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Abstract

Kappa opioid receptor (KOR) agonists such as U-50488H and bremazocine are analgesics and
diuretics. In monkeys, the selective KOR antagonist, nor-binaltorphimine (nor-BNI), produces a
long-lasting antagonism of the antinociceptive effects of U-50488H but not those of bremazocine,
suggesting that KOR-mediated antinociception may occur through two distinct KORs. The aim of
this study was to characterize the antagonist effect of nor-BNI against the diuretic effects of
U-50488H and bremazocine in monkeys. Urine outputs were collected over 3 h subsequent to i.m.
administration of KOR agonists. Both U-50488H (0.032-1 mg/kg) and bremazocine (0.00032-0.01
mg/kg) dose-dependently increased urine output and the diuretic effect reached a plateau at higher
doses. The maximum effect of either U-50488H or bremazocine was approximately 15 ml/kg/3 h of
urine. Pretreatment with intracisternal nor-BNI 0.32 mg significantly blocked both U-50488H (0.18
mg/kg)- and bremazocine (0.0032 mg/kg)-induced diuresis for 20 weeks. However, the same dose
of nor-BNI 0.32 mg given subcutaneously was not effective. These results demonstrate that central
KOR mediate KOR agonist-induced diuresis in monkeys. More important, this study provides
functional evidence for a homogenous population of KOR underlying KOR-mediated diuresis and
illustrates a unique pharmacological profile of nor-BNI-induced ultra-long KOR antagonism in vivo.
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1. Introduction

Activation of kappa opioid receptors (KORs) produces several physiological functions such
as antinociception [9,24], diuresis [8,21,22], hormonal regulation [6,17,20], and
neuroprotection [35]. The function of KORs is particularly intriguing because, like mu opioid
receptors (MORSs), KOR agonists have antinociceptive effects [8,9,14], but KOR agonists
possess several actions opposite to MOR agonists [26]. For example, MOR agonists stimulate
dopamine release, whereas KOR agonists decrease dopamine release [33,36]. MOR agonists
provoke itch sensation, whereas KOR agonists inhibit itch sensation [18]. In addition, selective
KOR agonists do not have MOR-mediated side effects such as constipation and respiratory
depression. KOR agonists have their own side effects (e.g., dysphoria) [27], although their
relevance in actual therapeutic conditions has not been widely studied in primates.

Studies of KOR-mediated antinociception in non-human primates have raised the possibility
that there are KOR subtypes that modulate this effect. Based on antagonist studies in monkeys,
it has been suggested that KOR agonists such as U-50488H produce antinociception through
KOR-1, whereas other KOR agonists such as bremazocine produce this effect through KOR-2
[4,5,14]. The distinction between KOR-1 and KOR-2 agonists is drawn primarily from in vivo
observations of a differential potency of a KOR antagonist, nor-binaltorphimine (nor-BNI),
and other opioid antagonists such as naltrexone. For example, subcutaneous (s.c.)
administration of nor-BNI antagonizes the antinociceptive effect of U-50488H, but not
bremazocine [4]. Both nor-BNI and naltrexone have differential affinities for KOR-1 versus
KOR-2 binding sites in the cortical membranes of monkeys [5,14]. However, some studies
have shown that nor-BNI is equally effective in antagonizing effects produced by various KOR
agonists and suggest that U-50488H and bremazocine activate G-proteins through the same
receptor [7,10,29]. Currently, only one type of KOR has been cloned and it appears to resemble
the KOR-1 [31,38]. Thus, additional functional studies are needed to understand the possible
relevance in vivo of apparent KOR subtypes. In particular, it is not clear whether the differential
ability of nor-BNI to antagonize KOR agonists is retained across different in vivo assays in
monkeys.

KOR agonists are the only opioid receptor agonists that produce diuresis [21,22]. Several
studies in rodents have reported that the KOR-mediated diuretic effect is due mainly to
inhibition of vasopressin release from the neurohypophysis [22,25,37]. Studies in primates also
suggest the involvement of vasopressin in the diuretic effects of KOR agonists [1,19] as well
as the presence of KOR in relevant hypothalamic nuclei [28,32]. Although one study suggests
that KOR agonist-induced diuresis is mediated partially in the periphery [30], most studies
indicate that the diuretic effect of KOR agonists is mediated primarily in the central nervous
system (CNS) [3,12,21]. However, it is not known whether there are KOR subtypes involved
in KOR-mediated diuresis or whether the effect is mediated through central KORs in primates.

In a previous study [16], we used intracisternal (i.c.) administration of nor-BNI to distinguish
central from peripheral KOR-mediated antinociception and to distinguish central KOR-1 and
KOR-2 antinociception in monkeys. Pretreatment with i.c. nor-BNI 0.32 mg, which is a
systemically inactive dose, significantly blocked antinociception induced by systemically
administered U-50488H for 5 weeks. In contrast, the same dose of i.c. nor-BNI failed to block
bremazocine-induced antinociception [16]. The aim of the current study was to characterize
central antagonism of KOR agonist-induced diuresis by using i.c. nor-BNI administration. In
this study, we compared the effectiveness of i.c. nor-BNI 0.32 mg in blocking U-50488H- and
bremazocine-induced diuresis and measured the duration of any antagonism observed in
monkeys.
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2. Materials and methods
2.1. Subjects

Twelve adult male and female rhesus monkeys (Macaca mulatta) with body weights ranging
between 5.1 and 10.8 kg were used. They were housed individually with free access to water
and were fed approximately 25 to 30 biscuits (Purina Monkey Chow; Ralston Purina, St. Louis,
MO, USA) and fresh fruit daily. All monkeys were housed in facilities accredited by the
American Association for the Accreditation of Laboratory Animal Care. The studies were
conducted in accordance with the University Committee on the Use and Care of Animals in
the University of Michigan and the Guide for the Care and Use of Laboratory Animals (National
Academy Press, Washington DC, revised 1996).

2.2. Procedure

Urine outputs were collected over 3 h (typically between 9:30 a.m. and 12:30 p.m.) subsequent
to the intramuscular (i.m.) administration of KOR agonists. Monkeys were fed after the
collection period. Doses of U-50488H (0.032-1 mg/kg) and bremazocine (0.00032-0.01 mg/
kg) were chosen based on previous studies indicating that they were behaviorally active doses
[8,9,14]. A single dosing procedure was used in all sessions. Urine measurements were
performed in the home cage of each monkey with a clean cage pan placed under the grid floor.
In agonist dose— effect curve studies, all monkeys (n=8) received the vehicle and doses of i.m.
U-50488H and bremazocine that were given in a random order. Each experimental condition/
dose was repeated twice except in the antagonist study. Drug doses were typically given once
per week. Occasionally, a drug dose was given twice per week with at least a 3-day interval
between drug administrations.

In the antagonist studies, one group of six monkeys received i.c. nor-BNI (0.32 mg) and another
group of five monkeys received i.c. vehicle (saline 1 ml). The diuretic effects of U-50488H
(0.18 mg/kg) and bremazocine (0.0032 mg/kg) were determined before and after the
pretreatment. These doses of KOR agonists were chosen because they were the smallest doses
that produced maximal diuretic effects in these monkeys. The selected doses of U-50488H and
bremazocine were given on alternate weeks. The first injection for both groups was of
U-50488H and it was given 24 h after the pretreatment. Urine collection measurements were
taken weekly after administration of KOR agonists for 25 weeks. In addition, the centrally
effective dose of nor-BNI, 0.32 mg, was given subcutaneously in the scapular region in a group
of six monkeys in order to compare the effect of nor-BNI by the i.c. and s.c. routes.

2.3. Data analysis

2.4. Drugs

Individual 3-h cumulative urine volumes for each session were determined as ml/kg/3 h based
on each monkey’s body weight and were used to calculate mean values (mean+S.E.M.). Data
from all experiments were analyzed by one-way analysis of variance (ANOVA) followed by
the Newman—Keuls test for multiple (post hoc) comparisons (P<0.05).

U-50488H HCI (Upjohn Company, Kalamazoo, MI, USA) and bremazocine HCI (Research
Biochemicals, Natick, MA, USA) were dissolved in sterile water. For i.m. or s.c.
administration, all compounds were administered at a volume of 0.1 ml/kg. For i.c.
administration, monkeys were anesthetized with ketamine HCI (10 mg/kg, i.m.) and the dorsal
upper neck/lower skull area was shaved and sterilized with Betadine. A spinal needle (22 gauge,
11/2 in. long, Becton Dickinson, Franklin Lakes, NJ, USA; 1 in.=2.54 cm) was inserted into
the cisterna magna by puncturing the skin and atlanto-occipital membranes. The position of
needle was confirmed by free flow of clear cerebrospinal fluid. A 1 ml solution of either nor-
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BNI (Sigma, St. Louis, MO, USA) in saline or saline alone was slowly infused through the
spinal needle in 30 s and monkeys were returned to their home cages.

Fig. Lillustrates the dose—response of the two KOR agonists for diuresis in monkeys. Vehicle-
treated monkeys produced approximately 6 to 23 ml of urine (i.e., 2.3+0.6 ml/kg) during the
3-h measurement period. U-50488H dose-dependently increased urine output [F(7,56)=27.8;
P<0.05]. Post hoc comparisons indicated that i.m. U-50488H (0.056-1 mg/kg) significantly
increased urine output. Bremazocine also dose-dependently increased urine output [F(7,56)
=13.7; P<0.05]. Post hoc comparisons indicated that i.m. bremazocine (0.001-0.01 mg/kg)
significantly increased urine output. The maximum urine output for the two compounds
appeared comparable at approximately 15 ml/kg/3 h. The smallest dose of U-50488H to
produce this maximum urine output was 0.18 mg/kg, and the smallest dose of bremazocine to
produce a maximum urine output was 0.0032 mg/kg. Male and female monkeys produced
similar amounts of urine under these conditions. The mean values of i.m. U-50488H (0.18 mg/
kg)-evoked urine output were 16.2 (mean)+2.6 (S.E.M.) ml/kg/3 h in male monkeys (n=4) and
14.9+1.6 ml/kg/3 h in female monkeys (n=4). The mean values of i.m. bremazocine (0.0032
mg/kg)-evoked urine output were 14.7+1.7 ml/kg/3 h in male monkeys (n=4) and 14.8+3.6 ml/
kg/3 h in female monkeys (n=4).

Fig. 2 illustrates the time—course of the antagonist effects of i.c. nor-BNI on U-50488H- and
bremazocine-induced diuresis. Pretreatment with i.c. vehicle did not change either U-50488H-
or bremazocine-induced diuretic effects (P>0.05). In contrast, pretreatment with i.c. nor-BNI
0.32 mg significantly blocked U-50488H-increased urine output [F(13,70)=8.5; P<0.05]. Post
hoc comparisons indicated that i.c. nor-BNI 0.32 mg blocked U-50488H-induced diuresis for
20 weeks (P<0.05). U-50488H-induced diuresis (4.3+0.7 ml/kg/3 h) on day 1 after nor-BNI
pretreatment is not shown in Fig. 2 for the sake of clarity.

Pretreatment with nor-BNI also significantly blocked bremazocine-increased urine output [F
(14,75)=7.7; P<0.05]. Post hoc comparisons indicated that i.c. nor-BNI 0.32 mg blocked
bremazocine-induced diuresis for 19 weeks (P<0.05). The average body weight of monkeys
did not significantly change throughout the study. The range of average body weights was from
7.9+0.7 to 8.7£0.8 kg during the course of the study. Fig. 3 illustrates a lack of antagonist effect
of s.c. nor-BNI on KOR agonist-induced diuresis. Pretreatment with s.c. nor-BNI 0.32 mg did
not change either U-50488H- or bremazocine-induced diuretic effects (P>0.05). Therefore, the
study was terminated 4 weeks following nor-BNI administration.

4. Discussion

The present study showed that both U-50488H and bremazocine dose-dependently produced
diuresis in monkeys. Pretreatment with i.c. nor-BNI significantly blocked both U-50488H- and
bremazocine-induced diuretic effects for approximately 20 weeks. However, the centrally
effective dose of nor-BNI, when given by s.c. route, was not effective in blocking the diuretic
effects of U-50488H and bremazocine. This study provides functional evidence for a
homogeneous population of central KOR-mediated diuresis in primates.

Highly detailed i.m. U-50488H and bremazocine dose— effect curves were established in the
diuresis endpoint in rhesus monkeys (Fig. 1). These doses of both compounds were active in
other behavioral assays in monkeys including drug discrimination, antinociception, and

sedation [4,9,14,16]. Both U-50488H and bremazocine produced diuresis in a dose-dependent
manner and that diuresis reached a plateau at higher doses. This suggests that U-50488H and
bremazocine are ‘pure’ KOR agonists and agrees with earlier reports in rats showing that KOR
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agonists without MOR agonist activity had sigmoidal dose—effect curves, whereas KOR
agonists with MOR agonist activity had inverted U-shaped dose—effect curves for diuresis
[21-23]. Both U-50488H and bremazocine were characterized as full KOR agonists in terms
of stimulation of [3S]GTPyS binding in a cell line expressing the human KOR [29,39]. In
addition, both compounds were able to produce full antinociception against a higher intensity
of noxious stimulus, 55 °C water, in which partial opioid agonists were not effective [4,9].
Taken together, these results indicate that U-50488H and bremazocine are full KOR agonists
with little or no MOR activation and both compounds produce comparable diuresis.

Pretreatment with i.c. nor-BNI 0.32 mg blocked U-50488H- and bremazocine-induced diuresis
for approximately 20 weeks (Fig. 2). To our knowledge, this is the longest duration of nor-
BNI-induced KOR antagonism measured in vivo. The results of the vehicle group show that
the factor of time and weekly agonist administration did not change the diuretic effects of the
KOR agonists in monkeys and that tolerance did not develop. It is well known that systemic
or central administration of nor-BNI produces a long-lasting KOR antagonism across different
in vivo assays and species [2,4,10,11]. For example, pretreatment with i.c.v. nor-BNI 1 nmol
antagonized KOR agonist-induced antinociception for 4 weeks in mice [10]. There are few
studies that elucidate the mechanisms underlying this unique pharmacological profile of nor-
BNI-induced long-term antagonism. It has been speculated that either nor-BNI is resistant to
metabolism or nor-BNI may produce conformational changes in KOR. A recent study reported
that nor-BNI was detected in mouse brain homogenates for 21 days using high-performance
liquid chromatography (HPLC) following a single injection of s.c. nor-BNI 30 mg/kg [13].

Pretreatment with i.c. nor-BNI 0.32 mg was equally effective in blocking U-50488H- and
bremazocine-induced diuresis (Fig. 2). This finding agrees with other reports demonstrating
that nor-BNI suppressed the diuretic activity of various KOR agonists including U-50488H
and bremazocine in rats [34]. More important, this finding is consistent with other studies
indicating that effects mediated by either U-50488H or bremazocine can be blocked by nor-
BNI [2,7,10,11]. As reported in a previous study, the same dose of i.c. nor-BNI blocked only
U-50488H-and not bremazocine-induced antinociception and sedation in monkeys [16]. The
insensitivity of KOR-2 agonists, such as bremazocine and GR89,696, to nor-BNI antagonism
in vivo was observed only in monkeys [4,6,16] and not in other species [2,10,11]. However,
we recently found that nor-BNI had the same potency in blocking the [3S]GTPyS binding
stimulated by both KOR-1 and KOR-2 agonists in the cortical membranes of monkeys
(unpublished observation). The present study is the first in primates showing lack of relative
nor-BNI selectivity for U-50488H versus bremazocine in vivo. Although KOR-1 and proposed
KOR-2 agonists may have differential sensitivity to opioid antagonists depending on assays
and species, both types of compounds are equally active in a variety of behavioral assays in
monkeys [4,6,8,9,15,16].

It is worth noting that 0.32 mg of i.c. nor-BNI used in this study is a very small dose compared
with systemically effective doses (e.g., 3.2-10 mg/kg) in monkeys [4,5]. In particular, this
centrally effective dose of nor-BNI, when given subcutaneously, was not effective in blocking
either U-50488H- or bremazocine-induced diuresis (Fig. 3). This observation supports the
notion that systemic administration of KOR agonists produces diuresis mainly through central
KOR activation [3,12,21]. One intriguing finding is that in monkeys the same dose of i.c. nor-
BNI 0.32 mg produced KOR antagonism of diuresis for 20 weeks, but only 5 weeks of KOR
antagonism of antinociception and sedation [16]. It is possible that the KOR population
required for producing antinociception and sedation is greater than that for diuresis. As noted,
the dose of U-50488H producing full antinociception is between approximately 1 and 3.2 mg/
kg [4,9,14,16] and the dose of U-50488H producing a maximum diuretic effect is 0.18 mg/kg.
In addition, the site of action of KOR-mediated diuresis (i.e., hypothalamus) may be more
localized and anatomically close to the cisternal injection of nor-BNI, whereas the site of KOR
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related to antinociception may be more diffuse throughout the CNS. It will be interesting to
characterize the time course of KOR changes in different neural substrates following a single
dose of i.c. nor-BNI in monkeys by using brain imaging techniques such as a positron emission
tomography (PET) scan.

In summary, the results of this study demonstrated central KOR-mediated diuresis of KOR
agonists in monkeys. Both U-50488H, a KOR-1 agonist, and bremazocine, a proposed KOR-2
agonist, produced diuresis through the same KOR population. The technique of i.c. nor-BNI
administration can be used further to study the role of central KOR in drug discrimination and
endocrine assays [6,9,17]. These studies will establish the pharmacological basis of central
KOR antagonism and facilitate our understanding of KOR in vivo pharmacology in primates.
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Fig. 1.

Effects of several doses of U-50488H and bremazocine on urine output in monkeys. Each value
represents the mean=S.E.M. (n=8). Abscissae: dose (mg/kg, i.m.). Ordinates: cumulative urine
output (ml/kg) over a 3-h period. The asterisk represents a significant difference from the
vehicle condition (* P<0.05).
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Fig. 2.

Time—course of the antagonist effect of i.c. nor-BNI on the diuretic effect of KOR agonists.
Each value represents the meantS.E.M. (n=5-6). Left panels show the effect of i.c. vehicle
(saline) pretreatment on the diuretic effects of U-50488H and bremazocine. Right panels show
the effect of i.c. nor-BNI 0.32 mg pretreatment on the diuretic effect of U-50488H and
bremazocine. BL (baseline) represents the diuretic effects of U-50488H (0.18 mg/kg, i.m.) or
bremazocine (0.0032 mg/kg, i.m.) before each group of monkeys received either vehicle or
nor-BNI pretreatment. The asterisk represents a significant difference from the BL condition

(* P<0.05).
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Fig. 3.

Lack of antagonist effect of s.c. nor-BNI on the diuretic effect of KOR agonists. Each value
represents the mean+S.E.M. (n=6). BL (baseline) represents the diuretic effects of U-50488H
(0.18 mg/kg, i.m.) or bremazocine (0.0032 mg/kg, i.m.) before monkeys received s.c. nor-BNI
0.32 mg pretreatment. There was no significant difference between each value.
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