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Endogenous opioids are integral in modulating drug reward, but it is believed that these may act through
several mechanisms including hypothalamic-pituitary-adrenocortical (HPA) and dopamine pathways. This
study was developed to examine how nicotine dependence alters endogenous opioid regulation of prolactin
response, a peripheral marker of dopaminergic activity. Smokers and nonsmokers completed two sessions
during which placebo or 50 mg of naltrexone was administered, using a double-blind, counterbalanced
design. Blood samples and mood measures were obtained during a resting absorption period, after exposure
to two noxious stimuli (cold pressor and thermal pain), and during an extended recovery period. Opioid
blockade increased prolactin response, indicating an inhibitory effect of the endogenous opioid system on
prolactin, possibly mediated by reduced stimulatory effects of dopamine on this hormone. These responses
were attenuated in smokers relative to nonsmokers. There was also a gender disparity in prolactin response,
with women showing a stronger response to endogenous opioid modification than men regardless of
smoking status. The attenuated effects of opioid blockade may reflect dysregulated opiodergic and
dopaminergic effects. Results extend previous reports showing blunted opioid regulation of the HPA
response in dependent smokers.
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1. Introduction

Nicotine is a stimulant that promotes release of pro-opiomelano-
cortin (POMC), a precursor of the rewarding endogenous opioid beta-
endorphin (Chretien and Seidah, 1981). Stressful challenges stimulate
the release of this hormone as well (Arnsten et al., 1985).
Furthermore, beta-endorphin acts to increase dopamine concentra-
tions (Moore et al., 1987), which have rewarding effects in the nucleus
accumbens (Tupala and Tiihonen, 2004) and contributes to drug
dependence (Cannon and Bseikri, 2004; Di Chiara et al., 2004;
Bassareo et al., 2007). Prolactin is a hormone produced by acidophils
in the anterior pituitary gland, and it is inhibited by dopaminergic
neurons in the arcuate nucleus of the hypothalamus (Freeman et al.,
2000). Prolactin may therefore be a useful marker for dopaminergic
tone (Ben-Jonathan and Hnasko, 2001).

Both dopamine and endogenous opiate systems are likely to be
altered by chronic exposure to nicotine (Ahmed and Koob, 2005;
Kreek and Koob, 1998; Scott et al., 2007). Nicotine directly stimulates
the dopaminergic pathway (Fu et al., 2001; Benwell et al., 1990; Rose
and Corrigall, 1997; Salokangas et al., 2000). It is unclear whether the
mechanism of opioid effect on prolactin is direct or mediated via the
dopaminergic pathway, and how this may be changed in chronic
smokers in response to stress. Given that central dopamine is unable
to cross the blood-brain barrier, a peripheral marker for beta-
endorphin and dopamine changes such as prolactin could be useful
in investigating the opioid–dopaminergic interactions in nicotine
addiction.

There is evidence that opioids potentiate dopamine production
(Mathon et al., 2005), as mice without mu opioid receptors have
lower dopamine levels. Furthermore, there is evidence that opioids
may stimulate dopamine transmission in the nucleus accumbens
(Mathon et al., 2005; Khachaturian and Watson, 1982). We would
then expect that naltrexone, an opioid antagonist, would increase
prolactin. Furthermore, in animal studies prolactin shows feedback
inhibition of its own release by activating tuberoinfundibular
dominergic neurons (Moore et al., 1987) with the absence of this
feedback in the nigrostriatal dopaminergic neurons of the hypothal-
amus (Moore et al., 1987). Also notably, the interactions between
prolactin and dopamine may have variations dependent on gender
and age (Grunder et al., 1999; Demarest et al., 1985).

Studies show that nicotine addiction results in a blunted prolactin
response to the dopamine antagonist bromocriptine, suggesting the
possibility that chronic exposure to nicotine desensitizes dopamine
receptors, reduces dopamine turnover, or decreases their count in the
nigrostriatal pathways (Netter et al., 2002). These changes may lead
to reduced prolactin response to opiate blockade among smokers. To
this end, and based on the studies reviewed above, we examined the
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Table 1
Subject characteristics.

Variables Nonsmokers Smokers p

Age (years) 20.2 (1.3) 24.1 (1.4) NS
Height 1.7 (0.02) 1.8 (0.02) NS
Weight 71.2 (2.3) 76.8 (2.4) NS
BMI 24.7 (0.7) 24.9 (0.7) NS
Education (years) 14.3 (0.4) 14.9 (0.4) NS
Alcohol 0.77 (0.1) 1.0 (0.1) NS
Caffeine 0.98 (0.5) 3.12 (0.5) 0.01
STAI 33.0 (1.8) 42.0 (1.9) 0.01
PSS 16.7 (1.2) 18.5 (1.2) NS

Note: means (standard error of the mean); NS=not significant; BMI=body mass
index; STAI=State-Trait Anxiety Inventory; PSS=Perceived Stress Scale.
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extent to which nicotine dependence influences opiate modulation of
prolactin release by measuring prolactin response to an opiate
receptor antagonist, naltrexone. Based on previous studies from our
and other laboratories using similar pharmacological tests, we
expected that responses to opioid blockade would be attenuated in
smokers relative to nonsmokers.

2. Methods

2.1. Participants

Participants included both nonsmokers and smokerswhowere not
interested in smoking cessation and were otherwise free from any
medical or psychiatric problems. Participants also were excluded if
they were not within +/−30% of the Metropolitan Life Insurance
norms, were pregnant, had any regular use of prescribed or over-the-
counter medication excluding contraceptives, or had current opiate
use or dependence. Smokers were included if they smoked 10 or more
cigarettes per day for the past two years. Nonsmokerswere included if
they had never smoked over the last two years and had smoked fewer
than 100 cigarettes over their lifetime. This paper includes a sample of
37 participants who had completed blood samples available to be
assayed for prolactin and were drawn from a larger study focusing on
opioid and neuroendocrine functions in smokers (al'Absi et al., 2008).
The study was approved by the Institutional Review Board of the
University of Minnesota, and participants were also provided with
monetary incentive for their participation.

2.2. Measures and instruments

Prolactin was assayed using ELISA kits (DSL, Sinsheim, Germany)
with a lower sensitivity of 0.14 ng/ml. Participants also provided
mood state ratings before each blood sampling. Ratings covered two
factors, Positive Affect and Distress, adopted from scales with previous
success in similar settings (al'Absi et al., 1998, 1994). Each item
references a seven-point scale anchored by the end points, “Not at All”
and “Very Strong”. Items that cover positive affect included ratings of
how cheerful, content, calm/relaxed, happy, in control, and interested
the participant felt. Distress items provided ratings of how irritable,
anxious/tense, sad/depressed, angry, confused, and impatient the
participant felt.

2.3. Procedures

Participants were screened according to the criteria listed above,
and women completed a pregnancy test. Qualified participants
completed questionnaires to assess their medical and smoking
history. Participants meeting study criteria attended two laboratory
sessions lasting 4h each with at least 72h between them. Another
pregnancy test was conducted prior to each laboratory session. On
both sessions, smokers smoked at their usual rate until they arrived at
the laboratory, but they were not allowed to smoke during the
sessions. All testing began at approximately 12:00 pm to control for
circadian rhythm.

Briefly, each session began with participants completing a
questionnaire about mood states as well as a blood draw. Participants
then received a capsule containing either 50 mg of naltrexone or
placebo. The order of naltrexone and placebo administration was
randomly assigned, and the experimenter was blinded to the order.
Following administration there was a 60-min rest period to allow
peak plasma concentration of naltrexone. Blood samples were
collected every 20min following naltrexone or placebo. The cold
pressor and thermal pain induction procedures were then adminis-
tered in a counterbalanced order, and pain stimuli were separated by
a 20-min rest period. After the second pain test, participants rested for
60min. During this period, three blood samples were collected. The
state-mood questionnaire was completed with every blood sample,
after initial rest, after the pain induction procedures, and after the rest
recovery period. A more thorough report of the procedures and other
measures including the cardiovascular and pain results can be found
elsewhere (al'Absi et al., 2008).

2.4. Dependent variables and data analysis

The main variables were prolactin concentrations and mood state
measures. Prolactin levels prior to drug administration were com-
pared using a 2 (Smoking Status)×2 (Sex)×2 (Drug Condition)
analysis of variance (ANOVA), and subsequent analyses covaried for
the pre-drug levels and used a 2 (Smoking Status)×2 (Sex)×2 (Drug
Condition)×7 (Samples obtained after ingestion of the drug capsule)
repeated analysis of covariance (ANCOVA). Prolactin responses to
pain challenges were analyzedwithin each drug condition (placebo or
naltrexone) using a 2 (Smoking Status)×2 (Sex)×2 (Periods: before
and after exposures to the pain challenges) ANOVA. Analysis of mood
data was conducted using a 2 (Smoking Status)×2 (Sex)×8 (Periods)
ANOVA. We used Wilks' lambda correction to test time effect and to
correct for repeated measures when necessary (Vasey and Thayer,
1987).

3. Results

Smokers and nonsmokers did not differ in age, body mass index,
years of education, number of daily alcohol serving, or their level of
perceived stress (psN0.1; see Table 1). They did not differ in their
screening heart rate or blood pressure levels (psN0.1). The two groups
differed in caffeine intake (pb0.02) and their score on the State-Trait
Anxiety Inventory (pb0.02), as shown in Table 1.

Prolactin levels prior to drug administration on both days did not
differ between men and women, and there was only a trend of lower
prolactin levels in smokers relative to nonsmokers (F (1, 35)=3.09,
p=0.09). Pharmacologic blockade with naltrexone was associated with
increased prolactin production as evidenced by a main effect of Drug
Condition (F (1, 32)=26.7, pb0.0001). Smokers showed an attenuated
prolactin release in response to the opioid blockade (F (1, 32)=7.02,
pb0.01; Fig. 1). There was a Smoking Status×Drug×Period interaction
(F (6, 27)=3.56, pb0.01; η2=0.44) reflecting greater difference
between smokers and nonsmokers during the rest period prior to
initiating the stressful pain task. This reflects greater prolactin production
in response to opioid blockade in nonsmokers relative to smokers. With
regard to gender differences, women exhibited a stronger response to
endogenous opioid blockade than men (F (1, 32)=7.57, pb0.01),
especially during the rest periods before exposure to the noxious stimuli
(see Fig. 2), as demonstrated by a significant Gender×Drug Condition×-
Period interaction (F (6, 27)=2.74, p=0.03; η2=0.38).

Additional analysis was conducted using caffeine intake and anxiety
score as covariates. The analysis showed that pharmacologic blockade



Fig. 1. Prolactin concentrations following naltrexone or placebo exposure. The shaded rectangle indicates the time when the two tasks (cold pressor and thermal pain) were
presented. Prolactin showed significant increases in response to opioid blockade (pb0.01), but responses tended to be attenuated in smokers than in nonsmokers (pb0.01). Inset
figure depicts the average from both sessions of the pre-drug levels in smokers and nonsmokers.
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with naltrexone was associated with increased prolactin production as
evidenced by a main effect of Drug Condition (F (1, 30)=4.74, pb0.05).
Therewas a Smoking Status×Drug×Period interaction (F (6, 25)=3.03,
p=0.02; η2=0.42) reflecting greater difference between smokers and
nonsmokers during the rest period prior to initiating the pain tasks.
Gender differences were also found with women exhibiting a stronger
response to endogenous opioid blockade thanmen, especially during the
rest periods before exposure to the noxious stimuli, as demonstrated by
a significant Gender×Drug Condition×Period interaction (F (6, 25)=
2.71, p=0.04; η2=0.39).

Distress was increased in all groups during the pain tests, as
indicated by the period main effect (F (7, 28)=4.55, pb0.001;
η2=0.53), but there was no effect of the opioid blockade (Fb1).While
nonsmoking women reported greater distress in both conditions than
nonsmoking men, the opposite pattern was found among smokers as
evidenced by a significant Smoking State×Sex interaction (F (1, 34)=
5.17, pb0.05). Positive affect was reduced following the pain
procedures as evidenced by a main effect of period (F (7, 28)=7.95,
Fig. 2. Changes in prolactin concentrations obtained by subtracting first sample and
placebo levels from respective levels after naltrexone administration. The three
readings are averages of samples collected during rest, during the challenges, and
during the recovery period.
pb0.001; η2=0.66). No effect of naltrexone or difference between
men and women was found on the positive affect scale (Fsb1).

4. Discussion

Our study showed significant increases in prolactin levels in
response to opioid blockade, although this response was significantly
attenuated in smokers relative to nonsmokers. The results indicate
that the endogenous opioid system exerts an inhibitory effect on
prolactin production, although it is not clear whether this effect is
direct and/or mediated by effects of endogenous opioids on the
dopaminergic system. It is possible that smoking alters opioid
regulation of prolactin at one or both of these systems.

The endogenous opiate system may affect the release of dopamine
(Marinelli, 2007). Endogenous opiate neurons, such as β-endorphin
producing neurons, project to the ventral tegmental area and the
nucleus accumbens (Khachaturian et al., 1984), which are important
structures in the dopamine production. Dopamine directly modifies
prolactin production with increased dopamine transmission leading to
inhibition of prolactin production (Moore et al., 1987). It is therefore
possible that opioid blockade removed opioid stimulation of dopamine,
leading to the disinhibition of prolactin release; the result is an increase
in prolactin production. The attenuated prolactin response to opioid
blockade in smokers suggests blunted opioid regulation of dopamine or
dysregulated dopaminergic–prolactin interactions in these participants.

We recognize that other pathways also influence prolactin release
and may be affected by chronic nicotine exposure. In addition to the
inhibitory effects of dopaminergic transmission, other factors have
stimulatory effects including estradiol, serotonin, and gamma-
aminobutyric acid (GABA) (Ben-Jonathan and Hnasko, 2001). Hypo-
thalamic factors such as thyrotropin-releasing hormone (Thomas
et al., 1986) and gonadotropin-releasing hormone (Denef and
Andries, 1983) also stimulate prolactin release. Peptides such as
tachykinins and vasoactive intestinal peptide (VIP) also play a
stimulatory role (Debeljuk and Lasaga, 2006). Finally, additional
spinal reflex activated during nursing may stimulate prolactin release
(Grosvenor and Mena, 1971; Lkhider et al., 1997).

It is difficult to determine if the differences in prolactin response to
naltrexone were a risk factor for smoking, or a result of long-term
effects of nicotine addiction on dopaminergic transmission or
prolactin production. Prolactin response is predictive of addictive
tendencies (Patkar et al., 2002), and this may be due to its relationship
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with dopamine levels as described above. In animal studies,
administration of cocaine led to a reduction in circulating prolactin
levels, suggesting increased dopaminergic transmission (Mantsch
et al., 2000). The short-term presence of prolactin abnormalities in
blood following cocaine withdrawal shows that it can be a marker of
acute withdrawal (Satel et al., 1991; Buydens-Branchey et al., 1999),
and a trend for prolactin dysregulation has been observed with
smoking withdrawal (Pickworth et al., 1996). Consistent results from
other studies suggest that prolactin dysregulation has a direct
relationship with craving and withdrawal (Lee et al., 2005). This,
combined with previous studies demonstrating the usefulness of
measuring peripheral hormonal activity to assess dopaminergic
sensitivity (Reuter and Henniq, 2003), indicates that this hormone
may be a useful biomarker to consider when investigating stress-
related neurobiological dysregulation associated with nicotine
dependence.

It is important to consider the host of endocrine factors interacting
in states of acute emotional dysregulation. This could be especially
important in the context of examining the role of stress in addictive
processes. In a previous protocol examining the role of stress in
smoking relapse, we have found that attenuated cortisol response
predicts relapse (al'Absi et al., 2005). Other studies have shown a
parallel response between cortisol and prolactin with opioid blockade,
which could be viewed as a form of pharmacological stress (Reuter
and Henniq, 2003). The nature of the challenge is likely to determine
its effectiveness in activating prolactin release (Meta et al., 2006). To
this end, our pain tests failed to evoke a prolactin response in this
study, but their use was not specifically intended to invoke a stress
response, but instead to measure effects of opioid blockade on
nociception. It is worth noting that other stress hormones (e.g., ACTH
and cortisol) show appreciable responses to similar challenges
(al'Absi et al., 2008).

Although the differences between men and women found in this
study were intriguing, these results should be cautiously interpreted
in light of the small sample size. We note, however, a biological
hypothesis to examine these differences. Estrogen levels increase
prolactin expression by inhibiting dopaminergic release (Ben-Jona-
than and Hnasko, 2001), and therefore this may account for the
gender differences. Effects of estrogens on prolactin releasemay occur
at both the hypothalamus and pituitary levels. This is supported by
evidence indicating that prolactin elevation in response to estrogen
may be influenced by stress, and this effect is mediated partially by
increased dopaminergic activity (Kam et al., 2000). The interaction of
estrogen, prolactin, and dopaminergic transmission under conditions
of stress is a promising line of inquiry to investigate previous reported
sex difference in the role of stress in various addictive processes
(al'Absi, 2006, 2007).

This study was limited by the focus on a young and relatively
homogenous group of participants. Women were included only
during the follicular phase of their menstrual cycle, potentially
limiting the potential generalizations of the results. As indicated
earlier, we cannot discern whether the actions of naltrexone on
prolactin were direct or mediated via dopamine. Additional studies
could further elucidate the exact mechanisms of dysregulated
prolactin response to opioid blockade in terms of examining the
interaction of both the opioid system and dopaminergic transmission
in nicotine dependence. This may be pursued using multiple
pharmacological challenges, such as dopamine antagonist bromo-
criptine or fluphenazine, and opioid antagonists, such as naltrexone.

In conclusion, this study showed attenuated prolactin response to
opioid blockade among smokers. The results extend previous studies
showing that nicotine dependence is associated with attenuated
opioid modulation of the HPA axis (al'Absi et al., 2008). This
dysregulation may also play a role in the previously observed blunted
responses to stress among dependent smokers (al'Absi et al., 2005).
The results suggest long-term changes in the interaction between
endogenous opioid and dopaminergic systems that may contribute to
effects of nicotine addiction. Furthermore, our data suggest the
possibility of using prolactin as a peripheral marker of endogenous
opioid and dopamine systems in studies that evaluate the interaction
of these systems in nicotine dependence.
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