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Abstract

A monthly extended-release formulation of the opioid antagonist naltrexone (XR-NTX) is approved for treatment of alcohol dependence.
There is little research regarding overriding chronic (N21 days) competitive opioid receptor blockade with opioids for acute pain. Using the hot
plate test after XR-NTX or placebo microsphere administration, rats were treated with an opioid analgesic to determine the dose required to
produce the maximum response latency (MRL; 60 s). Rats were later treated with the same opioid to determine any potential effects on respiration
rate or locomotor activity. In naïve rats, 15 mg/kg morphine, 0.1 mg/kg fentanyl and 8 mg/kg hydrocodone produced MRL. In XR-NTX treated
rats, morphine produced 36% and 46% MRL at 90 mg/kg on days 4 and 19 and 96% MRL at 45 mg/kg on day 39. Fentanyl produced 100% MRL
at 2.0 mg/kg on days 4 and 19 and at 0.5 mg/kg on day 39. Hydrocodone (80 mg/kg) produced 69%, 80% and 100% MRL on days 4, 19 and 39.
Compared to placebo, these doses did not further depress respiration or alter locomotor activity. Thus, opioid receptor blockade with XR-NTX can
be overcome in rats with higher doses of opioids without further affecting respiration or locomotor activity.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Naltrexone is a non-selective, high affinity, competitive
opioid antagonist. Oral naltrexone is an approved pharmacolo-
gical treatment for opioid and alcohol dependence (Johnson
et al., 2004; Pettinati and Rabinowitz, 2006; Tambour and
Quertemont, 2007). Unfortunately, non-adherence (i.e., failure
to self-administer daily or complete a course of treatment)
occurs in the majority of patients (Harris et al., 2004), un-
dermines the efficacy of naltrexone in treating alcohol de-
pendence and multiplies the risk of relapse by a factor of 2–4
(Baros et al., 2007; Pettinati et al., 2000). For this reason, an
Abbreviations: (MRL), maximum response latency; (XR-NTX), extended-
release naltrexone; (LLOQ), lower limit of quantitation; (HPLC), high
performance liquid chromatography; (MS), mass spectrometry.
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extended-release formulation (XR-NTX) containing naltrexone
incorporated into biodegradable polymeric microspheres made
of poly(D,L-lactide-co-glycolide) (PLG) was developed and
recently approved by the FDA (Pettinati and Rabinowitz, 2006)
for treatment of alcohol dependence. This once-a-month
injectable formulation assures monthly adherence because it
transfers the responsibility of daily treatment from the patient to
the delivery system. XR-NTX results in clinically meaningful
blockade of opiate receptors over at least 30 days (Johnson
et al., 2004). In a multi-site clinical trial comparison with
placebo injection, XR-NTX significantly reduced the number of
heavy drinking days in alcohol dependent patients and also
increased abstinence and decreased drinking days in the
indicated population with initial abstinence (Garbutt et al.,
2005; O'Malley et al., 2005).

The most effective and commonly used drugs to relieve acute
pain are opioids, which act at the same receptors that naltrex-
one blocks. Despite over two decades of clinical experience
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managing acute pain states in the presence of oral naltrexone, a
search of the clinical literature revealed limited published
studies regarding the feasibility of overriding naltrexone-in-
duced opioid receptor blockade with high doses of opioid
analgesics for pain management (Comer et al., 2006; O'Brien
and Cody, 2006; Vickers and Jolly, 2006). Adverse effects of
opioids are multiple in number, are usually receptor mediated,
difficult to separate from the desired analgesic effect and
progressively increase as the opioid dose increases (Schug et al.,
1992; Shook et al., 1990). One concern with the use of high
doses of centrally acting opioid analgesics is their effect on
respiration (Inturrisi, 2002). Even at clinically relevant doses,
opioid analgesics produce some degree of respiratory depres-
sion (Borison, 1977) primarily due to their effect on μ opioid
receptors (MOR) in the brain stem (Shook et al., 1990). An
additional concern associated with significant dose escalation of
opioids is sedation in ambulatory patients (Inturrisi, 2002).
Thus, a non-clinical study examining the feasibility to over-
come naltrexone-mediated opioid receptor blockade with opioid
analgesics, and the relationship between this and the presence/
degree of adverse effects, was conducted.

The objectives of the present studies were to determine
at what doses commonly used opioid analgesics (morphine,
fentanyl or hydrocodone) elicit antinociceptive effects in rats
pre-treated with XR-NTX, and if such doses would produce
additional adverse changes in respiration rate (as indicated
with whole-body plethysmography using conscious unrest-
rained rats) or locomotor activity (using automated open field
chambers). Three typical opioids were tested because it is
possible that different opioid analgesics could elicit different
results.

2. Materials and methods

2.1. Animals

These studies were approved by the Institutional Animal
Care and Use Committee, Alkermes, Inc., Cambridge, MA, and
were conducted in accordance with the Institute of Laboratory
Animal Resources' “Guide for the Care and Use of Laboratory
Animals” (1996). Male Sprague–Dawley rats (250±25 g;
Charles River Laboratory, Raleigh, NC) were used in these
studies. Rats were pair-housed in polypropylene cages with free
access to food and water. The vivarium was maintained on a
12 hour light:dark cycle (0700:1900) with a room temperature
of 22±3 °C and a relative humidity level of 35±15%.

2.2. Drug preparation

Naltrexone was incorporated into 75:25 biodegradable poly
(D,L-lactide-co-gycolide) microspheres at a concentration of
337 mg of naltrexone/g microspheres (Alkermes, Wilmington,
OH). XR-NTX was suspended in diluent composed of car-
boxymethylcellulose sodium salt, polysorbate 20, sodium chlo-
ride and water prior to injection (Dean, 2005). Morphine sulfate,
fentanyl citrate and hydrocodone bitartrate were purchased from
Spectrum Laboratory Supply Co. (Gardena, CA). All drugs
were dissolved in physiological saline prior to use. All drugs
were dosed at 1 mL/kg body weight, except for the highest dose
of morphine (90 mg/kg) which was dosed at 2 mL/kg due to
limited solubility at this concentration. Opioid effects were
determined at the time of peak pharmacodynamic action, with
the only exception being the open field test for locomotor
activity assessment. This test was conducted shortly after the
assessment for respiratory depression but still within an
acceptable time frame based on the drugs’ plasma half-life
(approximately 4 h for both hydrocodone and fentanyl).

2.3. Hot plate antinociception test

Antinociception to acute thermal stimuli was assessed using a
commercially available hot plate apparatus (Columbus Instru-
ments, Columbus, OH). Rats were placed individually on the hot
plate (25.4 cm×25.4 cm; surface temperature=52.5 °C) and the
response latency to lick either hind paw was recorded. The MRL
was set to 60 s to avoid potential thermal injury associated with
longer exposure times. The latency to lick the hind paw was
normalized to both the minimum time observed following saline
administration and the maximum response latency (60 s) using
the following equation:

Maximum Response Latency MRLð Þ ¼
Drug Latency� Saline Latency

Maximum Latency 60 secondsð Þ � Saline Latency

This reduces the amount of inter-test variability associated
with daily testing by taking into account the non-drug asso-
ciated sensitivity to thermal stimuli and the maximum range of
responses.

The dose of each opioid which produced a response latency
of 60 s on the hot plate was referred to as 100% MRL for that
drug. To determine the minimum dose of each analgesic that
results in 100% MRL, naïve (i.e., non-microsphere-treated) rats
were tested with ascending doses of morphine, fentanyl or
hydrocodone. The minimum doses that produced 100% MRL
were found to be 15 mg/kg for morphine, 0.1 mg/kg for fentanyl
and 8 mg/kg for hydrocodone (Fig. 1). These doses were used as
the starting doses in the subsequent experiments.

2.4. Whole-body plethysmography

Respiration rate was determined using whole-body plethys-
mography performed in conscious unrestrained rats similar to
methods previously reported (Raehal et al., 2005; Walker and
Jennings, 1998). This is a non-invasive method which is
sensitive to measures of respiratory frequency (breathing) in
morphine-treated animals (Raehal et al., 2005). Our plethysmo-
graphy apparatus (Buxco; Troy, NY) has 8 separate chambers
that allow for the simultaneous monitoring of rats. An integrated
software analysis program was used to calculate respiratory
frequencies (breaths per minute; BioSystem XA software v2.9).
The rejection criterion was set to record only pressure changes
due to respiration. Following a 30-min acclimation period, rats
were randomly dosed with saline or test drug. After injection,



Fig. 1. The minimum dose of each opioid necessary to produce the 60 s response
latency criteria (100%MRL) was determined in naïve rats prior to the beginning
of the studies. Doses of each opioid were given in an ascending manner in
separate groups of rats. Baseline doses that achieved MRL were 15 mg/kg
morphine (top), 2 mg/kg fentanyl (middle) and 8 mg/kg hydrocodone (bottom).
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rats were placed back into the chambers and data collected were
for 20 min. Respiratory rate was determined by averaging the
frequency per minute between 6 and 20 min of the data col-
lection period. The first 5 min were discarded as they tended to
be unreliable due to confounding effects of handling and in-
jection. To normalize data over the test period and across days,
percent change in respiratory rates from placebo microsphere
pre-treated rats injected with saline were used.

2.5. Open field

Potential opioid-induced sedative effects were assessed
using automated open field chambers (Columbus Instruments,
Columbus, OH) to measure exploratory/locomotor activity.
Each apparatus consisted of a clear, acrylic box (48.3 cm
L×48.3 cm W) with a photo beam matrix located around its
perimeter. Rats were placed in the center of the box and
locomotor activity was measured for 10 min using a computer-
controlled program. These chambers measure several different
forms of activity. For simplicity, this study focused on total
distance traveled (cm) which has reliably been the most robust
measure of sedation in our studies. All measurements were
recorded in 1 min intervals. Locomotor activity was assessed
within 10 min following completion of the respiratory fre-
quency measures (approximately 30 min post-dosing). Loco-
motor activity was determined by averaging the total distance
traveled for the 10 min test session for all treatment groups and
the results from the placebo microsphere pre-treated rats were
compared with XR-NTX pre-treated rats.

2.6. Plasma levels of naltrexone in XR-NTX pre-treated rats

Blood samples (~250 μL) were collected into tubes con-
taining EDTA the day following each battery of tests (days 6, 21
and 41) from a lateral tail vein. Samples were centrifuged
(10K ×g, 2 min) and plasma was separated and stored at
−80 °C. Naltrexone levels were quantified using high per-
formance liquid chromatography coupled with a PE/Sciex API
2000 mass spectrometer (LC-MS/MS; Baranczewski et al.,
2006) equipped with a TurboIon Spray source.

Extraction was performed by transferring 100 μL of each
standard, sample and control into microcentrifuge tubes
containing 10 μL of internal standard (1 μg/mL hydrocodone
in acetonitrile) and 10 μL of 10 mM sodium bicarbonate buffer.
Then 250 μL of acetonitrile was used to precipitate protein, the
clear supernatant was removed, concentrated to dryness, and
reconstituted with 100 μL of mobile phase buffer. The high
performance liquid chromatography was performed isocrati-
cally at ambient temperature using aWaters C18 3.5 μm column
(XBridge, 2.1×50 mm i.d., Milford, MA). The mobile phase
consisted of 10 mM ammonium acetate, 0.1% ammonium
hydroxide buffer (pH 9.0±0.5) and acetonitrile (45:55, v/v).
The flow rate was 0.350 mL/min. Peak areas were measured for
naltrexone (m/z 342→324) and the internal standard (m/z
300→199) in positive ion mode. Data was analyzed using
Analyst software (Applied Biosystems, version 1.2). The
standard curves were plotted as the peak area ratio (analyte/
internal standard) vs. analyte nominal concentration with a
weighting factor of 1/y. Standard curves were linear in the range
from 1 ng/mL to 100 ng/mL with a coefficient of determination
(r2) N0.990 (n=10). The lower limit of quantitation (LLOQ)
was 1.0 ng/mL.

2.7. Time course and XR-NTX dosing of the study design

The time course of the experimental design is outlined in
Fig. 2. On day 0, rats were lightly anesthetized with 1–2%
isoflurane and injected sc using a 21 G thin walled needle with
naltrexone-containing microspheres (a total of 50 mg/kg nal-
trexone) or a comparable mass of placebo (i.e., blank) micro-
spheres. While the route of administration for XR-NTX in
humans is intramuscular, the injection was given subcutaneous-
ly in rats due to the mass of the microspheres. Previously, it has



Fig. 2. Time course of the experimental design.
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been shown that there is little difference in the XR-NTX PK
profile between these routes of administration in rats (Bartus
et al., 2003).

Because of the size and complexity of this study, a con-
servative approach was taken with the administration of opioids
to avoid overdosing the rats. We treated one group of rats at a
time: the first dose tested was that used with the placebo group.
We then increased the dose in each subsequent group of rats as
necessary until an antinociceptive effect was observed or the
maximum dose was reached (ascending dose procedure).

2.7.1. Study 1: morphine
Morphine was the initial opioid analgesic investigated for its

ability to overcome naltrexone's blockade of opioid receptors as
demonstrated on the hot plate test. Separate groups of rats were
treated with morphine (14–90 mg/kg; ip) on days 4, 19 and 39,
in an ascending dose manner and 30 min later MRL was
determined on the hot plate test. If MRL was less than 75%, the
dose was titrated up in the next group of rats tested. This
continued until MRL of≥75% was obtained or the solubility of
morphine in saline was exceeded. Because of solubility issues
with morphine, a dose high enough to achieve MRL was not
obtained. As a result, the studies measuring respiration fre-
quency and locomotor activity were not conducted.

2.7.2. Study 2: fentanyl and hydrocodone
Following completion of the hot plate study with morphine,

we examined the ability of fentanyl or hydrocodone to over-
come XR-NTX-induced opioid receptor blockade. The dosing
route for fentanyl was sc because ip administration was not well
tolerated. On day 0, rats were injected sc with naltrexone-
containing microspheres (a total of 50 mg/kg naltrexone) or a
comparable mass of placebo microspheres (as in the morphine
study). Separate groups of rats were treated in an ascending
manner on days 4, 19 and 39 with fentanyl (0.1 to 2.0 mg/kg; sc)
or hydrocodone (8 to 80 mg/kg; ip) and 30 min later MRL was
determined on the hot plate test. MRL was determined as
described above for morphine, titrating up doses of the opioid
analgesics. To determine the effect of opioid analgesics (at the
same doses necessary to produce MRL) on respiratory rate and
locomotor activity, rats were again treated with fentanyl or
hydrocodone on days 5, 20 and 40. Additionally, naltrexone
concentrations in plasma were determined in these subsequent
experiments.
2.8. Statistical analysis

The data are expressed as means and standard error of
the mean (±SEM). For each day and drug study, statistical
analysis of differences between placebo microsphere and XR-
NTX pre-treated groups were assessed using Prism 4 (Graph-
Pad Software, San Diego, CA) to perform an analysis of var-
iance followed by Dunnett's test, if the model was significant
( pb0.05).

3. Results

3.1. Naltrexone plasma concentration

Mean plasma concentrations of naltrexone were 6.1±0.3,
3.5±0.3 and 0.4±0.1 ng/mL (below the LLOQ; 1.0 ng/mL) on
days 6, 21 and 41, respectively.

3.2. Hot plate antinociception test

The ability of three typical opioid analgesics to produce
antinociceptive effects in XR-NTX treated rats and overcome
naltrexone-mediated opioid receptor blockade was assessed in
the hot plate test. The results are summarized in Fig. 3. In
placebo microsphere-treated rats, morphine produced 100%
MRL (60 s) on the hot plate test at the baseline dose of 15 mg/kg
(ip). In XR-NTX-treated rats, the highest dose of morphine
tested (90 mg/kg; highest dose being limited by solubility in
saline) was unable to completely overcome opioid receptor
blockade and produced a MRL of only 36% on day 4 and 46%
on day 19. On day 39, a morphine dose of 45 mg/kg produced
100% MRL.

Fentanyl produced MRL on the hot plate test at the baseline
dose of 0.1 mg/kg (sc) in placebo microsphere-treated rats. In
XR-NTX-treated rats, doses of fentanyl required to produce
MRL were 2.0 mg/kg on days 4 and 19, and 0.5 mg/kg on day
39 (when drug release is minimal).

In placebo microsphere-treated rats, the baseline dose of
8 mg/kg hydrocodone (ip) produced MRL on the hot plate test.
In XR-NTX-treated rats, the highest dose of hydrocodone tested
(80 mg/kg) produced 69% MRL on day 4, 80% on day 19 and
reached 100% on day 39. A hydrocodone dose of 24 mg/kg (3
times that necessary to produce MRL in placebo microsphere-
treated rats) produced 75% MRL on day 39.



Fig. 3. Dose–response latency for morphine (A), fentanyl (B) and hydrocodone (C) on the hot plate test in XR-NTX-treated rats on days 4 (top), 19 (middle) and 39
(bottom) after subcutaneous administration of 50 mg/kg XR-NTX. The dose necessary to achieve MRL for each opioid at the time points tested (except for morphine
on day 4, see text) was higher than the baseline dose. In addition, the higher dose required at each time point was related to the plasma naltrexone concentrations.
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3.3. Respiration rate

The effects of fentanyl and hydrocodone on respiratory rate (a
measure sensitive to respiratory depression) were assessed in
placebo and XR-NTX treated rats using whole-body plethysmo-
graphy in conscious, unrestrained rats. In placebo microsphere-
treated rats, at doses necessary to produce antinociceptive effects
on the hot plate test, only fentanyl produced decreases in respi-
ratory rate (saline=160.6±19.6 breaths per minute compared to
fentanyl at 0.1 mg/kg=98.1±3.8 breaths per minute, pb0.002)
Because data fromday 20 and day 40were not statistically different
for the saline control placebo-treatedmicrosphere group, these data
Table 1
Respiration rates in placebo microsphere- and XR-NTX-treated rats

Placebo-treated XR-NT

Fentanyl (mg/kg) : 0.1 0.1
Day 20 60.50±1.88 (8) Not tes
Day 40 60.16±5.11 (5) 78.60±

Hydrocodone (mg/kg): 8 8
Day 20 87.13±13.07 (9) Not tes
Day 40 108.30±15.63 (7) 87.59±

Data (mean±SEM) are expressed as percent of placebo microsphere-treated saline c
were combined for statistical purposes. In theXR-NTX treated rats,
higher doses (6 to 20 times) of the opioid analgesics necessary to
overcome naltrexone-induced opioid blockade and produce MRL
did not result in further respiratory depression when compared to
that observed in the placebo microsphere-treated rats (pN0.05;
Table 1). Data collected on day 5 for fentanyl and hydrocodone
were not included due to an instrument calibration error.

3.4. Locomotor activity

The effects of fentanyl and hydrocodone on locomotor
activity (used here as a measure of sedation) were assessed in
X-treated

0.5 2.0
ted 68.80±8.00 (8) 58.24±5.44 (8)
13.15 (6) 55.07±7.02 (8) Not tested

24 80
ted 92.64±5.42 (9) 95.50±5.23 (8)
5.84 (9) 105.30±5.76 (8) Not tested

ontrols. The number of rats in each group is in parenthesis.



Table 2
Locomotor activity in placebo microsphere- and XR-NTX-treated rats

Placebo-treated XR-NTX-treated

Fentanyl: Saline 0.1 (mg/kg) 0.1 (mg/kg) 0.5 (mg/kg) 2.0 (mg/kg)
Day 5 220.58±8.72 (5) 179.49±28.91 (8) Not tested 106.38±28.95 (9) 164.30±28.25 (9)
Day 20 151.92±25.18 (5) 181.06±22.04 (7) Not tested 145.10±31.76 (9) 123.99±38.95 (9)
Day 40 170.14±21.98 (5) 104.86±27.71 (5) 112.18±23.05 (6) 116.65±47.97 (6) Not tested

Hydrocodone: Saline 8 (mg/kg) 8 (mg/kg) 24 (mg/kg) 80 (mg/kg)
Day 5 164.34±33.13 (5) 144.88±25.63 (9) Not tested 137.89±27.32 (9) 89.47±26.64 (9)
Day 20 189.55±45.95 (6) 227.10±17.15 (8) Not tested 141.20±23.46 (8) 159.27±29.85 (10)
Day 40 104.63±18.24 (5) 170.58±27.81 (9) 192.17±17.42 (9) 196.74±22.16 (8) Not tested

Data (total distance traveled in centimeters over 10 min) are expressed as mean±SEM. The number of rats in each group is in parenthesis.
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placebo and XR-NTX treated rats using automated open field
chambers. Neither fentanyl nor hydrocodone altered locomotor
activity at any of the doses tested in placebo microsphere or XR-
NTX pre-treated rats (pN0.05). While locomotor activity was
not assessed in morphine-treated rats, they were observed to
exhibit normal activity in their home cage up to 90 min fol-
lowing morphine treatment regardless of placebo or XR-NTX
pretreatment (Table 2).

4. Discussion

The present study was designed to determine at what doses
three typical opioid agonists elicit analgesic effects in XR-NTX
pre-treated rats. These data demonstrate that higher doses of
opioid analgesics were able to overcome XR-NTX induced
opioid receptor blockade in rats (as demonstrated by anti-
nociceptive effects on the hot plate test) and the dose necessary
to produce antinociception corresponded with the plasma con-
centration of naltrexone at the time of testing. That is, as
naltrexone concentration in plasma decreased, the dose neces-
sary to produce MRL decreased. This relationship between the
pharmacokinetics of XR-NTX and opioid receptor blockade
confirms previous observations reported with acute morphine
challenges in chronic naltrexone-treated rats (8 days via sc
pellets) (Yoburn et al., 1986) and extended-release naltrexone-
treated rats (Bartus et al., 2003) and humans (Comer et al.,
2006).

A single dose of 50 mg/kg XR-NTX was tested because this
dose reflects the human PK profile across a 1 month release
period (Dunbar et al., 2006). The time points (days) selected for
pharmacological evaluation of opioid effects during the 30 day
XR-NTX release were based on previous studies in rats (Bartus
et al., 2003) and humans (Dunbar et al., 2006), reflecting the
early, mid and late phases of naltrexone release from PLG
microspheres. The LC-MS/MS results of this study confirm
mean plasma concentrations for the early, middle and late
phases were approximately 6, 3.5 and b0.5 ng/mL on days 6, 21
and 41, respectively. These concentrations would be expected to
provide varying degrees of opiate receptor blockade. In humans
the relationship between plasma concentrations of naltrexone
and degree of opiate receptor blockade is not completely
understood. Previous studies in humans demonstrated that a
plasma concentration of 1–3 ng/mL antagonized 25 mg intra-
venous heroin (Comer et al., 2006; Verebey et al., 1976) or
500 mg inhaled diamorphine (Brewer, 2002). However, other
data suggested that naltrexone continues to inhibit brain opioid
receptors in the absence of measurable plasma concentrations of
naltrexone (Lee et al., 1988; Navaratnam et al., 1994; Schuh
et al., 1999). The present data are in agreement with this concept
given the higher doses of opioids required to induce anti-
nociception on day 39 (compared to that in placebo micro-
sphere-treated rats) when naltrexone plasma concentrations
were near undetectable levels (day 41).

The equianalgesic dose among three typical opioid analge-
sics (morphine, fentanyl and hydrocodone) necessary to pro-
duce antinociceptive effects in naïve rats was determined using
the hot plate test. Doses found to produce 100% MRL in this
study were comparable to those reported by others using tests
of acute thermal nociception in rats (Cicero et al., 1997;
McLaughlin and Dewey, 1994; Meert and Vermeirsch, 2005).
As expected, with extended-release naltrexone (XR-NTX) pre-
treatment, these “baseline” doses of opioids were not adequate
to achieve MRL to the thermal stimulus (operationally defined
as antinociception). Similar blockade of analgesic doses of
morphine have been reported with chronic (Yoburn et al., 1986)
and extended-release preparations (Bartus et al., 2003; He et al.,
2001) of naltrexone.

All opioid analgesics, at clinically relevant doses, produce
some degree of respiratory depression (Borison, 1977). This
effect progressively increases with the dose of the drug and their
affinity for μ opioid receptors (Eckenhoff and Oech, 1960).
Morphine and similar opioid agonists (e.g., fentanyl and hy-
drocodone) produce much of their analgesic and respiratory
depressant effects at μ opioid receptors (MORs). Opioids de-
press respiration primarily by their direct action on this receptor
subtype in brain stem regions involved with respiration (Lalley,
2003). In contrast, the analgesic effects of opioids are mediated
in part by MORs located in select regions of the forebrain,
diencephalon and mesencephalon (Yaksh, 1999). Although
effects on respiration are measurable, clinically significant res-
piratory depression rarely occurs with standard doses of opioid
analgesics that are adequate to treat pain in patients (in the
absence of underlying pulmonary disease) (Borgbjerg et al.,
1996; Inturrisi, 2002). Opioid analgesics can also produce se-
dation and drowsiness which are not desirable effects in am-
bulatory patients.

We report a decrease in respiration rate (but without any
noticeable signs of distress) in the placebo microsphere group
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when challenged with fentanyl, at a dose that produced
maximum response latency on the hot plate test. No change
in respiration rate with hydrocodone was observed at the
dose that produced antinociception. With XR-NTX treated rats,
it was unknown how much the dose response curve for the
opioid-mediated effects would shift to the right. Thus, the
purpose of this study was to assess this potential shift at higher
doses that are typically harmful to naïve rats (due to their
adverse effects). Naltrexone blockade of opioid receptors can be
overcome with high doses of opioid analgesics (6–20 times that
required to produce antinociception in control rats); however,
we cannot predict a priori adverse effects of higher doses in
XR-NTX treated rats. Thus, locomotor activity and respiration
rate were assessed because sedation and respiratory depression
(respectively) are the greatest concern when treating with higher
doses of opioids. We report that high doses of opioid analge-
sics necessary to overcome naltrexone-induced opioid receptor
blockade (as measured on the hot plate test) do not further
decrease respiration rate (i.e., with fentanyl and does not
decrease respiration rate with hydrocodone). Neither analgesic
produced a significant decrease in locomotor activity at high
doses (doses necessary to produce antinociception in XR-NTX
treated rats).

While morphine has been shown to be equipotent in pro-
ducing antinociception and respiratory depression in rats (Meert
and Vermeirsch, 2005) and humans (Green, 1959), subcuta-
neous hydrocodone has been reported to affect respiration
(defined as N30% PaCO2 increase) at doses which did not
produce antinociception, while subcutaneous fentanyl in rats
was reported to produce antinociception without any change in
respiration (Meert and Vermeirsch, 2005). In this same study,
none of these opioids at antinociceptive doses produced im-
pairments in locomotor activity (i.e., sedation) as measured on a
rotarod test. In contrast, the present study demonstrated that at
doses that produced MRL on the hot plate, subcutaneous
fentanyl but not intraperitoneal hydrocodone decreased respira-
tion rates in placebo microsphere-treated rats. The contrasting
data between Meert and Vermeirsch's results and this study may
be attributed to both the differences in the route of drug ad-
ministration as well as the acute thermal nociception test
employed (tail flick versus hot plate).

In XR-NTX pre-treated rats, higher doses of opioids neces-
sary to overcome naltrexone blockade to produce MRL did not
result in further respiratory depression (compared with that
observed in placebo microsphere pre-treated rats with doses of
opioid analgesics necessary to produce MRL). Additionally,
locomotor activity was not affected in placebo microsphere or
XR-NTX-pre-treated rats with either of the opioid analgesics at
these higher doses. One possibility is that the analgesic actions
of opioids may be mediated by a different area of opioid
receptor population than that mediating respiration or sedation.
The actions of opioids at these separate receptor populations
may be distinct such that the higher levels of opioids used in the
present study do not affect respiration or sedation to the same
extent as antinociception. Similarly, it has been suggested that in
patients treated with an extended-release preparation of nal-
trexone, plasma levels above 1 ng/mL are sufficient to provide
prophylaxis against drug overdose (i.e., severe respiratory de-
pression) while attempting to overcome opioid receptor block-
ade (Comer et al., 2006; Hulse et al., 2004, 2005).

This non-clinical study addresses a concern in the clinic
regarding pain management with opioids in patients being
treated with extended-release naltrexone (e.g., (Vickers and
Jolly, 2006). The results we report here are applicable to our
proprietary formulation of naltrexone as well as others (e.g.,
implantable naltrexone rods (Hulse et al., 2004); a depot
formulation in a clinical study (Comer et al., 2006)). While there
is a large body of literature examining the effects of subchronic
exposure (8 days or less) to naltrexone, the scientific literature is
limited when it comes to chronic exposure (N21 days). Ad-
ditionally, we did not have a washout period (i.e., drug-free
state) typically used in many subchronic exposure studies. We
administered opioids while the antagonist was still “on board”
at different time periods along the PK curve when plasma
levels of naltrexone were high, moderate or low. Thus, this
study expands the current understanding of opioid antagonist
pharmacology.

Patients taking naltrexone for alcohol or opioid dependence
will be resistant to opioid analgesia, which poses a major
therapeutic challenge when treating acute pain. At high doses,
respiratory depression is one of the most serious adverse effects
of opioid analgesics and is the primary cause of death from
opioid overdose. The results of this animal study demonstrate
that extended-release naltrexone blocks the antinociceptive
effects of acute opioids at conventional doses, as expected. It
has also been reported that μ opioid agonists stimulate loco-
motor activity in rodents (Babbini and Davis, 1972). There was
no evidence of this effect in our study. Because the locomotor
effects were assessed on the day following the hot plate test, it is
possible that the rats developed an acute tolerance to the
stimulatory effects. Given that this test was repeated after an
extended drug-free period (14 and 19 days), this does not seem
likely. The study, however, provides support for the concept of
titrating up doses of opioids to produce analgesia by overriding
XR-NTX receptor blockade without further depressing respira-
tion or causing sedation. These results suggest that competitive
blockade by naltrexone produces a generalized rightward shift
in the dose–response curve while maintaining the relative
relationship between antinociception, respiratory rate, and loco-
motor activity—rather than a marked, unpredictable alteration
in the pharmacodynamic relationship between these parameters.
Furthermore, these results in rats suggest that it may be feasible
to manage acute pain in XR-NTX treated patients by titrating
typical opioid analgesics upwards to patient comfort under
medical observation without causing sedation or additional
respiratory depression. For clinical purposes, it will be im-
portant to identify optimal opioid agonists for surmounting the
effects of XR-NTX to produce analgesia without clinically
relevant adverse effects.
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