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Models of addiction are based on neurobiological, behavioral, and pharmacological studies in animals, but translational support
from human studies is limited. Studies are lacking in examining acute responses to alcohol in drinkers with alcohol use disorder
(AUD), particularly in terms of relevant intoxicating doses and measurement of stimulating and rewarding effects throughout the
breath alcohol concentration (BrAC) time curve. Participants were N= 60 AUD drinkers enrolled in the Chicago Social Drinking
Project and examined in three random-order and blinded sessions for subjective and physiological responses to a beverage
containing 0.0 g/kg, 0.8 g/kg, and 1.2 g/kg alcohol. BrAC in the alcohol sessions at 60 min was 0.09 g/dL and 0.13 g/dL, respectively.
Both doses of alcohol produced significant biphasic effects on subjective measures of stimulation, euphoria, reward (liking and
wanting), sedation, and neuroendocrine and cardiovascular factors. Increased pleasurable effects of alcohol were pronounced
during the rising limb-to-peak BrAC and sedating effects emerged during the declining limb. Alcohol dose-dependently increased
feel drug ratings and rewarding effects at peak BrAC or early declining limb, and physiological responses at the rising limb. Thus,
rather than the notion of an overall tolerance, results show an alcohol response phenotype characterized by sensitivity to alcohol’s
stimulating, rewarding and physiological effects. The results of this study may aid in the conceptualization of alcohol addiction as a
disorder characterized by the persistence of enhanced hedonic alcohol responses rather than chronic tolerance and reward
deficiency.
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INTRODUCTION
Alcohol consumption in humans is influenced by an individual’s
sensitivity to the drug’s pharmacological properties. For decades,
laboratory studies using controlled acute alcohol challenges have
been instrumental in characterizing the subjective and behavioral
responses associated with risky drinking and predictive of future
alcohol use disorder (AUD) development. Among young adults,
heavy drinkers are more sensitive than light drinkers to the
euphoric, hedonic, and motivational properties of alcohol and less
sensitive to its sedative effects [1–3]. Further, this subjective
response phenotype is predictive of hazardous drinking and AUD
symptomatology 6 and 10 years later [3, 4]. Prominent etiological
models of addiction theorize that with chronic alcohol consump-
tion, subjective and behavioral responses undergo critical
adaptations. These proposed neuroadaptations include a transi-
tion from initially heightened alcohol reward to a reward deficit
state [5, 6], the development of an overall tolerance to alcohol’s
effects [7, 8], or an emergence of a sensitized motivational salience
state [9]. While such models are based on neurobiological,
behavioral, and pharmacological studies in animals, translational
support from human studies is limited.
One reason for paucity of studies testing these theories is that

individuals with AUD have largely been excluded from alcohol
challenge research. Early studies in alcohol-dependent drinkers in
the 1960s/1970s tested small samples of white males who were
entering treatment, hospitalized, or imprisoned and lacked

standardized or validated measures of alcohol subjective response
[10–12]. Thus, evaluations were limited to observational reports
and clinical interviews, noting that people with alcohol depen-
dence demonstrated “a tendency to become more talkative and
boisterous” at high blood alcohol ranges (100–200mg/100cc [10];)
with increased anxiety and depression [11, 13] and elevated
cortisol [14]. Given arising ethical concerns, this line of research
was ostensibly arrested for the next several decades. Eventual
guidance from the National Advisory Council’s recommendations
on alcohol administration in humans [15, 16] allowed a second
wave of research examining oral or intravenous alcohol responses
in AUD drinkers. However, studies are few and findings are mixed:
relative to non-dependent drinkers, alcohol-dependent drinkers
showed a blunted sedation response to alcohol [17] and both
enhanced [18] or equivocal [17, 19] alcohol-induced stimulation.
Importantly, there have been no dose-response studies of alcohol’s
subjective and physiological effects in AUD drinkers with admin-
istration of doses reflective of their drinking patterns, i.e., ≥0.8 g/kg,
or with appropriate placebo controls, baseline assessment, and
reliable and valid measures of biphasic alcohol responses.
To our knowledge, the Chicago Social Drinking Project (CSDP) is

the only placebo-controlled study examining responses to an
intoxicating dose of alcohol (0.8 g/kg) in AUD drinkers. Young
adults who developed AUD over the course of a decade of testing
exhibited initially heightened euphoric, hedonic, and motivational
responses to alcohol [3] compared with those who did not develop
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AUD. These heightened acute pleasurable responses to alcohol
were maintained or potentiated during re-examination testing 10
years later [3]. However, the sample was modest as only a subset
(21%; n= 39) met criteria for AUD after a decade and acute
responses to only one dose of alcohol (vs. placebo) were examined.
Thus, the present study was a dose-response evaluation of

alcohol’s subjective and physiological effects in the third cohort of
CSDP comprised of young adult excessive drinkers with AUD. To
compare results to prior studies, we examined responses to a 0.8
g/kg high dose of alcohol as well as to a 1.2 g/kg very high dose
that more closely approximates excessive drinking levels char-
acteristic of AUD. This dose was recently shown to be feasible and
safe in this sample [20]. Primary outcomes were validated
subjective measures sensitive to alcohol’s effects, including
stimulation, sedation, liking and wanting examined across the
breath alcohol concentration (BrAC) curve. Secondary outcomes
were complementary subjective measures as well as physiological
measures shown to be sensitive to alcohol intoxication in
generally healthy (non-addicted) drinkers, including cortisol, mean
arterial blood pressure, and heart rate (HR) [21–24]. Based on prior
work, we hypothesized dose-dependent increases in stimulation,
reward (liking and wanting), and sedation with the very high dose
producing the greatest effects. For the secondary physiological
responses, we expected that the very high alcohol dose would
acutely increase cortisol levels, blood pressure, and HR relative to
the high alcohol and placebo doses.

MATERIALS AND METHODS
Design
The study used a within-subject oral administration laboratory paradigm to
evaluate subjective and physiological responses to two alcohol doses and
placebo in young adult drinkers with AUD. Participants were part of the
third cohort enrolled in the CSDP between June 2016 and March 2019.
They attended three individual experimental sessions during which they
received a beverage containing a placebo, high alcohol (0.8 g/kg) dose,
and a very high alcohol (1.2 g/kg) dose that was 50% higher than the usual
fixed high dose employed in prior studies in heavy and AUD drinkers
[1, 2, 25–27] (for details, see [20]). The high dose and placebo sessions were
in random order and double-blinded, while the very high dose session was
randomized as the first or last session and single-blinded as it required a
longer duration (7–8 h vs. 5 h for the other sessions) to account for an
extended declining limb. During each session, participants completed
measures before and at various time points after consuming their blinded
beverage. All sessions were conducted at the Clinical Addictions Research
Laboratory at the University of Chicago and were separated by at least 48
h. The study was fully approved by the University of Chicago Institutional
Review Board (IRB) and all participants provided written and oral informed
consent at screening.

Eligibility and screening
Recruitment occurred via online advertisements and word-of-mouth
referrals. Inclusion criteria were: age 21–35 years, weight 110–220 pounds,
good general health, and not pregnant or lactating; no current major
psychiatric concerns; able to refrain from smoking for 8 h, not currently
seeking treatment for alcohol-related problems, and meeting 2 or more
AUD symptoms in the past year; and engaging in at least 11 heavy
drinking episodes [defined as ≥5 drinks for men (≥4 for women) according
to NIAAA and SAMHSA guidelines] per month and consuming ≥28 (≥21 for
women) alcoholic drinks per week. The latter drinking quantity and
frequency cutoffs were employed in order to assure heavier drinking
patterns than in prior CSDP cohorts of heavy social drinkers [1].
Candidates meeting basic study inclusion criteria as determined via an

initial telephone screen were scheduled for a 2 h in-person screening to
verify eligibility. Surveys and interviews ascertained information on
demographics, physical health, recent substance use, past month cigarette
and alcohol use [via Timeline Follow Back [28]], and AUD symptoms and
mental health [via Structured Clinical Interview for DSM-IV, non-patient
version [29]]. Additional surveys included the Clinical Institute Withdrawal
Assessment of Alcohol Scale, Revised (CIWA-Ar; [30]), Alcohol Use Disorder
Identification Test (AUDIT; [31]), Drinker Inventory of Consequences

Revised (Dr-InC 2 R); [32]), Beck Depression Inventory [33], Spielberger
Trait Anxiety Inventory [34], and a two-generational biological family
history (FH) tree for AUD. Family history (FH) was defined as positive by at
least one biological first-degree relative or two or more second-degree
relatives with AUD, and negative if no AUD for two generations, or
undetermined. Details regarding screening and variable coding are
published elsewhere [20] and included in Supplemental Materials.
The majority of candidates attending the in-person screening visit (66/81;

82%) were deemed eligible; those ineligible did not meet alcohol drinking
criteria (n= 8), had a benzodiazepine or opioid use disorder (n= 2), a major
psychiatric disorder (n= 4), or were not in the age range (n= 1). Of the 66
eligible candidates, five did not attend the first study session and one
attended only one session. Thus, the final sample size was N= 60
participants.

Laboratory sessions
The methodology was standard across all laboratory challenge sessions,
with the exception of the dose administered and the session length (see
“Very High Alcohol Dose Session”). Study sessions began between 10:00
am and 3:00 pm. Participants were instructed to abstain from alcohol and
medications for at least 24 h prior to the experimental session, as well as
caffeine, cigarettes, and food for 3 h prior. Upon arrival to the session, the
participant completed a breathalyzer test (Alco-Sensor III, Intoximeter, St.
Louis, MO) to verify compliance with recent alcohol abstinence and the
CIWA-Ar to assess alcohol withdrawal symptoms. Participants also
provided a urine sample for drug toxicology and pregnancy testing (in
women). After these arrival measures, the participant consumed a snack at
20% daily kilocalorie needs per body weight (55% carbohydrates, 10%
protein, and 35% fat) [35] to reduce the possibility of alcohol-induced
nausea. This was followed by the participant completing baseline
subjective, objective, and performance measures (the latter measures are
outside the scope of the present manuscript and will be presented in a
separate paper).

Beverage administration. All study sessions followed identical beverage
administration procedures. To reduce alcohol expectancy effects, the study
employed the alternative substance paradigm [36] whereby participants
were told that the beverage might contain a stimulant, a sedative, alcohol,
or a placebo, or two substances in combination. At experimental time 0
(~45min after arrival), the participant began the 15min beverage
consumption period. The participant received beverages in lidded, clear
plastic cups in three equal portions and consumed each portion over three
consecutive 5min intervals with the research assistant present to engage
in light conversation and ensure that the beverages were consumed.
Beverages consisted of 190-proof ethanol (1% volume for placebo as a
taste mask, 16% volume for alcohol beverages) mixed with water, a
flavored drink mix, and a sucralose-based sugar substitute. Doses for
women were adjusted to 85% of those for men to account for sex
differences in total body water [37].
The participant completed post-beverage subjective and objective

measures at 30-, 60-, 120-, and 180min following beverage consumption.
Between time points, the participant could watch movies or read
magazines from a standardized list provided by the study. As a validation
check, at the 60min timepoint, participants indicated what they believed
to be the active contents of the beverage they consumed: 48% correctly
identified placebo, and 24% and 25% identified alcohol as the only active
ingredient for the high and very high dose, respectively. Before
discharging the participant, the experimenter confirmed BrAC level was
≤0.04 g/dL and completed a behavioral checklist for overt signs of
intoxication on alertness, orientation, coordination, and gait. A ride-share
service transported the participant home after each session. At the end of
the final session, the participant was debriefed, given instructions for
follow-up and compensated for their time.

Very high alcohol dose session. The very high dose session procedures (for
details see [20]) were identical to the placebo and high dose conditions
with the exception of logistical adjustments. This session was blinded only
for the participant as it required a longer duration of 7–8 h (vs. 4–5 h for
the other two sessions) to allow for the BrAC to descend to ≤0.04 g/dL
before the participant was released.

Measures
Subjective measures. The primary subjective dependent measures were
stimulation and sedation subscale scores from the 14-item Biphasic
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Alcohol Effects Scale (BAES) [38, 39] and two items from the Drug Effects
Questionnaire (DEQ; visual analogue scale of 0–100; [40]) including
hedonic reward (“do you LIKE the effect you are feeling now?”) and
motivational salience (“would you like MORE of what you consumed, right
now?”). Additional subjective measures were included to complement the
primary outcomes and these included general drug effects (DEQ item: “do
you FEEL any drug effects?), and subscales from the Addiction Research
Center Inventory (ARCI; [41]), including the A (amphetamine scale,
stimulation), PCAG (pentobarbital-chlorpromazine-alcohol group, sedative
effects), and MBG (morphine-benzedrine group, euphoric effects). All
surveys instructed participants to respond based on their current mood
state and the instructions did not reveal the beverage content [39]. See
Table S2 for correlations between the various subjective measure
subscales.

Objective measures. At each post-drinking time point, breathalyzer tests
(AlcoSensor IV; Intoximeter, St. Louis, Missouri) were taken but programed

to read 0.000mg/dL with actual BrAC values downloaded later to reduce
experimenter bias. At both baseline and post-drinking time points,
automated vital signs readings (mean arterial pressure (MAP) and HR)
were obtained (CARESCAPE V100 Dinamap, GE Healthcare, Chicago, IL).
Saliva samples were collected by a cotton salivette (Salimetrics
LLC, Carlsbad, CA) and then stored in a –80 °C freezer. Samples were
assayed for cortisol using a high-sensitivity enzyme immunoassay that was
standardized and validated at The University of Chicago Clinical Research
Center Core Laboratory with a 2% intra-assay coefficient of variation. For
additional details regarding objective measures, see Supplemental
Materials.

Statistical analyses
Examination of the subjective response data for normality revealed one
participant who was an outlier (>3 SD from the mean) and thus was
excluded from these analyses. For objective measures, 1.6% of cortisol

Table 1. Participant background and drinking characteristics.

AUD drinkers (n= 60)

Demographics

Age, years 26.8 (0.5)

Education, years 14.2 (0.2)

Sex, % male 55%

Race, % White 55%

Ethnicity, % Hispanic 27%

Family History, % positive 70%

Drinking Patterns (Past 28 Days)

Drinking days 21.8 (0.7)

Drinks per week 41.9 (2.6)

Drinks per drinking day 7.5 (0.4)

Maximum number drinks (24 h period) 14.2 (0.8)

Heavy drinking daysa 63%

High intensity drinking daysb 28%

Drinking Characteristics

DSM-5 AUD mean symptom count 6.1 (0.3)

Mild (2–3 symptoms) 20%

Moderate (4–5 symptoms) 20%

Severe (6+ symptoms) 60%

Alcohol Use Disorders Identification Test (AUDIT) Total 19.9 (0.9)

Drinker Inventory of Consequences (DrInc-2R) Total 33.6 (2.9)

Screening CIWA-Arc, median (IQR) 0.0 (0.0–0.0)

Pre-sessions CIWA-Arc, median (IQR) 0.0 (0.0–0.0)

Affective Measures

Beck Depression Inventory at screening (BDI) Total 6.4 (0.8)

State-Trait Anxiety Inventory at screening (STAI-Trait) 52.7 (1.5)

Hepatic Enzymes

Aspartate Aminotransferase (AST) 23.6 (1.6)

Alanine Aminotransferase (ALT) 22.9 (2.4)

Gamma-Glutamyl Transferase (GGT) 43.2 (6.0)

Substance Use Patterns (Past 28 Days)

Cigarettes (≥1 pack a week) 42%

Cannabis (weekly use) 47%

Other recreational drugsd (any use) 26%

Data are means (SEM) or %, except where indicated.
aDefined as 4+ drinks for women and 5+ drinks for men (% in last 28 days).
bDefined as 8+ drinks for women and 10+ drinks for men (% in last 28 days).
cClinical Institute Withdrawal Assessment of Alcohol Scale, Revised, median (interquartile range), pre-sessions is the median of the three sessions.
dRecreational drugs including cocaine, barbituates, hallucinogenics, and inhalants.
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values were identified as outliers (>3 SD from the mean), and these data
were normalized to 3 SD of the mean. Sample contamination or missing
data resulted in two more participants being removed from cortisol
analysis. Generalized Estimating Equations (GEE) [42] models were
conducted for the primary dependent variables, i.e., subjective stimulation,
sedation, like and want more, and included dose (placebo, high dose
alcohol, and very high dose alcohol),time (treated as a continuous variable),
and their interaction. We used the Bonferroni method to correct Type-I error
for the primary outcomes. Similar GEE analyses were used for the secondary
outcomes. Significant main effects and interactions from GEE were further
examined with post-estimation comparisons. All analyses included the
covariates of session order, sex, FH, cigarette smoking, and cannabis use,
and outcomes are summarized in Table 2. An additional analysis examining
sex as a between-subjects factor revealed few significant differences with
the exception of men having higher early declining limb alcohol wanting to
the very high dose (sex × dose × time, p= 0.047).

RESULTS
The sample averaged 26.8 ± 0.5 (SEM) years of age (range 21–35
years) with 14.2 ± 0.2 years of education. They were nearly equally
divided on sex (55% male), racially and ethnically diverse (55%
White, 27% Black, 18% Other; 27% Hispanic) (see Table 1 for
demographic and drinking characteristics), with a majority (70%)
having positive FH for AUD. Participants consumed alcohol on
21.8 of the 28 days (78%) prior to enrollment with a mean of
41.9 ± 2.6 alcoholic drinks consumed per week. Nearly two-thirds
of days (63%) in the past month were heavy drinking days (≥5
drinks for men, ≥4 for women), with 28% of days meeting or
exceeding the threshold for high intensity drinking (≥10 drinks for
men, ≥8 drinks for women) [43]). All participants met past year
criteria for AUD; 60% had severe AUD (6+ symptoms), 20%

Fig. 1 Breath Alcohol Concentration (BrAC) Curves and Feel Drug Ratings as a Function of Dose and Time. Means ± SEM for breath alcohol
concentrations (BrAC) (A) and feel drug ratings (B) across doses. The shaded bar indicates the alcohol drinking interval from time 0–15min.
Post-estimation results for dose × time interaction: on figure, significant differences between high dose vs. very high dose indicated by
*p < 0.05 and **p < 0.01. In addition, for BrAC: 30min < 60min > 120min > 180min for the high and very high dose, ps < 0.001. For feel drug:
30min= 60min > 120min > 180min for high and very high doses, ps < 0.05.

Table 2. GEE analysis summary of subjective and physiological alcohol responses in AUD drinkers.

Alcohol responses Dose × Time Post-estimation comparisons examining dose effect

χ2 df p Time 0 +30min +60min +120min +180min

BrAC 2124.6 8 <0.001 V=H= P V > H > P V > H > P V > H > P V > H > P

Feel Drug 21.73 6 0.001 -- V=H > P V > H > P V > H > P V > H > P

Primary Outcomes

Stimulation 60.44 8 <0.001 V=H= P V=H > P V=H > P V=H= P V=H= P

Like 34.67 6 <0.001 -- V=H > P V > H > P V > H= P V=H= P

Want More 17.17 6 0.009 -- V=H > P V=H > P V > H > P V=H > P

Sedation 16.25 8 0.039 V > H= P V > H= P V > H > P V > H > P V > H > P

Secondary Outcomes

ARCI A 24.98 8 0.002 V=H= P V=H > P V > P V=H= P V=H= P

ARCI MBG 34.58 8 <0.001 V=H= P V=H > P V=H > P V=H= P V > P

ARCI PCAG 35.77 8 <0.001 V=H= P V=H= P V=H= P V=H > P V > H > P

Cortisol 29.66 8 <0.001 V > H V > H= P V > H= P V=H= P V=H < P

BP MAP 46.65 8 <0.001 V=H= P V > H= P V > H V=H < P V=H < P

BP HR 40.56 8 <0.001 V=H= P V=H > P V=H > P V=H > P V=H > P

GEE results examining dose and time effects and their interaction. Post-estimation comparisons examine each timepoint for the dose effect for the 1.2 g/kg
very high alcohol (V), 0.8 g/kg high alcohol (H), and 0.0 g/kg placebo (P). Bonferroni corrections were used for the primary outcomes and analyses controlled
for session order, sex, FH, smoking, and cannabis use.
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had moderate AUD (4–5 symptoms), and 20% had mild AUD
(2–3 symptoms).
Participants endorsed alcohol-related problems and conse-

quences consistent with harmful alcohol use [31, 44], with a
mean AUDIT score of 19.9 (±0.9) and a DrInC-2R score of 33.6
(±2.9). Notably, participants were not experiencing alcohol with-
drawal at either screening or session baseline assessments: 84% of
the sample had CIWA= 0 at session arrival (across the three
sessions), 11% had CIWA= 1, and 5% had CIWA between 2 and 8.
The mean reported time since last alcoholic drink prior to sessions
was 2.5 ± 1.7 SD days. Mean hepatic enzyme levels were within the
normal range at study enrollment (see Table 1). As none met
criteria for comorbid major psychiatric disorders, Beck Depression
Inventory and Spielberger Trait Anxiety Inventory scores were in
the non-clinical range. Regular cigarette smoking (≥1 pack/week)
and weekly cannabis use was reported by 42 and 47% of the
sample, respectively.
As expected, BrAC levels increased rapidly for both alcohol

doses, with the very high dose producing a mean peak BrAC (at
60min after the onset of drinking) that was 50% greater than the
high dose, i.e., 0.130 g/dl ± 0.003 vs. 0.089 ± 0.002, respectively

(Fig. 1A). Feel drug ratings were higher during the BrAC rising limb
than the declining limb for both alcohol doses (Fig. 1B). There was
a dose-response pattern observed throughout testing, i.e., the
very high dose producing the greatest feel drug ratings and both
alcohol doses eliciting higher ratings than placebo (dose × time,
Χ2= 21.73, p < 0.001).
For the primary outcomes, the high and very high alcohol doses

(vs. placebo) significantly increased ratings on all subjective
measures, with some notable differences between the doses (see
Table 2 for GEE results). Both alcohol doses (vs. placebo) produced
the prototypical biphasic effects on stimulation, with increases
observed during the rising limb-to-peak BrAC interval, i.e., 30–60
min (dose × time, p < 0.001; Fig. 2A). Stimulation then declined
with decreasing BrAC and by 120 min, there were no differences
across doses.
Relative to placebo, the high and very high alcohol doses also

increased liking (dose × time, p < 0.001) and wanting (dose × time,
p= 0.009). Both doses increased liking at 30 min, and the very
high dose continued to increase liking at 60 and 120 min (Fig. 2B).
By 180 min, there were no longer dose-dependent differences in
alcohol-induced liking. For motivational salience, both doses

Fig. 2 Subjective Alcohol Responses as a Function of Dose and Time. Means ± SEM for subjective alcohol responses, including stimulation
(A) from the Biphasic Alcohol Effects Scale; alcohol liking (B) and wanting (C) from the Drug Effects Questionnaire; and sedation (D) from the
Biphasic Alcohol Effects Scale. The shaded bar indicates the alcohol drinking interval from time 0 to 15min. Post-estimation results for dose x
time interaction: on figure, significant differences between high dose vs. very high dose indicated by *p < 0.05 and **p < 0.01. In addition, for
stimulation and liking: 30min= 60min > 120min= 180min for the high and very high doses, ps ≤ 0.001. For wanting: 30min= 60min >
120min= 180min for the high dose and 60min > 180min for the very high dose, ps ≤ 0.013.For sedation: 30min= 60min= 120min= 180
min for the high dose and 30min= 60min < 120min for the very high dose, ps ≤ 0.018.
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increased wanting through all time points (vs. placebo), with the
very high dose potentiating wanting during the early declining
limb at 120 min (Fig. 2C). Sedation ratings were higher at baseline
for the very high dose session (p= 0.026) and these high levels
were carried forward throughout the session with alcohol-induced
increases noted during the latter time intervals (dose × time,
p= 0.039; Fig. 2D).
Secondary subjective outcomes supported these findings:

relative to placebo, both alcohol doses increased ARCI MBG
(euphoria) and A (stimulation) scale ratings during the early post-
consumption period at 30 min and the PCAG (sedation) scale at
120 and 180min, with a more sustained PCAG increase for the
very high dose at the end of the session [dose × time, ps < 0.001;
Fig. 3A–C]. For physiological responses, cortisol was higher at
baseline for the very high dose session (vs. high dose, p < 0.001; vs.
placebo, p > 0.05) and remained higher at 30 and 60min vs. the
high dose and placebo, but not during the latter time points
(dose × time, p < 0.001; Fig. 3D). The very high dose sharply
increased MAP at 30 min, but this effect was transient as by 120

and 180 min, MAP was lower for both alcohol doses than placebo
(dose × time, p < 0.001; Fig. 3E). For HR, results showed character-
istic alcohol-induced increases for both doses throughout the
BrAC relative to placebo (dose × time, p < 0.001; Fig. 3F). The
physiological responses at each dose did not show significant
patterns of association to the subjective measures after adjusting
for multiple comparisons.

DISCUSSION
These data represent the first placebo-controlled, dose-response
examination with oral alcohol challenge in AUD drinkers. Both the
0.8 g/kg and 1.2 g/kg doses of alcohol produced significant
biphasic effects on subjective measures of stimulation, euphoria,
reward (liking and wanting), sedation, and neuroendocrine and
cardiovascular factors. Increased pleasurable effects of alcohol at
both doses were pronounced during rising limb-to-peak BrAC and
increased sedative effects emerged during the declining limb—
such biphasic alcohol effects have been shown in prior studies in

Fig. 3 Subjective and Physiological Alcohol Responses as a Function of Dose and Time. Means ± SEM for secondary subjective alcohol
responses, including ARCI A (amphetamine scale; range 0–11) (A), MBG (morphine-benzedrine group; euphoric effects, range 0–16) (B), and
PCAG (pentobarbital-chlorpromazine-alcohol group; sedative effects, range 0–15) (C). The shaded bar indicates the alcohol drinking interval
from time 0 to 15min. Post-estimation results for dose × time interaction: on figure, significant differences between high dose vs. very high
dose indicated by *p < 0.05 and **p < 0.01. In addition, for ARCI A and MBG: 30min= 60min > 120min= 180min for the high and very high
doses, ps ≤ 0.005. For PCAG: 30min= 60min < 120min and 30min < 180min for the high dose and 30min= 60min < 120min= 180min for
the very high dose ps ≤ 0.001. Means ± SEM for salivary cortisol (D), mean arterial pressure (E), and heart rate (F) responses. The shaded bar
indicates the alcohol drinking interval from time 0 to 15min. Post-estimation results for dose × time interaction: on figure, significant
differences between high dose vs. very high dose indicated by *p < 0.05 and **p < 0.01. In addition, for cortisol: 30 min > 120min= 180min
for the high dose and 30min > 60min > 120min= 180min for the very high dose, ps ≤ 0.037. For mean arterial pressure, 30min > 60min=
120min= 180min for the high dose 30min > 60min > 120min= 180min for the very high dose, ps ≤ 0.006. For heart rate: 30min= 60min=
120min= 180min for the high and very high doses.
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heavy social drinkers [1–3]. Further, the very high alcohol dose
potentiated high dose subjective ratings of feel drug, liking and
wanting at peak and early declining BrAC (Fig. 1B, Fig. 2B, C) and
cortisol and MAP during the rising BrAC limb (Fig. 3D–F). Thus,
results show an alcohol response phenotype in young adult AUD
drinkers characterized by sensitivity to alcohol’s stimulating,
rewarding and physiological effects. There may also be implica-
tions for intervention, at least in young adult AUD drinkers, to
consider targeting the persistence of hedonic alcohol responses
rather than reward deficiency processes and a general tolerance
to all of alcohol’s effects.
The study addressed critical issues to advance our under-

standing of alcohol reward and tolerance in AUD in two notable
ways. First, results demonstrate that alcohol reward sensitivity is
maintained in young adults with AUD. This finding is consistent
with our recent alcohol challenge re-examination study in heavy
drinkers progressing to AUD over a decade [3]. Considering this
body of work within the theoretical framework of the allostasis
model of addiction [45], the observation of pronounced euphoric
and hedonic effects of alcohol supports a possible persistence of
the purported binge-intoxication stage that occurs prior to, or in
tandem with the subsequent negative affect/withdrawal stage of
addiction. Of note, participants in the present study were not
experiencing significant negative affect or withdrawal symptoms
prior to their alcohol challenge, so determination of the negatively
reinforcing effects of alcohol was not possible. Nevertheless, the
study findings have potential ramifications for the relatively
understudied nature of alcohol positive reinforcement in persons
with AUD as most neurobiological research on mechanisms of
rewarding alcohol effects have been conducted in healthy social
drinkers [46–48]. Even at a dose (i.e., very high dose producing
peak BrAC at 0.13 g/dl, 50% higher than the legal limit for
impaired driving) that may be aversive for lighter social drinkers,
AUD drinkers continue to experience pleasurable effects of
alcohol, which may contribute to the excessive drinking that is
characteristic of human AUD at a stage without significant
negative affect or withdrawal symptoms.
Second, the results have important implications for under-

standing chronic functional tolerance, which is well-documented
for alcohol’s depressant effects (i.e., motor impairment, hypother-
mia, and sedation [46–49]), yet not in terms of alcohol’s
stimulating and rewarding effects. The present study sample
averaged 42 alcoholic drinks weekly with frequent heavy and high
intensity drinking episodes exceeding the high dose (0.8 g/kg)
threshold. Therefore, we predicted, consistent with the DSM-5
criterion of tolerance, the high dose would produce subthreshold
desirable subjective responses relative to the very high (1.2 g/kg)
dose. However, the high dose elicited significant “feel drug”
effects as well as increases in stimulation, euphoria, liking, and
wanting in this sample of AUD drinkers, most of whom at the
severe range of the disorder. Further, the positive subjective
response increases to the high dose were of a much higher
magnitude than previously shown in light social drinkers but
comparable to that observed in heavy social drinkers who
eventually develop AUD [1, 3, 50], with lower alcohol sedation
than shown previously in either light or heavy social drinkers [1].
The observed sensitivity to alcohol’s positive effects in AUD
drinkers suggests further research and consideration of clarifying
the DSM-5 criterion to query separately for tolerance to alcohol’s
sedating and impairing effects of alcohol apart from its the
desirable and pleasant effects [7, 8].
In addition to clinically evaluating theories of allostasis and

tolerance, on a broader level, the present study provides a
comprehensive investigation of the biobehavioral response to
alcohol in AUD drinkers, examining both subjective and physio-
logical indicators of AUD pathology. The sample exhibited
sensitivity to alcohol-induced autonomic arousal, with both doses
producing similar HR increases throughout the BrAC and dose-

dependent increases during the rising limb for cortisol and MAP.
While prior work has identified potential physiological correlates
of subjective alcohol responses in non-AUD social drinkers
[21, 51–54], the biomarkers assessed in this sample of AUD
drinkers did not show consistent associations with subjective
responses. Numerous factors, including sample characteristics,
route of alcohol administration, and choice of subjective measures
may explain the differential findings. Alternatively, as fundamen-
tally different systems underlie the processing of physiological
and subjective alcohol responses, there may not be a direct
relationship between these responses. Nevertheless, this remains
a rich area for future research in establishing objective markers of
excessive alcohol use.
The study results should be considered in light of the study

strengths and limitations. Strengths include use of a placebo
control and the alternative substance paradigm to minimize
expectancy effects, comparison of two intoxicating doses of
alcohol to examine tolerance and threshold effects, and use of
reliable and valid measures of alcohol effects throughout the BrAC
curve. In terms of limitations, the sample consisted of young
adults to allow for comparisons across previous studies of young
adult social drinkers [1, 3, 27, 55] and non-treatment seeking AUD
drinkers [17, 18]. Despite the sample’s mean age of 27 years, most
had severe (60%) or moderate (20%) AUD, however it remains an
empirical question whether the observed positive alcohol
responses would remain stable, increase, or decrease in chronic
AUD drinkers through middle-age and older lifespan years, and
whether drinking to alleviate withdrawal or negative affect (“dark
side of addiction”) would eventually emerge. Additionally,
subjective results by self-report may be confounded by response
bias, demand characteristics, and variable item comprehension,
but these were mitigated by providing clear instructions and not
revealing the beverage contents. Last, as with any oral challenge
study, there is a trade-off between internal and external validity
as alcohol pharmacokinetics are more variable with oral than
intravenous dosing [56]. However, controlling for BrAC at
each dose did not change the significant findings and oral
consumption aligns with the route of administration and
experiences of drinkers [57].
In sum, the present study used a well-validated, placebo-

controlled dose-ranging laboratory alcohol challenge paradigm to
characterize acute subjective and physiological alcohol responses
in young adult AUD drinkers from the third cohort of CSDP. At
both high and very high alcohol doses, AUD drinkers were
sensitive to alcohol stimulation, euphoria, liking and wanting,
cardiovascular and acute neuroendocrine effects. These data,
coupled with our recent 10-year re-examination study, demon-
strate a persistence of alcohol’s pleasurable effects in those with
AUD [3], providing direct evidence of acute reward sensitivity to
two intoxicating alcohol doses in AUD drinkers in their young to
early middle-adult years. The purported overall alcohol tolerance
in AUD drinkers, at least among persons in their third decade of
life, was not evident across study measures. This study overcomes
a long history of insufficient acute alcohol testing in persons
meeting criteria for AUD that has hampered scientific data critical
to testing and modifying existing theories or proposing new
theories of alcohol response phenotypes, as they relate to the
development and maintenance of addiction. These data are also
relevant to improving the efficacy of pharmacological and
behavioral intervention strategies, as development of more agents
that block or reduce alcohol’s rewarding effects [58] may be
important therapeutic targets for drinkers with AUD.
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