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the drug, enormous effort has been invested to find a
means of enhancing its analgesic efficacy and reducing
undesirable side effects of morphine.2
Analgesic effects of morphine are mediated mainly by
the -opioid receptor (MOR). The receptor, widely distributed throughout the central nervous system, including the spinal dorsal horn,3 is a member of the G protein– coupled receptor family.4 Exposure of G protein–
coupled receptors to their agonists often results in rapid
attenuation of receptor responsiveness.5,6 The process,
acute desensitization, impairs signaling efficiency. It is
usually followed by internalization of the receptor to
resensitize or rapidly recover the cell responsiveness to
agonists.7,8 However, morphine, a partial agonist of
MOR, differs profoundly from full opioid agonists such
as [D-Ala,2MePhe,4Gly-ol5]enkephalin (DAMGO): The
opiate binds to MOR without causing rapid internalization of the receptor in MOR-transfected cells.9 –11 That
remarkable phenomenon has also been observed in organotypic cultures12 or whole animal studies.13,14
Responsiveness to morphine can be enhanced by induction of MOR endocytosis if the unusual property
limits acute analgesic effects of this opiate drug by desensitizing MOR while neither internalizing nor resensitizing the receptor. It has recently been demonstrated
that morphine-induced MOR endocytosis can be evoked
by coadministration of low concentrations of DAMGO in
rat spinal dorsal horn as well as a cell culture model.14
However, following studies have not reproduced the
striking effect of DAMGO.15–17 Therefore, whether the
coadministration with DAMGO enhances morphine-induced internalization remains controversial.
This study examined whether DAMGO and a clinically
available agonist, fentanyl, were able to facilitate morphine-induced MOR endocytosis and analgesic effect in
rats. We first characterized fentanyl-induced internalization of MOR in the spinal dorsal horn in vivo. Then, we
tested effect of fentanyl on morphine-induced MOR internalization. Finally, we investigated whether the acute
analgesic effect of morphine could be potentiated when
MOR internalization was induced by coadministration of
DAMGO or fentanyl.

MORPHINE is a highly effective analgesic that has been
used for centuries. It remains the accepted standard for
clinical pain treatment. Nevertheless, its therapeutic use
is often limited by severe side effects such as respiratory
depression, tolerance, and dependence.1 Because those
adverse effects occur through the use of large doses of
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Materials and Methods
Materials
Fentanyl was purchased from Sankyo Co. Ltd. (Tokyo,
Japan). Morphine hydrochloride was from Takeda Pharmaceutical Co. Ltd. (Osaka, Japan). DAMGO and other reagents were obtained from Sigma Corp. (St. Louis, MO).
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Background: Morphine can desensitize -opioid receptor
(MOR), but it does not cause internalization of the receptor after
binding. Acute desensitization of MOR impairs the efficiency of
signaling, whereas the receptor internalization restores the cell
responsiveness to the agonists. Thereby, the property of morphine may limit the analgesic effects of this opiate drug. It has
been shown that [D-Ala2,MePhe4,Gly-ol5]enkephalin (DAMGO),
a potent MOR agonist inducing the internalization, facilitates
morphine to internalize MOR, suggesting that MOR agonists
with low relative activity versus endocytosis (RAVE) values such
as DAMGO can potentiate analgesic effects of morphine
through stimulating MOR internalization. The authors examined whether the acute analgesic effect of morphine can be
potentiated by low relative activity versus endocytosis agonists
DAMGO and fentanyl.
Methods: Rats injected intrathecally with opioids were subjected to a hot plate test for antinociceptive effect. Immunostained spinal dorsal horn was analyzed by confocal microscopy.
Results: Fentanyl induced MOR internalization to a lesser
extent than DAMGO at equianalgesic doses. Coadministration of
fentanyl promoted morphine-induced MOR internalization.
The analgesic effect of morphine was greatly potentiated together with decrease in the relative activity versus endocytosis
value when MOR internalization was induced by coadministration of a subanalgesic dose of DAMGO or fentanyl. In contrast,
the combination of DAMGO and fentanyl increased neither the
analgesic effect nor the internalization of MOR.
Conclusions: The results suggest that the coadministration of
morphine with MOR-internalizing agonist is clinically applicable to develop successful pain-management regimens to achieve
satisfactory analgesia using less morphine.
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Nociceptive Test
All drugs were dissolved in 10 l sterile saline and
injected, followed by 10 l saline to flush the catheter.
The hot plate (HP) test was performed to measure the
response to heat stimuli by monitoring latency until hind
paw licking at the indicated time after injection. The
floor of the apparatus (model MK-350B; Muromachi Kikai Co., Ltd., Tokyo, Japan) was heated to 52.0°C. A
cutoff latency of 60 s was used to prevent tissue damage.
The tail flick (TF) test was performed to measure the
response to heat stimuli by monitoring latency to withdrawal from a heat source focused on the tail approximately 5 cm from the tip. The apparatus (model DS20;
Ugo Basile, Comerio-Varese, Italy) was calibrated to give
an average baseline latency of approximately 4 s. A
cutoff latency was 10 s.
The latencies were converted to the percentage of the
maximal possible effect, calculated as (postdrug value ⫺
baseline value)/(cutoff value ⫺ baseline value) ⫻ 100.
Tissue Preparation
Immediately after the behavioral test, the rats were
anesthetized deeply with sodium pentobarbital and then
perfused intracardially with 100 ml saline, followed by
300 ml cold 4% paraformaldehyde and 0.2% picric acid
in 0.1 M phosphate buffer. The L4 –L5 segment of the rat
spinal cord was dissected, removed, and then postfixed
for 4 h in the same fixative at 4°C. Finally, it was cryoprotected overnight in 30% sucrose buffer solution.
Transverse sections (40 m) of the spinal cord were cut
on a freezing microtome.
Anesthesiology, V 105, No 3, Sep 2006

Immunohistochemistry and Quantification of MOR
Internalization
Spinal sections were blocked in 5% normal goat serum
in 0.1 M phosphate buffered saline with 0.5% Triton
X-100 for 90 min and then incubated in a rabbit antiMOR antibody (Diasorin, Stillwater, MN) and mouse antiNeuN antibody (Chemicon International Co. Ltd., Temecula, CA) both at a 1:5,000 dilution in 0.1 M
phosphate-buffered saline with 0.2% Triton X-100 overnight at room temperature. The mouse anti-NeuN antibody was used to identify the neurons in the section.20
Sections were washed extensively in 0.02 M phosphatebuffered saline with 0.1% Tween and incubated in goat
anti-rabbit IgG-Alexa-488 (Molecular Probes Inc., Eugene, OR) and goat anti-mouse IgG-Alexa-594 (Molecular
Probes Inc., Eugene, OR) both at a 1:1,000 dilution for
2 h at room temperature. The sections were then
washed and mounted on slides. MOR distribution in the
spinal dorsal horn was examined with a confocal laser
scanning microscope (Fluoview FV300; Olympus Optical Co. Ltd., Tokyo, Japan) using a 60⫻ PlanApo 1.40 oil
immersion objective. MOR internalization in lamina II
was quantified by calculating the percentage of immunoreactive neurons that showed internalization in relation to the total number of immunoreactive neurons
examined. Neuronal soma with more than 10 endosomes were considered to have internalized MOR (i.e.,
the categorization was all or none). The person examining the neurons was blinded to the treatment. At least
100 MOR neurons were examined per rat.21,22 Images
were processed and labeled using Adobe Photoshop 5.5
(Adobe Systems Inc., Mountain View, CA).
Relative Activity versus Endocytosis Value
To determine values of relative activity versus endocytosis (RAVE), defined as the relative activity (efficacy)
versus the ability of a ligand to induce endocytosis,11 the
ratio of the activity expressed as percentage of the maximal possible effect to the endocytosis as percentage of
neurons with internalized MOR measured using immunohistochemistry was calculated. The peptide DAMGO
was defined as having activity and endocytosis of 1.
Statistical Analysis
Data are presented as mean ⫾ SEM unless otherwise
indicated. Statistical analyses were one-way analysis of
variance followed by Scheffé post test. P values less than
0.05 were considered to be statistically significant.

Results
Intrathecal Fentanyl Produced MOR Internalization
in Spinal Dorsal Horn Neurons
Previous studies demonstrated that the synthetic opioid peptide DAMGO produced MOR internalization in
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Animal Preparation and Surgical Procedure
Our animal care and use committee approved the
protocol (permission No. 03-041; Shimane University,
Izumo, Japan). Male Sprague-Dawley rats (SLC Inc.,
Hamamatsu, Japan) weighing 250 –280 g were maintained on a 12-h light– dark schedule and were housed
individually with free access to food and water.
All animals were handled in the test situation for at
least three times before intrathecal catheterization and
testing to reduce the influences of handling on nociceptive responses. The surgical procedure was performed as
described previously.18,19 Briefly, during sodium pentobarbital anesthesia, the rats were implanted with intrathecal catheters in the caudal direction at the level of
L3–L4. The effectiveness of each catheter was confirmed
by injection of 15 l lidocaine, 2%, the day before the
experiment. Only rats developing paralysis of both hind
paws because of the local anesthetic were used in this
study. After catheterization, at least 3 days were allowed
for recovery before the study. Rats that had motor deficits as a result of catheter placement, infection, or other
health problems were excluded.
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the HP test was 100% and 83% at 5 and 15 min, respectively. It returned to the control level at 60 min (fig. 2).
Fig. 1. Confocal microscopic images of -opioid receptor (MOR)
internalization in lamina II of the spinal dorsal horn. Rats were
perfused with a fixative 15 min after the intrathecal injection of
10 g fentanyl (A), 100 ng [D-Ala2,MePhe4,Gly-ol5]enkephalin
(DAMGO) (B), 20 g morphine (C), or saline (D), to observe
MOR internalization in the spinal dorsal horn neurons. Neuronal soma and MOR were stained with anti-NeuN antibody
(green) and anti-MOR antibody (red), respectively. Confocal
images (60ⴛ, zoom of 5) were two or three optical sections
through the center of the neuron at intervals of 0.5 m. Scale
bar ⴝ 10 m.

vivo13,14 as well as in vitro.10,21 A clinically used MOR
agonist fentanyl has been shown to internalize the receptor in vitro 23 but not yet in vivo. Therefore, we first
assessed whether fentanyl can induce MOR internalization in rat spinal dorsal horn neurons after the intrathecal administration of this agonist. Rats were killed 15 min
after intrathecal administration of opioid agonists. In 10
g fentanyl–treated rats, MOR immunoreactivity was
depleted from the plasma membrane and observed in
numerous endosomes within the dorsal horn neurons
(fig. 1A). The pattern was comparable to that induced by
100 ng DAMGO (fig. 1B). In 20 g morphine–treated
rats, however, MOR immunoreactivity was primarily
concentrated at the plasma membrane of the dorsal horn
neurons, indistinguishable from that of saline-treated rats
(figs. 1C and D).
Next, rats were injected intrathecally with 5 g fentanyl; tested for antinociceptive effect 5, 15, 30, and 60
min after administration; and then quickly fixed to quantify MOR internalization. We found that the ratio of MOR
internalized neurons in the total MOR-positive neurons
at 5 and 15 min was approximately 50%, the maximum
value among those determined. It subsequently declined
to approximately 20% at 60 min. Correlated with the
internalization, the antinociceptive effect of fentanyl on
Anesthesiology, V 105, No 3, Sep 2006

Relation of MOR Internalization versus Analgesic
Effects
We first examined the dose effects of three opioid
agonists on the MOR internalization of dorsal horn neurons as well as analgesic response of rats to establish the
relation between MOR internalization and analgesia.
DAMGO increased not only the latency to licking of the
hind paw on the HP test but also the ratio of the MORinternalized neurons in a dose-dependent manner. The
ratio of internalization was 30.3% and the antinociceptive effect was 34.3% when rats were treated with 20 ng
DAMGO. In rats treated with 50 ng DAMGO, MOR internalization and the analgesic effect were 79.8% and
77.1%, respectively. The dose–response relation of
DAMGO for MOR internalization in the spinal dorsal
horn neurons matched with that for the antinociceptive
effect (fig. 3A). Fentanyl also increased the HP response
latency and the number of MOR internalized neurons in
a dose-dependent manner. The antinociceptive effect of
fentanyl on the HP test almost reached a maximum value
at the dose of 5 g, but the internalized neuron ratio was
only 51.0% at that dosage (fig. 3B). Morphine caused a
dose-dependent increase in the HP response latency but
elicited no MOR internalization. Its effect on the internalization was indistinguishable from those of saline control at all dosages (fig. 3C). In addition to the HP test, we
used TF test to evaluate analgesic effects under the same
conditions, but the effects at all doses that we tested
reached the cutoff latency in the TF test except 5 ng
DAMGO (data not shown).
The order of potency to induce endocytosis was
DAMGO ⬎ fentanyl ⬎⬎ morphine when these three
drugs were compared at the equianalgesic dose (fig. 3D).
When the relation between endocytosis and analgesic
effect were expressed as RAVE value, the order of the
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Fig. 2. Time courses of -opioid receptor (MOR) internalization
and analgesia produced by fentanyl. Rats were injected intrathecally with 5 g fentanyl, subjected to the hot plate test for
antinociceptive effect (percent maximum possible effect [%
MPE]; closed bars) at the indicated time, and then quickly fixed
to determine the percentage of MOR immunoreactive neurons
with internalization (open bars) (n ⴝ 5– 8). * P < 0.05 compared
with 0 min.
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values obtained from figure 3D was DAMGO (1) ⬍ fentanyl (1.8) ⬍⬍ morphine (8.5) (table 1).
Enhancement of Morphine-induced Internalization
and Analgesia by Coadministration with DAMGO
or Fentanyl
We next examined whether internalization-inducible
MOR agonist DAMGO or fentanyl was able to potentiate
morphine-induced MOR internalization in the spinal dorsal horn neurons. We used a submaximal antinociceptive
dose of morphine (2.5 g) in the HP test for this coadministration study. DAMGO alone (5 ng) produced neither detectable MOR internalization nor significant antinociception in the HP test (fig. 4). However, when the
low dose of DAMGO was administered concurrently
with 2.5 g morphine, the peptide agonist potentiated
the morphine-induced MOR endocytosis (fig. 4). The
combination of morphine and the small amounts of
DAMGO increased MOR internalization in the dorsal
horn to 62.8% (fig. 4). Moreover, under the same conditions, the antinociceptive effect of the combination of
morphine and DAMGO in the HP test was greatly en-

hanced to 94.0%, approximately five times as much as
morphine alone (18.7%) (fig. 4). Without DAMGO, eight
times as much morphine was required to show similar
analgesic effect (figs. 3C and 4).
Fentanyl, at a dose of 0.5 g, produced neither the
detectable MOR internalization in the dorsal horn nor
significant antinociception in the HP test (fig. 4). The
opioid facilitated the morphine-induced internalization
as well when this low dose of fentanyl was administered
concurrently with 2.5 g morphine (fig. 4). The combination of morphine and the low dose of fentanyl
achieved MOR internalization of 33.3% (fig. 4). The analgesic effect of this combination in the HP test was also
increased to 70.0%, approximately 3.7 times as much as
morphine alone (fig. 4). Without fentanyl, six times as
much morphine was required to show a similar analgesic
effect (figs. 3C and 4).

Table 1. RAVE Values of Drugs and Drug Combinations
Agonist

RAVE Value

DAMGO
Fentanyl
Morphine
Morphine ⫹ DAMGO
Morphine ⫹ fentanyl

1.0*
1.8*
8.5*
1.5†
2.1†

* The value was 1/slope of each line in figure 3D. † The value was determined by analgesic effect versus endocytosis in figure 4.
DAMGO ⫽ [D-Ala2,MePhe4,Gly-ol5]enkephalin; RAVE ⫽ relative activity versus endocytosis.
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Fig. 4. Effects of [D-Ala2,MePhe4,Gly-ol5]enkephalin (DAMGO) or
fentanyl on morphine-induced analgesia and -opioid receptor
(MOR) internalization. Rats were subjected to the hot plate test
5 min after intrathecal injection of indicated agonists (percent
maximum possible effect [%MPE]; closed bars). They were fixed
quickly to determine the percentage of MOR immunoreactive
neurons with internalization (open bars) (n ⴝ 5– 8). * P < 0.05
compared with 2.5 g morphine.
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Fig. 3. Effects of opioid doses on -opioid
receptor (MOR) internalization and analgesia. Rats were injected intrathecally with
indicated doses of [D-Ala2,MePhe4,Glyol5]enkephalin (DAMGO; A), fentanyl (B),
or morphine (C). Then, they were tested
for antinociception on the hot plate test 5
min after injection (percent maximum
possible effect [% MPE]; closed circles) and
fixed quickly to determine the percentage
of MOR immunoreactive neurons with internalization (open circles) (n ⴝ 5– 8). * P <
0.05 compared with saline. In D, data in
A–C were replotted to explore the relationship between MOR internalization and analgesic effects of DAMGO (), fentanyl (Œ),
and morphine ().
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In the TF test, again, the analgesic effect of the combination of morphine with DAMGO or fentanyl as well as
morphine only reached the cutoff latency. Therefore, by
this test, the analgesic augmentation of morphine with
DAMGO or fentanyl could not be detected. RAVE values of
morphine in combination with DAMGO and fentanyl were
1.5 and 2.1, respectively (table 1). However, coadministration of 5 ng DAMGO and 0.5 g fentanyl increased neither
antinociceptive effects in the HP test nor MOR endocytosis
compared with each agonist alone (fig. 4).

Enhancement of Morphine-induced Analgesia
Associated with MOR Internalization
In this study, we hypothesized that morphine-induced
analgesic effect can be enhanced by induction of MOR
internalization and tested the hypothesis using coadministration of morphine with small doses of endocytosisinducing agonists to facilitate morphine-mediated MOR
internalization.
We demonstrated that endocytosis-inducing agonists
DAMGO and fentanyl enhanced morphine-induced MOR
internalization of dorsal horn neurons in rats. We reproduced the remarkable, but previously somewhat controversial, effect of DAMGO to facilitate morphine-induced
endocytosis reported by He et al. 14 and further showed
that fentanyl, a clinically used opioid with internalization-inducing potency, has a similar effect on MOR internalization in vivo. More importantly, concomitant
with the enhancement of MOR endocytosis, we observed that the acute analgesic effect of morphine evaluated by the HP test was greatly potentiated by coadministration of these agonists. As described in the
Results, the increase in analgesia was not detected in TF
test, the method used in the previous report.14 Probably
because of the longer cutoff latency, i.e., broader range
in analgesic extent of the HP test, we were able to find
the analgesic potentiation, although contribution of the
difference in mechanism between the two tests could
not be excluded. It is suggested that the effect is synergistic rather than additive because DAMGO or fentanyl
alone at the concentration used for the coadministration
with morphine caused no internalization of MOR or
analgesic effect on the HP test. Methadone, another
clinically available MOR-internalizing agonist,11,24 has
also been shown to synergistically enhance the analgesic
effect of morphine.25 However, the combination of two
endocytosis-inducing agonists, such as DAMGO and fentanyl (our data) or methadone and fentanyl,25 showed no
such synergistic increase as that shown by combination
with morphine. These observations support our proposal that facilitation of MOR internalization by endocytotic agonists can restore morphine responsiveness.
The increase in acute antinociception of morphine has
also been observed in mice lacking ␤-arrestin 2, which is
Anesthesiology, V 105, No 3, Sep 2006

involved in receptor desensitization and development of
opioid tolerance, suggesting an important role of ␤-arrestin 2 in morphine-induced desensitization.26,27 ␤-Arrestin is required not only for desensitization but also for
subsequent internalization of MOR.28 Overexpression of
this protein allows the morphine-activated receptors to
internalize.29 Therefore, the enhancement of antinociception caused by the deletion of ␤-arrestin 2 seems
somewhat paradoxical. According to Bohn et al.30 and
Koch et al.,17 morphine-bound MOR is a poor substrate
for G protein– coupled receptor kinase 2 and thus less
phosphorylated than the DAMGO-bound receptor,
which results in recruitment of less ␤-arrestin, sufficient
for desensitization but insufficient for endocytosis. Based
on the molecular schema, both facilitating internalization by endocytosis-inducing agonists and the removal of
␤-arrestin would enhance the analgesic effect of morphine via the escape from ␤-arrestin– dependent desensitization. Addition of a low dose of DAMGO or fentanyl
seems to allow the partial agonist morphine to behave as
a full agonist, thereby improving the efficiency of MOR
signaling through internalization of the receptor. Consequently, it potentiates the morphine-induced analgesia.
Although further studies at the cellular and molecular
levels are required to elucidate the precise mechanism,
our results yield implications to explain the improved
response to morphine in molecular terms and to develop
clinical strategies for more effective pain killing with
morphine.
Fentanyl-induced MOR Internalization in Rat
Spinal Dorsal Horn Neurons
We showed for the first time that intrathecal fentanyl
produced MOR internalization in rat spinal dorsal horn
neurons together with analgesic effect in a dose-dependent manner. MOR internalization caused by fentanyl
has been demonstrated in an artificial expression system31,32 and in organotypic cultures of the ileum.23 Our
results confirm that fentanyl can also induce internalization in vivo.
Comparison of the analgesia–internalization relation
among three MOR agonists—morphine, DAMGO, and
fentanyl—indicates that their relations differ greatly. For
example, at equianalgesic doses, fentanyl produced less
MOR internalization than DAMGO. That is, fentanyl has
higher analgesic potency than DAMGO at the dose that
yields equivalent MOR internalization. Morphine exerts
its analgesic effect without leading MOR endocytosis in
vivo, as reported previously.13,14 For that reason, MOR
internalization cannot function as an indicator of the
analgesic effects. It is also the case even with internalization-inducing agonist DAMGO or fentanyl.
A concept RAVE is defined as the relative activity
versus the ability of a ligand to induce endocytosis in
vitro.11 Morphine has a particularly high RAVE value as
a consequence of its inability to promote receptor endo-
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Evaluation of MOR Internalization
We examined at least 100 MOR-immunoreactive neurons per rat and calculated the percentage of neurons
with internalization to avoid a bias for the selection of
neurons to be sampled.22 Trafton et al.13 and He et al.14
quantified the amount of MOR internalization by counting endocytic vesicles in confocal images of sample neurons for each condition. We found that the increase in
the percentage of neurons with internalization was
matched with the increase in the number of endocytic
vesicles in each MOR immunoreactive neuron (data not
shown). Results obtained with our method, dose–response curve of DAMGO and facilitation of morphineinduced MOR internalization with DAMGO, were consistent with those of Trafton et al.13 and He et al.,14
respectively. Therefore, the endocytosis of MOR and
induction of endocytosis in rat spinal dorsal horn neurons seem to be reproducible.
Clinical Relevance
We found that the combination with fentanyl increased the analgesic effect approximately 2.5 times as
much as morphine alone and thus reduced the amount
of morphine to only one sixth to obtain an analgesic
Anesthesiology, V 105, No 3, Sep 2006

effect comparable to that of morphine alone. The current results, showing that fentanyl enhanced morphineinduced analgesia together with MOR internalization in
vivo, strongly support that the combination of morphine
with fentanyl is clinically applicable to enhance the
acute analgesic effect of morphine.
In clinical practice, the combined administration of
morphine with several different opioid agonists, such as
fentanyl33 or sufentanil,34 has been attempted to improve analgesic onset and duration or to reduce adverse
effects. Although these studies have generally obtained
favorable results, there are few reports examining the
potentiation of morphine analgesic effect by the addition
of other opioid. The favorable effects of the combination
may be explained, at least in part, by the spinal interactions of morphine and  opioids, which can produce a
substantial increase in analgesia. Our hypothesis in this
article will be useful to search better combinations of
opioid agonists with morphine.
The enhancement of the analgesic effect by the combination of morphine with other opioids could reduce
the amount of morphine to obtain satisfactory antinociception and thus may prevent the development of tolerance to morphine.14 Also, the combination-induced enhancement of analgesic effect may be one of the
mechanisms of the restored opioid responses observed
on opioid switching. On switching to an alternative
opioid, or on opioid rotation, a dose of the second
opioid, such as the endocytosis-inducing agonist methadone, can be much less than that expected by their
relative potencies in naive patients.35,36 The reduced
amount of the second drug required for the original
analgesia implies the enhancement of a morphine analgesic effect with the second drug via facilitation of MOR
internalization.
This study demonstrated that coadministration of a
low dose of MOR-internalizing agonist resulted in the
potentiation of morphine-induced endocytosis and analgesia. Although further studies are needed to determine
the minimum effective combination dose as well as the
combinations and administration patterns of the drug in
vivo, our observations might elucidate unique antinociceptive properties of morphine and help to develop
clinically successful pain-management regimens such as
combination or rotation with several different opioids to
achieve satisfactory analgesia without excessive adverse
effects.
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cytosis compared with DAMGO, which induces receptor
endocytosis. To date, activity has been measured as potassium current or adenylate cyclase inhibition and endocytosis as the percentage of receptors internalized
measured using fluorescence flow cytometry or enzymelinked immunosorbent assay in vitro.11,17 The RAVE
concept can be extended to in vivo, as shown here.
When the activity was expressed as the percentage of
the maximal possible effect and endocytosis was expressed as the percentage of neurons with internalized
MOR measured using immunohistochemistry, the order
of the RAVE values was DAMGO ⬍ fentanyl ⬍⬍ morphine, consistent with the in vitro data.17
Based on the hypothesis that potentiation of morphine-induced endocytosis can enhance its antinociceptive effect, MOR agonists with higher efficacy to induce
MOR internalization, or with lower RAVE values, would
be favorable to improve morphine analgesia. Actually,
our results showed that DAMGO, which has a lower
RAVE value than fentanyl, enhanced the analgesic effect
of morphine more strongly than fentanyl. It is necessary
to examine whether other opioids with low RAVE values
in vitro also increase the morphine-induced analgesia in
vivo. In this article, we also showed the relative decrease
in the RAVE value of morphine by combination with
subanalgesic and subendocytotic doses of low-RAVE agonist, DAMGO or fentanyl. For better analgesic augmentation of morphine, i.e., to decrease RAVE value of morphine, previously determined RAVE values of various
MOR agonists17 would aid in the selection of a clinically
useful combination of opioid agonists.
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