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Nalbuphine, a mixed mu-/kappa-opioid analgesic, may have potential as a new medication for the treatment
of cocaine abuse. Kappa-opioid agonists functionally antagonize some abuse-related and locomotor effects of
cocaine, and both kappa-selective and mixed mu-/kappa-opioids reduce cocaine self-administration by
rhesus monkeys. Because cocaine's interactions with the hypothalamic-pituitary-adrenal and (HPA)
hypothalamic-pituitary-gonadal (HPG) axes may contribute to its reinforcing properties, we examined the
effects of cocaine alone and in combination with nalbuphine. Neuroendocrine effects of a single dose of

Ic(?::/igreds‘ cocaine alone (0.2 mg/kg, IV), with nalbuphine (5 mg/70 kg, IV)+cocaine (0.2 mg/kg, IV) in combination were
Nalbuphine compared in seven adult men (ages 18-35) who met DSM-IV criteria for current cocaine abuse. Cocaine
ACTH alone, and in combination with nalbuphine was administered on separate test days under placebo-
Cortisol controlled, double blind conditions. Cocaine stimulated ACTH, cortisol, and LH, whereas cocaine + nalbuphine
LH in combination produced a smaller increase in ACTH, and decreased cortisol and LH. Thus it appears that

nalbuphine attenuated cocaine's effects on ACTH, cortisol, and LH. These data are consistent with our earlier
report that nalbuphine modestly attenuated cocaine's positive subjective effects, and that the subjective and

cardiovascular effects of cocaine +nalbuphine in combination were not additive.

© 2008 Elsevier Inc. All rights reserved.

1. Background

Cocaine abuse continues to be a major public health problem, and
the adverse medical consequences of cocaine abuse and dependence
on cardiovascular, cerebrovascular, pulmonary, and immune func-
tion contribute to the social and economic costs (Mendelson and
Mello, 2008; SAMHSA, 2006). As yet, no effective pharmacotherapies
have been developed, but advances in understanding the neurobio-
logical bases of cocaine abuse have led to identification of some
novel pharmacological approaches to treatment. There is emerging
evidence from preclinical studies that the hypothalamic-pituitary-
adrenal (HPA) and hypothalamic-pituitary-gonadal (HPG) axes may
be important for cocaine's abuse-related effects (Goeders, 1997,
2002a,b). The intriguing possibility that rapid changes in anterior
pituitary,adrenal and gonadal hormonal levels may be related to
cocaine's reinforcing effects is suggested by clinical and preclinical
studies (see (Goeders, 1997, 2002a,b; Mello and Mendelson, 2002)
for review). For example, the IV cocaine-induced increase in
adrenocorticotropin hormone (ACTH) parallels increases in plasma
cocaine levels and reports of positive subjective effects (Mendelson
et al., 2002; Sholar et al., 1998).
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ACTH stimulation after cocaine administration has been consis-
tently observed in both humans and animals (see (Mello and
Mendelson, 2002) for review). Several lines of evidence suggest that
cocaine's effects on ACTH may reflect stimulation of endogenous
hypothalamic corticotropin-releasing factor (CRF). The amplitude of
ACTH pulsatile release is controlled by CRF, and the frequency of ACTH
pulses appears to reflect an intrinsic secretory rhythm of the anterior
pituitary corticotrophs (Carnes et al., 1990; Gambacciani et al., 1987;
Mershon et al., 1992). In preclinical studies, adrenalectomized rats did
not learn to self-administer cocaine, and pharmacological blockade of
corticosterone synthesis by metyrapone significantly decreased
cocaine self-administration (Goeders and Guerin, 1996). Moreover,
corticosterone administration facilitated cocaine self-administration
(Mantsch et al., 1998), and corticosterone levels after cocaine self-
administration sessions were cocaine dose-dependent (Goeders and
Guerin, 1996; Mantsch et al., 2000). Importantly, administration of
a CRF-1 antagonist decreased IV cocaine self-administration by rats
with minimal effects on food-maintained responding (Goeders and
Guerin, 2000).

Similarly, cocaine consistently stimulates LH release in male and
female subjects in numerous preclinical and clinical studies. For
example, significant IV cocaine-induced dose-dependent increases in
LH levels were observed in male rhesus monkeys (Mello et al., 2004,
1993b), early follicular phase female rhesus monkeys (Mello et al.,
1989, 1990a,b, 1993b), and cocaine abusers (Mendelson et al., 2003,
2001). Transient elevations in LH levels were observed in luteal phase
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rhesus monkeys and maximal effects occurred after repetitive cocaine
administration (Evans and Foltin, 2006). Incremental changes in LH
levels were documented under exogenous progesterone administra-
tion in ovariectomized rhesus monkeys (Mello et al.,, 2004). When
women were studied in both follicular and luteal phases of the
menstrual cycle, only a high cocaine dose significantly augmented LH
levels compared to baseline (Mendelson et al., 2001).

No changes in testosterone levels have been detected in clinical
studies after acute IV (Mendelson et al., 1989, 2003), intranasal
(Heesch et al., 1996), or chronic cocaine administration (Mendelson
et al,, 1988). However, persistent cocaine use was shown to negatively
affect sexual functioning in cocaine abusers and cocaine-dependent
individuals (Saso, 2002). In preclinical studies, the effects of cocaine
on testosterone have been inconsistent. For example, in rhesus mon-
keys, a 50% increase in testosterone levels from the average baseline
was observed after high dose IV cocaine administration (Mello et al.,
1993b). In another study, however, the same dose of IV cocaine did not
produce any significant changes in testosterone (Mello et al., 2004).
Similarly, no alterations in serum testosterone levels were observed
after a higher dose of i.p. cocaine administered acutely to male rats
(Walker et al., 2001). Acute high doses of i.p. cocaine were shown to
significantly increase serum testosterone levels with subsequent
significant serum testosterone decrement persisting for 2 h (Berul
and Harclerode, 1989). However, in another study, the same dose
of cocaine was shown to decrease testosterone levels in a single
administration (Festa et al., 2003). “Binge-like” patterns of cocaine
administration decreased testosterone levels in male rats (Festa et al.,
2003). Repetitive low dose, but not high dose, cocaine injections have
also been reported to elevate serum testosterone levels in male rats
(Rodriguez et al., 1992). However, testosterone levels declined
after chronic administration of high dose cocaine, and lighter weight
seminal vesicles and epididymis were documented in this group
(Berul and Harclerode, 1989). In another study, higher cocaine doses
administered IP in a “binge-like” pattern over a period of several
weeks also reduced plasma testosterone levels in rats (Sarnyai et al.,
1998). Significant damage to male gonads, including marked reduction
in testicular weight and seminiferous tubule size/diameter, were
observed beginning after two weeks of daily high dose IP cocaine
administration (Barroso-Moguel et al., 1994; Yang et al., 2006). In
cocaine-dependent population, a “ greater number of abnormal sperm,
lower sperm counts and instances of lower motility” were reported
(Bracken et al., 1990; George et al., 1996).

As discussed above, cocaine-induced hypogonadism in cocaine
abusers and dependent individuals may produce a significant impair-
ment in their daily lives. Therefore, restoring normal gonadal fun-
ctioning should be considered as one of the critical therapeutic
objectives while treating cocaine abuse/dependence. It is especially
important since gonadal steroids are known not only to regulate
reproductive function but also to exert a crucial influence on plasticity
and overall activity of CNS (Quifiones-Jenab, 2006). The existing
evidence in the literature suggests that cocaine interacts with sex
hormones on three major levels: via affecting steroids' secretion,
metabolism and clearance rates (Quifiones-Jenab, 2006), via alteration
of “rapid non-genomic mechanisms”, including “modulation of
extracellular monoamines and opioids” (Quifilones-Jenab, 2006;
Chen et al, 2003) and via slower genomic mechanisms, such as
synthesis of new proteins (early genes for e.g. c-fos, dynorphin and/or
late genes for e.g. opioid and monoamine receptors (Quifiones-Jenab,
2006). As a result, cocaine may significantly alter “biological and long-
term adaptive changes in neuronal function” and overall brain
plasticity as it was demonstrated in a number of preclinical studies
(Quifiones-Jenab, 2006; Chen et al., 2003; Chin et al., 2002; Quifiones-
Jenab et al., 2000a,b,c).

Major neurotransmitter systems are involved in pathogenesis of
cocaine abuse, such as dopaminergic, noradrenergic and serotoner-
gic (Johanson and Fischman, 1989; Dackis and Gold, 1988; Gawin,

1988; Kleber and Gawin, 1984; Woolverton and Johnson, 1992;
Spealman et al., 1992; Bergman et al., 1990; Millman, 1988). Inter-
estingly, HPA and HPG axes hormones are documented to share the
same modulatory monoaminergic mechanisms as most stimulants,
including cocaine (Weiner et al., 1988; Barraclough et al., 1984;
Taleisnik and Sawyer, 1986). These systems also play a vital role in
modulating HPA and HPG axes under stressful conditions. For
example, activation of the hypothalamic alpha-1 and beta-receptors
was reported to be stimulatory to CRF release, while stimulation of
alpha-2 receptors was shown to inhibit CRF levels (Plotsky et al.,
1989). Moreover, tyrosine-hydroxylase-positive terminals were
demonstrated to innervate both GnRH perikarya and dendrites in
the medial preoptic area of the hypothalamus. (Chen et al., 1989).
Additionally, stimulation or inhibition of LH release was observed
within catecholamine-GnRH axis (Rivier and Rivest, 1991). Specifi-
cally, stimulation of alpha-1 receptors was reported to be respon-
sible for a preovulatory LH surge (Condon et al., 1989), while
activation of the noradrenergic system resulted in either increase or
decrease of LH release depending on presence or absence of ste-
roids, respectively (Taleisnik and Sawyer, 1986). Therefore, poten-
tially “CRF could activate the noradrenergic system during stress”, in
turn acting “directly on GnRH neurons” (Rivier and Rivest, 1991).
Specifically, the locus coeruleus was reported to be a site of di-
rect stimulation of cathecholaminergic neurons by CRF (Rivier and
Rivest, 1991; Butler et al., 1990). Additionally, biphasic feedback of
HPG axis in response to stressful stimuli was documented as being
stimulatory under acute circumstances and inhibitory under chronic/
sufficient magnitude stress (Grey et al., 1978; Rivier and Rivest,
1991). Finally, evidence exists that the above-mentioned anti-repro-
ductive effects of EOPs are mediated via monoaminergic-dependent
pathways (Leadem et al., 1985, Gopalan et al., 1989; Johnson et al.,
1986). For example, it was documented that systemic injections of
mu-agonists such as morphine stimulated dopaminergic and sero-
tonergic systems in hypothalamus, while inhibiting hypothalamic
“norepinephrine concentrations and plasma LH levels” (Gopalan
et al., 1989; Rivier and Rivest, 1991). In contrast, selective kappa-
agonists such as tifluadom were shown to decrease LH levels but
increase “norepinephrine and 5-HT turnover” in the hypothalamus
(Gopalan et al., 1989; Rivier and Rivest, 1991). Furthermore, sero-
tonergic influence on the hypothalamus from the dorsal raphe
nucleus was documented to directly modulate 5-HT receptors on
GnRH neurons, possibly exerting an inhibitory influence on GnRH
secretion under acute stress (Assenmacher et al., 1987; Rivier and
Rivest, 1991).

The role of the HPA and HPG axes in the effects of medications
on cocaine's reinforcing effects is poorly understood. One approach to
the medication-based treatment of cocaine abuse has been to study
compounds that can modulate dopaminergic activity indirectly by
acting on other receptor systems, for example opioid analgesics.
Kappa-opioid agonists are one novel candidate medication for cocaine
abuse treatment. Opioid analgesics are classified as full agonists,
partial agonists, or mixed agonist-antagonists, depending on the
specific receptors to which they bind and their intrinsic activity at that
receptor. Full agonists do not have a ceiling to their analgesic efficacy
and will not reverse or antagonize the effects of other opioids within
this class given simultaneously. Partial agonists have relatively low
intrinsic efficacy at the opioid receptor in comparison to full opioid
agonists and display a ceiling effect to analgesia. Mixed agonist-
antagonists have an analgesic ceiling and block opioid analgesia at
one type of opioid receptor or are neutral at this receptor while
simultaneously activating a different opioid receptor.

Furthermore, as Archer et al. (1996) reported, “since both mu-
antagonists and kappa-agonists prevent dopamine release in nucleus
accumbens, these properties should be additive if present in one
compound”. For example, mixed mu-antagonist/kappa-agonists such
as L-cyclorphan and cyclazocine were suggested to be useful for
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treatment cocaine abuse in humans (Neumeyer et al., 2000a,b;
Preston et al., 2004; Archer et al., 1996).

In previous studies by our group, the mixed kappa-agonist/
mu-antagonist and analgesic nalbuphine produced significant and
sustained reductions in cocaine self-administration by rhesus
monkeys without altering food-maintained responding (Mello
et al., 1993a). Nalbuphine also produced dose-dependent down-
ward shifts in the cocaine self-administration dose-effect curve
(Negus and Mello, 2002). In clinical studies, nalbuphine attenu-
ated the positive subjective effects of cocaine, and had no additive
effects on cardiovascular measures (Mello et al., 2005). This study
was designed to examine the effects of nalbuphine on the phar-
macokinetic profile of cocaine and on cocaine-induced changes in
ACTH, cortisol, and LH. The present study was conducted under
double blind, placebo-controlled conditions in men who met DSM-IV
criteria for current cocaine abuse. Each subject was studied as his
own control across conditions.

2. Methods
2.1. Subjects

Seven male volunteers who fulfilled DSM-IV criteria for
current cocaine abuse (305.6) (American Psychiatric Association,
DSM-IV-TR, 2000) provided written informed consent for parti-
cipation in this study. All subjects were recruited via local
newspaper advertisements and were paid for their participation
as described in the Informed Consent Form. This study was ap-
proved by the Institutional Review Board of McLean Hospital.
Volunteers with any lifetime DSM-IV Axis I disorder other than
cocaine abuse and nicotine dependence (305.1) were excluded
(American Psychiatric Association, DSM-IV-TR, 2000). These
subjects had no history of any mental illness, including Axis II
personality disorders and were not functionally impaired in society.
Selected subjects had normal physical and laboratory screening
profiles, and were in good health. Subject confidentiality was
protected by a Confidentiality Certificate from the National Institute
on Drug Abuse (NIDA), and by compliance with Health Insurance
Portability and Accountability Act (HIPAA) health privacy re-
gulations. Particpants did not differ signficantly with respect
to age (26.14+/-1.58 years), body mass index (25.07+/-1.06),
education (13+/-0.69 years), and reported history of cocaine
abuse (6+/-0.9 years).

Subjects received 0.2 mg/kg of IV cocaine alone and in combination
with 5 mg/70 kg IV nalbuphine. Subjects received 0.2 mg/kg IV cocaine
alone and the same dose of cocaine in combination with 5 mg/70 kg IV
nalbuphine.

2.2. Rationale for drug dose selection

The analgesic potency of nalbuphine is essentially equivalent
to that of morphine and the usual recommended adult analgesic
dose is 5 mg/70 kg or 10 mg/70 kg (PDR, 2005). In normal healthy
volunteers, these doses of nalbuphine and morphine have been
shown to produce similar subjective and physiological effects (Zacny
et al., 1997). However, 10 mg/70 kg nalbuphine produced emesis and
sedation as previously reported by our group (Goletiani et al., 2007),
therefore, a lower dose of 5 mg/70 kg was used for all 7 subjects.
Nalbuphine doses of 5 or 6 mg/70 kg have proven to be safe and to
induce changes in positive subjective effects (e.g., High, Like Drug
Effects, Feel Drug Effect) (Preston and Bigelow, 2000; Zacny et al.,
1997). The cocaine dose of 0.2 mg/kg was determined to be safe and
tolerable. In previous studies, this dose induced changes in positive
subjective effects (e.g., High, Like Drug Effects, Feel Drug Effect) on
a Visual Analog Scale (VAS) as previously reported by our group
(Mendelson et al., 1998).

2.3. Nalbuphine dose preparation

The nalbuphine dose was prepared by diluting Nubain® (20 mg/ml,
Endo Pharmaceuticals Inc., Chadds Ford, PA) with 0.9% sterile saline.
The dose was based on body weight and is expressed as milligrams of
the salt weight per 70-kg body weight.

2.4. Cocaine hydrochloride dose preparation

Cocaine hydrochloride was acquired from the National Institute on
Drug Abuse in powder form and was dissolved in sterile water for the
intravenous injection by the McLean Hospital Pharmacy. Sterility was
ensured by passing the solution through a 0.22 pm Millipore filter and
subjecting it to a Limulus Amebocyte Lysate (LAL) test for detection of
gram negative bacterial endotoxins. The test kit is manufactured by
Whittaker Bioproducts, Walkersville, MD. The cocaine dose was
prepared immediately prior to the study and hand-delivered to the
Clinical Unit shortly thereafter.

2.5. Drug abstinence requirements

Subjects were tested for recent drug use before nalbuphine and
cocaine administration. On the morning of each study, subjects
provided a urine sample for analysis with the Triage® Drugs of Abuse
(DOA) Panel (Biosite Diagnostics, San Diego, CA). The Triage® DOA
Panel qualitatively detects the presence of the following drugs of
abuse (or their metabolites) in urine at the designated cut-off con-
centrations recommended by the Substance Abuse and Mental Health
Services Administration: phencyclidine (25 ng/ml), benzodiazepines
(300 ng/ml), benzylecgonine (a metabolite of cocaine) (300 ng/ml),
amphetamines (1000 ng/ml), tetrahydrocannabinol (50 ng/ml),
opiates (300 ng/ml), and barbiturates (300 ng/ml). No subject tested
positive for any of these drugs or metabolites. Subjects were also given
a breath alcohol test (Alco-Sensor IV, Intoximeters, Inc., St. Louis, MO)
to ensure that they had not been drinking alcoholic beverages
recently. Participants were asked to abstain from smoking and
caffeinated beverages after midnight prior to the study, however
caffeine abstinence was not independently confirmed. Subjects were
also asked not to eat food or drink any non-clear liquids for 4 h, and
not to drink clear liquids for 2 h before the study session. Carbon
monoxide (CO) levels were measured with a Vitalograph Breath CO
Monitor from Vitalograph, Inc. (Lenexa, KS) to assess compliance with
the smoking abstinence requirement. Subjects with a CO level above
10 ppm were excluded.

2.6. Experimental conditions

All studies were carried out on a clinical research ward used
exclusively for investigation of substance abuse. Only one subject
was studied on each experimental day, and studies were conducted at
approximately the same time on each morning. Subjects sat in a
comfortable chair in front of a computer that was used to collect
subjective responses during the test session. Subjective responses
(Mello et al., 2005) and physiological data were collected before and
after nalbuphine and cocaine administration. Each test session lasted
for 150 min.

Fifteen minutes after completion of the baseline subjective effects
questionnaire, nalbuphine (or placebo) was administered intrave-
nously over a 15-s interval into the subject's antecubital vein. Fifteen
minutes later, cocaine was administered intravenously as a bolus
over a 60-s interval into the subject's antecubital vein in the arm
opposite that used for the collection of samples for hormone analysis.
All men were studied in a semi-supine position, and heart rate, blood
pressure, and electrocardiograms (ECG) were continuously monitored
for 30 min prior to intravenous cocaine administration, as well as
throughout the study session, with a noninvasive patient monitor
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Effects of Cocaine and Nalbuphine and Cocaine in combination
on Plasma Cocaine
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Fig. 1. Plasma cocaine levels after i.v. administration of 5 mg/70 kg and 0.2 mg/kg
cocaine. Significant changes from baseline are indicated by daggers (}, P=0.005).

model (Scholar 1I/507E, Criticare Systems, Waukesha, WI). Systolic
and diastolic blood pressures were measured periodically at baseline,
as well as at 10, 20, 25, 30, 35, 40, 45, 60, 75, 105 and 135 min after
nalbuphine injection. Vital signs were monitored for at least 4 h after
completion of the study. A physician certified in cardiopulmonary
resuscitation was present during each study, and a cardiac defibrillator
and appropriate emergency treatment medications were located in
the study room.

2.7. Sample collection procedures

All samples for nalbuphine, cocaine, and hormone analysis
were collected from an intravenous catheter placed in the antecubital
vein of the arm opposite the arm used for nalbuphine and cocaine
injection. Baseline blood samples for analysis of serum drug levels
were collected 15 min before nalbuphine injection and 5 min before
cocaine administration. Samples for serum/plasma analysis of nalbu-
phine, cocaine, ACTH, cortisol, and LH were obtained 15 min prior to
nalbuphine administration, 10 min after nalbuphine administration,
5 min before cocaine administration and at 17,19, 23, 27, 31, 35, 40, 45,
60, 75,105, and 135 min after nalbuphine injection. Blood samples for
hormone analysis were collected in heparinized tubes, tubes con-
taining K3 EDTA (for ACTH analysis), and SST gel and clot activator
(for analysis of LH and cortisol). Blood samples for plasma cocaine
analysis were collected and transferred to heparinized Vacutainer
tubes containing sodium fluoride and ascetic acid (to prevent the
cocaine hydrolysis), which were immediately iced. After centrifuge,
the plasma was removed and frozen at -70 °C for cocaine and
endocrine analysis.

2.8. Assay procedures

2.8.1. Adrenocorticotropin hormone assay

Plasma ACTH was determined in duplicate by IRMA method using
Alegro kits (Cat. #: 40-2195) purchased from Nichols Institute
Diagnostics (San Juan Capistrano, CA). The assay sensitivity was
1.7 pg/ml and the intra- and interassay C.V.'s were 3.9% and 5.6%,
respectively.

2.8.2. Cortisol assay
Serum cortisol was determined in duplicate by the GammaCoat
RIA method, using kits (Cat. #: CA-1529) purchased from DiaSorin

Corporation (Stillwater, MN). The assay sensitivity was 0.2 pg/dl and
the intra- and interassay C.V.'s were 5.9% and 9.6%, respectively.

2.8.3. Luteinizing hormone assay

Serum LH was determined in a duplicate by a direct, double
antibody RIA method, using kits purchased from Incstar Corporation
(Stillwater, MN). The assay sensitivity was 9.2 ng/ml, and the intra-
and interassay coefficients of variation were 2.9 and 5.3%, respectively.

2.8.4. Testosterone assay

Serum total testosterone was determined n duplicate by Coat-A-Count
RIA method, using kits purchased from Diagnostic Products Corporation.
The e assay sensitivity was 2.3 ng/ml, and the intra- and interassay
coefficients of variation were 3.0 and 5.9%, respectively.

2.8.5. Serum nalbuphine analysis

Serum concentrations of nalbuphine were measured in duplicate
using a solid phase ELISA purchased from Neogen Corporation
(Lexington, KY), with nalbuphine hydrochloride dehydrate stan-
dard from Sigma-Aldrich (St. Louis, MO). The assay sensitivity was
0.06 ng/ml, and the intra- and interassay C.V.s were 5.4% and 6.5%,
respectively.

2.8.6. Plasma cocaine GC/MS analysis

Plasma cocaine levels were measured in duplicate using a
solid phase extraction method, described by SPEC Instruction
Manual by Ansys. Levels were determined by utilizing a Hewlett-
Packard Model 5890 Series Il gas chromatograph equipped with
a capillary column, and a Hewlett-Packard 5971 Series Mass
Selective detector (Abusada et al., 1993). The assay sensitivity was
10 ng/ml, and intra- and interassay C.V.' s of variations were 1.6%
and 4.6%, respectively.

2.8.7. Data analysis

Data were analyzed by using a two-factor repeated measure
ANOVA. If significant main effects were detected, one-way ANOVAs
were performed to identify the time points that differed signifi-
cantly from baseline within each group. Comparisons between the
effects of 0.2 mg/kg cocaine alone and in combination with 5 mg
nalbuphine/70 kg were also analyzed with ANOVA for repeated
measures.

Effects of Cocaine and Nalbuphine and Cocaine in combination on
ACTH

8 5 mg/70 kg Nalbuphine +0.2 mg/kg Cocaine
/\ 0.2 mg/kg Cocaine

5 mg/70 kg Nalbuphine
20.04 0.2 mg/kg Cocaine
17.5 ’ [ *

e *
o P i3
1255 %

ACTH (pmollL)
°
(-]

Fig. 2. Plasma ACTH levels after i.v. administration of 5 mg/70 kg nalbuphine and of 0.2 mg/kg
cocaine. Significant changes from the baseline are indicated by daggers (f, P=0.001-0.02).
Asterisks (*, P<0.05) indicate points at which ACTH levels differed between subjects who
received 0.2 mg/kg cocaine or a combination of 5 mg/70 kg nalbuphine and 0.2 mg/kg cocaine.
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3. Results
3.1. Cocaine plasma levels after cocaine alone and nalbuphine

When cocaine alone was administered, peak cocaine plasma
levels of 131+29.46 ng/ml were measured at 4 min (Fig. 1). When
cocaine was administered 15 min after pretreatment with nalbu-
phine, plasma cocaine levels were maximal within 4 min after
cocaine injection and averaged 130+28 ng/ml. However, at 2 min
after cocaine administration, plasma cocaine levels were signifi-
cantly higher after nalbuphine administration than after cocaine
alone (P=0.005). Plasma cocaine levels gradually decreased over
the remainder of the sampling period and averaged 19+4.4 ng/ml
at 135 min. The calculated half-life (t;/2) of cocaine in plasma was
49.4+7.7 min after nalbuphine administration. Importantly, pre-
treatment with nalbuphine did not affect cocaine pharmacokinetics.
Plasma cocaine levels gradually decreased over the sampling period
and averaged 29.0+1.7 ng/ml at 120 min after cocaine administra-
tion. The calculated half-life (t;2) of cocaine in plasma was 51.5+
6.1 min. No cocaine was detected in plasma after placebo-cocaine
injection.

3.2. Effect of cocaine and nalbuphine+cocaine combination on ACTH
levels

As shown in Fig. 2, cocaine alone (0.2 mg/kg IV) increased ACTH
significantly from baseline within 8 min. ACTH remained significantly
above baseline until 30 min after cocaine injection (P=0.001-0.02).
However, cocaine+nalbuphine in combination resulted in a lower
increase in ACTH, although the overall time course was similar
(Fig. 2).

3.3. Effect of cocaine and nalbuphine +cocaine combination on cortisol
levels

Cortisol increased significantly from baseline at 12 min after
0.2 mg/kg cocaine injection, and remained significantly above baseline
until 45 min after cocaine injection (P=0.001-0.02). After adminis-
tration of cocaine+nalbuphine in combination, cortisol decreased
significantly from baseline at 75,105 and 135 min post-nalbuphine IV
administration (P=0.007-0.03) (Fig. 3).

Effects of Cocaine and Nalbuphine and Cocaine in combination
on Cortisol

@ 5 mg/70 kg Nalbuphine +0.2 mg/kg Cocaine
/\ 0.2 mg/kg Cocaine
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Fig. 3. Plasma Cortisol levels after i.v. administration of 5 mg/70 kg nalbuphine and of
0.2 mg/kg cocaine. Significant changes from the baseline are indicated by daggers (f,
P=0.001-0.02). Asterisks (*, P<0.05) indicate points at which cortisol levels differed
between subjects who received 0.2 mg/kg cocaine or a combination of 5 mg/70 kg
nalbuphine and 0.2 mg/kg cocaine.

Effects of Cocaine and Nalbuphine and Cocaine in combination on Plasma
LH
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Fig. 4. Serum LH levels after i.v. administration of 5 mg/70 kg nalbuphine and 0.2 mg/kg
cocaine. Significant changes from the baseline are indicated by daggers (7, P<0.05).
Asterisks (*, P<0.05) indicate points at which LH levels differed between subjects who
received 0.2 mg/kg cocaine or a combination of 5 mg/70 kg nalbuphine and 0.2 mg/kg
cocaine.

3.4. Effect of cocaine and nalbuphine +cocaine combination on LH levels

LH increased significantly from baseline at 2 min after 0.2 mg/kg
cocaine injection to peak levels of 6.3 ng/ml. LH remained significantly
above baseline until 45 min post-cocaine injection (P=0.16-0.049). In
contrast, following administration of cocaine +nalbuphine, there was
a small increase in LH, followed by a significant decrease at 75, 105,
and 135 min after nalbuphine injection (P=0.02-0.04) (Fig. 4).

3.5. Effect of cocaine and nalbuphine +cocaine combination on serum
testosterone levels

Testosterone levels showed a slight, non-significant increase from
baseline levels of 570 nmol/L up to 135 min after 0.2 mg/kg cocaine
injection. There was a small decrease in testosterone at 135 min fol-
lowing administration of cocaine+nalbuphine, although this dif-
ference was also not significant. Overall, no significant change was
observed in testosterone levels after cocaine + nalbuphine in combina-
tion, or after cocaine alone (data not shown).

4. Discussion

This is the first clinical study to examine the interactions between
nalbuphine, a mixed mu-antagonist/kappa-agonist, and cocaine on
the HPA and HPG axes in male cocaine abusers. One major finding
was that the endocrine effects of cocaine alone were attenuated
by administration of nalbuphine +cocaine in combination. However,
cocaine's pharmacokinetic profile did not change after nalbuphine
administration. Cocaine stimulated release of ACTH, cortisol and
LH, whereas cocaine +nalbuphine in combination produced a mini-
mal increase in ACTH, and decreased cortisol and LH. The overall time
course for ACTH changes was similar after administration of
nalbuphine +cocaine in combination, and cocaine alone. In our
previous studies, using similar methodology, IV administration
of the vehicle alone did not result in a significant change in ACTH,
cortisol, or LH levels compared to baseline (Mendelson et al., 2002).
However, one limitation of the current study was that there was no
vehicle control condition. The endocrine effects of cocaine alone
were also consistent with our previous reports (Mendelson et al.,
2002).

The observed diminution of cocaine-related stimulation of the
HPA axis by nalbuphine is consistent with the hypothesis that
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stimulation of ACTH may be important for cocaine's reinforcing effects
(see (Goeders, 1997, 2002a,b; Mello and Mendelson, 2002) for review).
These data are also consistent with our previous clinical report that
nalbuphine attenuated cocaine's positive subjective effects in cocaine
abusers (Mello et al., 2005). Nalbuphine also selectively reduced
cocaine self-administration by nonhuman primates (Mello et al.,
1993a; Negus and Mello, 2002). Mixed mu-/kappa-agonists appear to
be more effective in selectively reducing cocaine self-administration
by rhesus monkeys than kappa-agonists alone (Bowen et al., 2003;
Mello and Negus, 2000).

The regulation of the HPA and the HPG axis is very complex, and
there is no simple explanation for the differences in the effects of
cocaine and cocaine +nalbuphine on ACTH, cortisol and LH. There are
many inconsistencies in the literature that further complicate inter-
pretation of these data. A summary of selected clinical and preclinical
studies follows.

4.1. Opioids and CRF/ACTH/cortisol

Several systems are involved in regulation of ACTH and cortisol
release. Adrenergic, serotonergic and muscarinic systems exert
predominantly stimulatory effects, whereas GABAergic system
exerts inhibitory effects in both humans and rodents (Al-Damluji et
al., 1987; Coiro et al., 1990; Fuller, 1992; Giordano et al., 2006; Rubin
et al., 2006). Hypothalamic control of ACTH release is mediated by
the secretion of corticotropin-releasing factor (CRH). CRH release is
in turn influenced by several systems/peptides, such as NPY,
angiotensin II, and opioids (Aguilera et al., 1995; Dimitrov et al.,
2007; Koenig, 1989; Suda et al., 1993). Endogenous opioid peptides
(EOPs) released as a stress defense (Amir et al., 1980) inhibit CRH
release into the hypothalamo-hypophyseal portal system, resulting
in downstream decrease in ACTH/cortisol release (Koenig, 1989;
Kuhn and Saltiel, 1986; Morley, 1983). This effect varies between
species.

Some controversy exists with respect to neuroendocrine
response/receptor specificity in preclinical studies. For example,
one study reported a tonic inhibition of CRF-secretion by beta-
endorphin (beta-E) and dynorphin (DYN), acting via mu- and
kappa-opioid receptors, respectively (Plotsky, 1986). In a later study,
the mu-agonist morphine and kappa-agonist MR-2034 significantly
stimulated ACTH release in rats (Pfeiffer et al., 1985). Dose-
dependent ACTH/corticosterone stimulation by morphine and
kappa-agonists MR-2034, MRZ 2549, and MR-2266BS was
also reported when these opioids were infused centrally and
peripherally to rats (Pfeiffer et al.,, 1985, 1987; Xu et al,, 1989). A
robust increase in ACTH secretion was found after a single injection
of morphine to a healthy rat (Buckingham and Cooper, 1984).

While preclinical studies have reported inconsistent results of
opioid agonist action on CRF, ACTH, and cortisol, opioid suppression
of secretory activity of the HPA axis has been uniformly observed in
human studies with both normal controls and former heroin-
dependent subjects (Adrian et al., 1988; Allolio et al., 1987; Degli
Uberti et al., 1985; Delitala et al., 1983, 1991; Pfeiffer et al., 1986,
1987).

For example, in one study, a group of 25 otherwise healthy
patients with orthopedic injuries had attenuated levels of ACTH and
cortisol after intrathecal administration of low doses of morphine
(Adrian et al., 1988). Moreover, a slow-release preparation of oral
morphine inhibited ACTH and cortisol production in normal human
subjects (Allolio et al., 1987). IV administration of a more potent mu-
receptor agonist, dermorphine, was shown to diminish plasma
cortisol levels and produce a decrease in ACTH levels in a naloxone-
reversible manner. In another study, five different opioid drugs with
mu-, kappa- and delta-receptor affinity [morphine, methadone,
pentazocine, nalorphine and DAMME (met-enkephalin analogue)]
inhibited cortisol secretion in six normal male subjects (Delitala et al.,

1983). The kappa-opioid agonist MR 2033 also attenuated ACTH and
cortisol in clinical trials (Pfeiffer et al., 1986).

ACTH and cortisol secretion was diminished in 20 buprenorphine-
maintained heroin addicts after metyrapone challenge (Kakko et al.,
2008) Metyrapone is used in diagnostic testing of the HPA axis
(Yen, 2004). ACTH secretion was significantly attenuated in heroin-
addicted individuals in comparison to healthy controls after a
metyrapone challenge (Vescovi et al., 1990). Adrenergic system in-
volvement was postulated when plasma cortisol levels declined
throughout the session after IV clonidine administration in eight
heroin abusers (Folli et al., 1992). Abstinent heroin-dependent sub-
jects had higher basal levels of ACTH/cortisol than healthy controls
(Gerra et al., 2003).

Opioid antagonists, such as naloxone, naltrexone and nalmefene,
modulate tonic inhibitory control of the HPA axis via the EOP system
(Schluger et al., 1998). Nalmefene is more potent than naloxone at the
mu-receptors, and has higher affinity at kappa- and delta-receptors.
Nalmefene injection produced a greater increase in ACTH and cortisol
than naloxone, possibly indicating kappa-opioid receptor involvement
in the regulation of the HPA axis (Schluger et al.,, 1998). A dose-
dependent relationship and diurnal variation of ACTH and cortisol
release involving an alpha-2 adrenergic mechanism (Geer et al., 2005)
were also observed after naloxone administration (al-Damluji et al.,
1990; Coiro et al., 1985; Delitala et al., 1994; Ehrenreich et al., 1987;
Hernandez-Avila et al., 2003; Martin del Campo et al., 1994), but
ACTH levels were not significantly elevated after naloxone infusion
in 7 male high dose methadone-maintained addicts. However, there
was a significant and robust post-naloxone increase in ACTH levels in
healthy controls (Gold et al., 1981). Taken together, these findings
suggest that there may be a chronic impairment of the EOP system
with subsequent maladaption of the HPA axis in opioid-addicted
individuals.

Nalbuphine is classified as a kappa-agonist/mu-antagonist analge-
sic (PDR, 2005). Its mixed actions may account for the attenuation
of cocaine's effects on ACTH and cortisol observed in the present study.
As previously reported, cocaine induces a rapid increase in cortico-
tropin secretion in humans (Mendelson et al., 1992) and rhesus
monkeys (Sarnyai et al., 1996) and its effects have been antagonized by
administration of antiserum to corticotropin-releasing hormone (CRH)
in rodents (Rivier and Vale, 1987). This “increased secretion
of corticotropin may be associated in humans with the reinforcing
properties of cocaine and its rapid enhancement of perceived plea-
sure and diminution of concern about environmental stressors” (Mello
and Mendelson, 1996; Mendelson et al., 1992). Therefore, based on
nalbuphine-induced neuroendocrine effects as demonstrated in our
study, it is feasible to conclude that nalbuphine may attenuate cocaine-
induced reinforcement.

4.2. Opioids and LH

LH regulation is influenced by several factors, including hypotha-
lamic (GnRH), intrapituitary (peptides, activin and follistatin), and
gonadal feedback (both steroidal and peptide) (Hall, 2004). The
intricate interplay between LH and various neurotransmitter/neuro-
modulator systems can be stimulatory, inhibitory, or both, depending
on physiological state. It is well accepted that EOP, which are widely
distributed throughout the CNS, play an inhibitory role in LH release.
In most species, LH levels are decreased by opioid agonists and
stimulated by antagonists (Grossman, 1983; Pfeiffer and Herz, 1984).
The secretion of more bioactive LH was documented in eugonadal
men when endogenous GnRH release was enhanced by the opioid
receptor antagonist naltrexone (Veldhuis et al., 1983). LH pulse was
also shown to correlate positively with mu-receptor binding in the
amygdala of 10 healthy women (Smith et al., 1998) in early follicular
phase. A temporary decline in opioidergic activity was hypothesized
to contribute to the ovulatory LH surge in 12 normally-cycling women
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(Rossmanith et al., 1988). Mu-receptors were demonstrated to directly
control the excitability of hypothalamic neurons via activation of
potassium channels and the inhibition of calcium channels (Zheng
et al., 2005). Furthermore, opioidergic inhibition was suggested to
account for diurnal fluctuation of LH pulse and frequency after
naloxone administration in early follicular phase women (Rossmanith
and Wirth, 1993; Rossmanith and Yen, 1987).

Administration of mu- and kappa-opioid agonist/antagonists
modulate LH release in several species. For example, the mu opioid
agonists morphine and levorphanol, and kappa-agonists such as
cyclazosine, ketocyclazosine, and tifluadom inhibit LH, while nalox-
one stimulates LH release in intact rats (Gopalan et al., 1989).
Similarly, diamorphine and kappa-agonist U-50488H injected IP into
rats suppressed LH secretion via modulation of hypothalamic NA
concentrations (Yilmaz and Gilmore, 1999b). In the same study,
naloxone and the kappa-antagonist MR2266 administered IP suc-
cessfully abolished opioid-induced suppression of LH release.
Another study showed a similar dose-dependent effect of LH
suppression after acute s.c. administration of morphine and kappa-
agonist bremazocine to female rats. This inhibitory action of
morphine, but not bremazocine, was reversed by naloxone. More-
over, the kappa-agonist U-50488H administered intraventricularly
also blocked the LH surge and ovulation, while norbinaltorphimine, a
specific kappa-receptor antagonist, reversed this effect (Zhang and
Gallo, 2002).

Analogous results have also been reported in human studies. Acute
morphine administration was shown to suppress LH secretion via
tonic inhibition of GnRH (Genazzani et al., 1993). Mu- and kappa-
opioid receptor agonists also reduced LH when low doses of IV
morphine, methadone, pentazocine, nalorphine, met-enkephalin
analogue DAMME, and buprenorphine (Delitala et al., 1983; Pende
et al., 1986) were administered to both men and luteal phase women
(Petraglia et al., 1986; Spremovic-Radjenovic et al., 1997). A GABAergic
mechanism was proposed to play an important role in LH regulation
and the GABA-agonist valproate produced a robust reduction in LH
levels in the luteal phase females (Spremovic-Radjenovic et al., 1997).

Most studies report that mu opioid antagonists induce an increase
in LH levels, but involvement of different mechanisms have been
postulated. Serotonergic system influence in LH secretion was
postulated after naloxone administration (Foresta et al., 1986,
1985). Naltrexone, another opioid antagonist, also markedly
increased the mean serum concentration of LH levels and the
absolute amplitude of LH peaks in 7 adult males (Ellingboe et al.,
1982). Dose-dependent, naloxone-induced LH stimulation with an
increase in rate and amplitude was also documented in normal young
male (Veldhuis et al., 1981) and female volunteers in luteal phase
(Coiro et al., 1994, Petraglia et al., 1986; Ropert et al., 1981; Snowden
et al., 1984), late follicular phase, and midluteal phases (Blankstein et
al.,, 1981; Rossmanith et al., 1989) compared to placebo (Delitala et al.,
1981,1980; Esposti et al., 1988; Grossman et al., 1986,1981; Limone et
al.,, 1997; Petraglia et al., 1986). Similar effects were observed after
naloxone infusion to 6 normal male subjects before and after pre-
treatment with valproic acid, suggesting that opioidergic mechan-
isms can override the GABA influence on LH regulation (Elias et al.,
1986). In another study, naloxone-induced LH stimulation in 5
normal males was further amplified by clomiphene, suggesting an
attenuation of inhibitory opioid tone in estrogen-receptor blocked
environment (Foresta et al., 1983). A naloxone-induced increase in LH
levels was inhibited by progesterone in 16 normal women in mid-
follicular phase, suggesting that progesterone has a positive
modulatory effect on inhibitory opioidergic tone (Steele and Judd,
1986).

In earlier studies by our group, incremental doses of buprenor-
phine, a mixed opioid agonist-antagonist, were found to suppress
plasma LH levels in male heroin addicts after 12 days of consecutive s.c.
administration, reflecting buprenorphine's agonist-like effects (Men-

delson et al., 1982). However, administration of naltrexone resulted in
amarked increase in LH levels involved 20 buprenorphine-maintained
heroin addicts (Kakko et al., 2008).

As described earlier, a significant decrease in LH levels from baseline
was observed following the administration of cocaine+nalbuphine in
combination, while administration of cocaine alone produced an
elevation in LH levels. The mixed action of nalbuphine at mu- and
kappa-receptors may account for this. Cocaine is known to stimulate
“the secretion of LH in rhesus monkeys (Mello et al., 1993a,b, 1990a,b)
and humans (Mendelson et al., 1992). This effect may be related to
the perception of enhanced sexual interest and responsivity after the
drug is used” (Mendelson et al.,, 1992) and therefore contribute to
rewarding properties of cocaine.

Nalbuphine is generally regarded to be a mu-receptor antagonist,
and mu opioid antagonists stimulate LH release under many
conditions (Mendelson and Mello, 2008). However, recent in vitro
studies of the activation of the cloned mu-receptor suggest that
nalbuphine is a potent agonist at mu-receptors, with an efficacy
similar to that of morphine (Gharagozlou et al., 2003). As discussed
above, there is also considerable evidence that both mu- and kappa-
agonists can inhibit the LH surge (Gopalan et al., 1989; Leadem and
Kalra, 1985; Leadem and Yagenova, 1987; Marko and Romer, 1983;
Pfeiffer et al., 1987; Siegel and Revesz, 1989; Yilmaz and Gilmore,
1999a). Therefore, the above-discussed effects of nalbuphine may
diminish cocaine's rewarding and reinforcing properties as documen-
ted in our study and previously by our group (Mello et al., 2005).

In contrast, mu- and kappa-antagonists increased LH levels in rats
(Siegel and Revesz, 1989) and humans (Mendelson, 1991; Mendelson
et al., 1986, 1979, 1980; Mendelson and Mello, 2008; Mendelson et al.,
1987, 2001, 1991; Teoh et al., 1988).

4.3. Opioids and testosterone

Despite reported alterations in LH levels, no significant changes
have been observed in testosterone (T) levels after cocaine+nalbuphine
administration. Reports of studies examining cocaine's effect on
testosterone have been inconsistent.

In preclinical studies, acute s.c. administration of mu-receptor
agonists, such as morphine and fentanyl, dose-dependently sup-
pressed testosterone levels in the brain and plasma of rats (Adams
et al., 1993; Ceccarelli et al., 2006). There was a significant decline
in serum and spinal cord testosterone levels after acute s.c. injection
of a low dose of morphine (Amini and Ahmadiani, 2005). Plasma
testosterone levels also declined significantly after methadone
administration, with subsequent reversal of this effect by L-dopa
suggesting DA input in GnRH inhibition (Singh et al., 1982). Acute
opioid receptor antagonists such as naloxone, naltrexone, and
nalmefene significantly elevated testosterone levels in rats and rhesus
monkeys (Adams et al.,, 1997; Anand and Vijayan, 1998; Emanuele
et al,, 1998; Kostic et al., 1997; Leposavic et al., 1991; Mello et al., 1988,
2000).

In chronic pain patients and opioid-dependent subjects, consis-
tent but temporary suppression of serum free (FT) and total
testosterone (TT) levels were observed (Abs et al., 2000; Mendelson
et al.,, 1980; Rajagopal et al., 2003; Roberts et al., 2002). In addition,
methadone dose-dependently reduced testosterone levels in metha-
done-maintained heroin addicts (Bliesener et al., 2005; Hallinan et
al., 2008; Mendelson et al., 1976) and in chronic heroin users (Celani
etal.,, 1984; Mendelson et al., 1980; Mendelson and Mello, 1982,1975;
Mendelson et al.,, 1975a,b; Mirin et al., 1980; Sikharulidze et al.,
2006). Acute administration of opioid antagonists such as naltrexone
did not significantly alter plasma testosterone levels (Mirin et al.,
1976).

In addition, buprenorphine, a partial agonist at mu- and antagonist at
kappa-receptors, dose-dependently produced a decline or no change in
testosterone levels in men treated with buprenorphine, but to a lesser
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extent than methadone (Bliesener et al., 2005), in methadone- and
buprenorphine-maintained patients (Hallinan et al., 2008), in heroin
and buprenorphine addicts (Sikharulidze et al., 2006). Since kappa-
receptor stimulation appears to inhibit the activity of the HPA/HPG
axes (Bliesener et al., 2005; Cicero et al., 1988), kappa-antagonism
of buprenorphine may overcome its mu-suppressive influence on the
HPA/HPG axes. Similarly, in the present study, the mu-antagonist
properties of nalbuphine stimulation of the HPA/HPG axes may
counteract the inhibitory influence of its kappa-agonism on the HPA/
HPG axes. This may explain why no appreciable change in testosterone
levels was observed despite a robust elevation in LH levels.

Finally, some studies documented “no effect of castration on
cocaine self-administration (Jackson et al., 2006; Hu et al., 2004),
behavioral sensitization to cocaine (Hu and Becker, 2003) after acute
or chronic cocaine administration” (van Haaren and Meyer, 1991).
In contrast, other studies have observed behavioral response dif-
ferences when castrated animals were compared to intact males
(Chinetal,, 2002). Furthermore, when testosterone was administered
exogenously reduced sensitization to cocaine was reported in
castrated animals (Chen et al., 2003). Another study also investigated
possible rewarding effects of testosterone examining conditioned
place preference (CPP) mediated by dopaminergic function (Schroe-
der and Packard, 2000). Both D1 and D2 receptors were proposed
to be involved in the acquisition of a testosterone CPP (Schroeder
and Packard, 2000). Additionally, therapeutic doses of testos-
terone were reported to induce euphoria and increased energy in
young and elderly population (Chesnut et al., 1979; Samuels et al.,
1942; Sherwin and Gelfand, 1985; Taylor, 1987). Therefore, based
on the above-mentioned evidence and fact that there was no
change observed in testosterone levels in our study after nalbu-
phine+cocaine administration, it is reasonable to conclude that
testosterone may have some mild rewarding properties, similar to
less powerful stimulants such as caffeine, nicotine or benzodiaze-
pines (Wood, 2004).

4.4. Conclusions

Taken together, these data suggest that nalbuphine administration
may attenuate cocaine-induced stimulation of ACTH, cortisol and LH
release, not only via its kappa-agonist component, but through its mu-
agonist activity as well. In conclusion, the results of this study are
consistent with our earlier report that nalbuphine modestly attenu-
ated cocaine's positive subjective effects, and that the subjective and
cardiovascular effects of cocaine+nalbuphine in combination were
not additive (Mello et al., 2005).
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