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Purpose: Remifentanil is one of the most commonly used opioids intraoperatively. Previous reports indicate that long-term use of
opioids may lead to cross-tolerance to remifentanil, which poses a challenge in the control of acute pain intraoperatively. However,
there is limited information regarding cross-tolerance to remifentanil, especially in visceral pain. Therefore, this study aimed to
examine cross-tolerance to remifentanil in somatic and visceral tolerance using morphine-tolerant rats.

Methods: Six male Sprague-Dawley rats were allocated to the morphine and saline groups each. Tolerance to the antinociceptive
effect of morphine was induced in rats in the morphine group. Remifentanil was continuously infused intravenously at 10 mcg/kg/min
for 120 min to assess cross-tolerance from morphine to remifentanil. The antinociceptive effects on somatic and visceral nociceptive
stimuli were measured using the tail-flick (TF) and colorectal distension (CD) tests, respectively. The antinociceptive efficacy was
evaluated by converting the response threshold to the percentage maximal possible effect (%MPE).

Results: Remifentanil increased the %MPE in the morphine and saline groups in both the tests; however, the increase in %MPE was
attenuated significantly in the morphine group compared with that in the saline group at 60, 90, and 120 min (all P < 0.01) in the TF
test and at 90 and 120 min in the CD test (all P <0.05).

Conclusion: Our results indicate that morphine-tolerant rats exhibit cross-tolerance to remifentanil’s acute antinociceptive effects on
somatic and visceral stimuli. Cross-tolerance to remifentanil should be considered in the perioperative management of patients using
morphine.
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Introduction
Opioids are the most common and widely used drugs in the treatment of acute, chronic, and cancer pain.' However, long-
term use of opioids may lead to analgesic tolerance and cross-tolerance to other opioids, which can cause an apparent
decrease in analgesic efficacy and a simultaneous severe deterioration in the quality of life of patients.” Therefore, the
emergence of opioid tolerance and cross-tolerance is a serious medical problem among patients with long-term opioid use.
Opioid tolerance has been extensively studied, and many studies have elucidated the characteristics of opioid tolerance,
including its onset, time course, and magnitude.’ However, studies about cross-tolerance on analgesic effects between opioids
used intraoperatively are limited. Some clinical reports have indicated that the long-term use of opioids before surgery
increases the dosage of opioids used intraoperatively.*> In the perioperative setting, opioid cross-tolerance may diminish
analgesic effectiveness during surgery in patients with long-term opioid use; therefore, acute pain management for these
patients has been a clinical challenge.® Remifentanil is ultra-short-acting and good at regulation, enabling hemodynamic
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stability and rapid recovery with minimal side effects,” which leads to its frequent use intraoperatively. Several studies have
demonstrated that remifentanil is also associated with acute analgesic tolerance,®’ and a few clinical studies have suggested
that preoperative long-term opioid usage causes cross-tolerance to remifentanil antinociceptive effects.'®

Nociceptive pain can be classified into somatic and visceral types. Recently, it was reported that visceral and somatic
pain differ in many neurobiological mechanisms that mediate sensation.'' A key point of anesthesia management is to
consider the pain pathway arising from somatic or visceral. However, previous studies on opioid tolerance mainly
focused on somatic pain. Only a few studies have examined the development of opioid tolerance to visceral antinocicep-
tion caused by long-term opioid use;'? therefore, further research is warranted.

Information on cross-tolerance from opioids used preoperatively to remifentanil administered intraoperatively is vital
for analgesic management in the perioperative period. However, there is limited information about cross-tolerance to
remifentanil, especially in visceral pain. Morphine is a commonly used opioid preoperatively. Therefore, this study aimed
to examine cross-tolerance from morphine to remifentanil antinociceptive effects, especially the difference between
somatic and visceral tolerance, using morphine-tolerant rats.

Materials and Methods

Animals
All experiments were approved by the Animal Care and Use Committee of Shimane University (approval no. 1Z27-128)
and complied with the Guide for the Care and Use of Laboratory Animals of Japan.

Male Sprague-Dawley rats weighing 200-250 g (CLEA Japan, Tokyo, Japan) were used in this study. They were
housed in individual cages and maintained on a 12-h light and 12-h dark cycle at 24 + 1°C and provided free access to
food and water. The rats were acclimatized to the cage and experimental environment for 4 days before the experiments.
We randomly assigned 12 rats to the morphine and saline groups (n = 6 per group). Figure 1 illustrates the experimental
schedule. The exclusion criterion was only weight loss. If the rats lost more than 20% of their body weight due to eating
or drinking disorders compared with that at the beginning of the experiment, they were excluded and euthanized.

Inducing Morphine Tolerance

After the challenge test on day 1, at approximately 5:00 pm, 10 mg/kg morphine (Takeda Pharmaceutical, Tokyo, Japan)
dissolved in physiological saline was injected subcutaneously in the morphine group or saline in the saline group.
Thereafter, from day 2 to day 9, 10 mg/kg morphine or saline was injected subcutaneously twice a day (around 10:00 am
and 5:00 pm) in the morphine and saline groups, respectively, to induce tolerance to the antinociceptive effect of
morphine. The morphine doses were determined by referring to a previous study that reported injecting 10 mg/kg
morphine subcutaneously twice a day for 8 days."?

Morphine Challenge Test (Experiment )

For the challenge test on days 1 and 10, the rats in the morphine group were administered 5 mg/kg morphine
subcutaneously to examine the development of morphine tolerance, whereas those in the saline group were administered
equal amounts of saline.

Day 1 2 3 4 5 6 7 8 9 10 11
Around Experiment 1 10 mglkg morphine Experiment 1 || Experiment 2

. Morphine E a Morphine Assessment of

Am 10:00 challenge c|>_r challenge cross-tolerance
test saline test from morphine

to remifentanil

Around 10 mg/kg morphine
Pm 5:00 _ or ﬁ
saline

Figure | Timeline of the experimental schedule.
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Assessment of Cross-Tolerance from Morphine to Remifentanil (Experiment 2)

On day 11, a continuous intravenous infusion of 10 mcg/kg/min of remifentanil was administered to assess cross-
tolerance from morphine to remifentanil. Referring to our unique animal study in which remifentanil was administered
continuously and intravenously to rats;'* the dose of remifentanil was set at 10 mcg/kg/min to ensure that the cutoff value
was achieved in the control group. The tail vein at the tail root of each rat was flushed with heparinized saline after
inserting a 24-gauge catheter (Jelco Clear, Smiths Medical Japan, Tokyo, Japan). Remifentanil (Ultiva, Janssen
Pharmaceuticals, Tokyo, Japan) was dissolved in physiological saline and administered systemically using an infusion
syringe pump (KD Scientific, Holliston, MA, USA). The behavioral tests described below were performed to assess

cross-tolerance to remifentanil in morphine-tolerant rats.

Behavioral Testing

Responses to nociceptive somatic and visceral stimuli were measured using the tail-flick (TF) and colorectal distension
(CD) tests, respectively. All 12 rats were used for both behavioral tests. Both behavioral tests were performed before
subcutaneous injection and 30, 60, and 90 min after subcutaneous injection for the morphine challenge test on days 1 and
10 (Experiment 1). On day 11 (Experiment 2), both behavioral tests were performed every 30 min for 120 min during
remifentanil infusion and 30 min after infusion termination. Both tests were performed in a blinded manner. Figure 2
illustrates the time course of the experimental procedures.

Tail-Flick Test

The TF test was used to measure the responses to nociceptive somatic stimuli, as described previously.'> Heat from
a source (a 24 V and 100 W projector lamp) was applied to an area approximately 5 cm from the tip of the tail. TF
latency was defined as the behavior of shaking off the tail as an escape behavior from heat. The TF unit (Ugo Basile,
Comerio, Italy) was calibrated such that its reference value was approximately 4 s. A cutoff time of 10s was used to
avoid tail damage. Three responses were averaged for each time point per rat. To analyze the antinociceptive effect, TF
latency was converted to the percentage maximal possible effect (%MPE = [postdrug value — baseline value] / [cutoff
value — baseline value] x 100) at each time point per rat.

A | Tests performed in the following order
1. Tail-flick test 3 times per rat
2. Colorectal distension test 3 times per rat
Inserted the in-house Five mg/kg
balloon system for morphine injection
colorectal distension test

! 1 | | |

Isoflurane -20 0 30 60 90 (min)
anesthesia Awaked from

isoflurane anesthesia

B | Tests performed in the following order
1. Tail-flick test 3 times per rat

Inserted the in-house balloon 2. Colorectal distension test 3 times per rat

system for colorectal
distension test and a 24- Continuous intravenous infusion
gauge catheter under = " f 10 mgkg/minremifentanit
isoflurane anesthesia

! 1 \ 1 ; ;

e sacrifice

Isoflurane -20 0 30 60 90 120 T30 (min)
anesthesia Awaked from

isoflurane anesthesia

Figure 2 Timeline of the experimental procedures for Experiments | (A) and 2 (B).
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Colorectal Distension Test

The CD test was used to measure the responses to a visceral nociceptive stimulus, as described previously.'> The CD test
used an approximately 8 cm long in-house system comprising a stimulating balloon that dilates the intestinal tract and
a sensing balloon that senses escape behavior. The internal pressure of both balloons was measured using in-line pressure
transducers. This in-house system was inserted transanally under isoflurane anesthesia. The CD test was performed 20
min after awakening from isoflurane anesthesia. The pressure of the stimulating balloon dilating the intestine was
increased from 0 mmHg/s to 2.5 mmHg/s in increments. The internal pressure of the stimulating balloon was measured
as the response threshold to the visceral nociceptive stimulus when the internal pressure of the sensing balloon increased
rapidly. A cutoff distension pressure of 60 mmHg was used to avoid colon damage. Three responses were averaged for
each time point per rat, and the CD threshold was converted to %MPE.

Statistical Analysis

All data are presented as mean =+ standard error of the mean. Two-way repeated measures analysis of variance was
conducted to analyze the differences between days 1 and 10 for the time point and day comparisons in Experiment 1, and
between groups for time point and group comparisons in Experiment 2. Non-sphericity was compensated by the
Greenhouse—Geisser correction. Two-sided Dunnett’s post hoc test was used to compare the variables at each time
point. All statistical analyses were performed using IBM SPSS statistics 27 (IBM Corp. Armonk, NY, USA), and the
differences were considered statistically significant at P < (0.05.

Results
A total of 12 rats were used in Experiments 1 and 2. No rats were excluded from either experiment.

Morphine Challenge Test (Experiment )
Figure 3 illustrates the time course of somatic and visceral antinociception induced by morphine challenge tests on days 1
and 10.

Significant differences were found between days 1 and 10, and between time points [Fy,, (1, 5) = 141.053, P < 0.001,
n2p = 0.966; Fiime (3, 15) =70.481, P < 0.001, n2p = 0.934; Finteraction (3, 15) = 12.491, P < 0.001, n2p = 0.714 in the TF
test (Figure 3A), and Fuyy (1, 5) = 607.815, P < 0.001, 2p = 0.992; Fyinye (1.382, 6.911) = 50.913, P < 0.001, n2p = 0.911;
Finteraction (3, 15) = 26.792, P < 0.001, n2p = 0.843 in the CD test (Figure 3B)] in the morphine group. Subcutaneous

A TF test B CD test
100 : # 100 # #
#
80 80
g 60 : 60 4
& 40 # 40
s %k
= 20 20
* 3
0 : . =4 0 L SN b
-20 -20 B
0 30 60 90 0 30 60 90  (min)

-e—Morphine group: Day1  -e—Morphine group: Day 10
Saline group: Day 1 —e—Saline group: Day 10

Figure 3 Results of the morphine challenge tests on days | and 10 (Experiment 1) in the tail-flick test (A) and colorectal distension test (B). Time course effects on
percentage maximal possible effect (%MPE) after 5 mg/kg morphine or saline subcutaneous injection on days | and 10 are presented. The %MPE was significantly lower
on day 10 than that on day | in both the tests in the morphine group, whereas the saline subcutaneous injection did not change in either test.

Notes: Values are presented as the mean * standard error of the mean (SEM) for the six rats in each group. The mean and SEM of the %MPE were examined for up to 90
min. Time O corresponds to immediately before the subcutaneous injection. *P < 0.05 compared with day |, *P < 0.05 compared with baseline.

Abbreviations: %MPE, percentage maximal possible effect; TF, tail-flick; CD, colorectal distension.
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injection of morphine significantly increased %MPE compared with baseline at all time points in the TF and CD tests
on day 1 (all P <0.001). On day 10, morphine significantly increased %MPE at 30 and 60 min (P =0.001 and 0.013) but
not at 90 min (P = 0.816) in the TF test and at only 30 min (P = 0.007) but not at 60 and 90 min (P =0.915 and 0.075) in
the CD test compared with that at baseline. Compared with day 1, the %MPE on day 10 was significantly attenuated at
every time point in both tests [F30 min (1, 5) = 19.350, P = 0.007, n2p = 0.795; Feo min (1, 5) = 50.671, P = 0.001, n2p =
0.910; Fog min (1, 5) =54.521, P =0.001, n2p = 0.916 in the TF test, and F3¢ min (1, 5) = 122.638, P <0.001, n2p = 0.961;
Fso min (1, 5) = 435.670, P < 0.001, n2p = 0.989; Foy min (1, 5) = 25.627, P = 0.004, n2p = 0.837 in the CD test].

No differences were found between days 1 and 10, or between time points [Fqay (1, 5) = 2.876, P = 0.151, n2p =
0.365; Fiime (3, 15) =0.137, P =0.936, n2p = 0.027; Fineraction (3, 15) = 1.379, P =0.287, n2p = 0.216 in the TF test, and
Faay (1, 5) = 4.923, P = 0.077, n2p = 0.496; Fime (3, 15) = 0.279, P = 0.840, n2p = 0.053; Fiperaction (3, 15) = 2.075, P =
0.147, n2p = 0.293 in the CD test] in the saline group.

Cross-Tolerance from Morphine to Remifentanil (Experiment 2)
Figure 4 illustrates the time course of %MPE during remifentanil infusion.

In the TF test (Figure 4A), statistical differences were found both between the groups and between the time points [Fgroup
(1, 10) = 15.564, P = 0.003, n2p = 0.609; Fyime (2.135,21.354) = 63.351, P < 0.001, n2p = 0.864; Fiyteraction (5, 50) = 17.244,
P <0.001, n2p = 0.633]. In the morphine group, remifentanil significantly increased %MPE in the first 30 min (P < 0.001)
compared with that at baseline but not at 60, 90, 120, and T30 min (P = 0.075, 0.158, 0.41, and 1, respectively), and the
increase in %MPE was significantly attenuated compared with that in the saline group at 60, 90, and 120 min (P =0.002, 0.001
and P < 0.001) but not at 30 and T30 min (P = 0.148 and 0.073).

In the CD test (Figure 4B), statistical differences were found between the groups and between the time points [Fgroup (1, 10)
=6.280, P =0.031,m2p = 0.386; Fime (1.964, 19.637) =93.752, P <0.001, n2p = 0.904; Fiyeraction (5, 50) =5.937, P <0.001,
n2p = 0.373]. In the morphine group, remifentanil significantly increased %MPE throughout the duration of remifentanil
infusion compared with that at baseline (all P < 0.001); %MPE returned to the baseline values at T30 min (P = 0.606).

The increase in %MPE was significantly attenuated in the morphine group compared with that in the saline group at
90 and 120 min (P = 0.026 and 0.025) but not at 30, 60, and T30 min (P = 0.341, 0.054, and 0.316).

In contrast, in the saline group, remifentanil significantly increased %MPE to the cutoff values throughout remifentanil
infusion in both tests (all values were 100 £ 0%), and those were significantly increased compared with that at baseline (all P <
0.001). %MPE returned to the baseline values after 30 min from the termination of remifentanil in both tests (TF test: —8.1 £
3.9%, P =0.056; CD test: 9.0 + 4.5%, P = 0.051).

A B CD test
100 100
80 80
— 60 60
S
& 40 40
2
X 20 20
0 0
Remifentanil infusion Remifentanil infusion
-20 -20
0 30 60 90 120 T30 0 30 60 90 120 T30 (min)

—e—Morphine group -e=Saline group

Figure 4 Results of the assessment for cross-tolerance from morphine to remifentanil on day 12 (Experiment 2) in the tail-flick test (A) and colorectal distension test (B).
The %MPE was lower in the morphine group than that in the saline group in both tests.

Notes: Values are presented as the mean * standard error of the mean (SEM) for the six rats in each group. The mean and SEM of the %MPE were examined during a 10-
mcg/kg/min remifentanil infusion and after a 30-min remifentanil infusion. Time 0 corresponds to immediately before remifentanil infusion. Time T30 corresponds to after
a 30-min remifentanil infusion. *P < 0.05 compared with the saline group, “P < 0.05 compared with the baseline.

Abbreviations: %MPE, percentage maximal possible effect; TF, tail-flick; CD, colorectal distension.
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Discussion

This study investigated the development of cross-tolerance to the antinociceptive effect of remifentanil in morphine-tolerant
rats on somatic and visceral nociceptive stimulation and demonstrated two important phenomena. Morphine-tolerant rats
exhibit cross-tolerance to acute antinociceptive effects of remifentanil on somatic and visceral stimuli. Cross-tolerance to the
antinociceptive effect of remifentanil can be higher and faster on somatic stimulus than that on visceral stimulus.

Long-term opioid use, such as morphine, induces tolerance to their antinociceptive effects.'® Some clinical reports
have indicated a cross-tolerance from morphine to remifentanil. The use of sustained-release morphine for 1 month
induced cross-tolerance to remifentanil in a clinical setting.'” In experimental animal studies, intraperitoneal injection of
remifentanil induced cross-tolerance to morphine in normal mice.'” However, to the best of our knowledge, no basic
animal research has demonstrated that chronic administration of morphine induces cross-tolerance to remifentanil,
especially with continuous intravenous remifentanil infusion. Furthermore, our results demonstrated that morphine-
tolerant rats were also tolerant to the acute antinociceptive effects of remifentanil on somatic and visceral stimuli. Similar
to a clinical study,” which showed that the analgesic effect was reduced by continuous administration of remifentanil, the
antinociceptive effect reduction by continuous remifentanil administration was accelerated in the morphine-tolerant rats
in our study, suggesting that the antinociceptive effect of remifentanil intraoperatively would be mitigated in patients
with long-term use of opioids for cancer pain or those suffering from opioid addiction. Multiple mechanisms have been
reported for the development of tolerance to opioid analgesics that are complexly regulated and interact with each
other.'® Opioid cross-tolerance is even more complex and remains poorly understood. Chronic administration of
morphine desensitizes the p-opioid receptor, as reported previously.> Although our study did not examine the mechanism
of cross-tolerance, our results suggest that chronic administration of morphine caused desensitization of the p-opioid
receptor, and in this state, the antinociceptive effect of remifentanil seemed to be attenuated. Elucidation of the
neurobiological or neurophysiological mechanisms should be the next subject of research.

Further, cross-tolerance to the somatic stimulus can be higher and faster than that to the visceral stimulus. According
to our morphine challenge test on day 10, both the TF and CD tests showed that the antinociceptive effect of morphine
decreased significantly compared with that on day 1 by 30 min after subcutaneous injection. During the continuous
infusion of remifentanil, %MPE in the TF test reduced the antinociceptive effect faster than that in the CD test. In
addition, the CD test showed a significant antinociceptive effect until the end of remifentanil administration; however, the
antinociceptive effect in the TF test waned after 90 min. These results suggest that morphine-tolerant rats had higher and
faster cross-tolerance to remifentanil antinociceptive effects on somatic nociceptive stimulation than that on visceral
stimulation. It was difficult to directly compare the results of two tests with different stimuli such as the TF and CD tests.
Thus, we converted the measured values to %MPE so that relative comparisons could be made. Since %MPE varies
depending on cutoff values, we set the cutoff value to a frequently used value. Our results are consistent with those of
a clinical study reporting that morphine-treated patients developed tolerance to the antinociceptive effects of remifentanil
using experimental somatic nociceptive stimuli.'® This study confirmed cross-tolerance to antinociceptive effect for
somatic pain; however, it did not examine the cross-tolerance to antinociceptive effect for visceral pain. Although the
mechanism is unclear, the fundamental differences in the peripheral mechanisms between visceral and somatic pain,
including the density of afferent innervation, quantitative differences in the afferent nerve counts, size distribution of
fibers present, and difference in afferent fiber projects,'” may contribute to the difference between the results of the TF
and CD tests. A few reports have studied the difference between the somatic and visceral antinociceptive effects and
tolerance to opioids.”> However, remifentanil has not been studied for its antinociceptive effect on visceral stimuli;
therefore, the mechanism underlying the difference between somatic and visceral tolerances remains unclear.

Laparoscopic surgery has become increasingly popular recently. Laparoscopic surgeries cause fewer scars on the
body surface but offer visceral stimuli, such as the extension of the peritoneum by pneumoperitoneum, as much as
conventional open abdominal surgeries. Few clinical studies have examined opioid cross-tolerance to antinociceptive
effect for visceral pain. Our results suggest that cross-tolerance from morphine to remifentanil occurs for somatic as well
as visceral antinociceptive effects in patients taking morphine for a long time and that cross-tolerance to somatic
antinociceptive effects can be more attenuated than to visceral antinociceptive effect. Anesthesiologists must consider
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the development of cross-tolerance to remifentanil antinociceptive effect, even during laparoscopic procedures for
patients under long-term opioid therapy. Notably, when the somatic antinociceptive effect of remifentanil was reduced
by cross-tolerance that occurs faster than that of visceral antinociceptive effect, anesthesiologists could cover somatic
analgesia with nerve blocks or local anesthetic filtration.

We used an experimental method that is as similar to clinical practice as possible. For example, we used the CD test to
assess visceral nociception and continuous intravenous remifentanil administration as performed in clinical practice.
Although there are different methods for measuring the visceral antinociceptive effects, we used the CD test as visceral
nociception during surgery, originating mainly from distension or dilation of the peritoneal and intestinal tracts.

Nevertheless, our study had some limitations. First, we used normal rats rather than pain model rats in this study.
Painful inflammation accompanied by glial cell activation reportedly attenuated the development of opioid tolerance.?
Fewer stimuli are usually required to induce visceral pain sensations in pathological conditions.?* It would have been
better to perform these experiments using a rat model of cancer pain and incisional pain since the results may have been
different if these model rats were used in this study. Second, female rats were excluded from this study because of sexual
cycle. However, it has been reported that the mean of some measurements may differ significantly between male and
female rats depending on the test.** In particular, animal studies with rodents have reported that opioid analgesia is more
potent in males than in females.** Nevertheless, the lack of female rats is a limitation of the present study; therefore, our
results are only valid for male rats.

Conclusion

We indicated for the first time that morphine-tolerant rats have cross-tolerance to acute antinociceptive effects of
remifentanil on somatic and visceral stimuli. Therefore, cross-tolerance to the antinociceptive effects of remifentanil
for somatic and visceral pain should be considered in the perioperative management of patients using morphine
preoperatively.

Abbreviations
%MPE, percentage maximal possible effect; TF, Tail-flick; CD, Colorectal distension; SEM, Standard error of the mean.
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