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electively enhance the antinociceptive effects of mu opioid agonists without
enhancing some other, potentially undesirable mu agonist effects. However, the degree of delta receptor
efficacy required to produce this profile of interactions is unknown. To address this issue, the present study
examined interactions produced by the mu agonist fentanyl and the intermediate-efficacy delta opioid
MSF61 in rhesus monkeys. For comparison, interactions were also examined between fentanyl and the
relatively high-efficacy delta agonist SNC243A and the delta antagonist naltrindole, which has negligible
efficacy at delta receptors. Two different behavioral procedures were used: (a) a warm-water tail-withdrawal
assay of thermal nociception, and (b) an assay of schedule-controlled responding for food reinforcement.
Drug interactions within each procedure were evaluated using dose-addition analysis to compare
experimental results with expected additivity. Drug interactions across procedures were evaluated using
dose–ratio analysis to assess relative potencies to produce antinociception vs. response-rate suppression. As
expected, dose-addition analysis found that fentanyl/SNC243A interactions were superadditive in the assay
of antinociception but additive in the assay of schedule-controlled responding. Conversely, fentanyl/MSF61
interactions were generally additive in both procedures, and fentanyl/naltrindole interactions were additive
or subadditive in both procedures. Dose–ratio analysis found that fentanyl alone produced antinociception
and rate suppression with similar potencies. Some fentanyl/SNC243A mixtures produced antinociception
with up to 4-fold greater potency than rate-suppression. However, fentanyl/MSF61 and fentanyl/naltrindole
mixtures produced antinociception with lower potency than rate suppression. These results suggest that
relatively high delta receptor efficacy is required for mu/delta antinociceptive synergy.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Opioid drugs produce their effects by acting at three types of
receptors, themu, delta and kappa opioid receptors (Kieffer,1995; Lord
et al.,1977;Martin et al., 1976). Selective agonists have been developed
for each receptor type, and mu, delta and kappa agonists produce
distinct profiles of physiological and behavioral effects in rhesus
monkeys and other species (Dykstra et al., 1988; Gutstein and Akil,
2005; Negus et al., 1998b; Woods et al., 1982). Although selective mu
opioid agonists remain extremely valuable as analgesics for the
treatment of strong pain, their clinical utility is limited by side-effects
including sedation, respiratory depression and high abuse potential.
Accordingly, a goal in drug development has been to explore strategies
for separating the clinically valuable analgesic effects of mu agonists
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from their undesirable effects. One strategy for achieving this goal has
been suggested by the finding that different types of opioid receptors
may interact to modulate the effects of agonists acting at those
receptors (Rothman and Xu, 2004). For example, mixtures of selective
mu and delta agonists have been found to produce additive or
synergistic antinociceptive effects in both rodents and non-human
primates (Adams et al.,1993;Dykstra et al., 2002;Heymanet al.,1989b;
Stevenson et al., 2003; Vaught andTakemori,1979). In contrast,mu and
delta agonists donot enhancemost of each other's non-antinociceptive
effects, and in some cases, they attenuate each other's effects. In rats,
for example, combinations of the mu agonist alfentanil and the delta
agonist BW373U86 {(±)-4-[(αR)-α-(2S,5R)-4-allyl-2,5-dimethyl-1-
piperazinyl-3-hydroxybenzyl]-N,N-diethylbenzamide} produced
additive antinociceptive effects, but the combinations produced less
respiratory depression than alfentanil alone and fewer convulsions
than BW373U86 alone (Su et al., 1998). In rhesus monkeys, the delta
agonist SNC80 {(+)-4-[(αR)-α-((2S,5R)-4-allyl-2,5-dimethyl-1-piper-
azinyl)-3-methoxybenzyl]-N,N-diethylbenzamide} enhanced the anti-
nociceptive effects of severalmu agonists, but it did not enhance either
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their sedative effects in an assay of schedule-controlled responding for
food reinforcement or their abuse-related reinforcing effects in assays
of drug self-administration (Stevenson et al., 2005, 2003). Taken
together, these findings suggest that simultaneous activation of both
mu and delta opioid receptors may produce strong analgesia with
fewer side effects than selective activation of mu opioid receptors
alone.

Although the general principle of positive antinociceptive interac-
tions between mu and delta opioids has been well-established, the
precise pharmacological determinants ofmu/delta interactions remain
to be clarified. For example, one factor that may influence mu/delta
interactions is the efficacy of the component drugs at their respective
receptor targets. We reported previously that the high-efficacy delta
agonist SNC80 produced synergistic antinociceptive effects in combi-
nation with mu opioids that display high, intermediate and low
efficacy at mu opioid receptors (methadone, fentanyl, heroin, mor-
phine, nalbuphine) (Stevenson et al., 2005, 2003). This suggests that
mu agonistswith a broad range of efficacies can contribute tomu/delta
antinociceptive synergy in non-human primates. Efficacy require-
ments at the delta receptor for mu/delta antinociceptive synergy have
not been systematically examined.However, both behavioral studies in
rodents and in vitro functional assays suggest that high delta efficacy
may not be required. For example, synergistic antinociceptive effects
were observed in mice between some mu agonists and the peptidic
delta opioid DPDPE (Heyman et al., 1989b), which has submaximal
efficacy at delta receptors as determined from assays of agonist-
stimulated GTPγS binding (Clark et al., 1997; Jutkiewicz et al., 2004).

The primary purpose of the present studywas to evaluate the ability
of an intermediate-efficacy delta opioid to enhance the antinociceptive
effects of themu agonist fentanyl in rhesusmonkeys. The intermediate-
efficacy delta opioid selected for study was MSF61 {(+)-4-[(αR)-α-
(2S,5R)-4-cyclopropylmethyl-2,5-dimethyl-1-piperazinyl-3-methoxy-
benzyl]-N,N-diethylbenzamide}. This compound was evaluated for
three reasons. First, it is an N-cyclopropylmethyl derivative of the
high-efficacy delta agonist SNC80, which we have shown previously to
produce antinociceptive synergy in combinationwith fentanyl (Steven-
son et al., 2003). Second, MSF61 binds with nanomolar affinity and
≥300-fold selectivity to delta receptors vs. mu and kappa opioid
receptors [see compound 3i in (Furness et al., 2000)]. Lastly, MSF61
displayed intermediate efficacy at delta receptors in an assay of agonist-
stimulated GTPγS binding, where it functioned as a partial agonist and
produced approximately 38% of the maximal effect defined by the full
agonist SNC80 (Furness et al., 2000). This is similar to or slightly lower
than the efficacy of the prototype peptidic delta opioid DPDPE [45–60%
of the maximal stimulation produced by SNC80 or BW373U86 (Clark
et al., 1997; Jutkiewicz et al., 2005)]. In the present study, MSF61 was
evaluated for both its delta agonist and delta antagonist effects in vivo, as
well as for its interactions with fentanyl.

As in our previous studies of mu/delta, mu/kappa and delta/kappa
opioid interactions in rhesus monkeys (Negus et al., 2008; Stevenson
et al., 2005, 2003), the interactions between MSF61 and fentanyl were
evaluated in both an assay of thermal nociception and an assay of
schedule-controlled responding maintained by food reinforcement.
The assay of thermal nociceptionwas used to provide information on a
preclinical experimental endpoint related to the principal therapeutic
effect of opioids (i.e. analgesia). The assay of schedule-controlled
responding , which has been used extensively in research on the
behavioral pharmacology of opioids [e.g. (Negus et al., 1993)], was
used to provide comparative data on the behavioral depressant/
sedative effects of opioids unrelated to pain and analgesia. Interac-
tions between fentanyl and MSF61 were compared to interactions
between fentanyl and (a) the selective, high-efficacy delta opioid
SNC243A {(+)-4-[(aR)-a-(2S,5R)-4-allyl-2,5-dimethyl-1-piperazinyl-
3-fluorobenzyl]-N,N-diethylbenzamide} (Calderon et al., 1997; Negus
et al., 1998b), and (b) the selective, low-efficacy delta opioid
naltrindole (Negus et al., 1994; Portoghese et al., 1988).
2. Methods

2.1. Subjects

Five adult male rhesus monkeys (Macaca mulatta) were used in
studies of schedule-controlled responding, and three adult male and
two adult female monkeys were used in studies of thermal nocicep-
tion. Subjects weighed 4.6–12.4 kg during the course of these studies.
All monkeys had prior exposure to drugs (primarily dopaminergic and
opioid compounds) and to the behavioral procedures in which they
were tested. The subjects were individually housed, and water was
freely available. Their diet consisted of PMI Feeds Jumbo monkey diet
(2–6 biscuits/day delivered after experimental sessions; PMI Feeds,
Inc., St. Louis, MO) supplemented with fresh fruit twice daily. In
addition, monkeys in the assay of schedule-controlled behavior could
earn additional food pellets during experimental sessions. A 12 h light/
12 h dark cycle was in effect (lights on from 7AM-7PM).

Animal maintenance and research were conducted in accordance
with the guidelines provided by the NIH Committee on Laboratory
Animal Resources. The facility was licensed by the United States
Department of Agriculture, and protocols were approved by the
Institutional Animal Care and Use Committee. The health of the
monkeys was monitored daily by the staff veterinarian. Monkeys had
visual, auditory and olfactory contact with other monkeys throughout
the study. Monkeys also had access to puzzle feeders, mirrors and
chew toys to provide environmental enrichment. Nature videotapes or
music were played daily in all housing rooms.

2.2. Behavioral and pharmacological procedures

Behavioral studies were conducted using two procedures: (1) an
assay of schedule-controlled responding for food presentation, and (2)
an assay of thermal nociception using warm water as the noxious
stimulus. These procedures have been used extensively by our
laboratory to examine the effects of other opioids and of delta/mu
interactions in rhesus monkeys (Negus et al., 2008; Stevenson et al.,
2005, 2003). In each procedure, the effects of the mu agonist fentanyl
were studied alone or in combination with the delta opioids SNC243A,
MSF61 and naltrindole. Both in vivo and in vitro data suggest that
fentanyl is a selective and relatively high efficacy agonist at mu opioid
receptors (Emmerson et al., 1996; Emmerson et al., 1994; Negus, 2002;
Negus et al., 1993). SNC243A and MSF61 are selective arylacetamide
delta opioid receptor ligands structurally related to SNC80, and
naltrindole is a selective delta receptor antagonist (see Introduction).
Fentanyl, arylacetamide delta opioids and naltrindole have similar rapid
onsets of action (peak effects in ~15 min) and durations of action that
vary from 1–2 h for fentanyl and arylacetamide delta opioids to ~4 h for
naltrindole (Brandt et al., 2001; Negus et al., 1994, 1998a,b).

2.2.1. Assay of schedule-controlled responding
Experiments were conducted in each monkey's home cage

(dimensions: 60×65×75 cm). The home cages of all monkeys were
modified to include an operant response panel (28×28 cm) mounted
on the front wall. Three square translucent response keys
(6.4×6.4 cm) were arranged 2.54 cm apart in a horizontal row
3.2 cm from the top of the operant panel. Each key could be
transilluminated by red, green or yellow stimulus lights. The operant
panel also supported an externally-mounted pellet dispenser (Ger-
brands, Model G5210; Arlington, MA) that delivered 1 gm banana-
flavored food pellets (Purina Test Diet, Richmond, IN) to a food
receptacle mounted on the cage beneath the operant response panel.
The panel was controlled by a MED-PC interface and an IBM
compatible computer programmed in MEDSTATE Notation (MED
Associates, Inc., East Fairfield, VT).

Experiments used a multiple-cycle procedure. Each of 5 cycles was
15 min long and consisted of two components: a 10-min timeout
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period followed by a 5-min response period. During the timeout
period, no stimulus lights were illuminated and responding had no
scheduled consequences. During the response period, the center key
was transilluminated yellow, and the subjects could respond for up to
10 food pellets under a fixed-ratio 30 (FR30) schedule of reinforce-
ment. If all 10 food pellets were earned before 5 min had elapsed, the
lights were turned off, and responding had no scheduled conse-
quences for the remainder of that response period. All monkeys were
trained until they responded at rates greater than 1.0 response/s
during all five cycles for 10 consecutive days, and we have shown
previously that monkeys respond at relatively stable rates across
successive response periods in this procedure (Negus et al., 1993).

Sessions were conducted 5 days a week. Test sessions were usually
conducted on Tuesdays and Fridays, and training sessions were
conducted on Mondays, Wednesdays and Thursdays. In addition, test
sessions were conducted only after a training session during which
the monkeys responded at rates greater than 1.0 response/s for all five
cycles. Test sessions were identical to training sessions except that test
compounds were administered using a cumulative dosing procedure,
in which doses of the test drug or drug mixture were administered at
the beginning of each timeout period, and each dose increased the
total cumulative dose by 1/4 or 1/2 log units.

Initially, complete dose-effect curves were determined for fentanyl
(0.001–0.1 mg/kg), SNC243A (0.032–0.32 mg/kg), MSF61 (1.8–10 mg/
kg) and naltrindole (1.0–10 mg/kg) administered alone, and each drug
was tested twice. Neither MSF61 nor naltrindole reliably suppressed
rates in this procedure across the dose range tested. As a result, MSF61
(10 mg/kg) was tested for its ability to antagonize the rate-decreasing
effects of the delta agonist SNC80 (0.1–32 mg/kg).

Subsequently, three mixtures of fentanyl in combinationwith each
delta opioid were examined. For mixtures of SNC243A+fentanyl, the
proportions of the drugs in the mixtures were determined by their
relative potencies to decrease response rates. Relative potency (RP)
was defined as ED50 SNC243A÷ED50 fentanyl, and the proportions of
SNC243A to fentanyl in the three mixtures were RP÷3, RP, and RP×3.
For mixtures of either MSF61+fentanyl or naltrindole+fentanyl, the
proportions of the drugs in the mixtures were determined by the
relative potency of MSF61 and naltrindole to produce delta antagonist
effects (expressed as the mg/kg conversion of pKB or pA2 values; i.e.
the dose required to produce 50% receptor occupancy) in comparison
to the potency of fentanyl to produce mu agonist effects (expressed as
fentanyl ED50). Thus, RP was defined as pKB or pA2 for MSF61 or
naltrindole (in mg/kg)÷ED50 fentanyl, and proportions of MSF61 and
naltrindole in the mixtures were RP÷3, RP, and RP×3. Each mixture
was tested once. All tests were separated by at least one week.

2.2.2. Assay of thermal nociception
Monkeys were seated in acrylic restraint chairs so that their tails

hung down freely. The bottom 10 cm of each monkey's shaved tail was
immersed in a thermal container of warm water. If the subject did not
withdraw its tail within 20 s, the tail was removed from thewater by the
experimenter, and a latency of 20 s was assigned to that measurement.
During each cycle of measurements, tail-withdrawal latencies were
measured from water heated to 38 and 50 °C. The order in which the
temperatures were presented varied from one set of measurements to
the next. Experiments were conducted no more than twice a week. A
stopwatch was used to measure and record time intervals.

Each test session consisted of multiple 30 min cycles. Before the
first cycle, baseline latencies to tail-withdrawal from 38 and 50 °C
water were determined. Testing continued only if tail withdrawal
from 38 °C water did not occur before the 20 s cutoff, and if tail
withdrawal occurred in ≤3 s from 50 °C water. This criterion was met
during every session with every monkey in this study. During
cumulative dosing experiments, a single drug dose was administered
at the start of each of five sequential 30 min cycles, and each dose
increased the total cumulative dose by 1/4 or 1/2 log units. Starting
20 min after each injection, tail-withdrawal latencies were recorded
as described above. Initially, complete dose-effect curves were
determined for fentanyl (0.001–0.1 mg/kg), SNC243A (0.032–3.2 mg/
kg), MSF61 (1.8–10 mg/kg) and naltrindole (1.0–10 mg/kg) alone.
Subsequently, three mixtures of fentanyl in combination with each
delta opioid were examined, and the proportions of each drug in the
mixtures were identical to those examined in the assay of schedule-
controlled behavior described above. Each drug mixture was tested
once. All tests were separated by at least one week.

2.3. Data analysis

2.3.1. Dose–effect curve analysis
For the assay of schedule-controlled responding, operant response

rates from each cycle were converted to percent of control using the
average rate from the previous training day as the control value. The
ED50 for each drug was defined as the dose that reduced response
rates to 50 percent of the control rate of responding. Individual ED50 s
were calculated by interpolation when only two data points were
available (one below and one above 50% control response rate) or by
linear regressionwhen at least three data points were available on the
linear portion of the dose–effect curve. For drugmixtures, ED50 values
were defined as the dose of each drug in the mixture that reduced
response rates to 50% of control. In addition, a related quantity, Zmix,
was also calculated for each monkey as the total drug dose that
reduced response rates to 50% of control (i.e. ED50 for fentanyl+ED50
for other drug in mixture).

For the assay of thermal nociception, drug effects were expressed
as %Maximum Possible Effect (%MPE) using the following equation:

%MPE ¼ ðTest Latency−Control LatencyÞ=ð20−Control LatencyÞ⁎100

where test latency was the tail withdrawal latency from 50 °C water
obtained after drug administration, and control latencywas the latency
obtained at the beginning of the session prior to drug administration.
ED50 and Zmix for each drug or drugmixturewere defined as the dose
that produced 50%MPE, and these values were determined by
interpolation or linear regression as defined above. For both the
schedule-controlled responding and thermal nociception procedures,
individual ED50 and Zmix values were averaged to determine mean
values and 95% confidence limits, and values were considered to be
significantly different if confidence limits did not overlap.

For studies to evaluate MSF61 antagonism of the delta agonist
SNC80, the dose of MSF61 required to produce a 2-fold rightward shift
in the SNC80 dose-effect curve was determined using pKB analysis
(Negus et al., 1993) according to the equation pKB=− log [B/ (DR−1)],
where B equals the dose of MSF61 in moles/kg, and DR (Dose Ratio)=
ED50 for agonist after antagonist treatment ÷ ED50 for agonist alone.
The pKB was converted back to units of mg/kg to permit calculation of
mixture proportions as described above. The pA2 value for naltrindole
as a delta antagonist in rhesus monkeys was determined previously to
be 6.3 (Negus et al., 1994), which is equivalent to a dose of 0.23 mg/kg.

2.3.2. Dose–addition analysis
Drug interactions were evaluated both within and across assays.

Drug interactions within a given assay were assessed using both
graphical and statistical approaches to dose-addition analysis (Tallar-
ida, 2000; Wessinger, 1986; Woolverton, 1987) as described pre-
viously (Stevenson et al., 2005, 2003). Graphically, data for each drug
and drug mixture were plotted as isobolograms. Statistical evaluation
of drug interactions was accomplished by comparing the experimen-
tally determined ED50 values for each mixture (Zmix) with predicted
additive ED50 values (Zadd) as described by Tallarida (Tallarida, 2000).
Zmix values were determined empirically as described above. When
mixtures were studied in an assay where each drug alone was also
active (i.e. fentanyl with SNC243A in the assay of schedule-controlled



Table 1
ED50 values in mg/kg (95%CL) for fentanyl and a delta opioid administered alone or as
part of a mixture in the assay of schedule-controlled responding

Fentanyl Delta opioid

Treatment ED50 (95%CL) ED50 (95%CL)

Fentanyl alone 0.023 (0.012–0.045)
SNC243A alone 0.35 (0.18–0.68)
5:1 SNC/fent 0.019 (0.009–0.041) 0.09 (0.04–0.20)
15:1 SNC/fent 0.018 (0.010–0.033) 0.27 (0.15–0.49)
45:1 SNC/fent 0.007 (0.004–0.015) 0.34 (0.11–0.17)

Fentanyl alone 0.019 (0.013–0.027)
MSF61 alone N10 mg/kg
30:1 MSF/fent 0.013 (0.009–0.020) 0.39 (0.26–0.59)a

89:1 MSF/fent 0.010 (0.007–0.012)a 0.87 (0.69–1.10)a

267:1 MSF/Fent 0.015 (0.010–0.021) 3.93 (2.74–5.64)a

Fentanyl alone 0.019 (0.013–0.027)
Naltrindole alone N10 mg/kg
4:1 NTI/fent 0.007 (0.001–0.014) 0.030 (0.016–0.054)a

12:1 NTI/fent 0.011 (0.007–0.018) 0.134 (0.086–0.210)a

36:1 NTI/fent N0.056b N2.0

abIndicates ED50 confidence limits for fentanyl or delta opioid in mixture do not overlap
with ED50 confidence limits for fentanyl or delta opioid alone. aED50 in mixture lower
than ED50 for drug alone. bED50 in mixture higher than ED50 for drug alone.
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responding), Zadd values were calculated individually for each
monkey from the equation Zadd= fA+(1− f)B, where A was the
ED50 for fentanyl alone, Bwas the ED50 for the other drug alone, and f
was the fractional multiplier of A in the computation of the additive
total dose. Any choice of f is related to the proportion of drug A (ρA) in
a mixture according to the equation ρA= fA /Zadd. When mixtures
were studied in an assay where only one drug was active, the
hypothesis of additivity predicts that the inactive drug should not
contribute to the effects of a mixture. As a result, the equation for Zadd
reduces to Zadd=A /ρA. Mean Zmix and Zadd values were considered
to be significantly different if 95% confidence limits did not overlap.

2.3.3. Dose–ratio analysis
To evaluate drug interactions across assays, the relative potency of

each drug and drug mixture in the two behavioral procedures was
quantified using dose–ratio analysis as described previously (Negus
et al., 2008). Specifically, the Dose Ratio (DR) for each drug or drug
mixture was defined as the ratio of the ED50 (or Zmix) in the assay of
schedule-controlled responding ÷ED50 (or Zmix) in the assay of
thermal nociception. Thus, if a drug or drugmixture was equipotent in
the two procedures, then ED50 in the assay of schedule-controlled
responding would be equal to the ED50 (or Zmix) in the assay of
thermal nociception, and DR=1. DRN1 indicates that the drug or drug
mixture was more potent in the assay of thermal nociception.
Conversely, DRb1 indicates that the drug or drug mixture was more
potent in the assay of schedule-controlled responding. The potency of
each drug or drug mixture was considered to be different across the
two procedures if the 95% confidence limits of the ED50 or Zmix
values in the two procedures did not overlap.

2.4.4. Drugs

SNC80, SNC243A and MSF61 (all free bases) and naltrindole HCl
were synthesized by Drs. Kenner C. Rice and John E. Folk (National
Institutes of Health, Bethesda, MD). Fentanyl HCl was provided by the
National Institute on Drug Abuse (Bethesda, MD). SNC80, SNC243A,
MSF61 were dissolved in 2–3% lactic acid to a final concentration of
50mg/ml, and dilutionsweremadewith sterile water. Naltrindole and
fentanyl were dissolved in sterile water. All drugs were administered i.
m. in the thigh, and doses were determined based on the free base or
salt forms listed above.

3. Results

3.1. Assay of schedule-controlled responding

3.1.1. Control response rates and effects of opioid agonists alone
The average control response rate (±S.E.M.), determined on the days

before test days throughout the study, was 2.38 (±0.50) responses/s.
Fig. 1. Effects of the mu agonist fentanyl and the delta opioids SNC243A, MSF61 and
naltrindole on rates of schedule-controlled responding. Abscissa: Dose of test drug in mg/kg
(log scale).Ordinate: Percent control ratesof responding. Eachpoint showsmean ±S.E.M. for5
monkeys (fentanyl, SNC243A) or 4 monkeys (MSF61, naltrindole).
Response rateswere similarduringeach of thefive cycles of themultiple
cycle sessions (2.45±0.54, 2.34±0.53, 2.40±0.46, 2.35±0.49, 2.36±0.47
responses/s).

Fig. 1 shows the dose-effect curves for fentanyl and each of the
delta receptor ligands administered alone. Fentanyl and the high-
efficacy delta agonist SNC243A produced dose-dependent decreases
in response rates, and ED50 values are shown in Table 1. The
intermediate-efficacy delta opioid MSF61 and the delta antagonist
naltrindole at doses up to 10 mg/kg did not reliably alter response
rates, and ED50 values could not be determined.

MSF61 was further evaluated to determine whether it functioned
as a delta antagonist in this procedure. Pretreatment with 10 mg/kg
MSF61 produced a significant, 7-fold increase in the ED50 for the
high-efficacy delta agonist SNC80 [ED50 (95%CL) for SNC80
alone=2.05 mg/kg (0.82–5.15); ED50 (95%CL) for SNC80 after
pretreatment with 10 mg/kg MSF61=14.29 mg/kg (5.30–38.54)]. The
pKB value for this delta antagonist effect of MSF61 was 5.44, which is
equivalent to a dose of 1.70 mg/kg.

Relative potency values were determined using the agonist ED50
values for fentanyl (0.023 and 0.019 mg/kg, depending on the group of
animals used) and SNC243A (0.35 mg/kg), and the antagonist pKB or
pA2 values for MSF61 (1.70 mg/kg) and naltrindole (0.23 mg/kg). Thus
relative potencies for each delta ligand in comparison to fentanyl were
15:1 for SNC243A/fentanyl, 89:1 for MSF61/fentanyl, and 12:1 for
naltrindole/fentanyl. These relative potencies were then used to
determine proportions of delta ligands and fentanyl in drug mixtures.

3.1.2. Effects of fentanyl in combination with delta ligands
Fig. 2 (top panels) shows the dose-effect curves for fentanyl

administered alone and in combination with different proportions of
each delta ligand. Isobolograms are shown in the bottom panels of
Fig. 2. Table 1 shows ED50 values for each drug in each mixture, and
Table 2 shows the predicted Zadd values and empirically determined
Zmix values for each drug mixture. In general, ED50s for all drugs in
combinationwere lower than ED50s for the drugs administered alone,
and in some cases, these differences reached statistical significance
(Table 1). For example, the ED50 values for fentanyl and MSF61 in the
89:1 mixture were both significantly lower than the ED50s for each
drug alone. However, with only two exceptions, all drug combinations
produced effects consistent with additivity (i.e. Zadd was not
significantly different from Zmix; Table 2). One exception was that
the 89:1 MSF61/fentanyl mixture produced a superadditive effect. The
other exception occurred with fentanyl in combination with the



Fig. 2. Effects of fentanyl alone or in combination with different proportions of SNC243A (left panels), MSF61 (center panels) or naltrindole (right panels) in the assay of schedule-
controlled responding. Top panels show dose–effect curves for fentanyl and for each mixture. Abscissae (top panels): Dose fentanyl in the mixture in mg/kg (log scale). The
corresponding dose of the delta ligand depended on the proportion of the delta ligand in themixture. Ordinates (top panels): Percent control rates of responding. Bottom panels show
isobolograms at the ED50 effect level. Abscissae (bottom panels): ED50 values for fentanyl administered alone or in a mixture (linear scale). Ordinates (bottom panels): ED50 values
for the delta ligand administered alone or in amixture (linear scale). Each point showsmean data for 5monkeys (left panels) or 4monkeys (center and right panels). Error bars are not
shown in the top panels for clarity. Error bars in the bottom panels show S.E.M. ⁎Significant superadditivity (seeTable 2). † Significant subadditivity (see Table 2).
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highest proportion of naltrindole (36:1 naltrindole/fentanyl). This
mixture did not decrease response rates below 50% of control at doses
up to 0.056 mg/kg fentanyl+2.02 mg/kg naltrindole. The drug
interaction was subadditive and suggestive of antagonism.

3.2. Assay of thermal nociception

3.2.1. Baseline T10 values and effects of opioid agonists alone
Under baseline conditions, monkeys never withdrew their tails

fromwater heated to 38 °C, and they rapidly withdrew their tails from
water heated to 50 °C. Over the course of the study, the mean±S.E.M.
tail withdrawal latency from 50 °C water was 0.86±0.10 s.
Table 2
Predicted Zadd and experimentally determined Zmix values (95%CL) for mixtures of
fentanyl and a delta opioid in the assay of schedule-controlled responding

Mixture Zadd (95%CL) Zmix (95%CL)

5:1 SNC243A/fentanyl 0.11 (0.06–0.20) 0.11 (0.05–0.25)
15:1 SNC243A/fentanyl 0.19 (0.10–0.36) 0.29 (0.16–0.53)
45:1 SNC243A/fentanyl 0.27 (0.14–0.52) 0.34 (0.18–0.67)

30:1 MSF61/fentanyl 0.58 (0.40–0.84) 0.41 (0.27–0.61)
89:1 MSF61/fentanyl 1.67 (1.15–2.42) 0.88 (0.70–1.11)a

267:1 MSF61/fentanyl 4.96 (3.42–7.19) 3.95 (2.75–5.67)
4:1 NTI/fentanyl 0.09 (0.06–0.14) 0.04 (0.02–0.07)

12:1 NTI/fentanyl 0.24 (0.17–0.35) 0.15 (0.09–0.23)
36:1 NTI/fentanyl 0.69 (0.47–1.0) N2.1b

abIndicates Zmix confidence limits do not overlap with Zadd confidence limits. aZmix
lower than Zadd (superadditivity). bZmix higher than Zadd (subadditivity).
Fig. 3 shows the dose-effect curves for fentanyl and each of the
delta receptor ligands administered alone. Only fentanyl produced a
dose-dependent antinociceptive effect, and the ED50 values for
fentanyl in the different groups of monkeys are shown in Table 3.
None of the delta ligands produced antinociception up to the highest
doses tested (10 mg/kg). Higher doses of SNC243A were not tested to
avoid possible undesirable effects such as convulsions (Danielsson
et al., 2006; Negus et al., 1994, 1998b). Higher doses of MSF61 and
naltrindole were not tested, because MSF61 (see above) and
naltrindole (Negus et al., 1994) produce delta antagonist effects at
these or lower doses.
Fig. 3. Effects of the mu agonist fentanyl and the delta opioids SNC243A, MSF61 and
naltrindole in the assay of thermal nociception. Abscissa: Dose of test drug in mg/kg (log
scale). Ordinate: Percentmaximumpossible effect (%MPE). Each point showsmean±S.E.M.
for 3 monkeys (SNC243A) or 4 monkeys (fentanyl, MSF61, naltrindole).



Table 3
ED50 values in mg/kg (95%CL) for fentanyl and a delta opioid administered alone or as
part of a mixture in the assay of thermal nociception

Fentanyl Delta opioid

Treatment ED50 (95%CL) ED50 (95%CL)

Fentanyl alone 0.015 (0.010–0.021)a

SNC243A alone Inactive
5:1 SNC/fent 0.004 (0.003–0.006)a 0.022 (0.015–0.032)a

15:1 SNC/fent 0.004 (0.003–0.007)a 0.063 (0.040–0.100)a

45:1 SNC/fent 0.006 (0.006–0.006)a 0.250 (0.247–0.254)a

Fentanyl alone 0.017 (0.013–0.023)
MSF61 alone Inactive
30:1 MSF/fent 0.019 (0.013–0.028) 0.57 (0.38–0.84)a

89:1 MSF/fent 0.017 (0.013–0.021) 1.48 (1.19–1.83)a

267:1 MSF/fent 0.021 (0.018–0.025) 5.71 (4.81–6.77)a

Fentanyl alone 0.017 (0.013–0.023)
Naltrindole alone Inactive
4:1 NTI/fent 0.024 (0.024–0.024)† 0.096 (0.095–0.096)a

12:1 NTI/fent 0.023 (0.20–0.028) 0.28 (0.24–0.33)a

36:1 NTI/fent N0.069b N2.49

abIndicates ED50 confidence limits for fentanyl or delta opioid in mixture do not overlap
with ED50 confidence limits for fentanyl or delta opioid alone. aED50 in mixture lower

b

Table 4
Predicted Zadd and experimentally determined Zmix values (95%CL) for mixtures of
fentanyl and a delta opioid in the assay of thermal nociception

Mixture Zadd (95%CL) Zmix (95%CL)

5:1 SNC243A/fentanyl 0.088 (0.060–0.128) 0.026 (0.018–0.038)a

15:1 SNC243A/fentanyl 0.234 (0.160–0.342) 0.067 (0.042–0.107)a

45:1 SNC243A/fentanyl 0.672 (0.460–0.982) 0.256 (0.253–0.259)a

30:1 MSF61/fentanyl 0.53 (0.41–0.70) 0.59 (0.40–0.87)
89:1 MSF61/fentanyl 1.54 (1.18–2.03) 1.49 (1.21–1.85)
267:1 MSF61/fentanyl 4.60 (3.50–6.04) 5.73 (4.84–6.80)

4:1 Naltrindole/fentanyl 0.09 (0.06–0.11) 0.12 (0.12–0.12)b

12:1 Naltrindole/fentanyl 0.22 (0.17–0.29) 0.30 (0.26–0.36)
36:1 Naltrindole/fentanyl 0.64 (0.48–0.83) N2.56b

abIndicates Zmix confidence limits do not overlap with Zadd confidence limits. aZmix
lower than Zadd (superadditivity). bZmix higher than Zadd (subadditivity).
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3.2.2. Effects of fentanyl in combination with delta ligands
Fig. 4 (top panels) shows the dose-effect curves for fentanyl

administered alone and in combination with different proportions of
each delta ligand. Isobolograms are shown in the bottom panels of
Fig. 4. Table 3 shows ED50 values for each drug in each mixture, and
Table 4 shows the predicted Zadd values and empirically determined
Zmix values for each drug mixture. All mixtures of fentanyl with the

than ED50 for drug alone. ED50 in mixture higher than drug alone.
Fig. 4. Effects of fentanyl alone or in combination with different proportions of SNC243A (l
nociception. Top panels show dose–effect curves for fentanyl and for each mixture. Abscissae
of the delta ligand depended on the proportion of the delta ligand in the mixture. Ord
isobolograms at the ED50 effect level. Abscissae (bottom panels): ED50 values for fentanyl ad
for the delta ligand administered alone or in amixture (linear scale). Each point showsmean d
shown in the top panels for clarity. Error bars in the bottom panels show S.E.M. ⁎Significan
delta agonist SNC243A produced superadditive antinociceptive
effects. For all mixtures, the ED50 values for fentanyl and SNC243A
in the mixtures were significantly lower than the ED50 values for
either drug alone (Table 3). Moreover, for all mixtures, the empirically
determined Zmix values were significantly lower than the predicted
Zadd values (Table 4). Graphically, these effects were manifested as
leftward shifts in the fentanyl dose-effect curve (Fig. 4 top left panel).
In addition, drug-mixture points were located to the left of the dose-
additivity line in the isobologram (Fig. 4 bottom left panel). In contrast
to the consistent superadditive effects obtained with fentanyl/
SNC243A combinations, mixtures of fentanyl and MSF61 produced
only additive effects. Mixtures of fentanyl and naltrindole tended to
produce subadditive effects, and this subadditivity was significant for
the 4:1 and 36:1 mixtures.
eft panels), MSF61 (center panels) or naltrindole (right panels) in the assay of thermal
(top panels): Dose fentanyl in the mixture in mg/kg (log scale). The corresponding dose
inates (top panels): Percent maximum possible effect (%MPE). Bottom panels show
ministered alone or in a mixture (linear scale). Ordinates (bottom panels): ED50 values
ata for 3monkeys (left panels) or 4monkeys (center and right panels). Error bars are not
t superadditivity (seeTable 4). † Significant subadditivity (see Table 4).



Fig. 5. Dose-ratios for each drug alone and each drug mixture for production of rate
suppression and thermal nociception. Abscissa: Identity of drug or drugmixture. Ordinate:
Dose ratio determined as ED50 (or Zmix) in assay of schedule-controlled responding ED50
(or Zmix) in assay of thermal nociception. ⁎ Asterisks indicate that drug mixture was
significantly more potent in the assay of thermal nociception as determined by non-
overlapping confidence limits of ED50or Zmixvalues (i.e. DoseRatio≥1). †Crosses indicate
that drug mixture was significantly less potent in the assay of thermal nociception as
determined by non-overlapping confidence limits (i.e. Dose Ratio b1).
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3.3. Dose–ratio analysis

Fig. 5 shows dose ratios for the potency of each drug and drug
mixture to decrease rates of schedule-controlled responding and to
produce thermal antinociception. Fentanyl alone was roughly equi-
potent in producing these two effects, and the dose of fentanyl that
produced full antinociception (0.032 mg/kg) also produced relatively
large decreases in rates of food-maintained responding. Dose ratios
could not be calculated for the delta ligands, because none of the
ligands were effective in the assay of thermal nociception.

Mixtures of fentanyl and the delta agonist SNC243A tended to
produce dose ratios N1. This effect was significant for the 5:1 and 15:1
SNC243A/fentanyl mixtures, with both mixtures producing dose ratios
at least 4-fold greater than for fentanyl alone. As one consequence of this
change in relative potency, doses of 5:1 and 15:1 SNC243A/fentanyl
could be administered that produced full antinociception while
producing little or no effect on rates of food-maintained responding
(i.e. 5:1 and 15:1 SNC243A+0.01 mg/kg fentanyl). The 45:1 SNC243A/
fentanyl mixture produced a dose–ratio little different from fentanyl
alone. Thus, while dose–addition analysis indicated that all SNC243A/
fentanyl mixtures produced superadditive antinociceptive effects and
additive effects in the assay of schedule-controlled responding, dose–
ratio analysis revealed significant differences in the relative potencies of
the mixtures to produce these two behavioral effects.

Mixtures of MSF61 and fentanyl tended to produce dose ratios b1,
and this effect was significant for the 89:1 mixture. Mixtures of 4:1
and 12:1 naltrindole/fentanyl also produced dose ratios b1, and a dose
ratio could not be determined for the highest proportion of 36:1
naltrindole/fentanyl, because this mixture produced neither thermal
antinociception nor decreases in rates of food-maintained responding
across the dose-range tested.

4. Discussion

The main finding of the present study was that MSF61 did not have
sufficient efficacy in rhesus monkeys to either (a) suppress response
rates in the assay of schedule-controlled responding, or (b) enhance the
antinociceptive effects of the mu agonist fentanyl. Moreover, MSF61
antagonized effects produced by the high-efficacy delta opioid SNC80.
Thus, MSF61 produced delta antagonist effects in vivo similar to those
produced by the low-efficacy delta opioid naltrindole and unlike the
agonist effects produced by the high-efficacy delta opioid SNC243A. One
implication of these results is that relatively high delta receptor efficacy
is required for mu/delta antinociceptive synergy in rhesus monkeys.
4.1. Interactions between fentanyl and the high-efficacy delta agonist
SNC243A

In the present study, dose–addition analysis revealed that the high
efficacy delta agonist SNC243A produced superadditive interactions
with fentanyl in the assay of thermal antinociception but only additive
interactions in the assay of schedule-controlled responding. These
differential interactions resulted in enhanced dose ratios that
quantified relative potency to produce rate suppression vs. antinoci-
ception. These findings agree with previous studies from our
laboratory showing that the high-efficacy delta agonist SNC80 also
produced superadditive antinociceptive interactions with fentanyl
and a range of other mu agonists while producing only additive or
sub-additive interactions in assays of schedule-controlled responding
and drug self-administration (Stevenson et al., 2005, 2003). Studies in
rodents have also found that non-peptidic and peptidic delta agonists
enhanced the antinociceptive effects of mu agonists to a greater
degree than they enhanced most other mu agonist effects (Adams
et al., 1993; Heyman et al., 1989a; Rothman and Xu, 2004; Su et al.,
1998; Vaught and Takemori, 1979).

There are three important implications of these findings. First, these
results illustrate the general principle thatdrug interactions canvaryas a
function of the endpoint under investigation. Drug interactions may be
superadditive on someendpoints, additive on others, and subadditive or
antagonistic on yet other endpoints. Second, this general principle
suggests that drug interactions could be exploited to selectively enhance
clinically desirable drug effectswithout enhancing (or even attenuating)
untoward effects characteristic of the component drugs. Lastly, in the
specific case of mu/delta opioid interactions, these results suggest that
combined activation of mu and delta opioid receptors may produce
effective analgesia with fewer side effects than selective activation of
either mu or delta opioid receptors alone.

4.2. Interactions between fentanyl and either MSF61 or naltrindole

Although mu/delta antinociceptive synergy may have therapeutic
benefits, the degree of delta receptor efficacy required for these
interactions has not been systematically examined. To address this
issue, the present study employed the compound MSF61 as an
intermediate-efficacy delta receptor ligand. However, despite its
partial agonist effects in vitro (Furness et al., 2000), MSF61 did not
have sufficient delta efficacy to produce a delta agonist-induced
suppression of response rates in the assay of schedule-controlled
responding in rhesus monkeys. Rather, consistent with its character-
ization as a selective delta ligand with lower efficacy at delta receptors
than SNC80, MSF61 antagonized the effects of SNC80. This finding was
important not only for clarifying the relative efficacy of MSF61 in
comparison to SNC80 in vivo, but also for demonstrating that MSF61
doses used in this study occupied pharmacologically relevant
populations of delta receptors in vivo.

The antagonist effects MSF61 in the assay of schedule-controlled
responding did not necessarily preclude it from producing agonist
effects on other endpoints, such as enhancement ofmu agonist-induced
antinociception. It is well established that different endpoints have
different efficacy requirements for the production of pharmacological
effects, and as a result, a given intermediate-efficacy drug can
simultaneously function as an agonist on some endpoints and as an
antagonist on others [e.g. (Morgan et al., 1999; Ruffolo, 1982; Walker
et al., 1993)]. However, the results of the present study suggest that
MSF61 also did not have sufficient efficacy at delta receptors to enhance
fentanyl-induced antinociception. The failure of MSF61 to produce
synergistic mu/delta antinociceptive interactions sets a lower limit to
the delta receptor efficacy required to produce these interactions. It
remains possible that compounds with higher but still submaximal
efficacy (i.e. ligands with efficacy less than 100% but greater than 38%
relative to SNC80) may still be capable of producing mu/delta
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antinociceptive synergy. For example, as noted above, the peptidic delta
agonist DPDPEhas efficacyat delta receptors slightly greater than that of
MSF61, and it has been shown to produce antinociceptive synergy in
combination with some mu agonists in rodents (Adams et al., 1993;
Heyman et al., 1989a; Vaught and Takemori, 1979).

It should be stressed that the antagonist profile of MSF61 in the
present in vivo studies is not necessarily inconsistent with the partial
agonist profile of MSF61 in an in vitro functional assay. Although MSF61
functioned as a partial agonist in an in vitro assay of ligand-stimulated
GTPγSbinding, it is not uncommon fordrugswithpartial agonist activity
in such in vitro assays to function as antagonists in vivo, presumably
because they do not have sufficient efficacy to produce threshold levels
of receptor activation required for production of a measurable agonist
effect. As one example, low efficacy mu opioid agonists such as
nalbuphine may also produce partial agonist effects in in vitro assays
of GTPγS binding but producemu antagonist effects under awide range
of conditions in vivo (Emmerson et al., 1996; Gerak et al., 1994).

The delta antagonist naltrindole also failed to produce selective
synergistic antinociceptive interactions in combination with fentanyl.
Rather, when the highest proportion of 36:1 naltrindole/fentanyl was
studied, naltrindole appeared to attenuate both the rate-decreasing
and antinociceptive effects of fentanyl. This naltrindole-induced
attenuation of mu agonist effects is diametrically opposite to the
enhancement of fentanyl antinociception produced by delta agonists,
and this raises the possibility that delta receptor ligands may produce
both positive and negativemodulation of mu agonist effects. However,
while delta agonists selectively enhanced only fentanyl antinocicep-
tion, naltrindole attenuated both the rate-decreasing and antinoci-
ceptive effects of fentanyl. In addition, the naltrindole-induced
attenuation of fentanyl effects may have resulted frommu antagonism
produced by high, non-selective naltrindole doses. Naltrindole
displayed 93-fold selectivity for delta vs. mu opioid receptors in
binding studies using monkey brain tissue, but it bound to mu opioid
receptors with nanomolar affinity (Emmerson et al., 1994). In vivo in
monkeys, naltrindole was approximately 25-fold more potent as an
antagonist of delta agonists than of mu agonists, but the pA2 value for
naltrindole as a mu antagonist was 5.1 (i.e. 3.6 mg/kg) (Negus et al.,
1994). In the present study, the 36:1 naltrindole/fentanyl mixture was
studied up to a dose of 3.6 mg/kg naltrindole+0.1 mg/kg fentanyl (see
Fig. 4). Thus, the naltrindole/fentanyl mixture with the highest
proportion of naltrindole was studied up to doses that would be
expected to produce a modest mu antagonist effect.

The dose ratios for MSF61/fentanyl and naltrindole/fentanyl mix-
tures tended to be less than one and less than the dose ratio for fentanyl
alone. Thus, mixtures of fentanyl with MSF61 or naltrindole produced
greater behavioral depression than fentanyl alone at antinociceptive
doses. To our knowledge, this is the first study to report that addition of
an intermediate- or low-efficacy delta opioid to a mu agonist may not
only fail to produce mu/delta antinociceptive synergy, but may also
increase undesirable effects relative to a potential therapeutic effect. The
implications of this finding for opioid pharmacology and drug develop-
ment remain to be determined. However, mu agonist/delta antagonist
drugs are being developed in response to the hypothesis that delta
antagonist activity may retard tolerance to mu agonist antinociceptive
effects (Abdelhamid et al.,1991; Ananthan, 2006). Although attenuation
of antinociceptive tolerance could be of considerable clinical value, the
potential of these medications may be limited if the therapeutic index
for these mu agonist/delta antagonist drugs is lower than the
therapeutic index for mu agonists alone.

4.3. Mechanisms of delta/mu interactions

The present study was designed primarily to assess pharmacologic
determinants of mu/delta interactions in rhesus monkeys, and a main
finding was that relatively high delta receptor efficacy appears to be
required for mu/delta antinociceptive synergy. The neuronal mechan-
isms that underlie mu/delta interactions in general, and the high
efficacy requirements for mu/delta antinociceptive synergy in parti-
cular, remain to be determined. However, results of the present and
previous studies (Stevenson et al., 2005, 2003) in rhesus monkeys
have provided the basis for several speculative comments. First, we
have argued previously that the behavioral selectivity of mu/delta
interactions suggests a neuroanatomical selectivity in the substrates
that mediates those interactions. Specifically, substrates capable of
mediating synergistic mu/delta interactions appear to exist in neural
systems underlying opioid-induced antinociception, but not in neural
systems underlying opioid-induced decreases in schedule-controlled
responding for food reinforcement. The present results with SNC243A
and fentanyl provide further support for the behavioral, and by
extension the neuronal, specificity of mu/delta interactions.

Second, the results of the present study suggest that high delta-
receptor efficacy is required for mu/delta antinociceptive synergy. This
apparent requirement for high delta efficacy may be related to the
observation that, under basal conditions, most delta receptors appear to
be sequestered in cytoplasm and unavailable for occupation by
exogenous ligands (Zhang et al., 1998). Insertion of delta receptors into
neuronal plasma membranes can be promoted by events such as
inflammation (Cahill et al., 2003; Patwardhan et al., 2005), and we have
reported previously that inflammation also enhances the antinocicep-
tive effects of delta agonists in rhesus monkeys (Brandt et al., 2001).
These findings raise the possibility that inflammatory states might
increase delta receptor availability, reduce efficacy requirements for
production of delta receptor-mediated effects, and enable mu/delta
antinociceptive synergy with lower efficacy delta ligands.

Finally, one potential substrate for mu/delta interactions could be
receptors that are physically coupled into mu/delta heterodimers
(Jordan et al., 2000). However, our data do not support a role for these
mu/delta dimers in mu/delta antinociceptive synergy in rhesus
monkeys. For example, synergistic mu/delta interactions presumably
mediated by these dimers could be obtained in vitro with some delta
antagonists, but not with SNC80 (Gomes et al., 2000). Conversely, our
studies in rhesus monkeys have reported mu/delta antinociceptive
synergy with the delta agonists SNC80 and SNC243A, but not with the
delta antagonist naltrindole.
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