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On the basis of efficacy, opioid antagonists are classified as inverse opioid agonists (e.g. naltrexone) or
neutral opioid antagonists (e.g. 6β-naltrexol). This study examined the interaction between naltrexone and
6β-naltrexol in the precipitated opioid withdrawal syndrome in morphine dependent mice. Furthermore, the
possible contribution of constitutive opioid receptor activity to precipitated withdrawal was evaluated using
increasing levels of morphine dependence. In the first experiment, low doses of 6β-naltrexol antagonized
naltrexone precipitated withdrawal while high doses acted additively. All doses of naltrexone increased
6β-naltrexol's potency to precipitate withdrawal. The next experiment examined changes in antagonist
potency to precipitate withdrawal with increasing morphine dependence. Mice were exposed to morphine
for 1–6 days and thenwithdrawal was precipitated. Naltrexonewasmore potent than 6β-naltrexol at all the
time points. The ED50 of both drugs decreased at the same rate suggesting that increased dependence
produced no change in constitutive opioid receptor activity. Taken together these results indicate that the
functional efficacy of 6β-naltrexol is dose-dependent and that constitutive opioid receptor activity did not
change as opioid dependence increased from 1 to 6 days.
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1. Introduction

Antagonists, in general, are classified as “inverse agonists” or
“neutral antagonists”. Inverse agonists have negative efficacy and
decrease constitutive receptor activity, whereas neutral antagonists
have zero efficacy and bind without affecting receptor activity
(Kenakin, 2001; Milligan et al., 1997; Prather, 2004). In the absence
of constitutive receptor activity these two classes of antagonist are
functionally indistinguishable (Kenakin, 2001; Milligan et al., 1997;
Prather, 2004). Studies demonstrate that naltrexone is an inverse
opioid agonist and 6β-naltrexol is a neutral opioid antagonist (Raehal
et al., 2005; Sadée et al., 2005; Sirohi et al., 2009; Wang et al., 2001,
2004). There has been interest in the possibility that neutral opioid
antagonists might have advantages over inverse opioid agonists in the
treatment of opioid overdose (Sadée et al., 2005; Sirohi et al., 2009;
Wang et al., 2001). As such, understanding the characteristics of these
opioids may be of clinical importance.

Previous studies suggest that naltrexone and 6β-naltrexol posses
relatively similar potency profiles to antagonize opioid (morphine,
fentanyl) induced analgesia and toxicity (Sirohi et al., 2007; 2009),
but that 6β-naltrexol is dramatically less potent in precipitating
opioid withdrawal in opioid dependent animals (Raehal et al., 2005;
Sirohi et al., 2007; 2009; Walker and Sterious, 2005; Wang et al.,
2001). Thus, the neutral opioid antagonist might be useful in
reversing the effects of opioids during overdose without liability to
precipitate withdrawal, which could be life-threatening (van Dorp
et al., 2007). These differences between naltrexone and 6β-naltrexol
might be due to differential effects on constitutive opioid receptor
activity, whichmay be involved in opioid dependence andwithdrawal
(Liu and Prather, 2001; Sadée et al., 2005; Wang et al., 1994; 2001;
2004). Consistent with this suggestion, constitutive opioid receptor
activity has been shown to increase following exposure to opioid
agonists and the development of dependence (Costa and Herz, 1989;
Liu and Prather, 2001; Sadée et al., 2005; Wang et al., 1994; 2001;
2004).

In order to study the relative efficacy of naltrexone and 6β-naltrexol,
we determined the effect of 6β-naltrexol pretreatment on the potency
of naltrexone toprecipitatewithdrawal inmice and vice versa. Although
6β-naltrexol has been shown to antagonize naltrexone-induced
withdrawal in rodents (Sirohi et al., 2009), there has been no study
examining its effect on an inverse opioid agonist (e.g. naltrexone) across
a full range of doses. It was predicted that 6β-naltrexol at low doses that
do not precipitate withdrawal would inhibit the effect of naltrexone, as
previously reported (Sirohi et al., 2009; Raehal et al., 2005). It was
hypothesized that higher doses of 6β-naltrexol, that do precipitate
withdrawal, would act additively with naltrexone; revealing a dose-
dependent change in the functional efficacy of 6β-naltrexol. On the
other hand, it was hypothesized that the inverse opioid agonist
naltrexone, irrespective of the dose administered, would only have an
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additive effect on 6β-naltrexol induced opioid withdrawal. In the next
experiment, the change in the relative potency of naltrexone and 6β-
naltrexol to induce withdrawal with increasing dependence was
determined. Studies show that the ED50 of opioid antagonists to
precipitate withdrawal decreases with increasing dependence (Adams
and Holtzman, 1990; Azar et al., 2003; Schulteis et al., 2005; 2009;
Villarreal and Castro, 1981; Way et al., 1969). It was predicted that if
constitutive opioid receptor activity develops in parallel with opioid
dependence then the potency of naltrexone to precipitate withdrawal
should increase more than 6β-naltrexol.

2. Methods

2.1. Subjects

Male Swiss Webster mice, weighing 26–33 g, obtained from
Taconic Farms (Germantown, NY) were used throughout. Animals
were housed 10 per cage with food and water available ad-libitum for
at least 24 h before experimentation. All protocols were approved by
the St John's University Institutional Animal Care and Use Committee.

2.2. Procedure

The effect of 6β-naltrexol pretreatment on naltrexone potency to
precipitate withdrawal jumping in morphine dependent mice was
examined (seeWithdrawal Jumping Assay below). Mice were implanted
s.c. with a morphine pellet (25 mg) for 3 days. At the end of treatment,
micewere injected s.c.with salineor 6β-naltrexol (0.5–10.0 mg/kg) and
70 min later, injected s.c. with naltrexone (0.00625–0.4 mg/kg) (N=4–
10/dose) and immediately observed forwithdrawal jumping for 15 min.
Next, the effect of naltrexone pretreatment on 6β-naltrexol potency to
precipitate withdrawal jumpingwas determined. Mice were implanted
s.c. with a morphine pellet (25 mg) for 3 days. At the end of the treat-
ment, mice were injected s.c. with saline or naltrexone (0.0125–
0.05 mg/kg), immediately followed by 6β-naltrexol (0.5–20 mg/kg)
(N=5/dose) and observed for withdrawal jumping for 15 min. In all
cases withdrawal jumping was observed at the approximate time of
peak effect for the pretreatment drug (naltrexone≈5–20 min, 6β-
naltrexol≈60–105 min; based on preliminary studies and Sirohi et al.,
2007, 2009). The doses used were based on previous studies (Sirohi et
al., 2007, 2009) and preliminary experiments.

Next, the potency of naltrexone and 6β-naltrexol to precipitate
withdrawal jumping was determined following morphine treatment
protocols ranging from 1 to 6 days. Mice were implanted s.c. with a
morphine pellet (25 mg) for 1 or 3 days. Othermicewere implanted s.c.
with one morphine pellet (25 mg) for 3 days and then an additional
morphine pellet (25 mg) for 3 more days (total 6 days of morphine
treatment). At the end of treatment, mice (N=5–30/dose) were
injected s.c. with naltrexone (0.0125–2 mg/kg) or 6β-naltrexol (1.5–
140 mg/kg) and immediately observed for withdrawal jumping for
15 min. A decrease in the ED50 of opioid antagonists to precipitate
withdrawal is a common measure of the degree of opioid dependence
(Adams and Holtzman, 1990; Azar et al., 2003; Schulteis et al., 2005;
2009; Villarreal and Castro, 1981; Way et al., 1969).

2.3. Withdrawal jumping assay

Mice were placed in a clear plastic container (4 L) for observation
of withdrawal jumping. The full observation period was video
recorded and jumping was quantified for each subject at the end of
the experiment. Withdrawal jumping was defined as all 4 paws
leaving the bottom of the container. For quantal dose–response
analysis, mice that jumped 35 or more times were defined as positive
responders for withdrawal jumping. While other threshold criteria
could be used, the 35 jump criterion was chosen because it yielded
orderly quantal dose–response functions using both drugs. ED50s
(quantal data) and EC50s (graded data) for naltrexone and 6β-
naltrexol were estimated based on these data (see Data analysis
below). In most cases, 5–10 mice per dose were tested, although 4
micewere used in one experimentwith the lowest dose of naltrexone.
Thirty mice were tested for four 6β-naltrexol doses in part of one
experiment, because the original drug lot was depleted during the
study and therefore we conducted replications using the new supply.

2.4. Drugs

Naltrexone HCl and morphine sulfate were obtained from
Spectrum Chemicals Inc. (Gardena, CA, USA). 6β-naltrexol HCl and
morphine implant pellets (25 mgmorphine base) were obtained from
the Research Triangle Institute (Research Triangle Park, NC) through
the Research Technology Branch of NIDA. Morphine pellets were
wrapped in nylon mesh before s.c. implantation. Pellets were
implanted while mice were lightly anesthetized with isoflurane:
oxygen (4:96) and pellets were not removed prior to testing. Drugs
for injection were dissolved in 0.9% saline and doses are expressed as
the free base.

2.5. Data analysis

Quantal dose–response data from each experiment incorporating up
to 6 dose–response functionswere analyzed as a group using the BLISS-
21 computer program (Department of Statistics, University of Edin-
burgh) which uses Probit analysis (Finney, 1973) to calculate ED50

values, standard errors, 95% confidence intervals and relative potency
estimates. Significant differences (pb0.05) in ED50's and potency were
based on Probit analysis. In addition, graded withdrawal data (mean
jumps) were analyzed to estimate the EC50s using nonlinear regression
(3 parameter dose–response function; Prism ver 5, Graphpad Software,
La Jolla, CA).

3. Results

In all experiments, analysis of quantal data indicated that naltrexone
was more potent than 6β-naltrexol in precipitating withdrawal
(Figs. 1–3), as has been reported previously (e.g., Sirohi et al., 2007;
Raehal et al., 2005). Low doses of 6β-naltrexol (0.5, 1.0 mg/kg) shifted
the dose response function for naltrexone to the right by 2.3- and 3.5-
fold, respectively, whereas a higher 6β-naltrexol dose (2.5 mg/kg) did
not significantly alter the potency of naltrexone (Fig. 1). The highest
dose of 6β-naltrexol (10 mg/kg) significantly increased the potency of
naltrexone. On the other hand, naltrexone pretreatment dose depen-
dently increased the potency (decreased ED50) of 6β-naltrexol, with the
highest dose shifting the 6β-naltrexol dose response curve to the left
by 8.2-fold (Fig. 2). Taken together, 6β-naltrexol displayed a dose-
dependent change in functional efficacy. Increasing doses of 6β-
naltrexol produced a bidirectional shift of the dose response function
for naltrexone precipitated opioid withdrawal. Naltrexone's effect on
the 6β-naltrexol dose response function is unidirectional.

In the next experiment, naltrexone and 6β-naltrexol dose-
dependently precipitated withdrawal jumping in mice treated with
morphine for 1, 3 or 6 days (Fig. 3). Naltrexone was more potent than
6β-naltrexol at all the time points. The potency of naltrexone and 6β-
naltrexol to precipitate withdrawal increased with an increase in the
duration of morphine treatment as evidenced by the shift to the left of
the dose response functions (Fig. 3) and by a decrease in ED50's
(Fig. 4A,B). However, the relative potency of naltrexone compared to
6β-naltrexol did not change (Fig. 4C). Following 1, 3 and 6 days of
morphine treatment, naltrexone was approximately 100–125 times
more potent than 6β-naltrexol, which is consistent with previous
estimates of relative potency (Sirohi et al., 2007; 2009). Analysis of
graded data yielded a similar relative potency estimate of naltrexone
to 6β-naltrexol (e.g., EC50s and 95%CL for naltrexone and 6β-naltrexol



Fig. 2. Effect of naltrexone pretreatment on 6β-naltrexol-precipitated withdrawal
jumping after 3 days morphine treatment. Mice were implanted s.c. with a morphine
pellet (25 mg) for 3 days. At the end of treatment, mice were injected s.c. with saline or
naltrexone (NTX) (0.0125–0.05 mg/kg), followed immediately by s.c. injection of
6β-naltrexol (0.5–20 mg/kg) (N=5/dose) and observed for withdrawal jumping for
15 min. (A) Dose–response functions for withdrawal jumping. (B) 6β-naltrexol ED50

(+SE) after pretreatment with saline or naltrexone. *significantly different (pb0.05) from
the saline pretreated group.Fig. 1. Effect of 6β-naltrexol pretreatment on naltrexone-precipitated withdrawal

jumping after 3 days morphine treatment. Mice were implanted s.c. with a morphine
pellet (25 mg) for 3 days. At the end of treatment, mice were injected s.c. with saline or
6β-naltrexol (6β-ol) (0.5–10.0 mg/kg) and 70 min later, injected s.c. with naltrexone
(0.00625–0.4 mg/kg) (N=4–10/dose) and immediately observed for withdrawal jump-
ing for 15 min. (A) Dose–response functions forwithdrawal jumping. (B) Naltrexone ED50

(+SE) after pretreatmentwith saline or 6β-naltrexol. *significantly different (pb0.05) from
the saline pretreated group.
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following 3 days morphine treatment=0.066 mg/kg, 0.024–0.184;
6.50 mg/kg, 2.31–18.27; relative potency=98.5).

4. Discussion

The present study examined the interaction between naltrexone
and 6β-naltrexol to precipitate opioid withdrawal in mice and the
relative potency of naltrexone and 6β-naltrexol to precipitate
withdrawal as opioid dependence increases. These studies indicate
that the functional efficacy of 6β-naltrexol varies with dose, but that
the relative potency of these antagonists does not change with
increasing opioid dependence.
In the first experiment 6β-naltrexol had a dose-dependent effect
on naltrexone precipitated withdrawal. Specifically, at low doses 6β-
naltrexol shifted the naltrexone dose response function to the right;
implying that 6β-naltrexol antagonized naltrexone precipitated
withdrawal, as reported previously (Raehal et al., 2005; Sirohi et al.,
2007; 2009). However, at the highest dose, 6β-naltrexol produced an
additive effect on naltrexone precipitated withdrawal, suggesting a
functional role similar to that of naltrexone. Conversely, naltrexone
acted additively with 6β-naltrexol irrespective of the dose used. These
results can be accommodated by proposing that precipitated opioid
withdrawal in opioid dependent mice may be mediated by two
mechanisms: displacement of agonist which releases downstream
compensatory processes (e.g., cAMP; Avidor-Reiss et al., 1995;
Sharma et al., 1975) and by decreases in constitutive opioid receptor
activity (Raehal et al., 2005; Sirohi et al., 2007; 2009; Walker and
Sterious, 2005; Wang et al., 2001). In this scenario, 6β-naltrexol
functions as a neutral antagonist and precipitated withdrawal is a
result of displacement from the receptor only. On the other hand,
naltrexone would be predicted to engage both mechanisms. We

image of Fig.�1


Fig. 3. Withdrawal jumping induced by naltrexone and 6β-naltrexol following 1, 3 or 6 days of morphine treatment. Mice were implanted s.c. with a morphine pellet (25 mg) for 1
(A) or 3 days (B). Other mice were implanted s.c. with one morphine pellet (25 mg) for 3 days and then an additional morphine pellet (25 mg) for 3 more days for total of 6 days of
treatment (C). At the end of treatment, mice (N=5–30/dose) were injected s.c. with naltrexone (0.0125–2 mg/kg) or 6β-naltrexol (1.5–140 mg/kg) and immediately observed for
withdrawal jumping for 15 min.
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propose that the single mechanism activated by 6β-naltrexol requires
a relatively high dose to displace morphine from a large percentage of
receptors and produce withdrawal. Thus, 6β-naltrexol acts to
antagonize naltrexone-induced withdrawal until a dose sufficient to
displace enough agonist from the receptor is reached, at which point it
now acts additively. On the other hand, naltrexone activates both of
these proposed mechanisms and produces an additive effect on 6β-
naltrexol at all doses. Overall, these data demonstrate the novel
finding that the functional efficacy of 6β-naltrexol when combined
with naltrexone is dose-dependent and confirm that 6β-naltrexol is a
lower efficacy opioid antagonist relative to naltrexone (Raehal et al.,
2005; Sadée et al., 2005; Sirohi et al., 2009; Wang et al., 2001, 2004).

In the next experiment we examined changes in the relative
potency of naltrexone and 6β-naltrexol to precipitate withdrawal
with increases in opioid dependence. Opioid dependence was
increased from 1 to 6 days as evidenced by the decrease in ED50 for
both 6β-naltrexol and naltrexone. If increased opioid dependence co-
Fig. 4. Comparison of naltrexone and 6β-naltrexol to precipitate withdrawal following 1, 3 a
(B) to precipitate withdrawal jumping for 1, 3 or 6 days of morphine treatment. (C) Relative
ED50) for 1, 3 or 6 days morphine treatment. *significantly different (pb0.05) from the ED50
varies with increased constitutive opioid receptor activity, changes in
potency to precipitate withdrawal for the two antagonists should
differ; with the potency of the inverse opioid agonist increasing more.
Although 6β-naltrexol was less potent than naltrexone in precipitat-
ing withdrawal at each time point, there was no difference in terms of
the rate of increase in potency.

These results raise the possibility that there was no increase in
constitutive opioid receptor activity with increased opioid dependence
over 1 to 6 days morphine treatment. This suggests that constitutive
opioid receptor activity may develop rapidly, perhaps very soon
following opioid agonist exposure. This suggestion is consistent with a
previous report using an operant withdrawal model (Schulteis et al.,
2009) that found that the relative potency of naloxone (inverse opioid
agonist) and 6α-naloxol (neutral opioid antagonist) did not change in
rats injected once or twice with morphine; whereas in non-dependent
rats, the potency to disrupt operant performance for naloxone increased
≈80-fold and that for 6α-naloxol increased≈6-fold following a single
nd 6 days of morphine treatment. The ED50's (+SE) for naltrexone (A) and 6β-naltrexol
potency (+SE) of 6β-naltrexol compared to naltrexone (6β-naltrexol ED50/naltrexone
of 1 day morphine treatment group.

image of Fig.�3
image of Fig.�4
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morphine injection. The possibility of rapid development of constitutive
activity might be important to directly study in future experiments.

Taken together, these data indicate that 6β-naltrexol produces dose-
dependent changes in functional efficacy as demonstrated by its
effect on naltrexone potency to precipitate withdrawal. The functional
effects of 6β-naltrexol on naltrexone reveal the protean nature of
“antagonizing” opioid withdrawal with opioids that differ dramatically
in efficacy. The results also confirm previous suggestions (Raehal et al.,
2005; Sadée et al., 2005; Sirohi et al., 2007, 2009; Wang et al., 2001,
2004) that 6β-naltrexol is a relatively lower efficacy opioid antagonist
compared to naltrexone. The second experiment addressed the notion
that constitutive opioid receptor signaling may play a role in opioid
dependence. These data indicate that there was no change in
constitutive opioid receptor activity with increased opioid dependence,
although this does not rule out very rapid development of constitutive
opioid receptor activity during the early stages of agonist exposure. In
summary, these results extend our understanding of the functional
properties of 6β-naltrexol and raise questions about the contribution
of constitutive receptor signaling in a whole animal model of opioid
dependence.
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