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Abstract
The endogenous opioid system is involved in modulating a number of behavioral and
physiological systems, including the hypothalamic-pituitary-adrenal (HPA) axis. In humans, a
functional variant in the OPRM1 gene (OPRM1 A118G) is associated with a number of outcomes,
including attenuated HPA axis responses to stress. A nonsynonymous variant (OPRM1 C77G) in
the rhesus macaque has been shown to have similar effects in vivo to the human variant. The
current study investigated whether OPRM1 C77G influences HPA axis response to stress in rhesus
macaques. We analyzed plasma adrenocorticotropic hormone (ACTH) and cortisol levels
measured in response to three different stressors: 1) maternal separation in infant subjects at 6
months of age, 2) acute ethanol administration in adolescent subjects at 4 years of age, and 3)
postpartum HPA axis function in adult rhesus macaque females. For the maternal separation
paradigm, ACTH and cortisol levels were determined at baseline as well as peak levels during
each of 4 consecutive separation episodes. For the acute ethanol administration paradigm,
hormone levels were determined at baseline and again at 5 minutes, 10 minutes, and 60 minutes
following the ethanol infusion. For postpartum sampling, hormone levels were determined at
postpartum days 7, 14, 21, 30, 60, 90, 120, and 150. Infants carrying the 77G allele exhibited
lower levels of cortisol across all 4 separation episodes. Furthermore, adolescents carrying the
77G allele exhibited lower cortisol levels at 5 and 10 minutes following acute ethanol
administration. Adult females with prior reproductive experience and who carry the 77G allele
exhibited lower cortisol levels across the postpartum period. No significant genotype effects were
found for ACTH, although there were some trends for lower ACTH levels in 77G allele carriers.
These data are consistent with human studies that have demonstrated attenuated cortisol responses
to stress among carriers of the OPRM1 118G allele, lending further support to the argument that
the rhesus and human allelic variants are functionally similar. Our results also suggest that
OPRM1 variation may influence coping style, as well as alcohol-induced and postpartum levels of
HPA axis activity and, as such, may modify vulnerability to alcohol use disorders and postpartum
depression.
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Introduction
The endogenous opioids modulate a number of vital physiological systems and associated
processes and behavioral outcomes, including anti-nociception, reward, immune function,
gastrointestinal function, social attachment, and stress response (Panksepp et al., 1994; Van
Ree et al., 2000; Drolet et al., 2001; Bodnar, 2004; Ribeiro et al., 2005; Frew and
Drummond, 2007; Sher and Stanley, 2008; Stefano and Kream, 2008). The hypothalamic-
pituitary-adrenal (HPA) axis is a key mediator of stress response and is of particular interest
in neuroendocrine and psychological research, since dysregulated HPA axis activity is
associated with a number of neuropsychological disorders and other health problems
(Chrousos and Gold, 1992; Heim et al., 2000; Sapolsky, 2000; Gianoulakis, 2004). In
nonhuman primates and in humans, β-endorphin, which preferentially binds the μ-opioid
receptor, promotes tonic restraint of the HPA axis through inhibitory neurons providing
input to corticotropin releasing hormone (CRH)-releasing neurons in the paraventricular
nucleus of the hypothalamus (Wand et al., 1998). Consequently, pharmacological blockade
of μ-opioid receptors results in an increase in adrenocorticotropin hormone (ACTH) and
cortisol release, even in the absence of an external stressor (Volavka et al., 1979; Kreek,
1996; Wand et al., 1998).

In humans, a single nucleotide polymorphism (SNP) in the μ-opioid receptor gene (OPRM1)
results in an amino acid substitution (asparagine to aspartate) in the extracellular N-terminal
arm of the receptor (Bond et al., 1998). Although the precise molecular mechanism remains
unclear (Befort et al., 2001; Beyer et al., 2004; Kroslak, 2007), it is well established that the
A118G variant has functional consequences in vivo. Specifically, studies have shown
A118G variation to modulate nociception (Fillingim et al., 2005; Lotsch and Geisslinger,
2006; Janicki et al., 2006; Sia et al., 2008), response to opioid analgesia (Klepstad et al.,
2004; Romberg et al., 2005; Oertel et al., 2006; Chou et al., 2006a; Chou et al., 2006b),
response to alcohol and nicotine (Ray and Hutchison, 2004; Lerman et al., 2004; Ray et al.,
2006), and the therapeutic efficacy of opioid antagonists in alcohol-dependence (Oslin et al.,
2003; Garbutt et al., 2005; Anton et al., 2008; Kim et al., 2009). Individuals carrying the
118G allele also show an enhanced cortisol response to μ-opioid receptor blockade (Wand et
al., 2002; Hernandez-Avila et al., 2003; Chong et al., 2006) and, conversely, a reduced
cortisol response to psychosocial stress (Chong et al., 2006; Pratt and Davidson, 2009).
While these latter two findings initially may appear contradictory, both could be linked to a
potential association between the 118G allele and increased inhibitory opioid tone directed
at CRH neurons, such that G allele carriers would experience a dampened cortisol response
to psychological stress but, upon μ-opioid receptor blockade, would experience a more
dramatic rebound in cortisol levels (Chong et al., 2006; Pratt and Davidson, 2009).

Similar to the human A118G variant, a nonsynonymous OPRM1 C77G SNP in the rhesus
macaque results in an amino acid substitution in the N-terminal arm of the μ-opioid receptor
(Arg26Pro) In vivo, the 77G allele was associated with significantly lower basal and ACTH-
stimulated plasma cortisol levels and increased aggressive threat behavior (Miller et al.,
2004). Recent investigations from our laboratory have demonstrated a role for this SNP in
increased ethanol-induced stimulation, naltrexone response, and social attachment, findings
that translate to humans and are consistent with a gain-of-function role for this
polymorphism (Barr et al., 2007; Barr et al., 2008; Barr et al., 2009). Given the effects of the
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118G allele on the neuroendocrine stress response in humans, we here investigated the
effects of the rhesus macaque 77G allele on the response to different stressors in rhesus
macaques.

Across a wide variety of species, maternal separation induces HPA axis activity (Coe et al.,
1985; Kalin et al., 1988; Bayart et al., 1990; Wiener et al., 1990; Higley et al., 1992;
Dettling et al., 1998; Nelson and Panksepp, 1998; Dettling et al., 2002; Barr et al., 2004b).
Similarly, acute ethanol administration stimulates the HPA axis in both animals and humans
(Schuckit et al., 1987; Piazza and Le, 1997; Laszlo et al., 2001; Barr et al., 2004a;
Richardson et al., 2008). Dysregulated activity of the HPA axis is also observed during the
postpartum period. Here, we measured HPA axis activation in rhesus macaques in response
to two acutely stressful situations, maternal separation and acute ethanol administration, as
well as HPA axis function in mothers during the postpartum period leading up to weaning.
We predicted that 77G allele carriers would show attenuated cortisol responses to both
maternal separation and acutely administered alcohol. While not an acute stressor, the
postpartum period is accompanied by important changes in HPA axis functioning, including
suppression of CRH secretion and, typically, reduced cortisol responses to stress (Schuckit
et al., 1987; Piazza and Le, 1997; Laszlo et al., 2001; Mastorakos and Ilias, 2003; Barr et al.,
2004a; Richardson et al., 2008). Consequently, we examined whether OPRM1 variation was
associated with differences in plasma cortisol levels in adult female rhesus macaques during
the postpartum period. We extended this analysis up through when the infants were 5
months of age in order to capture the additional stress of the weaning period. Consistent
with our previous predictions, we expected to observe lower cortisol levels in mothers
carrying the 77G allele.

Methods
Subjects

The subjects were rhesus macaques maintained at the National Institutes of Health Animal
Center (NIHAC). Table 1 presents the sample size for each analysis performed as part of
this investigation. For the maternal separation study, data from a total of 81 infants studied
from 1994 to 2000 were analyzed. The subjects were 6-month old infants that had been
reared in large indoor-outdoor enclosures with their mothers in mixed-sex social groups
containing two adult males and six to eight adult females with their infant offspring. For the
acute ethanol administration study, data from a total of 51 monkeys, studied from 1992 to
1997, were analyzed. These subjects were adolescent/young adult monkeys (average age:
36.4 months; age range: 20.9 – 48.6 months) living in peer groups. The analysis of
postpartum HPA axis function in adult female rhesus macaques included both primiparous
(n = 58) and multiparous mothers (n = 47). The average age for primiparous mothers was
5.6 years (range: 3.6 – 10.8 years), and for multiparous mothers the average age was 9.8
years (range: 4.0 – 18.1 years).

Maternal Separation Procedures
At 6 months of age, infants were separated from their mothers for 4 days, with 3 days of
reunion between each of four repetitions of the separation procedure. To avoid potential
confounds of stress resulting from exposures to a novel environment or social isolation,
infants remained in the home cage with the social group (consisting of adult females, males,
and infants) for the duration of study, and their mothers were removed from the enclosure.
No maternal siblings or older juveniles were present in any infant’s social group. Separation
was initiated between 12:00 and 12:30 p.m. on Monday of each week. Baseline blood
samples were obtained from the femoral vein in non-anesthetized animals immediately prior
to separation (hour 0). The infants were not anesthetized so that behavioral observations
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could be conducted immediately following collection of the blood sample. Mother-infant
pairs were captured together and, if necessary, the mother was lightly anesthetized in order
to remove the infant. Pairs were typically captured within 5–10 minutes, and blood samples
were obtained within about 5 minutes of capture. Additional blood samples were obtained
from the infants at hour 1 and hour 2 of separation. All blood samples were immediately
placed on ice and then centrifuged at 4°C for 20 minutes. The plasma was aliquoted and
frozen in liquid nitrogen, after which the plasma samples were stored in a freezer at −70°C
until assayed. Plasma samples were assayed for ACTH and cortisol using standard
radioimmunoassay.

Acute Ethanol Administration
Acute ethanol administration procedures have been described in detail previously (Barr et
al., 2007). Briefly, monkeys were removed from their home enclosure and restrained on a
flat surface while ethanol (16.8%[v/v] USP; 2.2 g/kg for males, 2.0 g.kg for females) was
infused into the saphenous vein at a constant rate over a 15 minute period. Blood samples
for baseline cortisol levels were obtained under ketamine anesthesia (15mg/kg, IM) prior to
the first administration session, as well as at 5, 10, and 60 minutes following initiation of the
infusion. Behavioral testing (data not reported here) took place between the 10 and 60
minute blood samples (see (Barr et al., 2007) for details). Blood samples for analysis of
ACTH and cortisol were handled and processed as described above for the maternal
separation samples. Each subject was given two administrations of ethanol, with each
session, on average, less than one month apart. Repeated outcome measures for each
individual were then averaged in order to reduce the effect of random measurement error
(Martin and Kraemer, 1987).

Postpartum Blood Sampling
In order to conduct standard neonatal behavioral testing as part of a separate research project
in the laboratory, mother-infant pairs were caught up on postpartum days 7, 14, 21, and 30,
and at month 2, 3, 4, and 5. Mothers were immediately anesthetized with ketamine and
blood samples were drawn from the femoral vein. All samples were handled and assayed as
described above.

Genotyping
Using standard extraction methods, DNA was isolated from whole blood, collected from the
femoral vein under ketamine anesthesia (15 mg/kg, IM). Genotyping was performed using
the procedure modified from Miller et al. (Miller et al., 2004), which has been described
previously (Barr et al., 2007; Barr et al., 2008). Genotyping accuracy was determined by
genotyping of 10% of the samples in duplicate. Genotyping completion was 95% and
accuracy was 98%. In all cases, inaccurate calls were for C/G vs. G/G genotypes. For any
ambiguous calls or failed genotyping, genotyping was repeated until completion and
accuracy were 100%.

Data Analysis
All data on ACTH and cortisol levels were examined for outliers and tested for deviation
from normality (Kolmogorov-Smirnov test, all p > 0.05). For the maternal separation study,
peak ACTH and cortisol levels on the Monday of each separation week were determined for
each subject and analyzed along with levels measured at baseline of the first separation
using repeated measures analysis of variance (ANOVA). ACTH levels were not available
for subjects in the earliest cohort (1994) and this, combined with different patterns of
missing data, resulted in a reduced sample size for the analysis of ACTH in response to
separation compared to that available for cortisol. For the analysis of HPA axis response to
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acute alcohol administration, ACTH and cortisol levels at baseline, 5 minutes, 10 minutes,
and 60 minutes were averaged between the two testing sessions and also analyzed with
repeated measures ANOVA. In both of the above analyses, genotype and sex were included
as between-subjects factors and time point (baseline and peak measures at weeks 1–4 for
separation study; baseline and 5, 10, and 60 minutes measures for the alcohol study) was the
within-subjects factor. In addition, age was included as a covariate in the analysis for the
acute alcohol administration paradigm.

ACTH and cortisol levels during the postpartum period were analyzed separately for
primiparous and multiparous mothers primarily for two reasons: 1) studies have shown that
mothers with reproductive experience have altered sensitivity to opioids (Mann et al., 1989;
Bridges and Hammer, 1992), suggesting that effects of OPRM1 variation on HPA axis
function may differ between primiparous and multiparous mothers, and 2) data were
collected from a number of subjects (n = 27) under both primiparous and multiparous
conditions, so it was not appropriate to analyze both groups together. Slightly more than half
of the multiparous mothers had data collected across multiple births (each during a separate
year). Preliminary analyses revealed no significant differences in maternal cortisol levels
between consecutive infants, thus the data were averaged across infants for each postpartum
time point. For both primparous and multiparous mothers, data were analyzed with repeated
measures ANOVA with time point as the within subjects factor. Initial analysis included
mothers’ age as a covariate, but because age did not significantly contribute to the model it
was dropped from the final analysis. Analyses were performed using the general linear
models (GLM) procedure in Statistica (Statsoft, Tulsa, Oklahoma). Effect sizes were
calculated using G*Power 3 (Institut für Experimentelle Psychologie, Heinrich Hein
Universität, Düsseldorf, Germany).

In the subject sample as a whole, the frequency of the 77G allele was 15%, and genotype
frequencies did not deviate from Hardy-Weinberg equilibrium (X2 = 0.62, p = 0.43). The
frequency of the minor G allele is consistent with previous reports from our laboratory (Barr
et al., 2007; Barr et al., 2008) as well as with reports of 118G allele frequencies in humans
(excepting African Americans) (LaForge et al., 2000). Because the G/G genotype was rare
(only two individuals, both adult females), G/G and C/G animals were collapsed together
into one group for all analyses.

Results
Maternal Separation

There was a main effect of time point [F(4, 308) = 81.04, p < 0.0001] and a main effect of
genotype [F(1, 77) = 5.34, p = 0.02] on cortisol levels during maternal separation (Figure 1).
As expected, cortisol levels increased significantly over baseline levels during all four
separations. Overall, peak cortisol levels during weeks 3 and 4 were lower compared to peak
cortisol levels during weeks 1 and 2 (Newman-Keuls post hoc tests, all p < 0.05), indicating
some habituation to the stressor. On average, however, cortisol levels in response to
maternal separation were significantly lower in carriers of the 77G allele. The Cohen’s f for
this effect was 0.27, indicating a small to medium effect size.

There was a significant effect of time point for ACTH [F(4, 244) = 17.98, p < 0.0001] but no
main or interactive effects of genotype. There was, however, a non-significant trend for
lower ACTH levels in carriers of the 77G allele [F(1, 61) = 2.97, p = 0.09; Supplemental
Figure 1a].
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Acute Alcohol Administration
There was a main effect of time point [F(3, 123) = 14.67, p <0.0001] and a main effect of
genotype [F(1, 41) = 6.26, p = 0.02] on cortisol levels in response to acute alcohol
administration (Figure 2). On average, cortisol levels were significantly increased over
baseline following alcohol administration at 5 and 10 minutes; a further increase in cortisol
was seen at 60 minutes, following the behavioral testing (Newman-Keuls post hoc tests, all
p < 0.05). Overall, carriers of the 77G alleles had lower cortisol levels compared to subjects
homozygous for the C allele. The Cohen’s f for this effect was 0.39, indicating a medium
effect size.

There was a significant effect of time point for ACTH [F(3, 123) = 4.47, p = 0.005;
Supplemental Figure 1b] but no main or interactive effects of genotype.

Postpartum Cortisol
There was a main effect of genotype [F(1, 56) = 4.61, p = 0.04] and an interaction of
genotype and postpartum time point [F(7, 392) = 2.10, p = 0.04] on cortisol levels in
primiparous mothers (Figure 3a). On average, cortisol levels were lower among 77G allele
carriers (Cohen’s f = 0.29 indicating a small to medium effect size). However, among the C/
C subjects there was a gradual increase in cortisol such that levels at month 5 were
significantly higher compared to day 7 and day 14 (Newman-Keuls post hoc tests, both p <
0.05). This increase was not observed in the 77G allele carriers. There was a main effect of
postpartum time point on ACTH [F(7, 385) = 2.18, p = 0.03; Supplemental Figure 2a] but no
significant effects of genotype.

The analysis of cortisol in multiparous mothers revealed a main effect of genotype only
[F(1, 45) = 5.48, p = 0.02] (Figure 3b). On average across the postpartum period, carriers of
the 77G allele had lower cortisol levels than subjects homozygous for the C allele. The
Cohen’s f for this effect was 0.29, indicating a small to medium effect size.

There were no significant effects of postpartum time point or genotype on ACTH, although
there was a non-significant trend for lower ACTH levels in carriers of the 77G allele [F(1,
45) = 3.31, p = 0.08; Supplemental Figure 2b].

Discussion
The results of this study demonstrate that OPRM1 gene variation modulates cortisol
responses across various life stages, in response to both emotional and physical stressors.
Among six month old infants, carriers of the 77G allele showed a blunted cortisol response
across multiple exposures to emotional stress (ie, maternal separation). Similarly, a blunted
cortisol response was observed among adolescents and young adults carrying the 77G allele
when they were given an acute dose of alcohol, a known physiological stressor. Lastly, adult
females with infants exhibited lower cortisol levels across the postpartum period if they
carried the 77G allele, an effect seen primarily in mothers with prior reproductive
experience, but which was also observed in first-time mothers during the latter stages on the
postpartum period. The effect sizes were small to medium in each case, and in general the
magnitude of differences is consistent with earlier findings of reduced cortisol levels in
response to stress in adult male rhesus macaques with the 77G allele (Miller et al., 2004).
The observation of lower cortisol levels in response to maternal separation in 77G allele
carriers is consistent with findings in humans, which show that OPRM1 variation predicts
individual differences in HPA axis responses to social/emotional stress. The current finding
is noteworthy in light of previous reports from our lab, showing that 77G allele carriers
exhibit stronger attachment to their mothers than infants homozygous for the C allele (Barr
et al., 2008). This strength of attachment was exemplified by higher attachment scores
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during the latter stages of the postpartum period (18–24 weeks) as well as elevated levels of
distress vocalizations during repeated, protracted maternal separation exposures at 6 months
and increased social preference for the mother during reunion periods. The coupling of
higher levels of vocalizations during protracted periods of maternal separation with a
blunted cortisol response is particularly interesting, as it suggests 77G allele carriers may be
more likely to adopt an active coping mechanism to this type of social stressor. Among
nonhuman primates, protracted periods of maternal separation are typically accompanied by
“despair”, as evidenced by behavioral withdrawal and self-directed activities (Mineka and
Suomi, 1978; Barr et al., 2008), responses indicative of a passive coping style. As such,
increased vocalizations during this period could be interpreted as an active coping
mechanism, which in studies of other mammalian species is usually associated with a
dampened neuroendocrine response to stress (Olff, 1999; Veenema et al., 2003; Olff et al.,
2005; Ebner et al., 2005). Of interest, both passive and active coping styles, especially when
expressed in the extreme (e.g., internalizing vs. externalizing behaviors), have been linked to
stress-related pathology including alcohol use disorders (Korte et al., 2005; Dawson et al.,
2010), as have blunted cortisol responses to stress (Wand et al., 2002; McNally et al., 2003;
Vungkhanching et al., 2004; Schuckit et al., 2004) In this context, our findings of both an
active coping style and a blunted cortisol response to separation stress early in life suggests a
suite of characteristics influenced by a common underlying genetic mechanism, OPRM1,
and which may indicate a vulnerability to addictive behavior later in life.

In the present study, we also demonstrate that 77G allele carriers exhibit a blunted cortisol
response to acutely administered alcohol in adolescence and young adulthood. Of note, we
see lower levels of cortisol among 77G allele carriers, despite the fact that this allele predicts
higher levels of alcohol-induced stimulation as measured by locomotor behavior, which can
also activate the HPA axis (Barr et al., 2007). While it has been suggested that modulation
of alcohol reinforcement by genetic variation at the OPRM1 locus may relate to μ-opioid
receptor control of HPA axis function, due to the fact that suppression of alcohol self-
administration and craving by opioid receptor blockade is accompanied by activation of the
HPA axis (O'Malley et al., 2002), our findings suggest that acute alcohol reinforcement and
HPA axis activity may not be directly related. This is not to say that alterations in HPA axis
functioning have no bearing on other alcohol-related phenotypes. In humans, a blunted HPA
axis response to stress and alcohol administration is associated with increased alcohol
craving, tolerance, and the propensity to relapse (O'Malley et al., 2002; Adinoff et al., 2005;
Morrow et al., 2006). Typically, a blunted neuroendocrine state has been viewed as more of
a consequence of chronic alcohol consumption leading to dependence, rather than as a
precursor (Richardson et al., 2008). However, human subjects with a family history of
alcohol dependence exhibit blunted cortisol responses to alcohol, and this blunting is
believed to be predictive of future alcohol-related problems (Schuckit, 1984; Schuckit et al.,
1987). Our data indicate that a blunted HPA axis may predate chronic alcohol use among
individuals carrying functional OPRM1 variants. It may be that OPRM1 variation
simultaneously predicts blunted HPA axis activity and increased alcohol preference and that
further blunting of the HPA axis would occur more rapidly or to a greater degree as a
function of genotype.

The neuroendocrine changes that take place during pregnancy and after birth are fairly
consistent across mammalian species and appear to be beneficial for both the mother and the
infant (Slattery and Neumann, 2008). Attenuated hormonal stress responses during the
postpartum period are the norm as the physiological stress circuits gradually return to their
normal state after parturition. However, disruption of these processes can have negative
effects on the mother’s health, such as the development of postpartum depression (PPD) as
well as various autoimmune disorders (Mastorakos and Ilias, 2000; Mastorakos and Ilias,
2003; Jolley et al., 2007), which in turn can have negative consequences for the infant as
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well. While dysregulation of the HPA axis in postpartum women has been associated with
PPD, it remains unclear whether vulnerability for PPD is linked to hyperactivity or
suppression of the HPA axis (Slattery and Neumann, 2008). Major depression (MDD) has
been repeatedly associated with hyperactivity of the HPA axis (Pariante and Lightman,
2008); however the subtype of atypical depression is actually associated with down-
regulation of the HPA axis (Gold and Chrousos, 2002). Recent evidence suggests that PPD
may be more similar to atypical depression in this respect, in that blunted cortisol levels
have been observed in women with PDD compared to those without (Jolley et al., 2007;
Jolley and Betrus, 2007; Groer and Morgan, 2007). Among rhesus macaque mothers with
prior reproductive experience, we observed consistently diminished cortisol levels during
the extended postpartum period in females carrying the 77G allele. Although speculative,
this suggests that variation at the OPRM1 locus is a potential marker for individual
susceptibility to PPD, as reflected in the observed effects on HPA axis function. As of yet,
no study has shown a specific association between the OPRM1 gene and major depressive
disorders. However, reduced mu-opioid receptor binding potential has been observed in
women with major depression compared to controls (Kennedy et al., 2006), and OPRM1
gene variation has been shown to influence the response to citalopram therapy for
depression (Garriock et al., 2010). Interestingly, the effects of the 77G allele on cortisol
levels in first-time mothers were only apparent during the latter stages of the postpartum
period, around the time when infants become more independent and the weaning process is
initiated. The difference in findings for primiparous and multiparous mothers is most likely
due to differences in opioid sensitivity as a result of reproductive experience. Increased
OPRM1 gene expression, as well as increased opioid receptor expression, has been
demonstrated in multiparous female rats (Teodorov et al., 2010), suggesting a lesser role of
the endogenous opioids in mothers without prior reproductive experience. However, our
data suggest that with the potential added stress of the weaning process, effects of OPRM1
variation on HPA axis function may become apparent in first time mothers.

Similar to the previous studies on HPA activity in humans (Wand et al., 2002; Hernandez-
Avila et al., 2003; Chong et al., 2006), we did not find significant effects of OPRM1
genotype on ACTH levels. This absence of significant effects of the 118G and 77G allele on
ACTH raises the question of what specific mechanism or process is involved in the effect
we do see on cortisol levels. If variation at this locus exerts influence at the level of CRH
neurons in the hypothalamus, as has been argued, then a similar reduction in ACTH levels
might be expected. As suggested by Chong et al. (2006), it is possible that geneotype effects
on cortisol release could occur independently of ACTH through opioid receptors located in
the adrendal cortex (Lymangrover et al, 1981). Furthermore, the decrease in cortisol levels
may have altered the negative feedback loop whereby cortisol inhibits further release of
ACTH. We do note that trends for reduced ACTH levels in 77G allele carriers were
observed in some cases, and this coupled with a reduced sample size in some cases for
analysis of ACTH suggests that we may simply have been underpowered to detect signficant
effects on ACTH levels. In any case, the consistent finding of blunted cortisol levels in 77G
allele carriers across different contexts in the rhesus macaque, combined with similar
findings in humans with the 118G allele, provide a strong argument for variation at the
OPRM1 locus playing an significant role in stress physiology.

Individual differences in the functioning of the endogenous opioid system have been
proposed to influence susceptibility to addictive disorders and other psychopathology
through effects on reward processing and the response to stress (Ribeiro et al., 2005;
Gianoulakis, 2009). Genetic variation is undoubtedly one factor underlying these individual
differences. We have shown that rhesus macaques carrying the OPRM1 77G allele show a
reduced cortisol response to maternal separation in infancy and to acute alcohol exposure
later in life. Furthermore, attenuated cortisol levels were observed in 77G allele carriers
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during the maternal postpartum period. These findings are in general agreement with those
for adult male rhesus macaques and for humans exposed to a psychological stressor, lending
further support to the theory that the human and rhesus OPRM1 variants are functionally
similar. Moreover, the current study suggests roles for OPRM1 in alcohol-induced HPA axis
dysregulation and HPA function in the postpartum period.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Peak cortisol response to maternal separation as a function of OPRM1 genotype in six
month old rhesus macaque infants. Values are given as mean ± SEM. Peak cortisol
responses were determined by comparing values at hour 1 and hour 2 of separation on the
Monday of each separation week, When data were analyzed using only the hour 2 values for
all subjects (the time point for which most subjects exhibited the peak response), the results
were the same. S1 = week 1 separation, S2 = week 2 separation, S3 = week 3 separation, S4
= week 4 separation.
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Figure 2.
Cortisol response to acute alcohol administration as a function of OPRM1 genotype in the
adolescent/young adult rhesus macaques. Values are given as mean ± SEM.
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Figure 3.
Cortisol levels in rhesus macaque mothers as a function of OPRM1 genotype. Values are
given as mean ± SEM. (A) Primiparous (first-time) mothers. * indicates a significant
difference (p < 0.05) from day 7 and day 14 in primaparous mothers according to Newman-
Keuls post-hoc tests. (B) Multiparous mothers.
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