points of heat testing on the control day were matched to time points of the
remifentanil session (including Inf1 and Inf2 time points).

2.5. End Points of Real-Time VAS Data
Subjects reported real-time pain ratings using an electronic visual analog scale (VAS, 0–10)
during delivery of each heat stimulus. The real-time VAS ratings were digitally recorded
(Powerlab, Chart Software, ADInstruments, USA) and analyzed using custom-made
programs (IDL).
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Several end points were extracted from the real-time data to assess changes in sensitivity
and the magnitude and duration of offset analgesia. Long-duration stimulus end points
included:

• Peak VAS, the maximum VAS rating from the constant 49°C stimulus, was the
primary end point to assess changes in sensitivity following drug infusions.

• MaxT2 was the maximum VAS rating during the T2 time period (5 s plus an
additional 3 s to account for delayed temporal summation and response time) for
the 49-50-49°C stimulus.

• Min Offset, was designed as the minimum VAS rating following the T2–T3
temperature decrease in the 49-50-49°C stimulus (window of stimulus time after
the T2–T3 shift to just before the end of the T3 stimulus).

• Magnitude Offset Analgesia was calculated by subtracting Min Offset values from
MaxT2 values from the VAS response to the same applied 49-50-49°C stimulus
(within-stimulus difference).

• Min Offset Latency, the measure of time for offset analgesia to occur, was
calculated from the 49-50-49°C stimulus as the difference in time from the T2–T3
shift until the time at which Min Offset occurred (within stimulus-calculation).

• VAS End Latency values were calculated from the constant 49°C stimulus as the
time between the start of the T3 decrease to the end of the real-time VAS rating
(VAS=0) to assess duration of after sensations.

Short-duration stimulus end points included:

• Short-duration PeakVAS (S.PeakVAS), the maximum value from real-time VAS
ratings to short-duration stimuli (49°C, 4–6 seconds) which served to assess
changes in sensitivity.

• VAS Fall Slope was the rate of decrease in real-time VAS ratings at the end of the
short-duration 49°C stimuli. These values were calculated using a linear regression
of VAS values over time between the initial decrease in VAS ratings after the
temperature fall start and the real-time VAS rating end (VAS=0).

2.6. Statistical Analysis
Infusions of remifentanil were titrated to individual doses to achieve 50% reduction in pain
intensity ratings. Thus, post-stimulus ratings of 49°C, 5 s stimuli obtained at the end of the
drug titration were assessed with a paired t-test to determine if remifentanil significantly
reduced pain ratings compared to baseline. Next, a linear regression was used to assess the
relationship between remifentanil induced analgesia (final % reduction from baseline) and
final steady-state infusion dose remifentanil.

Separate analyses were conducted to directly compare naloxone and remifentanil (N=19)
and to compare across conditions of remifentanil, naloxone and control (N=8). Post-stimulus
ratings from 45°C and 49°C (5 s) stimuli were analyzed as an additional measure for
changes in sensitivity. A two-way repeated measures analysis of variance (ANOVA) was
used to assess effects of time, drug condition, and time by drug condition interaction (JMP
statistical software, SAS Institute Inc., Cary, NC, USA). Real-time VAS end points were
averaged per subject for each testing time point and then analyzed using within-subjects,
two-way repeated measures ANOVA with variables of time, drug condition, and time by
drug condition interaction. Missing data for each end point and post-stimulus VAS ratings
were interpolated across neighboring time points to ensure that all subjects were included in
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the analyses. Significance level p < 0.05. Control 49-50-35°C stimuli were not analyzed and
served only as a control for expectations.

3. Results
3.1. Naloxone Infusion

The dose of naloxone was calculated based on subject weight (0.01 mg/kg) and ranged from
0.46 – 1.20 mg total administered per subject (0.77 ± 0.19 mg, mean ± SD). No side effects
were observed or reported for subjects following naloxone administration.

3.2. Remifentanil Infusion
Individual differences in metabolism of and sensitivity to opioids exist, therefore an
individualized titration of remifentanil was used [53]. Total dosage of remifentanil
administered ranged from 0.269 mg – 1.333 mg per subject (0.675 ± 0.285 mg, mean ± SD).
In all subjects, VAS ratings to 49°C stimuli (5 s) were significantly reduced from baseline (p
= 0.0002) (Fig. 2). Most subjects displayed moderate sedation during the remifentanil
administration but were able to attend to and adequately rate thermal stimuli and respond to
the study staff. Additional side effects were observed in a majority of the subjects including
nausea (7/19), vomiting (4/19), pruritus (13/19), sweating (5–19), dry mouth (1/19), light-
headedness (2/19), dizziness (3/19), headache (3/19), and anxiety (2/19). These occurred
during or immediately after the 60 minute infusion, and most side effects were resolved by
15 minutes post-infusion.

3.3. Thermal Assessment during Remifentanil Infusion
Thermal sensitivity and offset analgesia were assessed during remifentanil infusion at two
time points: Inf1 (immediately following the titration period / at the beginning of the 60
minute steady state infusion) and Inf2 (30 minutes into the steady-state infusion).

During remifentanil infusion Peak VAS values from constant 49°C stimuli decreased
significantly at the Inf1 time point compared to baseline (p = 0.0093), however, the decrease
was not significant at the Inf2 time point (p = 0.3318) (overall effect of time p = 0.0050, Fig.
3A).

MaxT2 values were significantly decreased at remifentanil infusion time points compared to
baseline with an overall effect of time (p = 0.0023), but post-hoc tests revealed that the
decrease was only significant for the Inf1 time point (p = 0.0014) and not at the Inf2 time
point (p = 0.2228) (Fig. 3B). Min Offset values also significantly decreased during
remifentanil infusion compared to baseline (p = 0.0184), and post-hoc tests showed that the
decrease was significant at the Inf1 time point (p = 0.0048) but not at the Inf2 time point (p
= 0.1694) (Fig. 3C). Analysis of Magnitude Offset Analgesia for the infusion time points
revealed no significant effect of time (p = 0.9310) (Fig. 3D).

Min Offset Latency values were not significantly altered at infusion time points (p = 0.3816)
(Fig. 3E). Similarly, VAS End Latency values were not altered during the remifentanil
infusion compared to baseline (p = 0.9664) (Fig. 3F).

3.4. Naloxone vs. Remifentanil
Responses to thermal stimulation were compared over time, initially across conditions of
remifentanil and naloxone administration (N=19), since it was expected that drug effects
would follow highly distinct time courses.
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3.4.1. Naloxone vs. Remifentanil: Real-Time VAS Ratings—In the analysis of real-
time VAS rating end points, increased sensitivity was observed at several time points with a
similar time course after administration of both drugs. Peak VAS ratings increased
significantly over time (p = 0.0014), but were not significantly altered by drug effects (p =
0.1220). However, Peak VAS values showed a trend for an overall time by drug interaction
(p = 0.0582) with post-hoc tests indicating significantly lower Peak VAS values post-
naloxone compared to post-remifentanil at 0.5 hr (p = 0.0133) and 1.0 hr (p = 0.0166) post-
administration (Fig. 4A).

MaxT2 values similarly increased over time (p = 0.0001), but showed no effect of drug (p =
0.6936), and no time by drug interaction (p = 0.1743) (Fig. 4B). Min Offset values were not
significantly altered over time (p = 0.8726), by drug (p = 0.1881), or time by drug
interaction effects (p = 0.2457) (Fig. 4C).

The Magnitude Offset Analgesia (calculated as MaxT2 – Min Offset) was not significantly
altered over time (p = 0.4148), or by drug (p = 0.3211), and no interaction was observed (p =
0.1088) (Fig. 4D).

Min Offset Latency values were significantly longer post-naloxone compared to post-
remifentanil (p = 0.0430), however, there was no significant effect over time (p = 0.3209),
and no time by drug interaction (p = 0.8951) (Fig. 4E). VAS End Latency values were not
significantly altered over time (p = 0.5636), by drug (p = 0.3040), or by time / drug
interaction effects (p = 0.5752) (Fig. 4F).

3.4.2. Naloxone vs. Remifentanil: Post-Stimulus VAS Ratings—Post-stimulus
ratings to 5-second duration 45°C and 49°C stimuli were assessed to compare changes in
sensitivity under conditions of naloxone and remifentanil. Post-stimulus ratings to 45°C
stimuli significantly increased over time during both drug conditions and showed a trend for
increased hyperalgesia over time following the remifentanil administration (effect of time p
= 0.0014, effect of drug p = 0.0671, time by drug interaction effects p = 0.1134; Fig. 5A).
Post-stimulus ratings to the 49°C stimuli also significantly increased over time under both
conditions of naloxone and remifentanil administration, and this increase was enhanced after
remifentanil administration compared to naloxone (effect of time p = 0.0020, effect of
condition p = 0.5731, time by condition interaction p = 0.0012; Fig. 5B).

3.5. Naloxone vs. Remifentanil vs. Control
Thermal hypersensitivity was evident after both naloxone and remifentanil administration
(described above). Although it was expected that changes in thermal sensitivity would
follow highly distinct time courses for both conditions, the time course of hyperalgesia was
similar under both conditions. Therefore 8 of the original 19 subjects were recruited for a
follow-up visit that consisted of identical thermal testing procedures without drug
administration. The following results reflect analyses conducted across conditions of
naloxone, remifentanil and control.

3.5.1. Naloxone vs. Remifentanil vs. Control: Real-Time VAS Ratings—Peak
VAS values increased over time for all three conditions (N=8, ANOVA, time p = 0.0016).
The magnitude of hyperalgesia observed after remifentanil analgesia and naloxone
administration was not significantly different from the hyperalgesia for the control condition
(condition effect p = 0.1918). However, hyperalgesia occurred differently over time for
remifentanil and naloxone compared to control (interaction p = 0.0128), with post-hoc tests
indicating significantly lower Peak VAS values at 0.5 hr (p = 0.0322) and 1.0 hr (p =
0.0473) time points following naloxone compared to control (Fig. 6A).
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MaxT2 ratings significantly increased over time for all conditions (overall effect of time p =
0.0001). No significant overall effect of condition was observed for remifentanil and
naloxone compared to control (overall effect of condition p = 0.9862). However, there was a
significant time by condition interaction (p = 0.0046) indicating that at later time points
during the remifentanil condition MaxT2 ratings increased more than control [rem vs. con,
post-hoc test 3.5 hr (p = 0.0446)], while at earlier time points MaxT2 ratings were slightly
lower post-naloxone compared to control [nal vs. con, post-hoc test 0.5 hr (p = 0.0171), 1 hr
(p = 0.0346)] (Fig. 6B). Min Offset values were not significantly altered over time (p =
0.2195), by conditions of remifentanil or naloxone compared to control (condition p =
0.1082), or by time / condition interaction (p = 0.5567) (Fig. 6C).

In contrast to the N=19 remifentanil vs. naloxone data, the N=8 analysis including control
data showed that Magnitude Offset Analgesia significantly increased over time under all
conditions (p = 0.0026). No significant overall effect of condition was observed (p =
0.0956). No significant time by drug interaction effect was observed (p = 0.2371) (Fig. 6D).

Min Offset Latency values were not significantly altered over time (p = 0.3643), but were
significantly increased following naloxone compared to control (overall effect of condition p
= 0.0421, post-hoc naloxone vs. control p = 0.0409), however, only a trend for an interaction
effect was observed (p = 0.0790) (Fig. 6E). VAS End Latency values were significantly
altered over time (p = 0.0326), but this was likely due to outlier effects at the 0 hr time point.
These values were not significantly altered by condition (p = 0.8196) or interaction (p =
0.0612) (Fig. 6F).

3.5.2. Naloxone vs. Remifentanil vs. Control: Post-Stimulus VAS Ratings—
Post-stimulus ratings to 45°C and 49°C stimuli (5 s duration) were assessed to compare
changes in sensitivity under conditions of naloxone, remifentanil and control. Post-stimulus
ratings to 45°C stimuli were not significantly altered in the N=8 analysis across conditions
of remifentanil, naloxone and control, but showed a trend for hyperalgesia over time (effect
of time p = 0.0752, effect of condition p = 0.4231, time by condition interaction p = 0.1586;
Fig. 7A). Post-stimulus ratings to the 49°C stimuli significantly increased over time under
conditions of remifentanil, naloxone and control, and showed a trend for enhanced
hyperalgesia following remifentanil (effect of time p = 0.0001, effect of condition p =
0.5193, time by condition interaction p = 0.0512; Fig. 7B).

3.6. Short-Duration Stimuli: S.PeakVAS and VAS Fall Slopes
S.PeakVAS values were significantly increased over time after both remifentanil and
naloxone infusions, and these increases were enhanced following remifentanil compared to
naloxone (N=19, effect of time p = 0.0001, effect of drug p = 0.1986, time by drug
interaction p = 0.0024)(Fig. 8A). In the subset analysis with the control condition,
S.PeakVAS values showed significant increases over time because hyperalgesia was also
produced during the control session. Additionally, the control condition increases were
greater compared to the naloxone condition, but not remifentanil (N=8 analysis, effect of
time p = 0.0001, effect of condition p = 0.2017, time by condition interaction p = 0.0025)
(Fig. 8B).

VAS Fall Slopes also became significantly steeper over time after both remifentanil and
naloxone infusions (N=19) for both stimuli with the slow fall rate (0.5°C/s, effect of time p
= 0.0032, effect of drug p = 0.0345, time by drug interaction p = 0.4624)(Fig. 8C) and
stimuli with the fast fall rate (5°C/s, effect of time p = 0.0219, effect of condition p =
0.1462, time by condition interaction p = 0.6815)(Fig. 8E). Steeper slopes were also
observed during the control condition (N=8) for both slow (0.5°C/s, effect of time p =
0.0152, effect of condition p = 0.0956, time by condition interaction p = 0.2262)(Fig. 8D)
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and fast stimulus fall rates (0.5°C/s, effect of time p = 0.0045, effect of condition p =
0.0999, time by condition interaction p = 0.0508)(Fig. 8F).

4. Discussion
The main finding of this study was that the magnitude of offset analgesia was not reduced
following naloxone infusion or at any time point during or following remifentanil infusion.
These multiple converging lines of evidence indicate that the inhibitory mechanisms
supporting offset analgesia are largely opioid-independent.

4.1. Offset Analgesia under Altered Opioid States
4.1.1. Naloxone—At the same dose used in the present study, naloxone (0.01 mg/kg)
effectively produces hyperalgesia to electrical and mechanical stimuli in humans,
presumably through blockade of endogenous opioids [26]. These effects have a rapid onset,
and maximum effects occur after 30 minutes [26]. It was therefore expected that thermal
hyperalgesia would occur between the 0 and 1 hr time points, however, hyperalgesia was not
observed after naloxone infusion in the present study. Previous investigations show that
hyperalgesia is not always produced by naloxone infusions and that paradoxical analgesia
may occur at small doses [31, 30]. Nonetheless, naloxone can reliably reverse / block effects
of endogenous opioids, even when acute changes in sensitivity by naloxone are not directly
observed [59].

It was hypothesized that offset analgesia would be disrupted by administration of naloxone
due to blockade of endogenous opioid effects. Naloxone (0.02 mg/kg) can completely
reverse the analgesia produced by small doses of morphine in humans (0.1–0.3 mg/kg) [58].
Additionally, diffuse noxious inhibitory control (DNIC), an opioid-mediated inhibitory
phenomenon, is blocked from 5 minutes until almost an hour after administration of
naloxone (0.4 mg total dose) [59]. In the present study, similar doses of naloxone (0.01 mg/
kg) failed to block offset analgesia. Thus, offset analgesia is not disrupted by opioid
antagonism, and these findings provide evidence for distinct mechanisms subserving DNIC
and offset analgesia.

4.1.2. Remifentanil: Infusion—Significant analgesia was produced among all subjects
during the remifentanil infusion, however, no changes in the magnitude of offset analgesia
were observed during the remifentanil infusion. The stability of offset analgesia is surprising
since other pain inhibitory phenomena are typically altered by opioid administration.
Temporal summation of pain is decreased by opioid administration in both humans and
animals [51, 33]. Additionally, DNIC is blocked 15–20 minutes after low dose
administration of morphine (0.05 mg/kg) [29]. Additionally, Min Offset Latency and VAS
End Latency values were not significantly altered by sedation during remifentanil infusion.
Thus, changes in reaction times and motor coordination were not responsible for any
variations in latencies between conditions.

4.1.3. Remifentanil: Opioid-Induced Hyperalgesia—In humans, OIH produces
increased pain to acute electrical, mechanical and noxious heat stimuli [26, 57]. Additional
studies demonstrate increased post-operative pain and enlarged regions of secondary
mechanical hyperalgesia following opioid analgesia [6, 23]. Conversely, some studies show
a lack of OIH to thermal stimuli [23] and do not detect a change in thermal thresholds [34].
The present study used the same procedure as a previous investigation that showed enlarged
regions of secondary hyperalgesia following remifentanil administration [23]. Findings from
the analysis of post-stimulus ratings indicate that remifentanil may have induced thermal
hyperalgesia to a greater extent compared to the naloxone and control conditions. In
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contrast, real-time VAS ratings showed less consistent hyperalgesia after remifentanil
compared to naloxone and control conditions. OIH may have been more clearly detected in
the post-stimulus ratings due to lower variability.

Nonetheless, contrary to the hypothesis, offset analgesia was not disrupted during the period
of OIH. Recently, the NMDA antagonist ketamine has been shown to eliminate DNIC but
not alter offset analgesia [44]. These new findings support the present observations that
offset analgesia is not disrupted during OIH, because OIH is subserved, in part, by NMDA
mechanisms [37, 8, 10].

4.2. Offset Analgesia in the Presence of Heat-Induced Hyperalgesia
The magnitude of offset analgesia remained consistent after both naloxone and remifentanil
administrations. Unexpectedly, however, in the N=8 analyses, the magnitude of offset
analgesia increased over time across all conditions, and this was apparently due to effects of
heat-induced thermal hyperalgesia. In contrast, minimum VAS ratings during offset
analgesia (Min Offset) remained notably constant under all conditions (N=19 and N=8
analyses) indicating that the lowest limit of offset analgesia is not altered by heat-induced
thermal hyperalgesia. Additionally, the Min Offset Latency was not altered despite increased
Magnitude Offset Analgesia in the N=8 analyses. This further indicates that temporal
sharpening mechanisms were not disrupted because the duration of offset analgesia was
conserved. Similarly, VAS fall slopes became significantly steeper (increased) in
conjunction with hyperalgesia to short-duration stimuli (increased S.PeakVAS values).
Together, these findings support the conclusion that temporal sharpening mechanisms are
not disrupted, but rather, enhanced during thermal hyperalgesia.

4.3. Alternative Mechanisms Supporting Offset Analgesia
Activation of brainstem regions consistent with the periaqueductal gray, rostral ventral
medulla and locus coeruleus as well as thalamic and cortical regions occurs during offset
analgesia [62]. These regions are modulated by the presence of opioid antagonists [5] and
exogenous opioids [7, 60]. Therefore, activation of these regions may represent supraspinal
opioid mechanisms of offset analgesia. However, since offset analgesia was not altered by
the presence of opioids or during opioid antagonism, several alternative hypotheses are
proposed. One possibility is that because offset analgesia is dynamic in nature, it may
involve both facilitatory and inhibitory mechanisms. Both descending facilitation and
inhibition are thought to increase during OIH, thus overall changes in thermal sensitivity,
and possibly offset analgesia, at later time points may be cancelled out [9].

Another possibility is that offset analgesia may be supported by non-opioid supraspinal
mechanisms since noradrenergic, dopaminergic, serotonergic and cannabinergic processes
are also involved in pain modulation [61, 24, 42, 43, 22, 46]. For example, the nucleus
accumbens is implicated in reward-like activity at the offset of noxious heat stimuli
suggesting activation of supraspinal glycinergic and dopaminergic pathways under these
conditions [4, 3]. In contrast to placebo effects by expectation or conditioning with opioids,
placebo effects produced by conditioning with non-opioid analgesics (eg. ketorolac) are
naloxone-insensitive and therefore involve non-opioid mechanisms [1]. Recent evidence
further shows that naloxone fails to block analgesia produced by the presentation of highly
pleasant emotional picture stimuli [28]. Similar non-opioidergic mechanisms that occur
under these conditions may therefore also be supporting pain relief during offset analgesia.

Additionally, supraspinal activation during offset analgesia could be in response to
perceived decreases in pain, with the analgesia being mediated primarily by spinal GABA-
ergic / glycinergic or serotonergic mechanisms such as those involved in analgesia by spinal
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cord stimulation [13, 54]. Spinal neurons that follow a time course of activation similar to
offset analgesia have been observed; these neurons are inhibited during presentation of a
noxious stimulus and display strong after discharges following the end of the noxious
stimulus [40, 41]. Administration of the glycine antagonist strychnine blocks the inhibition
phase and enhances the after discharge phase of the neural responses. However, the
enhancement of after discharges by strychnine does not significantly exceed baseline levels
in spinalized rats, suggesting a supraspinal component. Thus, spinal neurons such as these
may be involved in offset analgesia with a similar combination of spinal and supraspinal
mechanisms across phases of the response.

4.4. Clinical Relevance of Offset Analgesia
Altered temporal summation of pain, after sensations and altered DNIC are observed in
chronic pain states suggesting dysfunctional inhibition of nociceptive information [48, 55,
17, 25]. Similarly, patients with various types of neuropathic pain exhibit decreased offset
analgesia compared to matched controls [45].

Inhibitory phenomena also are differentially altered in patients depending on whether their
therapy includes opioid or non-opioid medications. Temporal summation of pain is
increased in opioid-treated patients compared to non-opioid treated patients [11]. DNIC is
reduced in opioid-treated chronic pain patients compared to non-opioid treated patients [52].
The present findings indicate that, unlike temporal summation and DNIC, offset analgesia is
not an opioid-dependent phenomenon. Thus, offset analgesia may be altered in conditions of
chronic pain, regardless of opioid responsiveness.

4.5. Limitations
Thermal hyperalgesia occurred at later time points after administration of both naloxone and
remifentanil with similar time courses. Consequently, we employed an additional control
condition without drug administration, which also revealed thermal hyperalgesia at later
testing time points. Therefore, repeated administration of heat stimuli was a putative
contributor to thermal hyperalgesia and presents a potential confound for testing thermal
sensitivity over long periods of time.

Additionally, the control analysis was conducted in only a subset of subjects and may be
biased to reflect a unique set of individual sensitivities to thermal stimuli. Further, the
control sessions were conducted after collection of the original data set and may have been
influenced by order effects.

4.6. Conclusions
The magnitude of offset analgesia was not reduced or significantly altered following
naloxone administration, during remifentanil analgesia, or following remifentanil infusion.
Therefore, endogenous opioids do not constitute the primary mechanism subserving offset
analgesia. Additionally, these observations support the conclusion that offset analgesia is
distinct from other pain processing phenomena such as temporal summation of pain and
DNIC. While the precise mechanisms responsible for offset analgesia remain unknown, a
combination of peripheral and central mechanisms may contribute to offset analgesia and
may involve opioid-independent spinal and/or supraspinal antinociceptive activity.
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Figure 1. Time course of infusions and thermal testing
A 2 session crossover design was used with separate sessions of naloxone administration
(0.01 mg/kg, bolus dose over 5 minutes) and remifentanil administration (individually
titrated dose, followed by steady-state infusion for 60 minutes)(see methods for details).
Subjects were not told which drug they received, and sessions were scheduled at least 1
week apart. Thermal testing included both short and long-duration stimuli and was
administered prior to drug infusions (Pre) and every half-hour for 4 hours after each drug
infusion. Two additional sets of thermal testing were performed during the remifentanil
infusion. The time between Pre and 0 hr thermal testing sets was approximately 30 minutes
during the naloxone session and is displaced in the figure to show matched post-infusion
sets of thermal testing across the 2 drug sessions. An additional control session was
performed in a subset of 8 subjects out of the original 19 to assess effects of repeated heat
testing. The control session involved thermal testing at time points matched to the
remifentanil session and did not involve an infusion.
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Figure 2. Remifentanil analgesia
(A) Remifentanil produced a mean 56% decrease in VAS pain ratings to 49°C stimuli (5 s)
at the end of the titration period (Mean ± SEM). (B) Analgesia at the end of the titration
period (percent decreases in VAS ratings) was not significantly related to final steady-state
infusion doses (maximum titration rate, ng/ml) per subject (N=19*). *Two subjects showed
100% reductions (VAS=0) at each dose of 2 and 2.5 ng/ml (large dots). VAS, visual
analogue scale.
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Figure 3. Sensitivity to noxious heat stimuli and offset analgesia during remifentanil infusion
(N=19)
Reductions in maximum VAS ratings to constant 49°C stimuli, 40 s (A, Peak VAS) and to
49-50-49°C stimuli (B, MaxT2) occurred at the Inf1 time point, but not at the Inf2 time
point. Similarly, Min Offset values from 49-50-49°C stimuli were significantly reduced at
the Inf1 time point (C). However, the difference between MaxT2 and Min Offset values was
not significantly altered during infusion, resulting in no reductions in Magnitude Offset
Analgesia (D). No significant temporal alterations in offset analgesia were observed during
remifentanil infusion (E, Min Offset Latency) and after sensations did not occur (F, VAS
End Latency). Mean ± SEM; VAS, visual analogue scale.
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Figure 4. Sensitivity to noxious heat stimuli and offset analgesia at time points after termination
of remifentanil infusion and after administration of naloxone (N=19)
Subjects displayed increased sensitivity over time to constant 49°C, 40 s stimuli (A, Peak
VAS) and to 49-50-49°C stimuli (B, MaxT2). However, minimum values during offset
analgesia were not significantly altered following naloxone or remifentanil administration
(C, Min Offset). Likewise, Magnitude Offset Analgesia (MaxT2 – Min Offset) was also not
significantly altered (D). Time to the minimum ratings of offset analgesia was shorter
following remifentanil compared to naloxone (E, Min Offset Latency), however, no after
sensations were observed (F, VAS End Latency). Mean ± SEM; VAS, visual analogue scale.
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Figure 5. Post-stimulus VAS ratings: Evidence for opioid-induced hyperalgesia by remifentanil
(N=19)
Post-stimulus VAS ratings to 45°C showed significant increases over time after both
infusions of remifentanil and naloxone, with a trend for greater hyperalgesia following
remifentanil (A). Post-stimulus VAS ratings to 49°C stimuli also revealed significantly
increased sensitivity over time under both conditions, and these effects were enhanced after
remifentanil indicating the presence of opioid-induced hyperalgesia (B). Mean ± SEM;
VAS, visual analogue scale.
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Figure 6. Sensitivity to noxious heat stimuli and offset analgesia after naloxone and remifentanil
compared to control condition with no drug infusion (N=8)
Increased sensitivity occurred over time under all conditions for constant 49°C stimuli, 40 s
(A, Peak VAS), and for 49-50-49°C stimuli (B, MaxT2). Conversely, Min Offset values
remained unaltered under all conditions (C). The Magnitude Offset Analgesia increased over
time under all conditions reflecting heat-induced hyperalgesia in this subset analysis (D).
The time to minimum values during offset analgesia were significantly longer following
naloxone compared to control condition (E, Min Offset Latency) and VAS End Latency
values significantly decreased over time, but this was influenced by after sensations at the 0
hr time point in the remifentanil condition (F). Mean ± SEM; VAS, visual analogue scale.
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Figure 7. Post-stimulus VAS ratings: Opioid-induced hyperalgesia by remifentanil compared to
naloxone and control conditions (N=8)
Post-stimulus VAS ratings to 45°C showed only a trend for increased sensitivity over time
across the naloxone, remifentanil and control conditions (A). Post-stimulus VAS ratings to
49°C stimuli revealed significantly increased sensitivity over time for all conditions with a
trend for opioid-induced hyperalgesia following remifentanil compared to the control
condition (B). Mean ± SEM; VAS, visual analogue scale.
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Figure 8. Real-time VAS ratings to short-duration stimuli: Hyperalgesia and increased VAS fall
slopes
Maximum ratings to short-duration (4–6 s) stimuli, S.PeakVAS, were increased over time
after both naloxone and remifentanil administrations (A, N=19) and under conditions of
naloxone, remifentanil and control (B, N=8). VAS fall slopes also became steeper over time
under all conditions for both slow stimulus fall rates of 0.5°C/s (C, N=19)(D, N=8) and fast
stimulus fall rates of 5.0°C/s (E, N=19)(F, N=8) indicating that temporal sharpening
mechanisms were conserved under conditions inducing thermal hyperalgesia.
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