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Abstract

Rationale—Dominance hierarchies affect ethanol self-administration, with greater intake among
subordinate animals compared to dominant animals. Excessive ethanol intake disrupts circadian
rhythms. Diurnal rhythms of the hypothalamic—pituitary—adrenal axis have not been characterized
in the context of ethanol self-administration with regard to social rank.

Objective—This study aimed to determine whether diurnal pituitary—adrenal hormonal rhythms
account for differences between social ranks in ethanol self-administration or are differentially
affected by ethanol self-administration between social ranks.

Methods—During alternating individual (#7=11-12) and social (/=3 groups) housing of male
cynomolgus monkeys (Macaca fascicularis), diurnal measures of cortisol and adrenocorticotropic
hormone (ACTH) were obtained from plasma samples three times per week. Social rank was
determined, ethanol (4 %, w/V) self-administration was induced, and then the monkeys were
allowed a choice of water or ethanol for 22 h/day for 49 weeks.

Results—For all social ranks, plasma ACTH was elevated during social housing, but cortisol
was stable, although greater among dominant monkeys. Ethanol self-administration blunted the
effect of social housing, cortisol, and the diurnal rhythm for both hormones, regardless of daily
ethanol intake (1.2-4.2 g/kg/day). Peak ACTH and cortisol were more likely to be observed in the
morning during ethanol access. Ethanol, not vehicle, intake was lower during social housing
across social ranks. Only dominant monkeys showed significantly lower blood—ethanol
concentration during social housing.

Conclusions—There was a low threshold for disruption of diurnal pituitary rhythms by ethanol
drinking, but sustained adrenal corticosteroid rhythms. Protection against heavy drinking among
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dominant monkeys may have constrained ethanol intoxication, possibly to preserve dominance
rank.
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Introduction

Social interactions within all primate social groups are governed by hierarchical
relationships in which dominant individuals benefit from favorable treatment such as access
to food or preferential mating. Whereas social rank is inherited among females, social rank
in males depends on factors including size (Morgan et al. 2000) and dominance-related
behaviors (Flack and de Waal 2004). Hierarchical social structure among males varies
between primate species, ranging from highly aggressive, strict hierarchies (e.g., baboons,
rhesus macaques) to more permissive hierarchies (e.g., bonnet macaques), with cynomolgus
monkeys being slightly less aggressive than the former (Thierry 2007). These social styles
and the availability of social support for subordinate monkeys appear to be related to relative
adrenocortical activity among dominant and subordinate monkeys as measured by cortisol
(Abbott et al. 2003). The basic social structure of humans resembles that of nonhuman
primates (Foley and Gamble 2009). While aggressively mediated dominance obviously
occurs in humans, a majority of dominance interactions are verbal or psychogenic and may
be escapable due to a variety of social roles (e.g., work, school, home; Bohem 2004).
Nonetheless, social stress in humans (e.g., harassment at work; Richman et al. 2002), Old
World monkeys (social separation and social affiliation; Higley et al. 1996), and New World
(social separation and subordinate status; McKenzie-Quirk and Miczek 2008) monkeys has
been linked with greater alcohol consumption.

Activity of the hypothalamic—pituitary—adrenal (HPA) axis prepares animals to adapt to
stressors (e.g., novel stimuli, exercise, injury) and to remember the conditions under which
they occurred to anticipate future stressors (Wolf 2009). Adrenal production of cortisol due
to stimulation by adrenocorticotropic hormone (ACTH) from the pituitary is a primary
outcome of the HPA axis. In addition, circulating cortisol concentration fluctuates
throughout the day, being greatest in the morning and lowest in the evening in primates
(Urbanski 2011). The diurnal rhythm of cortisol is reflective of a healthy HPA axis and
impaired rhythms are a medically important index of stress associated with heart disease and
cancer (Matthews et al. 2006; Rosmond and Bjorntorp 2000; Sephton et al. 2000). Time of
day and wakefulness correlate strongly with the timing of diurnal hormone rhythms (e.g.,
Edwards et al. 2001) and are regulated independently of the absolute concentration or
magnitude of the rhythms. For example, in capuchin monkeys, the synthetic glucocorticoid
dexamethasone, an ACTH suppressor, decreased the absolute concentration of cortisol
without disrupting its magnitude or diurnal rhythm (Torres-Farfan et al. 2008). Thus, the
timing and magnitude of diurnal rhythms reflect different aspects of endocrine physiology,
the former relating to the light—dark cycle or feeding schedule (Krieger 1974) and the latter
to the activity of components of the HPA axis.

Ethanol is well known to influence HPA axis activity, acutely stimulating pituitary release
of ACTH (Lee et al. 2004), thus increasing adrenal steroid synthesis (Porcu et al. 2004), an
effect that diminishes with ethanol dependence (Boyd et al. 2010). Excessive ethanol
consumption has been related to interactions between HPA axis genes (e.g., CRHRI) and
psychosocial stress in humans (Blomeyer et al. 2008) and using genetic models (Sillaber et
al. 2002). In addition, chronic ethanol consumption can disrupt hormonal circadian rhythms
(reviewed by Spanagel et al. 2005). Recently, mice in which the clock gene Per was
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mutated had deficient diurnal activity rhythms and showed increased ethanol intake after
social defeat compared to wild-type mice (Dong et al. 2011), suggesting that diurnal
rhythms could interact with social stress to influence ethanol consumption. To date, the
interaction between diurnal endocrine activity, social stress, and ethanol consumption has
not been studied in primates.

The HPA axis has been proposed as a mechanism by which social stress affects ethanol
consumption (Barr et al. 2008, 2009). Within subjects, social separation is often used to
manipulate social stress, whereas classifying by social rank compares social stress between
subjects. Greater cortisol and ethanol consumption were observed among peer-reared rhesus
macaques during social separation compared to social housing (Higley et al. 1991).
Likewise, when socially isolated for 1 week, squirrel monkeys consumed a greater quantity
of ethanol and had greater afternoon salivary cortisol compared to during social housing
(McKenzie-Quirk and Miczek 2008). McKenzie-Quirk and Miczek interpreted their data to
be consistent with the tension reduction hypothesis, which proposes that ethanol drinking is
reinforced by anxiolytic effects that decrease social stress.

The present study evaluated the interaction between social rank and housing conditions on
ethanol self-administration and diurnal pituitary—adrenal rhythms in male cynomolgus
monkeys. To manipulate housing conditions, we used the common manipulation of forming
social groups by combining four individual housing units into a single social cage containing
four monkeys (Grant et al. 1998; Morgan et al. 2000, 2002; Czoty et al. 2008; Riddick et al.
2009). Based on past studies, we hypothesized that all monkeys would drink more ethanol
when individually compared to socially housed and that subordinate monkeys would drink
more ethanol than dominant monkeys (McKenzie-Quirk and Miczek 2008). Previous studies
suggested that activity rhythms during chronic, forced exposure to ethanol showed wide
individual differences in rodents (Rosenwasser et al. 2005) and that cortisol secretion was
elevated during withdrawal in alcoholics (Fonzi et al. 1994) and cynomolgus monkeys
(Cuzon Carlson et al. 2011). The current study expanded upon these limited data by
measuring the diurnal rhythm of pituitary—adrenal activity, which was expected to be
disrupted particularly among heavy drinkers.

Materials and methods

Animals

The subjects were male cynomolgus monkeys (7=11-12, Macaca fascicularis, age 50-62
months, weight 3.8-5.7 kg) that were experimentally naive at the onset of the study.
Following 2 months of quarantine, the monkeys moved to the laboratory and were
individually housed in quadrant cages (0.8x0.8x0.9 m) equipped with removable vertical
and horizontal metal partitions, allowing for social housing (1.6%0.8x1.8 m). Each quadrant
cage was individually equipped with an operant panel on the wall which dispensed and food
and liquids. The room temperature was maintained at 20-22 °C, the humidity at 65 %, and
the light cycle was 12 h (lights on at 7:00 AM). The monkeys were weighed weekly. All
animal procedures were approved by the Wake Forest University IACUC and were
performed in accordance with the NIH and the Guide for the Care and Use of Laboratory
Animals. Portions of the ethanol self-administration data including blood—ethanol
concentration (BEC) from these monkeys have been published (Grant et al. 2008).

Due to the influence of anesthesia on sampling of ACTH (e.g., Welker et al. 1992), over 5
months, the monkeys were first acclimated to the laboratory and then trained to participate
in venipuncture to obtain blood samples without anesthesia (Porcu et al. 2006). All samples
were obtained in the absence of anesthesia or fasting. During the first 27 weeks of the study,
ethanol was not available. During this time, housing conditions were manipulated as shown
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in Table 1. Because adrenal activity in primates may be altered for more than 2 months
following changes in social organization (Mendoza et al. 1979; Goo and Sassenrath 1980;
Gonzalez et al. 1981), the housing conditions were changed after 3 months. For social
housing, the cage partitions were removed for 2 h/day (9:00-11:00 AM). This limited social
interaction was necessary to combine social housing with ethanol self-administration using
our established protocol and was considered a daily reminder of social rank.

Social rank classification

Social rank was determined by recording social behaviors during the last week of social
housing and prior to ethanol access (week 15). Three trained observers completed 15-min
observations of each monkey, with each observer monitoring a single rack of three to four
monkeys. Behaviors were characterized as aggressive, submissive, or sexual. Minutes spent
initiating and receiving aggressions, submissions, and grooming behaviors were also
recorded. Outcomes of dyadic agonistic interactions between cage mates were used to
identify social rank. Within each rack, the monkey with the most aggressions and to which
most others submitted was designated the highest-ranking monkey. The monkey to which all
but the highest-ranking monkey submitted was designated the second highest-ranking
monkey, and so on. Thus, the monkeys were ranked as dominant, subordinate, or
intermediate. A dominant monkey (i.e., 90) died 43 weeks into the experiment by causes
unrelated to the experiment or chronic illness and was replaced in rank by the next highest-
ranking monkey, 96 (Table 2).

Ethanol access

Apparatus

The second part of the study (weeks 28-76) occurred after schedule-induced polydipsia was
used to induce ethanol self-administration (Grant et al. 2008). Briefly, the monkeys
consumed a required volume of water or 4 % ethanol (w/V; in water), resulting in the
termination of a fixed-time 300-s schedule of pellet delivery. Every 30 days, the dose of
ethanol consumed was increased from 0 g/kg/day (water volume equivalent to 1.5 g/kg
ethanol) to 0.5, 1.0, and finally 1.5 g/kg/day. Following induction, ethanol (4 % w/) and
water were concurrently available for 22 h/day, with the monkeys first housed individually
and then socially. Individual housing conditions were as previously described (Vivian et al.
2001), and during these periods, the monkeys were allowed visual, auditory, and olfactory
contact with conspecifics. Ethanol was not available during social housing because the fluid
reservoirs were replenished during this time. Details regarding training and meals are
described by Grant et al. (2008). Drinking status was based on daily average intake over the
49 weeks of ethanol self-administration. Monkeys with a daily average >3.0 g/kg were
defined as heavy drinkers (Vivian et al. 2001). Monkeys with intakes below this threshold
were defined as nonheavy drinkers.

Within each monkey's home cage, an operant panel on one wall permitted access to all fluid
and food and has been extensively described (Vivian et al. 2001). Panels were controlled via
a computerized system (Macintosh G4, Apple Computer Inc., Cupertino, CA, USA, with
interface and programming environment from National Instruments Corporation, Austin,
TX, USA). Each panel contained two drinking spouts, a set of three lights (red, white, and
green) located below one of the spouts, and a centrally located opening containing a dowel
with an associated stimulus light. Each spout was connected by tubing to a fluid reservoir
placed on a digital scale (N1B110, Ohaus Corporation, Pine Brook, NJ, USA) connected to
the computer interface.
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Blood draws (3 ml) provided the plasma for the assays of ACTH and cortisol. Blood
samples were set on ice until centrifuged (3,000 rpm, 15 min, 4 °C) and stored at —20 °C
(cortisol) or —80 °C (ACTH). ACTH and cortisol were assayed by Yerkes Endocrine Core
Laboratory. BEC was measured approximately every fifth day 7 h into the 22 h/day drinking
session, resulting in 68 observations per monkey evenly split between individual and social
housing (21 observations for monkey 90 during individual housing, see above).

Statistical analysis

Results

The independent variables were housing rack, housing condition (three levels pre-ethanol:
first individual, social, and second individual; two levels during ethanol access: individual
and social), social rank (three levels: dominant, intermediate, and subordinate), and where
appropriate, time of day (three levels: AM, noon, and PM) for the plasma samples. The
dependent variables were the mean, weekly maximums (peak), and weekly minimums
(nadir) of ACTH (in picograms per milliliter) and cortisol (in micrograms per deciliter),
mean daily ethanol intake (in grams per kilogram), and BEC (in milligrams per deciliter).
ACTH and cortisol concentrations were log-transformed to meet distributional assumptions
prior to analysis. All dependent variables were analyzed using linear mixed models in which
monkey was the subject variable. Univariate analyses were conducted with each
independent variable prior to multivariate modeling in which nonsignificant factors were
placed in the error term. For drinking measures, a univariate model for cage rack was
conducted, and then housing condition, social rank, and the interaction term were included
in the full model because time of day was not relevant. In all analyses, cage rack was a
nonsignificant factor. On a majority (69 %) of experimental days, monkey 96 was
intermediate-ranked, and only this rank was included in analyses of endocrine measures.
However, 96 was dominant during a majority (67 %) of sessions during 22 h/day access to
ethanol, and this rank was included in the analysis of the effect of social rank on drinking.
The results reported are from the final models using the optimal covariance structure as
determined by -2 log likelihood criteria. Significant main effects and interactions were
assessed using Bonferroni-corrected comparisons. For all analyses, a=0.05. All analyses
were conducted using SAS 9.2.

Effect of housing on ACTH and cortisol prior to ethanol access

Prior to ethanol access, the diurnal rhythm of ACTH was variable, A2, 22)=14.4, p=0.0001
(Fig. 1), in contrast to the strong diurnal rhythm of cortisol, A2, 18)=265.8, p<0.0001 (Fig.
2). Both hormones were greater in the morning (mean+SD: ACTH, 54.7+£37.7 pg/ml;
cortisol, 19.7+6.2 pg/dl) and at noon (ACTH, 54.1+30.3 pg/ml; cortisol, 17.5£8.2 pg/dl)
compared to the evening (ACTH, 44.8+21.5 pg/ml; cortisol, 7.6+6.4 pg/dl). At all times of
day before the monkeys had access to ethanol, mean ACTH was greater during social
housing (68.9+54.4 pg/ml) compared to when monkeys were housed individually
[41.1+£19.4 pg/ml; housing condition, £~ (4, 41)=20.1, p<0.0001; housing conditionxtime of
day, A8, 81)=2.9, p=0.008]. Both the peak, A4, 31)=44.0, p<0.0001, and nadir, A4,
31)=30.5, p<0.0001, of ACTH were also elevated during social housing (Fig. 3). Greater
ACTH as measured by the mean, peak, and nadir during social housing was unrelated to
social rank. Concentrations of ACTH prior to ethanol access were similar between dominant
(56.0£38.3 pg/ml), intermediate-ranked (54.3+34.4 pg/ml), and subordinate (53.7+£34.4 pg/
ml) monkeys when averaged across all times of day and housing conditions. In contrast,
prior to ethanol access, averaged across all times of day and housing conditions, mean
cortisol was greater among dominant (21.1+9.6 pg/dl) compared to intermediate-ranked
(17.1+9.0 pg/dl) or subordinate monkeys (15.5+9.4 pg/dl), A2, 9)=6.6, p=0.02. Both the
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peak and nadir of cortisol were greater among dominant compared to intermediate-ranked or
subordinate monkeys [H2, 8)=4.7, p=0.046 and A2, 8)=11.1, p=0.005, respectively].

Cortisol was markedly elevated only during the first day of social housing compared to the
prior 2 weeks of individual housing (Supplemental Figs. 1, 2, and 3). The first day of social
housing coincided with an evening blood draw, and 11 out of 12 monkeys showed increased
cortisol ranging from 7.7 to 52.1 pg/dl (mean + SD, 20.5+16.8 pg/dl) compared to evening
cortisol during the preceding 2 weeks of individual housing. Elevated cortisol on the first
day of social housing was unrelated to social rank. In contrast, cortisol decreased (—4.5+3.2
pa/dl) between the last 2 weeks of social housing and the first week of individual housing
that followed. When all the data were included, the mean (Fig. 2), peak, and nadir (Fig. 3) of
cortisol decreased across the housing manipulations, and concentrations did not differ
selectively between social and individual housing [mean, A4, 32)=44.9, p<0.0001; peak,
A4, 33)=110.3, p<0.0001; nadir, A4, 33)=16.6, p<0.0001].

Consistent with the variable rhythm of ACTH, prior to ethanol access, peak ACTH was
measured most frequently at noon, but peak was also measured in approximately 20-30 %
of morning and evening samples, irrespective of housing condition. During individual
housing, the distribution of peak cortisol between morning and noon samples was almost
equal. During individual housing that followed social housing, however, a shift in the timing
of peak cortisol occurred in which peak cortisol occurred most frequently at noon (Table 3).

Effect of housing on ACTH and cortisol during ethanol access

Access to ethanol was associated with a flattened diurnal rhythm for ACTH and cortisol in
all monkeys. Specifically, the peak and nadir were more similar compared to when the
monkeys did not have access to ethanol (Fig. 3). In addition, cortisol was suppressed during
ethanol self-administration. The timing of peak ACTH and cortisol also shifted during
ethanol access, most frequently occurring in the morning (Table 3). Ethanol self-
administration blunted the endocrine effects of the housing manipulation. That is, when the
monkeys had access to ethanol, social housing did not increase ACTH compared to
individual housing at any time of day, as indicated by mean ACTH (individual, 46.0+22.2
pg/ml; social, 48.7+23.6 pg/ml; Fig. 2) or the nadir of ACTH (individual, 34.5+17.1 pg/ml;
social, 35.4+15.1 pg/ml; Fig. 3). Peak ACTH was slightly greater during social (65.3+30.6
pg/ml) compared to individual (59.8+29.9 pg/ml) housing, but the magnitude of increase
was blunted during ethanol access. Ethanol intake was not correlated with the decrease in
ACTH from social housing before and during ethanol access, suggesting that ethanol
dampened ACTH below an average daily intake of 1.8 g/kg.

On average, cortisol was similar across housing conditions during access to ethanol (Fig. 2),
and there was no evidence of a transient increase on the first day of social housing
(Supplemental Figs. 1, 2, and 3). When housed individually and drinking ethanol,
subordinate monkeys had lower peak cortisol (17.7+9.8 pg/dl) compared to intermediate-
ranked (20.8+6.9 p.g/dl) or dominant (23.7+8.5 pg/dl) monkeys, A8, 33)=3.1, p=0.01, and
the nadir of cortisol was greater in both intermediate-ranked (5.8+4.1 pg/dl) and dominant
(8.1+4.3 pg/dl) compared to subordinate (3.4+2.1 ng/dl) monkeys, A8, 33)=2.8, p=0.02.
None of these measures differed between the social ranks when they were housed socially
and drinking ethanol (Fig. 3). Averaged across all times of day and social ranks, cortisol was
blunted during ethanol self-administration (11.4+6.4 pg/dl) compared to before ethanol
access (18.6+10.5 pg/dl).
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Effect of housing condition on ethanol self-administration

None of the dominant monkeys were heavy drinkers, and all had lower ethanol intakes when
housed in a social group compared to those individually housed (Table 2, Fig. 4). Lower
daily ethanol intake among dominant (mean+SD, 2.0+£1.0 g/kg/day) compared to
subordinate (3.0+1.3 g/kg/day) and intermediate-ranked (3.1+1.3 g/kg/day) monkeys was
not significantly different when averaged across housing conditions, A2, 8)=2.0, similar to
BEC, A_2, 8)=2.1. Overall, average daily ethanol intake was slightly but significantly lower
during social (mean+SD, 2.6x1.1 g/kg/day) compared to individual (2.8+1.1 g/kg/day)
housing, A1, 7)=100.9, p<0.0001, especially among dominant monkeys [housing
conditionxrank, A2, 7)=75.9, p<0.0001]. BEC differed between housing conditions only
among dominant monkeys, for whom it was lower during social (48+55 mg/dl) compared to
individual (6671 mg/dl) housing [housing conditionxrank, A2, 7)=14.5, p=0.003, 45)=4.3,
p=0.02; Fig. 4]. In contrast, BEC was similar between individual and social housing among
intermediate-ranked (8861 and 104+68 mg/dl, respectively) and subordinate (119451 and
130+62 mg/dl, respectively) monkeys. For each social rank, ethanol intake decreased
significantly between the week before and the first week of social housing, A1, 7)=56.8, p=
0.0001. However, only dominant monkeys maintained lower ethanol intake throughout
social housing. In contrast, vehicle intake did not change significantly, A1, 7)=5.2, p=0.06,
among any social rank, A2, 7)=4.5, p=0.06 (Supplemental Figs. 4, 5, and 6).

Discussion

The hormonal data in the current study suggested that individual housing was less stressful
than quadrant social housing in young adult male cynomolgus monkeys. However, it should
be emphasized that the quadrant caging is relatively restricted space and does not allow
animals to leave the presence of any other member of the group. Ethanol self-administration
was then assessed during individual housing or daily social grouping. In contrast to the
tension reduction hypothesis, continuous individual housing, which was less stressful, was
associated with greater ethanol consumption. Greater ethanol self-administration was
previously reported during social isolation compared to social housing in rats (Parker and
Radow 1974; Wolffgramm and Heyne 1991; Ehlers et al. 2007) and monkeys (Kraemer and
McKinney 1985; McKenzie-Quirk and Miczek 2008; Higley et al. 1991). From a behavioral
economics viewpoint, ethanol self-administration may have increased during individual
housing due to the absence of alternative sources of reinforcement, including physical
interaction with conspecifics (Crowley 1983). This seems unlikely, however, because in the
current study, ethanol access from the panel occurred when all monkeys were individually
housed, after the daily social grouping (i.e., barriers prevented direct physical interaction as
a source of reinforcement). The decreased ethanol drinking among dominant monkeys was
more likely due to associative processes related to the daily reminder of social rank, rather
than the proximal environment. Dominant monkeys may avoid ethanol intoxication during
social housing because it is incompatible with behaviors that maintain dominance (Winslow
and Miczek 1985).

The current study showed that protection against heavy ethanol drinking by dominant social
status was unrelated to diurnal pituitary—adrenal activity, which was similar during daily
social grouping among the ranks. The lower ethanol intake of dominant compared to
nondominant monkeys is similar to previous studies showing lower self-administration of
cocaine (Morgan et al. 2002; but see Czoty et al. 2004) and ethanol (McKenzie-Quirk and
Miczek 2008). Apart from an involvement of pituitary—adrenal activity, differences in
dopamine activity between social ranks (e.g., female cynomolgus monkeys; Grant et al.
1998) could explain lower self-administration of drugs among dominant monkeys. Lower
synaptic dopamine and dopamine D, receptors in the striatum of subordinates (Grant et al.
1998) could enhance drug reinforcement or behavioral processes involved in the acquisition
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of operant self-administration. Indeed, once self-administration was acquired, male
cynomolgus monkeys of different social ranks did not differ in self-administration of
cocaine (Czoty et al. 2004). Additional studies are needed to determine the extent to which
striatal dopamine activity provides a biological basis for protection against consumption of
excessive quantities of ethanol by dominant social status.

Two hours of social housing in the morning had a lasting effect on pituitary activity, as
indicated by increased ACTH in evening samples. Indeed, ACTH remained elevated
throughout social housing prior to ethanol exposure. The average concentrations of ACTH
in the current study are lower than concentrations after an acute stressor (presentation of
“catch gloves,” >100 pg/ml; female cynomolgus monkeys; Herod et al. 2011). Overall, the
levels of ACTH found in the present study appear to be indicative of the vigilance associated
with living in a social setting, rather than a “fight or flight” response. In addition, average
cortisol measured across all social ranks was <40 pg/dl, consistent with normal, healthy
macaques trained to participate in venipuncture (Wilson et al. 2005). On the first day of
social housing, cortisol was transiently elevated for monkeys of all social ranks (maximum,
60 pg/dl). Similar to Czoty et al. (2008), cortisol concentrations returned to normal within
days after a switch to social housing. In another study, when socially housed squirrel
monkeys were subsequently housed alone, cortisol increased nearly twofold in the first hour,
peaking after 1 day, and remained elevated above baseline for almost a week (Lyons et al.
1999). The current study showed that transiently elevated cortisol was related to housing
condition, rather than just a change of housing, because rather than increasing, cortisol
decreased slightly when the monkeys were switched from social to individual housing.

The maintenance of cortisol rhythms despite fluctuating ACTH is not surprising as
adrenocortical rhythms are generated in part independently of pituitary ACTH (Meier 1976)
and adrenocortical sensitivity to ACTH is adaptable (Oster et al. 2006). Indeed, adrenal
sensitivity to ACTH has been reported to vary with social status in monkeys. In females
(Shively 1998) and males (Czoty et al. 2008), socially housed subordinate cynomolgus
monkeys had greater plasma cortisol following the administration of ACTH compared to
dominant and intermediate-ranked monkeys. In the current study, similar to past studies
(e.g., Czoty et al. 2008), diurnal adrenocortical rhythms only slightly differed between the
social ranks. We found that subordinate and intermediate-ranked monkeys had more similar
cortisol (peak and nadir) before ethanol access, but dominant and intermediate-ranked
monkeys had more similar cortisol during ethanol access before social housing. This
appeared to be due to the maintenance of cortisol peaks and nadirs among intermediate-
ranked monkeys during ethanol access.

Intermediate-ranked monkeys may have a distinct temperament. For example, previous
studies showed that intermediate-ranked monkeys initiated grooming more frequently than
dominant or subordinate monkeys (Morgan et al. 2000) and had lower adrenal cortisol
response to ACTH during individual housing (Czoty et al. 2008). The data in the current
study could indicate that adrenocortical rhythms are more dynamic among individuals at the
extremes of social rank. Insofar as social rank is an outcome of trait-like behaviors,
endocrine activity and social behaviors should be consistent even if a monkey changes rank.
Social upheaval due to the death of the dominant monkey (90) in rack 3 resulted in a
prolonged, but reversible, increase in ACTH in the next highest-ranking monkey (96),
suggesting that social rank is a trait. Physical contact was not possible during the upheaval,
so the transient increase in ACTH could have been related to increased vocal aggression.
While monkey 90 was alive and dominant, monkey 96 was an intermediate-ranked low
drinker, and he remained a low drinker after becoming dominant. The data suggest that low
ethanol consumption may be a behavioral trait of dominant nonhuman primates.
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Despite a constant light—dark cycle, the current study showed that peak cortisol was more
likely in the morning during ethanol access. This result contrasts with flattened diurnal
corticosterone in mice that consumed an ethanol liquid diet up to 100 mg/dl (Kakihana and
Moore 1976). The shift in daily peak cortisol levels from a mix of morning/afternoon to
predominantly morning samples during ethanol self-administration is an interesting effect.
Diurnal hormone rhythms can be entrained to food access, and therefore, possibly ethanol
access. For example, in food- and water-restricted rats, corticosteroids peaked immediately
before food and water access (Krieger 1974). However, in the current study, ethanol access
began 4 h after (11:00 AM) the start of the light cycle. The light cycle began at the same
time as the blood draw for morning cortisol (7:00 AM). Thus, if diurnal cortisol was
entrained to the first meal of the day (and to ethanol access), then peak cortisol would be
expected to coincide with the noon sample, not the 7:00 AM sample. However, the data
suggest that the increased consistency of cortisol rhythms during ethanol access reflects
greater entrainment to the light cycle rather than the feeding schedule.

Although the endogenous rhythm of the adrenal gland became quite consistent during
ethanol self-administration, the absolute concentration of cortisol was suppressed, especially
at morning and noon. Lower cortisol levels associated with chronic ethanol self-
administration is consistent with our previous results in male cynomolgus monkeys (Cuzon
Carlson et al. 2011). In social drinkers, self-reported heavy alcohol drinking (men, >3
drinks/day and women, >2 drinks/day) was associated with greater cortisol at awakening and
in the evening compared to moderate drinkers (men, <3 drinks/day and women, <2 drinks/
day; Boschloo et al. 2011). From this study, it would appear that the results in humans are at
odds with those reported here in the monkey. However, morning cortisol can reflect neural
control over diurnal rhythm variation or accelerated production of cortisol that follows
awakening and reflects morning activities (Wilhelm et al. 2007). This is an important
distinction because different neural mechanisms mediate the awakening response (e.g., brain
stem, thalamus; Balkin et al. 2002) versus morning concentrations due to diurnal variation
(e.g., suprachiasmatic nucleus; Krieger et al. 1977), and the different neural circuitry could
be differentially affected by ethanol.

Although this study did not directly investigate hypothalamic signals for adrenal activation,
the function of the pituitary was assessed by measuring ACTH. In short, ethanol self-
administration was accompanied by blunted diurnal pituitary rhythms that were not
correlated with the quantity of ethanol consumed or housing conditions. These data suggest
a very low threshold for ethanol disruption of diurnal pituitary activity. Few studies have
examined the threshold for ethanol modulation of circadian processes, and to our
knowledge, none in humans. Rats consuming 8 g/kg ethanol/day (estimated maximum BEC,
50-100 mg/dl) had decreased entrainment of activity rhythms to light compared to controls
(Rosenwasser et al. 2005). Two weeks of an ethanol liquid diet (35 % of daily calories) in
rats flattened the circadian MRNA expression of pro-opiomelanocortin (POMC) and period
genes in the arcuate nucleus of the hypothalamus (Chen et al. 2004). Lastly, 6 weeks of
exposure to 11.5 g/kg/day, but not 5.5 g/kg/day, ethanol in a liquid diet disrupted sleep
patterns in rats (Mukherjee et al. 2008). Compared to the studies above, the current results
appear to indicate an even lower threshold for disruption of diurnal rhythms of pituitary
ACTH in cynomolgus monkeys. In men, Ekman et al. (1994) reported that 1.0 g/kg, but not
0.5 g/kg, ethanol stimulated POMC activity in the afternoon, although the cleavage products
B-endorphin and ACTH were not elevated. In contrast, excessive gquantities of alcohol, e.g.,
during alcoholism, are associated with decreased expression of clock genes in peripheral
blood mononuclear cells (Huang et al. 2010). During severe ethanol withdrawal in humans,
cortisol was elevated throughout the day, obliterating its diurnal rhythm in one study
(Risher-Flowers et al. 1988) or delaying peak cortisol in another study in which the severity
of withdrawal was not described (Iranmanesh et al. 1989). We have also reported increased
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morning cortisol in cynomolgus monkeys during abstinence from ethanol self-administration
(Cuzon Carlson et al. 2011).

In summary, the main findings of this study are that social housing in quadrant cages
resulted in a state-dependent increase in ACTH across all social ranks, whereas cortisol was
transiently increased, then returned to baseline. After ethanol self-administration was
established, dominant monkeys were at low risk for chronic heavy consumption. Ethanol
self-administration resulted in a dampening of cortisol and ACTH concentrations and ACTH
circadian rhythm. Finally, limited daily social housing resulted in a significant decrease in
ethanol intake compared to individual housing, but interestingly, BEC was lower only
among dominant monkeys. The results suggest that social dominance is a protective feature,
particularly in a social setting, against chronic heavy ethanol drinking, even though
pituitary—adrenal activity appears to be similarly affected by ethanol self-administration
across housing conditions and social ranks.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Mean + SEM ACTH at 7:00 (AM), noon (12), and 5:30 (PM) during manipulations of
housing before and after access to ethanol among dominant (fgp), intermediate-ranked
(middle), and subordinate (bottom) monkeys. Error bars are near the symbols during ethanol
access due to low variance in ACTH. Means are computed from 183 to 275 samples per
monkey
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Mean + SEM cortisol at 7:00 (AM), noon (12), and 5:30 (PM) during manipulations of
housing before and after access to ethanol among dominant (fgp), intermediate-ranked
(middle), and subordinate (bottom) monkeys. Error bars are near the symbols during ethanol
access due to low variance in cortisol. Means are computed from 188 to 278 samples per
monkey
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Fig. 3.

Mean + SEM peak (solid lines) and nadir (dashed lines) ACTH (183-275 samples per
monkey) and cortisol (188-278 samples per monkey) during manipulations of housing
before and during access to ethanol among dominant (circle), intermediate-ranked (square),
and subordinate (friangle) monkeys
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Fig. 4.

Frequency distributions of daily ethanol consumption for dominant (fgp), intermediate-
ranked (/middle), and subordinate (botform) monkeys during individual and social housing
calculated across 1-g/kg intervals from 170 to 175 sessions, respectively, per housing
condition (except monkey 90). After the death of monkey 90 during individual housing
(week 43), monkey 96 became dominant
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Timeline of experimental conditions

Housing condition Weeks

Before ethanol access

Individual 1-2
Social 3-15
Individual 16-27

22 h/day ethanol access
Individual 28-51
Social 52-76
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