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Abstract

To determine whether sex differences in the effects of mixed-action opioids could be due to differential activity at mu or kappa receptors,

agonist/antagonist properties of nalbuphine, butorphanol and (� )-pentazocine were compared in male vs. female rats using a diuresis test. In

water-loaded rats (2-h test), nalbuphine and (� )-pentazocine dose-dependently increased urination similarly in both sexes, whereas

butorphanol increased urination more in females than in males on a ml/kg basis. The diuretic effects of all three opioids were at least partially

blocked by the kappa receptor-selective antagonist nor-binaltorphimine (nor-BNI, 5 mg/kg) in both sexes. Kappa receptor-mediated

antagonism of diuresis induced by U69,593 (0.56 mg/kg) was only observed with butorphanol in males. In water-loaded rats (1-h test),

nalbuphine did not suppress, and butorphanol and (� )-pentazocine significantly suppressed urination in males only; all three mixed-action

opioids dose-dependently blocked the antidiuretic effect of the selective mu agonist fentanyl (0.056 mg/kg) in both sexes. The ability of

nalbuphine and (� )-pentazocine to block fentanyl-induced antidiuresis was not affected by pretreatment with nor-BNI in either sex. In

contrast, the ability of butorphanol to block fentanyl-induced antidiuresis was attenuated by pretreatment with nor-BNI in males but not in

females. These results suggest that sex differences in the effects of these mixed-action opioids are primarily due to their greater relative efficacy

at the mu receptor in male than in female rats; butorphanol also may have greater efficacy at kappa receptors in females than in males.
D 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Opioid agonists such as nalbuphine, butorphanol and

pentazocine produce differential analgesia in male vs. female

humans (Gear et al., 1996a,b, 1999, 2000), monkeys (Negus

and Mello, 1999) and rats (Cook et al., 2000; Craft and

Bernal, 2001). Specifically, these opioids produced greater

analgesia in women than in men undergoing dental surgery,

but were more potent and in some cases more efficacious in

male animals than in females using tests of acute thermal

nociception. Because these agonists bind to multiple opioid

receptor types, sex differences in their behavioral effects

could be due to sex differences in their relative affinity for

and/or efficacy at one or more receptor types.

Although not well-characterized in females of any species,

nalbuphine has been shown to be a relatively low efficacy mu
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agonist in male rats, monkeys and humans. That is, nalbu-

phine produces lesser maximal effects than opioids such as

morphine and fentanyl, and can block the effects of these

higher efficacy mu agonists (Walker et al., 1993; Gerak et al.,

1994; Morgan et al., 1999; Jones et al., 1999). Nalbuphine

also may act as an antagonist of high-efficacy kappa agonists

such as U50,488, spiradoline and enadoline in male animals

(Dykstra, 1990; Gerak et al., 1994; Carey and Bergman,

2001; Smith and French, 2002). Butorphanol may act as an

agonist or antagonist at mu and kappa opioid receptors in

male rats, monkeys and humans, depending on the procedure

(Leander, 1983c; Dykstra, 1990; Zacny et al., 1994; Green-

wald and Stitzer, 1998; Wongchanapai et al., 1998; Vivian et

al., 1999; but see Butelman et al., 1995), suggesting that it has

relatively higher efficacy than nalbuphine at mu and kappa

receptors. Similarly, pentazocine has variously been shown to

act as a kappa agonist/antagonist in male mice (Suzuki et al.,

1991; Chien and Pasternak, 1995), and a mu agonist/ant-

agonist in male rats, monkeys and humans (Jasinski et al.,

1970; Picker et al., 1992; Zacny et al., 1998; but see Dykstra,

1990).
ed.
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The purpose of the present study was to determine

whether there are sex differences in the kappa vs. mu

receptor-mediated effects of these opioids in rats. The

dependent measure chosen was urination. Kappa agonists

have been shown to increase urination (Leander, 1983a,b;

Shearman and Tolcsvai, 1986; Leander et al., 1987),

whereas mu agonists have been shown to suppress urina-

tion (Huidobro, 1978; Takemori et al., 1988; Soulard et al.,

1996). Thus, whereas the antinociceptive effects of these

mixed-action agonists have been found to be primarily mu

receptor-mediated in common rodent and primate models

of pain (e.g., Zimmerman et al., 1987; Walker et al., 1993;

Butelman et al., 1995), their activity at both mu and kappa

receptors may be characterized using a diuresis assay. Each

of the three mixed-action opioids was examined for its

diuretic (kappa agonist) effects in normally hydrated and

water-loaded male and female rats using a 2-h test (Lean-

der, 1983a,b; Leander et al., 1987; Soulard et al., 1996).

Each mixed-action opioid was also tested for antidiuretic

(mu agonist) effects in water-loaded rats using a 1-h test

(Huidobro, 1978; Leander, 1983b; Soulard et al., 1996).

Apparent kappa agonist effects were confirmed by deter-

mining whether they could be blocked by pretreatment

with the kappa receptor-selective antagonist nor-binaltor-

phimine (nor-BNI). To further compare the kappa vs. mu

receptor-mediated efficacy of each mixed-action opioid in

males vs. females, each opioid was examined for its ability

to antagonize the diuretic effect of the selective, high-

efficacy kappa agonist U69,593 (Lahti et al., 1985), and for

its ability to antagonize the antidiuretic effect of the

selective, high-efficacy mu agonist fentanyl. When ant-

agonism was observed, we attempted to reverse it with b-
FNA or nor-BNI, to determine if the antagonism was

functional—that is, attributable to the fact that mu and

kappa receptor activation leads to decreases and increases

in urination, respectively—effects that oppose each other

when mu and kappa agonists are combined. For example,

antagonism of U69,593’s diuretic effects by any of the

three mixed-action opioids that could be reversed by

blocking mu receptors with b-FNA would indicate that

the antagonism was functional in nature—presumably due

to the mu receptor-mediated, antidiuretic effect of the

mixed-action opioid, rather than due to its activity at kappa

receptors.

We have shown previously that when sex differences in

body weight are taken into account, relatively kappa recep-

tor-selective agonists such as U69,593, U50,488 and (� )-

bremazocine produced similar diuretic effects in normally

hydrated male and female rats (Craft et al., 2000). In that

study, butorphanol and (� )-pentazocine produced more

modest diuresis in both sexes, suggesting that they have

lower efficacy at the kappa receptor compared with drugs

such as U69,593, or that they have mu agonist (i.e., anti-

diuretic) effects that limit their diuretic effects. Nalbuphine’s

effects on urination have not been compared in males vs.

females.
2. Methods

2.1. Subjects

Adult Sprague–Dawley rats (bred in-house from Taconic

stock, Germantown, NY), approximately 3–6 months old,

that had been previously tested for antinociception with

vehicle or an opioid or cannabinoid agonist (>1 week prior

to the present study), served as subjects. Rats were housed in

same-sex pairs, males and females in separate, adjacent

rooms. Food and water were available ad libitum except

during testing. Animal quarters were maintained at 21.5 ± 2.0

�C, on a 12:12 h light/dark cycle, with lights on at 0600 h.

Rats were tested between approximately 0800 and 1300 h.

2.2. Apparatus

Urine was collected in stainless steel pans (each covered

with a wire screen to prevent feces from collecting in the

pan) in standard rodent operant chambers. During testing,

chamber fans were activated, but no lights or levers were

active.

2.3. Drugs

Fentanyl HCl, (� )-pentazocine succinate, b-FNA, nor-
BNI, naltrexone HCl and U69,593 were obtained from the

National Institute on Drug Abuse (Rockville, MD). Butor-

phanol tartrate was purchased from Sigma (St. Louis, MO).

Nalbuphine HCl was purchased from RBI (Natick, MA) and

ICN (Aurora, OH). Fentanyl, b-FNA, nor-BNI, naltrexone,
butorphanol and nalbuphine were dissolved in physiological

saline. (� )-Pentazocine was dissolved in distilled water.

U69,593 was dissolved in EtOH to which distilled water was

added, for a final EtOH concentration of 9.5%. A 9.5%

ethanol solution served as the vehicle for U69,593; saline or

distilled water served as the vehicle for all other drugs. All

drugs were administered in volumes of 1 ml/kg, except in

cases of solubility limitations (nalbuphine and b-FNA could

only be made in 8–10 mg/ml maximal concentrations). All

drugs were administered subcutaneously. All agonists and

naltrexone were administered immediately before testing. b-
FNA and nor-BNI were administered 24 h pretest, as they

have previously been shown to be maximally or near-

maximally effective and receptor-selective at this interval

(Zimmerman et al., 1987; Butelman et al., 1993; Craft et al.,

2001).

2.4. Procedure

All procedures used in this study were approved by the

IACUC at Washington State University, and meet the guide-

lines set forth in the NIH Guide for Care and Use of

Laboratory Animals (Publication #85-23, revised 1985).

When testing kappa agonist/antagonist effects, rats were

injected with one or more drugs and in some cases water-



Fig. 1. Diuretic effects of three mixed-action opioids in female (F) vs. male

(M) rats. Rats were either normally hydrated or water-loaded; urine was

collected for 2 h following subcutaneous saline or opioid injection. Each

point is the mean ± 1 S.E.M. of 7–10 rats. * Significantly different from

same-sex, same-hydration controls, P�.05, SNK; ysignificantly different

from males within same hydration condition, P�.05, SNK.
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loaded by administering warm tap water orally (20 ml/kg

body weight). Rats were then immediately placed into

individual chambers; urine was measured to the nearest

0.05 ml 2 h later. When testing mu agonist/antagonist effects,

rats were water-loaded (20 ml/kg body weight), injected with

one or more test compounds and then placed into individual

chambers; urine was measured to the nearest 0.05 ml 1 h

later. It has been shown previously that robust diuretic effects

of kappa agonists can be observed using a 2- to 5-h test in

either normally hydrated or water-loaded rats (e.g., Leander,

1983a), but that mu agonists are most effective when

examined in a 1-h test in water-loaded rats, as their antidiu-

retic effects are relatively short-lived (Huidobro, 1978;

Takemori et al., 1988). In addition, Leander et al. (1987)

previously showed that diuretic effects of relatively low

efficacy kappa agonists depended on the hydration condition

used, so we tested both normally hydrated and water-loaded

conditions. When testing agonists alone, the same rats were

tested at each dose or dose combination of a given agonist;

tests were conducted no more than twice/week (e.g., Mon,

Thur or Tue, Fri). When testing the irreversible antagonists

alone or in combination with agonists, separate rats were

used for each treatment group and each rat was tested only

once.

2.5. Data analysis

To adjust for significant sex differences in body size, all

urine values in milliliters were transformed to milliliters per

kilogram body weight (Leander, 1987; Craft et al., 2000).

Milliliters per kilogram data for each mixed-action opioid

were analyzed via ANOVA [e.g., 2 (sex)� 5–6, repeated

(dose)� 2 (hydration condition)]. Kappa antagonist effects

of each mixed-action opioid were analyzed via ANOVA [2

(sex)� 5–6, repeated (dose)]. Mu agonist/antagonist effects

of each mixed-action opioid were analyzed via ANOVA [2

(sex)� 5–6, repeated (dose)� 2 (fentanyl dose)]. Student–

Newman–Keuls (SNK) post hoc tests were used when

significant sex differences (or sex interactions) were obtained

in the ANOVA, to determine at what doses sex differences

were significant. Dunnett’s test was used to determine what

doses of a given opioid, relative to vehicle, significantly

altered urination in each sex. b-FNA and nor-BNI data were

analyzed via ANOVA (Sex�Antagonist�Agonist), fol-

lowed by Dunnett’s test, as each dose combination was

compared only to control. Significance level for all tests

was P�.05.
3. Results

3.1. Diuretic effects of mixed-action opioids in males vs.

females

Fig. 1 (points above ‘‘saline’’) shows that, in the absence

of drug, water-loaded rats urinated significantly more than
normally hydrated rats, but there were no sex differences in

these baselines. Rats injected subcutaneously with a

slightly larger volume of saline (as a control for the

increased volume necessary to administer the 30 mg/kg

nalbuphine dose; not shown) did not urinate significantly

more than those shown in Fig. 1, nor did those adminis-

tered the 9.5% ethanol vehicle used to dissolve U69,593

(see Fig. 4). Nalbuphine (top panel) dose-dependently

increased urination in both normally hydrated and water-

loaded rats [Dose: F(4,120) = 40.60, P < .001], with no

significant sex differences. The diuretic effects of nalbu-

phine were slightly greater under the normally hydrated

condition than under the water-loaded condition, as indi-

cated by the relatively steeper slope of the dose–effect

curve in normally hydrated compared to water-loaded rats,

particularly in males.



Fig. 2. Selectivity of the opioid antagonists b-FNA (mu) and nor-BNI

(kappa) in male and female rats. Rats were water-loaded; antagonists were

administered subcutaneously 24 h pretest and agonists were administered

subcutaneously immediately pretest. Top panel: Antagonism of the selective

kappa agonist U69,593 (2-h test). Bottom panel: Antagonism of the selective

mu agonist fentanyl (1-h test). Doses shown on abscissae are in mg/kg;

‘‘0’’= vehicle, ‘‘– ’’= no injection. Each bar is the mean ± 1 S.E.M. of 5–13

rats. * Significantly different from same-sex 0–0 controls; ySignificant an-

tagonism relative to same-sex agonist-alone (0–0.3, 0–0.056), P�.05,

Dunnett’s.
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Butorphanol (middle panel) also dose-dependently in-

creased urination in male and female rats. Similar to nalbu-

phine, butorphanol’s effect was greater in normally hydrated

than in water-loaded rats, a statistically significant difference

in this case [Dose�Hydration condition: F(5,170) = 3.84,

P=.003]. Butorphanol-induced diuresis was blunted in water-

loaded males relative to normally hydrated males. Thus,

under the water-loaded condition only, butorphanol-induced

urination was significantly greater in females than in males

[Sex�Hydration condition: F(1,34) = 7.23, P=.011].

(� )-Pentazocine (bottom panel) also dose-dependently

increased urination [Dose: F(4,96) = 32.57, P < .001], but

produced similar increases under both normally hydrated

and water-loaded conditions, with no sex differences.

3.2. Receptor-selective antagonism of diuresis

Doses of nor-BNI and b-FNAwere chosen based on their

ability to selectively antagonize agonists that are known to act

at either kappa or mu receptors, respectively. Fig. 2 shows

that 5 mg/kg nor-BNI blocked the diuretic effects of the

selective kappa agonist U69,593 (top panel), but did not

block the antidiuretic effects of the selective mu agonist

fentanyl (bottom panel), in rats of both sexes. Conversely,

20 mg/kg b-FNA completely blocked the antidiuretic effects

of the selective mu agonist fentanyl (bottom panel), but did

not block the diuretic effects of the selective kappa agonist

U69,593 (top panel), in rats of both sexes [Antagonist�
U69,593: F(2,94) = 9.85, P < .001; Antagonist� Fentanyl:

F(2,83) = 21.14, P < .001].

Fig. 3 (top panel) shows that nor-BNI blocked the diuretic

effects of 30 mg/kg nalbuphine in rats of both sexes, whereas

b-FNA did not [Antagonist�Nalbuphine: F(2,54) = 6.52,

P=.003]. Similarly, the diuretic effects of 10 mg/kg butor-

phanol were significantly attenuated by nor-BNI but not by

b-FNA in rats of both sexes (Fig. 3, middle panel) [Antag-

onist�Butorphanol: F(2,69) = 4.92, P=.01]. The diuretic

effects of 30 mg/kg (� )-pentazocine also were attenuated

by nor-BNI (Fig. 3, bottom panel) [Antagonist� Pentazo-

cine: F(2,67) = 4.76, P=.012], but only significantly so in

females. In males, b-FNA and nor-BNI had essentially the

same effect on (� )-pentazocine-induced diuresis, both

decreasing urination nonsignificantly compared to (� )-

pentazocine-treated controls. A higher dose of nor-BNI, 10

mg/kg, did not further antagonize (� )-pentazocine’s diur-

etic effect in rats of either sex (not shown). However, the

nonselective opioid antagonist naltrexone (1–30 mg/kg)

dose-dependently and more completely antagonized (� )-

pentazocine’s diuretic effect in both sexes (data not shown).

3.3. Kappa antagonist effects of mixed-action opioids

Fig. 4 shows that at the doses tested, nalbuphine (top

panel, squares) did not antagonize the diuretic effects of the

high efficacy, kappa selective agonist U69,593 in rats of

either sex. Higher doses of nalbuphine were not tested due to
solubility limitations. In contrast, butorphanol (middle panel,

squares) significantly antagonized U69,593’s diuretic effect

in males but not in females [Sex�Butorphanol dose:

F(5,90) = 5.02, P < .001]. It should be noted, however, that

in females the effect of butorphanol alone was comparable to

the effect of U69,593 alone; thus, antagonism could not be

observed in females. (� )-Pentazocine (bottom panel,

squares) dose-dependently but only weakly antagonized

U69,593’s diuretic effect in both sexes [Pentazocine dose:

F(4,32) = 4.65, P=.005 (males); F(4,32) = 2.80, P=.05

(females)], although individual points were not significantly

different from control.

The ability of butorphanol and (� )-pentazocine to attenu-

ate the diuretic effects of U69,593 could be due to (a) their

competitive binding at the receptor at which U69,593 acts

(pharmacological antagonism, presumably at the kappa



Fig. 3. Antagonism of the diuretic effects of nalbuphine (top panel), butor-

phanol (middle panel) and (� )-pentazocine (bottom panel) by the kappa and

mu receptor-selective antagonists nor-BNI and b-FNA in male vs. female

rats. Rats were normally hydrated; antagonists were administered subcuta-

neously 24 h pretest and agonists were administered subcutaneously

immediately pretest, and urine was measured at 2 h. Doses shown on

abscissae are in mg/kg; ‘‘0’’= vehicle, ‘‘� ’’= no injection. Each bar is the

mean ± 1 S.E.M. of five to nine rats; saline and antagonist-alone values in

each panel are the same data. * Significantly different from same-sex 0–0

controls; ySignificant antagonism relative to same-sex agonist-alone (0–30,

0–10, 0–30), P�.05, Dunnett’s.

Fig. 4. Kappa antagonist effects of three mixed-action opioids in female (F)

vs. male (M) rats. Rats were normally hydrated; each mixed-action agonist

was given alone (replotted from Fig. 1) or in combination with the high-

efficacy kappa receptor-selective agonist U69,593 (0.56mg/kg sc); urine was

measured at 2 h. Each point is the mean ± 1 S.E.M. of 5–10 rats.

* Significantly different from same-sex 0–0 controls, P�.05, Dunnett’s.
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opioid receptor), or (b) their antidiuretic effects (functional

antagonism, presumably mu receptor-mediated). To test the

latter possibility, rats were pretreated with the mu receptor-

selective antagonist b-FNA, to determine whether blocking

any mu-mediated, antidiuretic effects of butorphanol and

(� )-pentazocine would eliminate their antagonism of

U69,593-induced diuresis. Fig. 5 (top panel) shows that in

male rats—the only sex in which butorphanol antagonized

U69,593—pretreatment with b-FNA did not eliminate butor-

phanol’s antagonism of U69,593 [Butorphanol�U69,593:

F(1,62) = 63.64, P < .001; no Butorphanol�U69,593� b-
FNA interaction]. Pretreatment with b-FNA did appear to
attenuate (� )-pentazocine’s antagonism of U69,593 in both

sexes; however, because (� )-pentazocine’s antagonism of

U69,593 was only marginally significant, reversal of this

effect was difficult to demonstrate. Fig. 5 (bottom) illustrates

b-FNA’s apparent but nonsignificant reversal of (� )-penta-

zocine’s antagonism of U69,593 in female rats.

3.4. Mu agonist/antagonist effects of mixed-action opioids

To examine mu agonist/antagonist effects of nalbuphine,

butorphanol and (� )-pentazocine, each opioid was exam-

ined alone and in combination with the high efficacy, mu-

selective agonist fentanyl, using a 1-h test in water-loaded

rats. Fig. 6 shows that 0.056 mg/kg fentanyl alone (triangles

above ‘‘saline’’) almost completely abolished urination in



Fig. 5. Reversal of the kappa antagonist effects produced by butorphanol (top

panel) and (� )-pentazocine (bottom panels) by the mu receptor-selective

antagonist b-FNA. Rats were normally hydrated, b-FNAwas administered 24

h pretest and the agonists were administered immediately pretest; urine was

measured at 2 h. Doses shown on abscissae are in mg/kg. Each bar is the

mean ± 1 S.E.M. of 5–11 rats. * Significant antagonism relative to U69,593

alone within the same b-FNA condition, P�.05, Dunnett’s.

Fig. 6. Mu antagonist effects of three mixed-action opioids in female (F) vs.

male (M) rats. Rats were water-loaded, each mixed-action opioid was given

in combination with saline or the high-efficacy mu receptor-selective agonist

fentanyl (0.056 mg/kg sc); urine was measured at 1 h. Each point is the

mean ± 1 S.E.M. of 8–10 rats. * Significantly different from same-sex 0–0

controls, P�.05, Dunnett’s; ySignificantly different from males within same

fentanyl condition, P�.05, SNK.
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water-loaded rats (compare to circles above ‘‘saline’’), with

no significant sex differences. Nalbuphine given alone (top

panel, circles) did not significantly decrease urination in

females or males. When given in combination with fentanyl

(triangles), nalbuphine dose-dependently blocked fentanyl’s

antidiuretic effect in both sexes [Nalbuphine dose� Fentanyl

dose: F(4,140) = 10.85, P < .001]. Nalbuphine + fentanyl-

treated females urinated more than their male counterparts

[Sex: F(1,17) = 5.21, P=.036], with post hoc tests revealing a

significant difference only at 30 mg/kg nalbuphine, which

completely blocked fentanyl-induced antidiuresis in females

only.

Fig. 6 (middle panel) shows that when given alone

(circles), butorphanol decreased urination primarily in

males; when combined with fentanyl (triangles), butorpha-

nol dose-dependently blocked fentanyl’s antidiuretic effect

in rats of both sexes [Butorphanol dose� Fentanyl dose�
Sex: F(5,170) = 3.25, P=.008]. Given alone, butorphanol’s

antidiuretic effect was maximal in males at 3–10 mg/kg,

doses that did not significantly affect urination in females

[Butorphanol Dose� Sex: F(5,85) = 5.49, P < .001]. The
antidiuretic effect of 3.0 mg/kg butorphanol in males was

completely blocked by pretreatment with the mu-selective

antagonist b-FNA [t(1,13) =� 3.58, P=.003; data not

shown]. Given in combination with fentanyl, butorphanol’s

antagonist effect was significant at 3–10 mg/kg in both

sexes [Butorphanol dose: F(5,85) = 10.16, P < .001].

Fig. 6 (bottom panel) shows the effects of (� )-pentazo-

cine given alone and in combination with fentanyl in males

vs. females. Similar to butorphanol, (� )-pentazocine given

alone (circles) dose-dependently decreased urination only in

males. When given in combination with fentanyl (triangles),

(� )-pentazocine antagonized fentanyl’s antidiuretic effect

in both sexes [Pentazocine dose� Fentanyl dose� Sex:

F(4,128) = 3.65, P=.007]. Given alone, (� )-pentazocine’s
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antidiuretic effect was maximal in males at 10–30 mg/kg,

doses that tended to increase urination in females [Pentazo-

cine dose� Sex: F(4,64) = 3.47, P=.013]. The antidiuretic

effect of 10 mg/kg (� )-pentazocine in males was com-

pletely blocked by the mu-selective antagonist b-FNA
[t(1,13) =� 3.16, P=.008; data not shown]. When combined

with fentanyl, (� )-pentazocine’s antagonist effect was max-

imal at 10–30 mg/kg and similar in males and females

[Pentazocine dose: F(4,64) = 5.79, P < .001].

The ability of nalbuphine, butorphanol and (� )-penta-

zocine to attenuate the antidiuretic effects of fentanyl could

be due to (a) their competitive binding at the receptor at

which fentanyl acts (pharmacological antagonism, presum-

ably at the mu opioid receptor), or (b) their diuretic effects

(functional antagonism, presumably kappa receptor-medi-

ated). To test the latter possibility, rats were pretreated with

the kappa receptor-selective antagonist nor-BNI, to deter-

mine whether blocking the kappa receptor-mediated diuretic

effects of the mixed-action opioids would eliminate their

ability to antagonize fentanyl’s antidiuretic effect. Fig. 7 (top
Fig. 7. Reversal of the mu antagonist effects produced by nalbuphine (top panels)

kappa receptor-selective antagonist nor-BNI in male vs. female rats. Nor-BNI w

loaded rats immediately pretest; urine was measured at 1 h. Each bar is the mean ±

(0–0.056) controls within the same nor-BNI condition, P�.05, Dunnett’s.
panels) shows that in both male and female rats, pretreatment

with nor-BNI did not alter nalbuphine’s antagonism of

fentanyl [Males, Nalbuphine� Fentanyl: F(1,58) = 24.38,

P < .001, no Nalbuphine� Fentanyl� nor-BNI interaction;

Females, Nalbuphine� Fentanyl: F(1,53) = 13.58, P < .001,

no three-way interaction]. In contrast, Fig. 7 (middle panels)

shows that pretreatment with nor-BNI eliminated butorpha-

nol’s antagonism of fentanyl in males but not in females

[Males, Butorphanol� Fentanyl� nor-BNI: F(2,94) = 4.68,

P=.012; Females, Butorphanol� Fentanyl: F(2,99) = 5.32,

P=.006, no three-way interaction]. Nor-BNI pretreatment

also revealed a mu agonist-like (antidiuretic) effect of 3.0

mg/kg butorphanol in female rats, although this effect was

not statistically significant in the overall analysis.

Similar to nalbuphine, (� )-pentazocine’s antagonism of

fentanyl was not significantly altered by pretreatment with

the kappa antagonist nor-BNI in males or in females (Fig. 7,

bottom panels) [Males, Pentazocine� Fentanyl: F(1,52) =

11.10, P=.002; Females, Pentazocine� Fentanyl: F(1,54) =

4.10, P=.048; no three-way interactions].
, butorphanol (middle panels) and (� )-pentazocine (bottom panels) by the

as administered 24 h pretest, and the agonists were administered to water-

1 S.E.M. of 4–10 rats. * Significant antagonism relative to fentanyl alone
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4. Discussion

Table 1 summarizes the evidence for mu and kappa

receptor-mediated effects of the three mixed-action opioids

in male vs. female rats in the present study. All three mixed-

action opioids produced kappa receptor-mediated agonist

effects in both sexes, and two of three opioids (butorphanol

and (� )-pentazocine) appeared to produce mu receptor-

mediated agonist effects only in males. Only butorphanol

produced clear kappa receptor-mediated antagonist effects,

and this was observed only in males. In contrast, all three

mixed-action opioids produced mu receptor-mediated ant-

agonist effects: nalbuphine and (� )-pentazocine in both

sexes, butorphanol only in females. These data suggest that

(1) nalbuphine has intermediate efficacy at kappa receptors

and low efficacy at mu receptors in both male and female

rats, although its efficacy at mu receptors is somewhat

greater in males than in females; (2) butorphanol has higher

efficacy at kappa receptors in females than in males, and

perhaps higher efficacy at mu receptors in males than in

females; and (3) (� )-pentazocine has intermediate to low

efficacy at kappa receptors in both sexes, and higher efficacy

at mu receptors in males than in females. The present study

therefore demonstrates that sex differences in the effects of

some mixed-action opioids may be due to differential activ-

ity at mu or kappa receptors.

The characterization of nalbuphine as a relatively low

efficacy mu agonist in rats of both sexes corroborates

previous studies showing that nalbuphine is a relatively

low efficacy mu agonist in pigeons, rats, monkeys and

humans tested in a variety of procedures (Picker and Dyk-

stra, 1989; Walker et al., 1993; Gerak et al., 1994; Zacny et

al., 1997; Morgan et al., 1999; Jones et al., 1999). The

present results also agree with previous studies showing that

nalbuphine has kappa receptor-mediated effects in pigeons,

rats and monkeys, although its efficacy is relatively low such

that it often acts as an antagonist rather than as an agonist at

kappa receptors (Dykstra, 1990; Leander, 1983b; Gerak et

al., 1994; Holtzman and Steinfels, 1994; Smith and Picker,
Table 1

Summary of evidence for mu and kappa agonist/antagonist effects of three mixed

Nalbuphine Butorpha

Kappa partial agonist? Yes (M and F):

produced nor-BNI-reversible diuresis

Yes (M a

produced

Kappa antagonist? No (M and F):

no block of U69,593 diuresis

Yes (M o

blocked

not b-FN
Mu partial agonist? No (M and F): no antidiuresis Yes (M o

produced

Mu antagonist? Yes (M and F): blocked

fentanyl antidiuresisc;

not nor-BNI-reversible

Yes (F o

blocked

not nor-B

a (� )-Pentazocine-induced diuresis also appeared to be mediated in part by m

significantly antagonized by nor-BNI in females, although naltrexone was effecti
b b-FNA appeared to reverse (� )-pentazocine’s antagonism of U69,593, but
c The highest dose of nalbuphine antagonized fentanyl to a significantly grea
1995; Brandt and France, 1996). In humans, there is little

direct evidence available for examining kappa receptor

mediation of nalbuphine’s effects; however, a recent study

indicates that nalbuphine also has relatively low efficacy at

the human kappa opioid receptor (Remmers et al., 1999).

The only significant sex differences in nalbuphine’s effects

in the present study were in the degree to which it antago-

nized fentanyl: nalbuphine antagonized fentanyl more com-

pletely in females than in males, suggesting that it has lower

efficacy at the mu receptor in females than in males. This sex

difference has been suggested previously in studies in which

nalbuphine was a less efficacious antinociceptive agent in

female than in male rats and monkeys (Negus and Mello,

1999; Cook et al., 2000; Craft and Bernal, 2001).

The present study demonstrates that butorphanol also

produced effects via mu and kappa receptor activation, with

some sex differences. Butorphanol produced nor-BNI-

reversible diuresis in rats of both sexes. However, butorpha-

nol-induced diuresis was significantly greater in females

than in males under the water-loaded condition (2-h test),

suggesting that butorphanol has greater efficacy at kappa

receptors in females, and/or greater efficacy at mu receptors

in males. In the 1-h test optimal for assaying mu agonist

effects (Huidobro, 1978; Leander, 1983b; Soulard et al.,

1996), butorphanol suppressed urination (in a b-FNA-revers-
ible manner) in males but not in females. It should be noted

that butorphanol probably possesses some mu agonist

activity in females: when kappa receptors were blocked by

nor-BNI, 3.0 mg/kg butorphanol did suppress urination

somewhat in females (Fig. 7). This result suggests that

butorphanol’s kappa agonist (diuretic) effects may mask its

mu agonist (antidiuretic) effects in females, even in the 1-h

test. However, whereas butorphanol antagonized the anti-

diuretic effect of fentanyl in both sexes, this antagonism was

reversed by nor-BNI in males, suggesting that it was mu

receptor-mediated only in females. Taken together, these

results indicate that, similar to nalbuphine, butorphanol has

greater efficacy at the mu receptor in males than in females.

Butorphanol also antagonized the diuretic effects of U69,593
-action opioids in male (M) and female (F) rats

nol (� )-Pentazocine

nd F):

nor-BNI-reversible diuresis

Yes (M and F):

produced nor-BNI-reversible diuresisa

nly):

U69,593 diuresis;

A-reversible

No (M and F):

weakly blocked U69,593 diuresisb

nly):

b-FNA-reversible antidiuresis

Yes (M only):

produced b-FNA-reversible
antidiuresis

nly):

fentanyl antidiuresis;

NI-reversible

Yes (M and F):

blocked fentanyl antidiuresis;

not nor-BNI-reversible

echanisms other than kappa receptor activation: its diuretic effect was only

ve in both sexes.

this effect was not statistically significant (see Fig. 5).

ter extent in females than in males.
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in males but not in females. This antagonismwas not reversed

by b-FNA, suggesting that butorphanol has lower efficacy at

kappa receptors in males than in females. One limitation is

that in females, butorphanol produced as much urination as

U69,593 did, making it difficult to observe antagonism of

U69,593. These results extend previous studies showing that

butorphanol may act as an agonist or antagonist at both mu

and kappa receptors in (primarily male) rats, monkeys and

humans (Dykstra, 1990; Zacny et al., 1994; Greenwald and

Stitzer, 1998; Wongchanapai et al., 1998; Vivian et al., 1999;

but see Butelman et al., 1995). Previous studies comparing

butorphanol’s analgesic effects in male and female animals

also showed that it had greater efficacy in males (Negus and

Mello, 1999; Cook et al., 2000; Craft and Bernal, 2001), but

activity at mu vs. kappa receptors was not compared. The

present study suggests that butorphanol has relatively greater

efficacy at mu receptors and lesser efficacy at kappa receptors

in males than in females.

The third mixed-action opioid examined, (� )-pentazo-

cine, also produced some sex-dependent effects on the

diuresis assay. (� )-Pentazocine dose-dependently increased

urination in both sexes, to a similar extent. Nor-BNI was at

least partially effective in blocking this diuresis, suggesting

that (� )-pentazocine has some efficacy at kappa receptors.

(� )-Pentazocine also weakly blocked the diuretic effects of

U69,593. However, this antagonist effect appeared to be

reversed by blocking mu receptors with b-FNA, suggesting
that (� )-pentazocine was not a ‘‘pharmacological’’ kappa

antagonist. When tested for mu agonist effects (1-h test),

(� )-pentazocine decreased urination (in a b-FNA-reversible
manner) only in males, the same sex difference observed

with butorphanol. (� )-Pentazocine also blocked fentanyl’s

antidiuretic effect (and this antagonism was not reversed by

nor-BNI) in both sexes, suggesting that (� )-pentazocine has

relatively low efficacy at mu receptors. Taken together, these

results suggest that (� )-pentazocine has relatively low

efficacy at mu receptors in both sexes, but greater efficacy

in males than in females. These results corroborate previous

studies showing that pentazocine acts as a mu and/or kappa

agonist/antagonist in (primarily male) mice, rats, monkeys

and humans (Suzuki et al., 1991; Chien and Pasternak, 1995;

Jasinski et al., 1970; Picker et al., 1992; Zacny et al., 1998;

but see Dykstra, 1990). One previous study also demonstra-

ted that (� )-pentazocine had greater analgesic efficacy in

male than in female rats (Craft and Bernal, 2001), but

activity at mu vs. kappa receptors was not examined. The

present study suggests that (� )-pentazocine has greater

efficacy at mu receptors in males, but similar efficacy at

kappa receptors in males and females. It should also be noted

that there may be sex differences in (� )-pentazocine’s

effects at receptors other than mu and kappa (or other than

opioid), since nor-BNI did not completely antagonize diur-

esis in males. The fact that naltrexone antagonized (� )-

pentazocine-induced diuresis in both sexes suggests that

there may be a delta receptor-mediated component to this

drug’s diuretic effect. Sigma agonist effects of pentazocine
also have been reported (e.g., Chien and Pasternak, 1995);

sex differences in sigma agonist effects have not been ex-

amined.

Nalbuphine, butorphanol and pentazocine are commonly

used to treat moderate clinical pain. Contrary to many studies

in animals, one laboratory has demonstrated that these

opioids are more potent and in some cases more effective

in women than in men, against postdental-surgery pain (Gear

et al., 1996a,b, 1999, 2000). It has been postulated that these

mixed-action opioids produce greater analgesia in women

because they produce greater kappa receptor-mediated activ-

ity in women than in men (e.g., Miaskowski and Levine,

1999; Gear et al., 2000). The present results indicate that

butorphanol indeed may have greater efficacy at kappa

receptors in females than in males. However, the other two

drugs did not have differential kappa receptor-mediated

activity in males and females; therefore this feature alone

is unlikely to explain sex differences in the effects of all three

drugs. In contrast, all three drugs appeared to have greater

efficacy at mu receptors in males than in females. It is not

known to what extent the mu vs. kappa receptor-mediated

effects of these drugs contributes to analgesia in humans. In

animals, antagonism studies indicate that their antinocicep-

tive effects are predominantly mu receptor-mediated—

although it should be noted that most of these studies have

been conducted in male animals only. In humans, studies of

the subjective, physiological and psychomotor effects of

these mixed-action opioids demonstrate that at analgesic

doses, nalbuphine is very similar to morphine, a more

selective mu agonist (Zacny et al., 1997), whereas butorpha-

nol and pentazocine produce both morphine-like effects and

other effects that may be kappa-like (e.g., dysphoria, psy-

chomotor impairment) (Zacny et al., 1994; 1998; Walker et

al., 2001). Future studies using antagonist approaches will be

needed to confirm whether the mechanisms of action of these

opioids in humans are as similar to those in animals as they

appear to be from the existing data.

The present study, which is the first to explicitly compare

both mu and kappa receptor-mediated activity of mixed-

action opioids in males vs. females, suggests that there are

sex differences in (1) the relative efficacy of all three mixed-

action opioids at mu receptors, with greater efficacy in

males than in females, and (2) the relative efficacy of

butorphanol at kappa receptors, with greater efficacy in

females than in males. One limitation that should be noted

for cases in which the mixed-action opioids did not sig-

nificantly antagonize higher efficacy agonists is that the

doses of each mixed-action agonist examined may not have

been high enough to occupy sufficient numbers of receptors.

Also, this assay may not have been sensitive enough to

detect low-efficacy mu agonist effects (e.g., of nalbuphine).

Finally, it is also possible that the apparent sex differences in

opioid efficacy observed in this study actually reflect sex

differences in the affinity of the mixed-action opioids for the

various opioid receptors, or the opioids’ mu vs. kappa

receptor selectivity.
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