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Oral Ethanol Self-Administration in Rhesus Monkeys:

Behavioral and Neurochemical Correlates

J. A. Vivian, J. D. Higley, M. Linnoila, and J. H. Woods

Background: Previous research has revealed that orally administered ethanol serves as a reinforcer in
nonhuman primates. The purposes of the present study were to examine the relationship between ethanol
preferences and intakes in two distinct self-administration contexts and to reveal some of the behavioral
and neurochemical correlates of oral ethanol self-administration in monkeys.

Methods: Three cohorts of 13 to 29 rhesus monkeys (Macaca mulattaj were socially housed and given
daily, 1-hr, one-spout access to an ethanol solution (8.4%, w/v) sweetened with aspartame. Twelve of these
monkeys were subsequently selected, individually housed, and given daily, 2-hr, two-spout access to a range
of ethanol concentrations (0.25-16%, w/v) concurrently with water.

Results: These monkeys (National Institute on Alcohol Abuse and Alcoholism group) showed a marked
preference for ethanol (0.5-4%, w/v) over water, and ethanol preferences were 3-fold greater than those of
a second group of 12 monkeys (University of Michigan group) purchased from a commercial vendor.
Ethanol consumption was consistent across the self-administration paradigms. Monkeys that consumed
large quantities of ethanol under the one-spout, social-housing conditions continued to drink large quan-
tities of ethanol under the two-spout, individual-housing conditions (r = 0.86). An association between
cthanol preferences and intakes was also demonstrated. Monkeys with the greatest preferences for ethanol
over water under the two-spout choice conditions consumed the largest quantities of ethanol (r = 0.82).
Finally, cerebrospinal fluid 5-hydroxyindoleacetic acid concentrations were inversely related to ethanol
preference but not to ethanol intake.

Conclusions: These results indicate that ethanol consumption is stable across contexts and is positively
corrclated with the preference for ethanol over water.

Key Words: Ethanol, Preferences, Self-Administration, Serotonin.

RECLINICAL STUDIES using intravenous self-

administration techniques with monkeys have provided
a wealth of information regarding drugs likely to serve as
reinforcers in human subjects; with few exceptions, the
abuse liability of the tested compounds and the receptor
system underlying the behavioral effects could be deter-
mined (Deneau et al., 1969; Zernig et al., 1997). However,
the intravenous method may not be an appropriate model
for human drug abuse in other ways. For example, the
enormously different individual patterns of human ethanol
consumption, with a small proportion of the population
consuming disproportionately large quantities of alcohol
(O’Brien, 1996), is not modeled well by the intravenous
model of ethanol abuse, in which virtually all monkeys show
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consistently high ethanol intakes (Karoly et al., 1978; Wil-
liams et al., 1998; Winger, 1988; Winger and Woods, 1973).

The reinforcing effects of a number of orally available
drugs have been demonstrated in monkeys (Carroll and
Stotz, 1983; Henningfield and Meisch, 1979). Although
subjects typically demonstrate reinforcing effects of the
drugs tested, there has been little or no emphasis placed on
individual differences among subjects in their proclivities to
exhibit reinforcing effects (Higley et al., 1996; Juarez et al.,
1993; Kraemer and McKinney, 1985). We are intrigued by
individual differences among subjects because they may
indicate that the oral route of administration dampens the
reinforcing effects of the drugs in such a way as to make
their acceptability more like that demonstrated in human
subjects. In other words, it may be possible to use individual
differences in the reinforcing effects of orally administered
drug solutions among animals to model individual differ-
ences in drug and alcohol abuse in the human population.

In contrast to primates, individual and strain differences
in oral ethanol self-administration have been well docu-
mented in rodents. Researchers have selectively bred ro-
dents for divergent ethanol consumption. This selective
breeding resulted in the establishment of preferring (P) and
nonpreferring (NP) (Li et al., 1994), high and low alcohol
consumer (Mardones and Segovia-Riquelme, 1983), alco-
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hol and nonalcohol (Erikkson, 1972), and high- and low-
alcohol-drinking (Li et al., 1994) rats, which demonstrate
nonoverlapping high and low intakes of ethanol, respec-
tively. Results from studies using these rats suggest a ge-
netic component of ethanol consumption that is in accor-
dance with that of human subjects (Cloninger, 1987;
Prescott and Kendler, 1999).

Compromised serotonin [5-hydroxytryptamine (5-HT)]
function has been implicated in alcoholism and nonhuman
ethanol self-administration. Low concentrations of the cere-
brospinal fluid (CSF) 5-HT metabolite 5-hydroxyindoleacetic
acid (5-HIAA) and reduced levels of 5-HT transporters have
been demonstrated in individuals at risk for alcoholism and
impulse control problems, such as aggression, arson, and sui-
cide (Ballenger et al., 1979; Borg et al., 1985; Heinz et al.,
1998; Virkkunen et al., 1994). Rhesus monkeys with low CSF
5-HIAA concentrations consumed large quantities of a sweet-
ened ethanol solution, even when the sweetened vehicle was
concurrently available (Higley et al., 1996). Moreover, the
5-HT, 4 partial agonist buspirone decreased ethanol, but not
water, intake in macaques (Collins and Myers, 1987). Low
5-HT and 5-HIAA concentrations were consistently observed
in P and high-alcohol-drinking rats (Gongwer et al., 1989;
Murphy et al., 1987), as well as in some other rodent species
with ethanol preferences (Fawn-Hooded and Sardinian
alcohol-preferring rats and C57BL mice) (Devoto et al., 1998;
Rezvani et al, 1990; Yoshimoto and Komura, 1989).
Although acute administration of 5-HT agonists, reuptake
blockers, and releasing agents decreased ethanol intake in
rats, the selectivity of these 5-HT manipulations for
ethanol self-administration is questionable (for review, see
LeMarquand et al, 1994). Nevertheless, these experiments
provide an attractive impetus for further investigations of the
relationship between central 5-HT function and ethanol self-
administration.

Until recently, primate research has contributed surpris-
ingly little of importance to our understanding of individual
differences in oral ethanol self-administration. Therefore,
the objectives of the present study were (1) to determine
the preferences for and consumption of unsweetened eth-
anol solutions, over a range of ethanol concentrations, in a
large group (n = 24) of rhesus monkeys; (2) to determine
whether ethanol intake in one environment predicts subse-
quent ethanol intake in a different environment; and (3) to
evaluate some of the behavioral and neurochemical corre-
lates of oral ethanol self-administration.

METHODS
Subjects

Two groups of rhesus monkeys (Macaca mulatta) were used in these
studies. The first group included three cohorts of 13 to 29 monkeys that
were established at the National Institute on Alcohol Abuse and Alcohol-
ism (NIAAA) primate facility in Poolesville, Maryland. These monkeys
(n = 61) were group-housed in large indoor/outdoor pens and were
allowed to interact freely and establish social hierarchies, with free access
to food and water. At approximately 48 months of age, each monkey was
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given a single administration of ethanol (2 g/kg, intravenously); at approx-
imately 50 to 51 months of age, one-spout oral self-administration exper-
iments were performed as described below. At approximately 57 months
of age, 12 monkeys (7 males and 5 females, 4.2-9.5 kg) were transferred
to the facilities at the University of Michigan and housed as described
below. The second group included 12 age-matched monkeys (6 males and
6 females, 4.9-7 kg) that were purchased from a commercial vendor and
housed as described below [University of Michigan group (MICH)]. Be-
fore transfer to the University of Michigan (at 36 months of age), thesc
monkeys were group-housed in large indoor/outdoor pens at Yerkes
Regional Primate Center and were allowed to interact freely and establish
social hierarchies, with free access to food and water.

After transfer to the University of Michigan, the 13 male and 11 female
young adult rhesus monkeys were individually housed, with free access to
water, in a vivarium maintained at 21 + 1°C and 30 to 50% humidity, with
a 12:12-hr light/dark cycle. Monkeys were fed approximately 25 biscuits
(Purina Monkey Chow) each day and fresh fruit twice each weck.

NIAAA and MICH monkeys were exposed to one-spout panel training
sessions (see below) at approximately 60 and 38 months of age, respec-
tively. MICH monkeys were also exposed to unsweetened methadone,
using a one-spout oral self-administration procedure, at 39 to 42 months
of age. Two-spout, oral, ethanol self-administration testing sessions (de-
scribed below) were performed when NIAAA monkeys were approxi-
mately 60 to 64 months of age and when MICH monkeys were approxi-
mately 48 to 52 months of age. Experimental sessions were conducted in
the homecage.

Finally, both groups of monkeys were born and raised in breeding
colonies; no subject selection criteria were used (i.e., the NIAAA monkeys
were not chosen becausc of excessive ethanol consumption, excessive
“impulsiveness” or aggression, or compromised CSF 5-HIAA concentra-
tions; MICH monkeys were unexceptional in their procurement and were
relatively undisturbed until transport from the primate center). The ap-
proximate behavioral histories of the monkeys are presented in Fig. 1 (for
additional details on the NIAAA monkeys, see Higley et al., 1991).
Animals used in these studies were maintained in accordance with the
University of Michigan Committee on Animal Care standards and the
Guidelines of the Committee on the Care and Use of Laboratory Animal
Resources, National Health Council (Department of Health, Education,
and Welfare, ISBN 0-309-05377-3, revised 1996).

Apparatus

One-Spout Oral Self-Administration. In Poolesville, six polycarbonate
drinking chambers (46 X 22 X 28 cm) with one stainless steel drinking
spout and a perch were placed in the outdoor portion of the homecage.
Each chamber housed one monkey at a time and allowed drinking without
disturbance from other colony members (for details, see Higley et al.,
1996). Monkeys could see each other while in the drinking chambers.

Two-Spout Oral Self-Administration. In Michigan, an operant panel for
fluid delivery and response measurement was attached to one wall of the
homecage (61 X 69 X 76 cm) (Henningfield and Meisch, 1976). This panel
contained two drinking spouts (diameter, 1.2 c¢m; length, 2.7 cm) that
protruded into the cage and were positioned 30 cm from each other and
below two light-emitting diodes. Lip contact with the drinking spouts
defined a response and completed a drinkometer circuit, which opened a
solenoid for fluid delivery (0.5 ml). During the sessions, the light-emitting
diodes were illuminated green to signal fluid availability and red to signal
spout contact. Additional discriminative stimuli associated with spout
contact were provided by an audible click when the solenoids were oper-
ated. Experimental sessions were controlled and data were collected with
IBM-compatible computers in an adjacent room.

Procedures

One-Spout Oral Self-Administration. In Poolesville, NJAAA monkeys
were trained to enter the polycarbonate drinking chambers to obtain fruit;
these daily 1-hr sessions also provided access to an aspartame-sweetened
vehicle through the drinking spout. Monkeys were then exposed to daily
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1-hr sessions of aspartame-sweetened ethanol (8.4%, w/v) access, through
one spout, for 5 consecutive days in 4 consecutive weeks. Water was not
available in the 1 hr immediately before the test sessions, and the daily
food ration was not altered.
Two-Spout Oral Self-Administration

Panel Training. In Michigan, NIAAA and MICH monkeys were initially
exposed to 2-hr sessions of water access through one of the two spouts.
Delivery of the fluid (0.5 ml) was contingent on one-spout contact (fixed
ratio of 1). The spout that delivered water was determined randomly in
blocks of six sessions, and the daily food ration was delivered immediately
before the session to promote drinking behavior (prandial drinking).
NIAAA and MICH monkeys were exposed to these training conditions for

11 and 30 sessions, respectively. Ethanol was not available during this
portion of the study.

Testing. Monkeys were then exposed to 2-hr sessions with concurrent
access to water and ethanol through both spouts. Fluid delivery (0.5 ml)
was contingent on one-spout contact (fixed ratio of 1). The spouts that
delivered ethanol and water were determined randomly in blocks of six
sessions, and the daily food ration was delivered after the experimental
session (i.e., there were no induction procedures). Ascending concentra-
tions of unsweetened ethanol (0, 0.25, 0.5, 1, 2, 4, 8, and 16%, w/v) were
available in blocks of six sessions [the duration of ethanol exposure
(6-30-day determinations with a single concentration) did not influence
the preference for or consumption of ethanol for these monkeys), and
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replications of selected concentrations spanning the concentration-effect
curve were performed in the foltowing order for all monkeys: 0, 2, 0.25, 8,
and 1% (wWiv).

Blood Sampling and Blood Ethanol Concentrations (BECs). Immedi-
ately after selected two-spout sclf-administration sessions, monkeys were
anesthetized with ketamine hydrochloride (10 mg/kg, intramuscularly),
and the calf of one leg was shaved and cleaned with ethanol and betadyne.
Blood samples of approximately 1 ml were collected, through a 22-gauge
(3.8-cm) needle, from the saphenous vein and placed in test tubes con-
taining ethylenediaminetetraacetate (7.5%). BECs were determined with
a commercially available nicotinamide adenine dinucleotide-alcohol de-
hydrogenasc spectrophotometric assay (catalog number 332-C; Sigma
Chemical Co., St. Louis, MO), with inter- and intra-assay variabilities of
less than 1%.

CSF Sampling and 5-HIAA Concentrations. Before the two-spout self-
administration experiments, monkeys were anesthetized with ketamine
hydrochloride (10 mg/kg, intramuscularly), and a 10-cm? area at the base
of the skull was shaved and cleaned with ethanol and betadyne. Approx-
imately 2 ml of CSF was collected from the cisterna magna using a
22-gauge (3.8-cm) needle. This was accomplished by inserting the needle
through the skin at the midline, approximately 2 cm below the external
occipital protuberance, and determining the position of the skull. The
skull was gently probed with the needle, following the occipital bone
(advancing in a caudal direction), until the posterior atlanto-occipital
membrane was located (as a marked decrease in resistance). CSF samples
were placed in test tubes containing ethylenediaminetetraacetate (7.5%)
and centrifuged (5000 rpm, 5 min). The supernatant was removed, placed
in vials, and stored at —80°C until assay. S-HIAA concentrations were
assayed using HPLC with electrochemical detection (Minano et al., 1989),
with inter- and intra-assay variabilities of less than 10%.

Data Analysis

Mean ethanol and water fluid deliveries were recorded, and the differ-
ences in fluid (ethanol/water) deliveries and ethanol intakes were analyzed
with three-factor (group, sex, and concentration), within-subjects
ANOVA. An alternative analysis of ethanol self-administration was per-
formed by comparing the arca under the curve (AUC) that described
ethanol and water fluid deliveries and the AUC that described ethanol
intake across the tested ethanol concentrations. Briefly, AUC estimates
were calculated for each monkey by integrating ethanol and water fluid
deliveries or ethanol intake (AUC;yr), across ethanol concentrations,
using a pharmacological statistical package (Tallarida and Murray, 1987).
Ethanol preference was defined as the difference between the ethanol and
water fluid delivery curves (AAUC,). At some ethanol concentrations,
water fluid deliverics were greater than ethanol fluid deliveries for some
monkeys. Therefore, in addition to AAUCgp, individual “corrected”
AUCs (cAAUCg,) were calculated by including only data in which etha-
nol fluid deliveries were greater than water fluid deliveries. Test/retest
reliability measures exceeded r = 0.80 for all AUC measures.

After rank-ordering of subjects on the basis of ethanol preference or
intake, CSF 5-HIAA concentrations were analyzed by one-way (ranking),
between-subjects ANOVA. When significant effects were demonstrated,
post hoc Newman-Keuls analyses were performed. CSF 5-HIAA concen-
trations and AUC calculations were analyzed with independent-sample ¢
tests. Pearson product-moment correlation coefficients were determined
in the analysis of the relationships among dependent measures. For all
comparisons, « was 0.05 (two-tailed).

RESULTS
One-Spout Oral Self-Administration

Initially, three cohorts of 13 to 29 monkeys were socially
housed in Poolesville and given 1-hr one-spout access to an
aspartame-sweetened ethanol solution (8.4%, w/v).
Trained observers noted that all monkeys had free access to
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Fig. 2. Top, ethanol and water fluid deliveries for NIAAA and MICH monkeys
as a function of ethanol concentration. Bottom, ethanol intake as a function of
ethanol concentration. For both panels, error bars denote 1 SEM, and data were

derived from two-spout self-administration sessions. Unconnected symbols rep-
resent replications of selected ethanol concentrations.

the drinking chamber and spout throughout the drinking
session (i.e., physical obstruction of the spout by one or
more monkeys did not occur). In these one-spout self-
administration tests, the mean consumption was 1.91 + 0.3
g/kg/hr (mean = SEM, n = 61). The 12 monkeys chosen for
the current study were not statistically different from the
larger monkey population and consumed 2.29 * 0.4 g/kg/hr
[1(60) = 0.27, p = 0.79]. Furthermore, ethanol exposure
(approximately 44 g/kg/monkey from 48 to 51 months of
age) did not alter CSF 5-HIAA concentrations [S-HIAA
concentration at 48 months, 47.5 = 3.3 ng/ml; 5-HIAA
concentration at 57 months, 52.9 * 4.9 ng/ml; #(11) = 0.43,
p = 0.67].

Two-Spout Oral Self-Administration

Fluid Deliveries. In general, an inverted U-shaped curve
described ethanol self-administration behavior for both
groups of monkeys (Fig. 2, top). Maximal ethanol deliveries
were obtained at the 1 and 2% (w/v) ethanol concentra-
tions; concurrent water self-administration was unaffected
throughout the range of ethanol concentrations. At the
highest ethanol concentration, more water than ethanol
deliveries were recorded.
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Table 1. Changes in Fluid Deliveries and Ethanol Intake as Functions of Ethanol Concentrations in Rhesus Monkeys
Ethanol concentration (w/v)
T025% 0.5% 1% 2% 4% 8% 16%
Ethanol fluid deliveries (ml) 222 + 58 236 * 89 364 + 117 386 = 155 297 + 106 184 + 61 96 * 33
Water fluid deliveries (ml) 122 + 13 106 = 8 78+ 4 86 + 13 113+ 28 179 = 14 213+ 2
Difference in fluid 101 + 32 130 = 44* 286 * 74" 301 + 69" 18 + 44* 4+ 33 -118 = 38
deliveries (mf)
Ethanol intake (mg/kg) 57+ 4 92 + 8 292 * 24* 605 * 55* 923 + 60" 1159 * 88* 1060 = 51*

Each vaiue represents the mean = SEM for six sessions for all monkeys (n = 24). Asterisks denote significant differences (p < 0.05) from water/water responding.

Table 2. Statistical Analysis of Ethanol Self-Administration Data for Rhesus

Monkeys
Factor dof F p
Fluid deliveries
Group 1, 20 9.38 0.006
Sex 1, 20 1.47 0.24
Concentration 7,140 14.65 0.001
Group X sex 1, 20 117 0.29
Group X concentration 7,140 1.85 0.82
Sex X concentration 7,140 0.59 0.76
Group X sex X concentration 7,140 0.41 0.89
AAUC,
Group 1, 20 11.91 0.003
Sex 1, 20 1.04 0.32
Group X sex 1, 20 0.76 0.39
CAAUC,
Group 1, 20 10.45 0.004
Sex 1, 20 2.51 0.13
Group X sex 1, 20 1.1 0.30
Intake
Group 1, 20 8.38 0.009
Sex 1, 20 0.03 0.86
Concentration 7,140 80.41 0.001
Group X sex 1, 20 0.001 0.97
Group X concentration 7,140 5.69 0.001
Sex X concentration 7,140 0.12 1.00
Group X sex X concentration 7,140 0.72 0.66
AUCny
Group 1, 20 9.70 0.005
Sex 1, 20 0.001 0.97
Group X sex 1, 20 0.01 0.92

NIAAA monkeys obtained more fluid deliveries than did
their age-matched controls (MICH monkeys) across the
tested concentration range [F(1,20) = 9.38, p = 0.006].
Irrespective of the group examined, more ethanol fluid
deliveries were obtained with the 0.5 to 4% (w/v) ethanol
concentrations [F(7,140) = 14.65, p = 0.001] (Table 1).
There were no sex differences or interactions among group,
sex, and ethanol concentration with respect to the number
of ethanol fluid deliveries obtained (Table 2). Finally, rep-
lications with selected ethanol concentrations tested in a
varied order were not different from the initial ethanol
determinations made in ascending order.

AAUCg and cAAUC,, values also demonstrated that
NIAAA monkeys obtained more ethanol fluid deliveries
(demonstrated a greater ethanol preference) than did
MICH monkeys [F(1,20) = 11.91, p = 0.003, and F(1,20) =
10.45, p = 0.004, respectively] (Fig. 3, top and middle).
There were no sex differences or interactions between
group and sex for these transformed data (Table 2).

Intake. Greater ethanol consumption was demonstrated
with increasing concentrations of ethanol, reaching signif-
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Fig. 3. Top, ethanol preferences (AAUCgp) of NIAAA () and MICH (CJ) mon-
keys. Middle, ethanol preferences (CAAUCgp) of NIAAA and MICH monkeys.
Bottom, ethanol intakes (AUC, 7} of NIAAA and MICH monkeys. For all panels,
asterisks indicate significant differences {p < 0.05) between the groups, error bars
denote 1 SEM, and data were derived from two-spout self-administration ses-
sions. See text for details of the AUC calculations.

icance from 1 to 16% (w/v) [F(7,140) = 80.41, p = 0.001]
(Table 1 and Fig. 2, bottom). For the concentrations tested,
NIAAA monkeys consumed more ethanol (grams per ki-
logram) than did MICH monkeys [F(1,20) = 838, p =
0.009], with the difference reaching significance from 2 to
16% (wiv) [F(7,140) = 5.69, p = 0.001]. AUC;xr measure-
ments indicated that NIAAA monkeys consumed more
ethanol than did MICH monkeys [F(1,20) = 9.70, p =
0.005] (Fig. 3, bottom). As with fluid delivery measure-
ments, there were no sex differences in ethanol consump-
tion or interactions among group, sex, and ethanol concen-
tration (Table 2); replications of selected ethanol
concentrations were not different from the first series of
ethanol determinations.

BECs. BECs were determined immediately after selected
ethanol (1, 2, 4, and 8%) self-administration sessions and
increased linearly with ethanol intake [r(59) = 0.95, p =
0.001] (Fig. 4). At the concentration that produced the
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Fig. 4. Correlation between BECs and ethanol intakes. The diagonal line
represents a first-order regression equation for the data; the correlation coeffi-
cient is indicated at the bottom right. Data were derived from selected two-spout
ethanol (1, 2, 4, and 8%, w/v} self-administration sessions. Separate blood
samples (minimum of 2) were obtained within 1 week for each monkey; each point
represents the determination for one session.

largest difference between ethanol (2%, w/v) and water
fluid deliveries, mean BECs for NIAAA and MICH mon-
keys were 53.3 and 25.7 mg/d], respectively. At the concen-
tration that produced the greatest ethanol consumption
(8%, w/v), mean BECs for NIAAA and MICH monkeys
were 93.2 and 53.9 mg/dl, respectively.

Behavioral Correlates of Oral Ethanol Self-Administration

Pearson product-moment correlation coefficients were
calculated by comparing fluid deliveries and intakes in one-
and two-spout ethano} self-administration paradigms. Oral
self-administration was consistent across contexts. NJAAA
monkeys that consumed the largest quantities of an
aspartame-sweetened ethanol solution (8.4%, w/v) from a
single spout while socially housed demonstrated the great-
est preferences toward and intakes of unsweetened etha-
nol, in a two-spout procedure, while individually housed
[CAAUCEp, r(12) = 0.77, p = 0.004; AUC v, r(12) = 0.86,
p = 0.001] (Fig. 5). With two-spout oral self-administration,
monkeys that demonstrated the greatest preferences
(cAAUCy,) for ethanol over water consumed the most
ethanol [AUCy1, r(24) = 0.82, p = 0.001}] (Fig. 6).

CSF 5-HIAA Concentrations and Oral Ethanol Self-
Administration

Overall, lower CSF 5-HIAA concentrations were mod-
estly correlated with increased ethanol preferences
[CAAUCgp, r(24) = —0.49, p = 0.001], whereas CSF
5-HIAA concentrations were not correlated with ethanol
intakes [AUCyT, 7(24) = —0.28, p = 0.19]. There was a
trend toward lower CSF 5-HIAA concentrations in the

1357

8000

a Maler
1| ® Female [ ]

6000

4000 -

CAAUC,

2000

Two-spout, unsweetened, individual housing
AUC INT

r=0.86

0 T T T
0 2 4 6
Ethanol Intake (g/kg)

Single-spout, aspartame-sweetened,
social setting

Fig. 5. Top, correlation between ethanol preferences {(CAAUCEp) in two-spout
self-administration sessions and ethanol intakes in one-spout self-administration
sessions. Bottom, correlation between ethanol intakes (AUC,y7) in two-spout
self-administration sessions and ethanol intakes in one-spout self-administration
sessions. The diagonal lines represent first-order regression equations for the
data, and the correlation coefficients are indicated at the bottom right of each
panel.

8000
m  NIAAA - Male
® NIAAA - Female
0 MICH - Male
O MICH - Female
6000 -
2
é 4000
o
2000

r=0.82

oo , .
0 10000 20000 30000 40000 50000
AlJCINT

Fig. 6. Correlation between ethanol preferences (cAAUCgp) and intakes
(AUC,\7)- The diagonal line represents a first-order regression equation for the
data, and the correlation coefficient is indicated at the bottom right. Data were
derived from two-spout self-administration sessions.

NIAAA monkeys [¢(22) = 3.71, p = 0.07}. The large sample
size used in the current study allowed for more detailed
characterization of monkeys deviating from the average
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Fig. 7. Top, rank-ordering of the monkeys on the basis of their ethanol
preferences (CAAUC,). Each bar represents one subject (black: N1AAA; white:
MICH), the horizontal dashed lines represent the 95% confidence interval asso-
ciated with the group mean thorizontal solid line), and the sex of each subject is
depicted on the abscissa. Top middle, ethanol preferences (cAAUCL,) as a
function of preference ranking. Bottom middle, ethanol intakes (AUC,\ ) as a
function of preference ranking. Bottom, CSF 5-HIAA concentrations as a function
of preference ranking. For the lower three panels, bars represent the mean for
each group and filled circles represent the individual subjects. a, significant
difference (p < 0.05) from the high preference (ethanol-preferring) monkeys; b,
significant difference from the medium preference monkeys. For all panels, data
were derived from two-spout self-administration sessions.

ethanol preference and intake for the group. Figure 7 (top)
depicts the rank-order ethanol preference (cAAUCy,) for
each subject. Monkeys whose ethanol preference fell
above, within, and below the 95% confidence interval as-
sociated with the mean for the group were defined as high
(n = 4), medium (n = 11), and low (n = 9) ethanol-
preferring monkeys, respectively. Although there was sub-
stantial overlap in the CSF 5-HIAA concentrations among
the groups, low ethanol-preferring monkeys exhibited
higher CSF 5-HIAA concentrations than did medium and
high ethanol-preferring monkeys [F(2,21) = 831, p =
0.007] (Fig. 7, bottom).

Figure 8 (top) depicts the rank-order ethanol intake
(AUC,y7) for each subject. Monkeys whose ethanol intake
fell above, within, and below the 95% confidence interval
associated with the mean for the group were defined as
high (n = 5), medium (n = 12), and low (n = 7) ethanol-
consuming monkeys, respectively. In this ranking, there was
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Fig. 8. Top, rank-ordering of the monkeys on the basis of their ethanol intakes
(AUC1). Each bar represents one subject (black: N1AAA; white: MICH), the
horizontal dashed lines represent the 95% confidence interval associated with the
group mean (horizontal solid line), and the sex of each subject is depicted on the
abscissa. Top middle, ethanol preferences (cAAUCcp) as a function of intake
ranking. Bottom middle, ethanol intakes (AUC,\y) as a function of intake ranking.
Bottom, CSF 5-HIAA concentrations as a function of intake ranking. For the lower
three panels, bars represent the mean for each group and filled circles represent
the individual subjects. a, significant difference (p < 0.05) from the high prefer-
ence (ethanol-preferring) monkeys; b, significant difference from the medium
preference monkeys. For all panels, data were derived from two-spout seli-
administration sessions.

no relationship between intake and CSF 5-HIAA concen-
trations (Fig. 8, bottom).

DISCUSSION

Unlike experiments involving intravenous ethanol self-
administration, experiments involving oral ethanol self-
administration are noted for differences in individual pro-
pensities to consume ethanol. Subjects respond to ethanol
reinforcers at different rates, and their preferences and
consumption can vary from water only to ethanol only; in
many studies, ethanol intakes fail to produce BECs of
pharmacological relevance. Because of these individual dif-
ferences in the patterns of oral ethanol self-administration,
the major focus of this study was to characterize some of
the behavioral and neurochemical correlates of oral etha-
nol self-administration. Monkeys that consumed large
amounts of sweetened ethanol in a social setting continued
to consume large amounts of unsweetened ethanol while
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individually housed. This result suggests that previous eth-
anol consumption predicts future ethanol consumption or,
phrased differently, that ethanol consumption is stable
across contexts. Monkeys with the greatest preferences for
ethanol over water self-administered the highest doses of
ethanol, which suggests that ethanol preference predicts
ethanol consumption. Finally, when monkeys were rank-
ordered on the basis of their ethanol preferences (similar to
experiments involving ethanol-preferring lines of rats), CSF
5-HIAA concentrations were highest in those monkeys in
which ethanol preferences were the most temperate. This
result supports the proposal that CSF 5-HIAA concentra-
tions inversely predict some aspects of ethanol self-
administration behavior.

Individual differences in ethanol consumption were
maintained in two very different contexts, which included
different housing, self-administration, and age conditions
(Fig. 5); these trait-like consistencies for subjects have not
been well documented. Consistent ethanol drinking in so-
cial and individual settings has been reported for male and
female vervet monkeys (Ervin et al., 1990). However, closer
inspection of the data revealed inconsistent or poor corre-
lations in the amount of ethanol consumed at yearly inter-
vals [year 1-2, r(12) = 0.63; year 2-3, r(12) = —0.19; year
1-3, r(12) = 0.17]. At the time of this writing (approximate-
ly 30 months after the one-spout ethanol tests), NIAAA
monkeys continue to receive two-spout access to ethanol
(2%, wiv) and water, and their current ethanol consump-
tion remains highly correlated [r{(12) = 0.82, p = 0.001]
with their previous consumption under one-spout access
conditions.

The ethanol preferences and intakes observed in this
study were in accordance with previous reports of ethanol
self-administration in rhesus monkeys (Henningfield and
Meisch, 1978). Furthermore, the shapes of the concentration-
effect curves for reinforcers (biphasic) and intake (ascending)
and the strong correlation between ethanol consumption and
BECs observed in this study (Fig. 4) are consistent with find-
ings from previous investigations using oral ethanol self-
administration (Crowley et al., 1990; Henningfield and
Meisch, 1979; Meisch et al., 1975; Stewart et al., 1996), as well
as the majority of intravenous sclf-administration experiments
{Deneau et al,, 1969; Griffiths et al., 1991; Karoly et al., 1978;
Winger and Woods, 1973). However, the relationship be-
tween ethanol preferences and intakes has not been well
elucidated. In fact, the distinction between behavioral (num-
ber of reinforcers obtained} and consumption (intake) pref-
erences has been blurred in many of the animal studies. For
example, the original procedure to distinguish P and NP rats
involved 24-hr free-choice exposure to ethanol (10%, w/v) and
water; P rats were identified as those subjects that consumed
more than 5 g/kg ethanol while demonstrating a strong pref-
erence for ethanol over water and NP rats as those subjects
that consumed less than 0.5 g/kg ethanol without demonstrat-
ing a strong preference for ethanol over water (Li et al., 1994).
Subsequent research has not consistently maintained the dis-
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tinction between preferences and intakes; although it is not
essential that a subject that preferentially responds to a drug,
compared with vehicle, also self-administers large quantities
of that drug, these two measures of ethanol self-
administration were highly correlated for individual monkeys
in the present study and were not correlated with water self-
administration (Fig. 6). The association between preferences
and consumption was also maintained with group, free-choice,
drug self-administration procedures in rodents (Amit and
Corcoran, 1975; Lankford et al., 1991; Sinclair et al., 1992).

Without special induction procedures (e.g., sucrose fad-
ing or schedule-induced polydipsia), all monkeys in the
current two-spout self-administration study demonstrated
ethanol preferences, either at a specific concentration or at
many concentrations. Four of the monkeys (17%) demon-
strated ethanol preferences outside the mean and associ-
ated 95% confidence interval for the group. These were
identified as ethanol-preferring monkeys, and BECs above
100 mg/d]l were consistently attained when the monkeys
were exposed to the higher ethanol concentrations (4-
16%, w/v). Among a larger group of 50 rhesus monkeys
(including the 24 subjects from the present study) main-
tained in our laboratory, the proportion of ethanol-
preferring monkeys is conserved at 18%. This proportion of
ethanol-preferring monkeys is similar to that observed for
“spontaneously drinking” vervet monkeys (17% of a sample
of 196 monkeys) (Ervin et al., 1990) and actually exceeds
the 3 to 10% lifetime prevalence for alcoholism among
human subjects (O’Brien, 1996).

Compromised S-HT function has been proposed as a
“marker” for alcoholism and alcohol abuse (Ballenger et
al., 1979; Cloninger, 1987). Consistent with this proposal
was the observation that ethanol preferences and consump-
tion were inversely related to CSF 5-HIAA concentrations
(after rank-ordering of the monkeys on the basis of their
preferences) (Fig. 7). Although there was substantial over-
lap in the individual CSF 5-HIAA concentrations among
high, medium, and low ethanol-preferring monkeys, low
ethanol-preferring monkeys demonstrated much higher
group CSF 5-HIAA concentrations. This result is concor-
dant with studies in which decreased 5-HT and 5-HIAA
concentrations in various brain regions were demonstrated
for P rats (Gongwer et al., 1989; Murphy et al., 1982), and
it provides supportive evidence for the validity of rank-
ordering monkeys on the basis of their ethanol preferences.

Although ethanol preferences were correlated with eth-
anol intakes as well as lower CSF 5-HIAA levels, there was
no correlation between ethanol intakes and CSF 5-HIAA
concentrations (Fig. 8). A review of the literature evaluat-
ing the relationship between 5-HT levels and alcohol intake
revealed that, for the most part, increases in synaptic 5-HT
concentrations produced by releasing agents, reuptake
blockade, or autoreceptor blockade decreased ethanol in-
takes for human subjects, nonhuman primates, and rodents
(McBride et al., 1988; Naranjo et al., 1994; Yu et al., 1997,
Zhou et al., 1998). Alternatively, decreases in postsynaptic
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5-HT effects with the 5-HT, antagonist methysergide in-
creased ethanol intakes in rats (Lu et al., 1994; but see
Weiss et al., 1990). However, there is some doubt regarding
the ethanol selectivity of these 5-HT manipulations (Hig-
gins et al., 1992; Higley et al,, 1998; Lu et al., 1994), and
decreases in 5-HT levels with the 5-HT neurotoxin 5,7-
dihydroxytryptamine and the 5-HT-depleting agent
p-chlorophenylalanine have not always produced consistent
or significant increases in ethanol intake (Adell and Myers,
1996; LeMarquand et al., 1994; Wang et al., 1996). Fur-
thermore, ongoing research within our laboratory revealed
that chronic administration of the 5-HT-releasing agent
fenfluramine (3.2 mg/kg/day for 4 months), which produced
30 to 60% decreases in plasma 5-HT levels, consistently
decreased ethanol intake. Because CSF 5-HIAA concen-
trations provide only an indirect measure of central 5-HT
function and favor 5-HT release in circumventricular struc-
tures, further research must be performed, particularly in-
volving the continuing investigation of central sites impor-
tant in 5-HT activity (McBride et al., 1995, 1997) and the
use of newer 5-HT-selective ligands.

In this study we have included novel assessments of
self-administration behavior (AAUCyp, cAAUCyp, and
AUCy1), which we think indicate drug preferences and
intakes (Fig. 3). AUC calculations, although not typically
used in oral self-administration research, have proven to be
useful and valid measurements in pharmacological research
involving comparisons of the time courses of drug actions
(i.e., pharmacokinetics) (Neubig, 1990). The preference
AUC and AUCyr estimates were consistent with tradi-
tional depictions of drug preferences (fluid deliveries) and
intakes and demonstrated good test/retest reliability. We
propose that these AUC estimates more thoroughly de-
scribe self-administration behavior, because they encom-
pass the complete concentration-effect assessment and pro-
vide a single measure for ethanol preferences and intakes.
These AUC parameters allow convenient comparisons with
other behavioral and neurochemical measures.

In conclusion, the present experiments characterized a
tew of the behavioral and neurochemical correlates of oral
ethanol self-administration in rhesus monkeys. Individual
differences in ethanol preferences and consumption were
found to be consistent for the monkeys; previous ethanol
consumption predicted later consumption (and continues
to do so), ethanol preferences over water were correlated
with ethanol consumption, and CSF 5-HIAA concentra-
tions were inversely related to ethanol preferences.
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