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Abstract

Individual differences in acute alcohol effects on cognitive control and subjective responses—and
acute tolerance to these effects—are implicated in the risk for heavy drinking and alcohol-related
harms. Few studies have examined these effects in drinkers under age 21. Additionally, studies of
acute tolerance typically involve bolus oral alcohol administration, such that estimates of tolerance
are confounded with blood alcohol concentration (BAC) limb. The current study examined
cognitive control and subjective responses in young heavy drinkers (n = 88, M = 19.8 years old
[SD = 0.8]) during a single-session alcohol clamp protocol. Participants completed an intravenous
alcohol session comprising an ascending limb (0 to 80mg% in 20 minutes) and a BAC plateau
(80mg% for 80 minutes). Serial assessments included a cued go/no-go task and measures of
stimulation, sedation and craving. Relevant individual difference factors (ADHD symptoms and
sensation seeking) were examined as moderators. Multi-level modeling demonstrated that
response inhibition worsened following initial rise in BAC and showed increasing impairment
during the BAC plateau. ADHD symptoms and sensation seeking moderated this effect.
Significant within-person associations between stimulation and craving were evident on the
ascending limb only. Participants with higher ADHD symptoms reported steeper increases in
stimulation during the ascending limb. These findings provide initial information about subjective
and behavioral responses during pseudo-constant BAC, and potential moderators of these
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outcomes, in late adolescence. Additional studies with placebo-controlled designs are necessary to
confirm these findings.
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Individual differences in behavioral and subjective responses to alcohol are implicated in the
risk for alcohol use disorders (AUD) and alcohol-related harms (King, de Wit, McNamara,
& Cao, 2011; Morean & Corbin, 2010; Quinn & Fromme, 2011). Of the wide range of
outcomes studied in alcohol challenge studies to date (Zoethout, Delgado, Ippel, Dahan, &
van Gerven, 2011), cognitive control processes (Field, Wiers, Christiansen, Fillmore, &
Verster, 2010) and subjective effects of alcohol (Morean & Corbin, 2010; Ray, Mackillop,
& Monti, 2010) have particular relevance for current theoretical models. Acute alcohol
effects on executive function figure prominently in cognitive theories of AUD (Field, et al.,
2010; Wiers et al., 2007). In particular, acute impairment of cognitive control (including
inhibitory control, or the ability to inhibit a prepotent response) is relevant for understanding
liability for AUD and intoxicated risk behaviors (Amlung, Morris, & McCarthy, 2014;
Weafer & Fillmore, 2008). A separate literature on subjective responses to alcohol has
demonstrated that greater perceived stimulant effects and lower sedative effects during
intoxication correlate with increased risk for AUD, although theoretical models differ as to
the relative emphasis on stimulant vs. sedative effects and the specificity of these effects to
blood alcohol concentration (BAC) limb (King, et al., 2011; Morean & Corbin, 2010,
Newlin & Thomson, 1990; Schuckit & Smith, 2000).

An important caveat of this literature is that the vast majority of alcohol administration
studies are restricted to adult drinkers ages 21 years and older (Miranda et al., 2014; Morean
& Corbin, 2010). Although ethical considerations preclude alcohol administration research
with young adolescents (for one exception see Behar et al., 1983), the resultant knowledge
gaps in the human literature on alcohol responses are noteworthy. For instance, findings
from animal models are persuasive in demonstrating variation in acute alcohol responses
across development, raising implications for understanding age differences in the risk for
alcohol-related risks in humans (Spear & Varlinskaya, 2010). Relative to adults, adolescent
animals typically show diminished sensitivity to acute and post-consumptive aversive
effects of alcohol, coupled with greater sensitivity to its social-facilitative effects (for review
see Spear, 2011; Spear & Varlinskaya, 2005; 2010). These findings, presumed to reflect
ontogenetic differences in structural and functional brain maturation, are relevant for
understanding high rates of alcohol consumption in human adolescence (Spear &
Varlinskaya, 2010), which is generally defined as the second decade of life (Cicchetti &
Toth, 1996; Lerner & Steinberg, 2004). In particular, late adolescence (e.g., age 16-20,
Brown et al., 2008) is associated with escalations in heavy episodic drinking, with AUD
onset peaking around 18-20 years (Brown, et al., 2008; Li, Hewitt, & Grant, 2004). Human
laboratory data on subjective alcohol effects in this age range are scarce. Notably, the first
study to examine adolescents’ subjective responses to alcohol in the natural environment
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found unique patterns of subjective effects in adolescent versus adults (Miranda et al.,
2014).

Individual differences in acute tolerance to alcohol are also relevant for understanding
developmental aspects of alcohol sensitivity (Spear & Varlinskaya, 2005) and the risk for
alcohol-related harms (Fillmore, Marczinski, & Bowman, 2005; Martin & Moss, 1993;
Radlow, 1994). Acute tolerance (or the “Mellanby effect”) refers to short-term,
compensatory adaptations that occur in a single session of drug exposure, independent of
changes in BAC (Martin & Moss, 1993; Morzorati, Ramchandani, Flury, Li, & O'Connor,
2002). Following initial animal research (Mellanby, 1919), acute tolerance has been noted
across a range of response domains in human studies (Cromer, Cromer, Maruff, & Snyder,
2010; Morzorati, et al., 2002; Schweizer & Vogel-Sprott, 2008). One important finding is
that measures of subjective intoxication, simple reaction time, and motor coordination often
show within-session recovery, whereas impairments on cognitive measures of inhibitory
control often show slower or no recovery (e.g., Fillmore, et al., 2005; Fillmore & Weafer,
2012; Miller & Fillmore, 2014; Ostling & Fillmore, 2010; Schweizer & Vogel-Sprott,
2008), which raises potential clinical implications. Specifically, ongoing impairments in the
ability to inhibit behavior—coupled with recovery in subjective intoxication and the ability
to activate behavior—could lead to increased risks, particularly in the later stages of a
drinking episode (Amlung, et al., 2014; Weafer & Fillmore, 2012). Studying patterns of
acute tolerance is therefore relevant for understanding intoxicated risk behavior, including
ability to terminate a heavy drinking episode once initiated (Marczinski, Combs, & Fillmore,
2007; Schweizer & Vogel-Sprott, 2008).

Efforts to study individual variation in subjective and behavioral responses to alcohol have
focused largely on family history and heavy drinking status as predictors (Newlin & Renton,
2010; Quinn & Fromme, 2011). However, traits related to behavioral undercontrol have also
been associated with differences in acute alcohol effects. Higher scores on measures of
sensation seeking and impulsivity have been linked to greater self-reported stimulant effects
of alcohol (e.g., Erblich & Earleywine, 2003; Fillmore, Ostling, Martin, & Kelly, 2009;
Leeman et al., 2014; Scott & Corbin, 2014), and poorer response inhibition during
intoxication (Fillmore et al. 2009). Similarly, attention deficit-hyperactivity disorder
(ADHD) has been implicated in acute alcohol responses and the risk for AUD (Shirley &
Sirocco, 2014). Relative to controls, participants with ADHD showed greater alcohol-
induced impairment of response inhibition (Weafer, Fillmore, & Milich, 2009) and motor
coordination (Roberts, Milich, & Fillmore, 2013). With respect to acute tolerance, those
with ADHD showed slower recovery of motor coordination relative to controls (despite
similar tolerance to subjective effects) on the descending limb (Roberts, et al., 2013).
Notably, both ADHD and personality correlates of behavioral undercontrol denote liability
for externalizing spectrum disorders (lacono, Malone, & McGue, 2008), suggesting that
externalizing traits are relevant for studying individual differences in alcohol response. Few
studies have examined externalizing traits as moderators of acute tolerance effects (Fillmore,
et al., 2009; Roberts, et al., 2013).

An important limitation of most acute tolerance research is the reliance on bolus oral alcohol
administration procedures. In this context, tolerance is inferred by comparing performance at
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equivalent BAC levels on the ascending and descending limbs following a single oral dose
(although other methods have been reported; Kaplan, Sellers, Hamilton, Naranjo, & Dorian,
1985; Martin & Moss, 1993; Morzorati, et al., 2002). A consequence of this approach is that
assessments of acute tolerance assessments are confounded with BAC limb (Martin & Moss,
1993). Interpreting these results can be difficult, especially given substantial evidence for
limb effects on subjective and behavioral responses. An additional complication is the
differential rate of BAC change across limb after oral ingestion (the rate of change being
faster on the ascending limb). For instance, differences in BAC slope on the ascending limb
were found to predict the extent of behavioral impairment during intoxication, suggesting
that acute tolerance may be slowed or diminished in the context of faster BAC increase
(Fillmore & Vogel-Sprott, 1998).

Ensuring control over BAC level, limb and rate of change is difficult in oral alcohol
paradigms due to significant between-subjects variation in pharmacokinetics, resulting in
high variability in the BAC time course. Alcohol clamp paradigms (O'Connor, Morzorati,
Christian, & Li, 1998; Ramchandani, Bolane, Li, & O'Connor, 1999) use intravenous
alcohol administration to circumvent these sources of variability, allowing much improved
control over BAC profiles. Importantly, clamping (i.e., imposing pseudo-constant BAC)
allows assessment of acute tolerance as a function of time and cumulative exposure, absent
directional changes in BAC, providing a strong platform for characterizing acute tolerance
effects (Morzorati, et al., 2002; Ramchandani et al., 1999). Another important consideration
is that pharmacokinetic profiles in bolus dosing paradigms can differ substantially from
those observed in typical heavy drinking scenarios, which will often involve persistent
elevations in BAC. From this standpoint, studying alcohol responses while BAC remains
elevated could help to clarify psychopharmacological effects that might emerge in natural
settings (Rose et al., 2010).

The current study investigated cognitive control and subjective responses in the context of
an alcohol clamp paradigm. The first aim was to characterize within-person changes and
acute tolerance on these outcomes over two discrete periods of alcohol exposure (ascending
limb and pseudo-constant BAC). A second aim was to examine relevant individual
difference factors by evaluating externalizing traits (ADHD symptoms and sensation
seeking) as moderators. A final aim was to examine within-person associations between
subjective effects and craving across these intervals. By focusing on a younger sample
(mean age < 20 years) relative to most previous work, this study also represents a step
toward characterizing cognitive and subjective responses to alcohol during a relatively
narrow period during late adolescence (Brown, et al., 2008).

Participants

The sample consisted of 88 participants (mean age: 19.81 years, SD = 0.81, 46 women).
Community recruitment consisted primarily of Internet advertisements that targeted social
drinkers for participation in laboratory research on the behavioral effects of alcohol.
Participants were ages 19 (the legal drinking age in Ontario, Canada), 20, or 21 years old,
with recruitment efforts focusing predominantly on participants 19 or 20 years of age (76%
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of the sample). Additional eligibility criteria included: at least one heavy drinking episode
(4+ drinks for women/5+ drinks for men) in the past month, no current psychiatric
medications or diagnoses requiring treatment, no recent illicit drug use except cannabis, no
current mediation use or medical conditions for which alcohol would be contraindicated, and
no history of difficulty with intravenous protocols (e.g., fainting, nausea). Participants were
also required to have a Brief Michigan Alcohol Screening Test (MAST; Pokorny, Miller, &
Kaplan, 1972) score <10, with no history of treatment for alcohol use or current attempts to
reduce drinking, and a Fagerstrom Test for Nicotine Dependence (FTND; Heatherton,
Kozlowski, Frecker, & Fagerstrom, 1991) score <6. Participant characteristics, separated by
sex, are shown in Table 1.

Participants completed a telephone screening to determine basic eligibility criteria, followed
by an in-person visit that included informed consent, completion of self-report measures via
computer, and a 90-day Timeline Follow Back (TLFB) assessment conducted by a trained
interviewer. Data on individual difference variables were collected at this visit. A medical
screen was conducted to confirm eligibility for the intravenous alcohol infusion, as verified
by the study physician. Participants who remained eligible were invited to complete
subsequent alcohol administration sessions as part of a prospective study. The data presented
here are derived from participants’ first laboratory session, one aim of which was to ensure
tolerability of intravenous alcohol administration before proceeding further in the study.

Participants were asked to abstain from eating, consuming caffeine, or using nicotine during
the four hours prior to their appointment, and to refrain from alcohol or psychoactive drugs
for at least 24-hours prior to the session. All infusion sessions took place in a hospital setting
under medical supervision. Upon arrival participants were verified as negative for
recreational drugs (excluding cannabis) via urine toxicology screen, and female participants
completed a pregnancy screening. Participants also provided a breath alcohol reading (all
tests were negative) and consumed a standard low calorie meal. Participants were then
escorted to a private room and seated in a recliner chair, where the study nurse placed an
indwelling catheter. Immediately prior to the start of the infusion, participants completed
baseline subjective and cognitive assessments (see Measures). Alcohol administration
consisted of an infusion of 6% (v/v) ethanol in normal saline using an alcohol clamp
paradigm with physiologically-based pharmacokinetic (PBPK) modeling (O'Connor, et al.,
1998; Ramchandani, et al., 1999). The model stipulated a linear ascent in BAC from 0 to
80mg% in exactly 20 minutes, after which BAC was held pseudo-constant (clamped) at
80mg% for another 80 minutes.

The experimental timeline is depicted in Figure 1. A cued go/no-go task (described below)
was administered at baseline (G1) and at two time points during the BAC plateau period: at
approximately 40 minutes (G2, M = 40.35, SD = 3.81 minutes after the start of the infusion)
and 90 minutes (G3, M=89.46, SD=3.26). Subjective questionnaires were administered
baseline (S1) and at 5 time points during the infusion: twice during the ascending limb (S2,
M =9.03, SD=0.97; S3, M = 20.46, SD = 1.04), and three times during the plateau: S4 (M =
56.44, SD = 2.80), S5 (M =72.87, SD = 2.87), and S6 (M = 96.89, SD = 3.92). Serial breath
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alcohol concentration (BrAC) readings were obtained every 4 minutes on the ascending limb
and regularly thereafter, including prior to each go/no-go task subjective questionnaire
assessment. Readings were entered back into the PBPK model, allowing online adjustment
of the infusion profile. Shortly after 100 minutes the nurse removed the catheter. Participants
were escorted to a private room for a monitored recovery period and remained in the lab
until BAC fell below 30mg%, at which point they were provided with compensation and
public transportation tokens.

Materials and Measures

Cued go/no-go task—A cued go/no-go task was used to measure inhibitory control and
response activation, as defined below. This task has been used extensively in alcohol
administration studies (e.g., Fillmore, et al., 2005; Miller & Fillmore, 2014). Participants are
instructed to press a key when a go target is presented, and to withhold their response when
a nogo target is presented. Each trial consists of a cue followed by a target. The cue is
intended to establish a prepotent response set based on anticipated target type, with the
ensuing target indicating the response required (go or no-go). Specifically, at the beginning
of each trial, the cue (a rectangle oriented either vertically or horizontally) signaled that a go
target (a green rectangle) or no-go target (a blue rectangle) was likely to follow. The
preceding cue correctly predicted the following target stimulus on 80% of trials, thereby
establishing the prepotent response set. Each run consisted of 125 trials, with each trial
consisting of the following sequence of events: (a) fixation point (+) for 800 milliseconds
(ms); (b) a blank white screen for 500 ms.; a cue (displayed for a variable interval of 100,
200, 300, 400, or 500 ms); (d) a target (Go or NoGo), which remained visible until the
participant made a response or until 1000 ms had elapsed. The inter-trial interval was 700
ms. The primary outcomes of interest were a) the proportion of incongruent inhibition trials
(i.e., NoGo trials preceded by a Go cue) for which participants failed to inhibit the response
(i.e., response inhibition failures), and b) mean reaction time to Go targets preceded by Go
cues (i.e., response activation). Trials on which participants’ response time was less than 100
ms were excluded (less than 2% of trials).

Subjective questionnaires—Subjective response to alcohol was measured using the
Biphasic Alcohol Effects Scale (BAES; Martin, Earleywine, Musty, Perrine, & Swift, 1993),
which contains 7 items assessing subjective stimulation (e.g., “energized,” “high”) and 7
items assessing subjective sedation (e.g., “drowsy,” “tired™). Participants responded on a
visual analogue scale (0-100) to indicate to what extent they were currently experiencing
each effect; mean responses for each subscale at each of the 6 time points were used for
analyses. In order to facilitate model estimation, values were rescaled to a 0-10 scale by
dividing each variable by a constant (i.e., 10). Adequate internal reliability for each scale
was observed across all time points (Cronbach's alphas ranged from 0.83 to 0.90 for
stimulation and 0.75 to 0.86 for sedation).

Alcohol urge questionnaire (AUQ)—Craving was assessed using the 8-item AUQ
(Bohn, Krahn, & Staehler, 1995). Participants responded to each item using a 0-100 scale,
and the mean of the items was used in the analyses. Values were rescaled to a 0-10 scale.
Cronbach's alphas indicated adequate internal reliability across the 6 timepoints (.79 to .89).
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Timeline Followback (TLFB)—Drinking variables were derived from the TLFB (Sobell
& Sobell, 1992), a structured calendar assessment of recent substance use. Past 90 day
drinking frequency was calculated as the total number of days on which any alcohol use was
reported. Typical quantity of alcohol consumed was indexed based on average drinks per
drinking day.

Alcohol Use Disorders Identification Test (AUDIT)—The AUDIT (Babor, Higgins-
Biddle, Saunders, & Monteiro, 2001) is a 10-item measure assessing hazardous drinking.
Items cover quantity/frequency (3 items), dependence (3 items) and alcohol consequences (4
items).

The World Health Organization Adult ADHD Self-Report Scale (ASRS)—The
ASRS (Kessler et al., 2005) is a self-report measure comprised of 18 questions designed to
operationalize the DSM-IV Criterion A symptoms for attention deficit hyperactivity
disorder. Participants were required to indicate how often each of the symptoms occurred
within the last 6 months, with responses ranging from 0 = never to 4 = very often. Based on
previously validated clinical cutoffs (Kessler, et al., 2005), responses to each item were
dichotomized to code whether the symptom was present (1) or absent (0). Consistent with
scoring guidelines provided by Kessler et al. (2005), these dichotomized items were
summed to produce a total ADHD symptom count for each participant. To maximize power,
we analyzed this symptom count as a continuous variable rather than categorizing
participants into diagnostic groups based on cut off values. Cronbach's alpha in this sample
was 0.79.

Sensation Seeking—Sensation seeking was assessed with the impulsive sensation
seeking scale (ImpSS) of the Zuckerman-Kuhlman Personality Questionnaire (Zuckerman,
1993). The sensation seeking subscale was selected based on evidence that sensation seeking
is associated with acute responses to alcohol and performance on the cued go/no-go task (M.
Fillmore, et al., 2009). Participants indicated whether each trait descriptor was true or false
for them. These items were summed to produce a total sensation seeking score (Cronbach's
alpha =.73).

Data Analysis Plan

We first examined descriptive statistics and bivariate associations. All variables reasonably
approximated univariate normal distributions (skewness < 1.02 and kurtosis < .70). One or
two extreme outliers were observed on several of the variables; these outliers were recoded
to one unit greater than the next most extreme value to reduce their influence (Tabachnick &
Fidell, 2007). Five participants were excluded from the go/no-go task analyses because of a
preponderance of missing data or extreme responses that suggested they did not follow task
instructions. An additional four participants were missing go/no-go data at the final
assessment point, but these participants were retained in analyses through the use of
multilevel modeling (MLM). Thus, the sample size for the go/no-go models was n = 83.
Also, 8 participants were missing data for at least one time point on the subjective
questionnaires (no participant was missing more than half of the time points). We therefore
retained all 88 participants in the subjective response analyses. Overall, missing data points
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for the repeated-measures analyses on go/no-go task and subjective response items were
minimal (<1%).

We used MLM to examine the within-person changes in go/no-go task performance and
subjective responses as a function of assessment time point during the alcohol infusion
(within-subjects effect) as well as individual difference in ADHD symptoms and sensation
seeking (between-subjects effect). MLM is well suited to examining the nature of within-
person changes in repeated-measures data over time, as well as individual differences in
these changes as a function of between-person predictors.

We first examined the main effects of time point on within-person changes in go/no-gotask
performance (inhibition failures, response activation) and subjective variables (stimulation,
sedation, and craving). Separate MLM models were specified for each outcome. Given that
BAC was raised from 0 to 80mg% during the first 20 minutes of the session then maintained
at 80mg% for the remainder of the session, we expected a discontinuous effect of time on
our outcomes. For go/no-go task performance, we examined the within-person effect of time
point using two orthogonal contrasts comparing baseline (G1) to the 40 minute time point
(G2) and 40 min to 90 minutes (G2 vs. G3). Because we had more observations for the
subjective response variables, in these analyses the effect of time point was modeled as a
piecewise linear effect with the first 3 subjective assessments (baseline, 10 minutes, and 20
minutes; i.e., S1, S2, and S3) representing the linear effect of time on the ascending limb,
and the subsequent 3 time points (56 minutes, 73 minutes, and 97 minutes; i.e., S4, S5, S6)
representing the linear effect of time during the plateau period. S3 was specified as the
“knot” joining the two linear time effects. Also, both random intercepts and slopes were
specified for the time effects.

We also examined within-person associations between subjective responses and craving
using MLM. Craving scores at each of the 6 time points were entered as the dependent
variable, and subjective stimulant and sedative effects were entered simultaneously as
predictors. In order to isolate within-person changes, the subjective stimulation and sedation
scores were person-centered (i.e., each value was centered around that participant's mean
stimulation or sedation score) and mean stimulation and sedation scores across the 6 time
points (grand-mean centered) also were entered in the model to control for between-person
variation. To evaluate whether these within-person associations depended on limb of the
BAC curve, a dummy coded variable (representing ascending limb vs. plateau) was entered
into the model, along with its interactions with the person-centered stimulation and sedation
scores. An unstructured covariance matrix for the random effects was specified, including
estimates for the random intercept and random slopes for the effect of limb and the within-
person changes in stimulation and sedation.

1Because there were only 3 observations for each participant in the go/no-go models, we were limited in the number of parameters we
could specify in the random effects covariance matrix. Thus, we specified a diagonal matrix, which included estimates of the random
intercept and random slopes for each time contrast. We had more degrees of freedom in the subjective response models, allowing us to
specify an unstructured covariance matrix for the random effects, which included estimates of the random intercept, random slopes for
the effects of time, and the covariances among these random effects.
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We next examined whether the within-person changes in the go/no-go and subjective
response variables depended on individual differences in ADHD symptoms and sensation
seeking. Interactions between the individual difference variables (which were standardized
across participants) and within-person time point effects were entered into the models.
Significant interactions suggest that the change in the outcome during the session depends
on levels of the between-person variable (i.e., ADHD symptoms, sensation seeking). To
simplify interpretation of the conditional effects of time, ADHD symptoms and sensation
seeking were tested in separate models. To explore sex differences, a parallel analysis
examined sex as a moderator of changes during the session on all outcomes. Significant
interactions were probed using simple slopes analysis to describe the within-person changes
in the outcome at high and low levels of ADHD or sensation seeking (i.e., 1 SD above and
below the mean). This was accomplished by re-centering the between-person moderator and
re-running the model to obtain conditional slopes for the effects of time. The simple slopes
were plotted to facilitate interpretation. We followed up these analyses with a model that
included both ADHD symptoms and sensation seeking together to confirm whether each
factor was a unique moderator of the within-person effects of time point while controlling
for their shared variance.

Descriptive Analyses

Figure 1 shows the observed mean BrAC readings prior to each administration of the go/no-
go task and subjective questionnaires. At the 20 min mark, observed BrAC was 78.62 mg%
(SD = 7.10). Figure 2 shows the observed means and standard errors for the go/no-go and
subjective variables. The repeated-measures variables were all moderately to strongly
autocorrelated (rs = .39-.92). ADHD and sensation seeking scale scores were moderately
correlated (r=.39, p<.001).

Main Effects of Time Point

There was no significant within-person effect of time on response activation between G1
and G2 (B=-1.05, SE=2.27, p =.645) or between G2 and G3 (B=2.76, SE=2.78, p =
324). In contrast, there was a significant within-person increase in inhibition failures
between both G1 and G2 (B = .040, SE = .011, p =.001) and between G2 and G3 (B = .043,
SE =.011, p<.001), indicating that impairments in inhibitory control continued to increase
throughout the session (see Figure 2 for means). There was also evidence for differential
effects of time on the subjective response variables in the MLM models (see Figure 2).
While stimulation (B = 0.58, SE =.09, p < .001), sedation (B = 0.48, SE = 0.10, p <.001),
and craving (B =0.61, SE = 0.08, p <.001) all increased significantly during the ascending
limb (S1 to S3), there were differential changes in these subjective effects during the plateau
interval (S3 to S6). Specifically, both craving (B = -0.28, SE = 0.04, p < .001) and
stimulation declined significantly (B = —0.29, SE = 0.06, p < .001), consistent with acute
tolerance during the BAC plateau. Sedation continued to increase significantly, consistent
with acute sensitization (B = 0.27, SE = 0.06, p < .001).
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Within-Person Associations Among Subjective Variables

We next examined the MLM model of the within-person associations between stimulant and
sedative effects and craving. The interaction between within-person changes in stimulation
and BAC limb was significant (B = -0.27, SE = 0.10, p = .008), suggesting that within-
person associations between stimulation and craving differed on the ascending limb vs. the
BAC plateau. Simple slopes analyses revealed that within-person increases in stimulation
were associated with increased craving on the ascending limb (B =0.35, SE=0.06, p<.
001), but not during the BAC plateau interval (B = 0.08, SE = 0.09, p = .375). However,
within-person changes in sedation did not interact significantly with time (B =-0.09, SE =
0.09, p = .30). After removing this interaction to facilitate interpretation of the main effect, it
was found that within-person increases in sedation were not uniquely associated with
increased craving (B = 0.08, SE = 0.05, p =.081). Finally, we also observed a significant
association between individual differences in mean stimulation across all assessments and
overall craving (B = 0.33, SE = 0.11, p =.002); no such association was observed for mean
sedation (B =0.14, SE=0.10, p=.15).

Associations with Individual Differences

Response activation and inhibition—Table 2 shows the results of the MLM models
including individual differences in ADHD and sensation seeking as predictors of go/no-go
task variables. ADHD symptoms interacted significantly with the effect of time point during
the plateau interval (i.e., G2 vs. G3), but not during the ascending limb (G1 vs. G2) in
predicting inhibition failures (see Table 2). Sensation seeking showed a similar moderating
effect on the within-person changes in inhibition failures; changes in inhibition failures
between G2 and G3 (but not between G1 and G2) were dependent on sensation seeking.
Neither ADHD symptoms nor sensation seeking interacted with time point in predicting
response activation.

Figure 3 shows the results of the simple slopes analyses. While inhibition failures increased
significantly between G1 and G2 for both ADHD groups, inhibition failures continued to
increase between G2 and G3 for participants high (1 SD above the mean) on ADHD
symptoms (B = .077, SE = .015, p < .001), but not for participants low (1 SD below the
mean) on ADHD symptoms (B = .012, SE = .014, p = .409). The same pattern was observed
for sensation-seeking, with both high and low sensation-seekers showing initial increases in
inhibition failures, but only high sensation seekers showing continued increases in inhibition
failures (B =.074, SE = .015, p <.001) relative to low sensation seekers (B = .012, SE =.
014, p = .395).

Given that sensation seeking and ADHD symptoms were significantly correlated, we
conducted follow-up analyses including both variables in the same model. When accounting
for the shared variance, the unique moderating impact of each variable on within-person
changes in inhibition failures between G2 and G3 was slightly weaker (ADHD symptom by
time interaction: B =.022, SE = .012, p = .063; sensation seeking by time interaction: B = .
021, SE =.012, p =.077). However, given that both interactions remained marginally
significant, it appears that both ADHD and sensation seeking had some degree of
independent impact on inhibition failures during the BAC plateau.
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Subjective responses—Table 3 shows the results of the MLM models examining
ADHD symptoms and sensation seeking as moderators of the effects of time on subjective
responses. ADHD symptoms moderated within-person changes in subjective stimulation
during the ascending limb (S1 to S3), but not during the BAC plateau period (S3 to S6).
Sensation seeking did not moderate the effects of time point on subjective stimulation.
Moreover, neither ADHD symptoms nor sensation seeking moderated the effects of time
point on subjective sedation or craving. Simple slopes analyses for subjective stimulation
showed that participants high on ADHD symptoms showed a steeper increase in subjective
stimulation on the ascending limb (B = 0.76, SE = 0.13, p < .001) than participants low on
ADHD symptoms (B = 0.40, SE = 0.13, p = .002). Finally, a follow up analysis showed that
ADHD symptoms remained a significant, unique moderator of the effects of time on
subjective stimulation after controlling for the moderating effect of sensation seeking
(ADHD symptom by time interaction: B = 0.24, SE = 0.10, p =.014).

Sex—We examined whether changes in go/no-go task performance and subjective
responses differed for men and women. Sex did not significantly interact with any time
effects in any of the models (all p > .05). Moreover, controlling for the interactions between
sex and time point did not impact the significance of any of the findings for ADHD or
sensation seeking (all p > .05), suggesting that sex differences could not account for the
results.

Discussion

This study investigated the time course of subjective responses and behavioral control
during an extended alcohol administration session, also examining externalizing traits as
moderators of these effects. The use of an alcohol clamp paradigm allowed examination of
these effects in the absence of between-subjects differences in BAC level, limb, or rate of
change. Results from the cued go/no-go task suggested impairments in response inhibition
following alcohol administration, without evidence of acute recovery, consistent with prior
studies using oral administration and a similar target BAC (Fillmore, et al., 2005; Ostling &
Fillmore, 2010). While prior studies reported that impairments in response inhibition
persisted (but did not worsen) during the descending limb of intoxication (e.g., Fillmore, et
al., 2005; Fillmore & Weafer, 2012; Ostling & Fillmore, 2010), the current results suggested
increases in impairment across the BAC plateau, consistent with acute sensitization
(Morzorati, et al., 2002). Given the use of bolus oral administration in most studies, the
possibility that inhibitory control shows acute sensitization when BAC remains elevated has
not been investigated thoroughly. As with prior evidence suggesting a lack of acute
tolerance on measures of response inhibition, the current evidence for acute sensitization
during sustained BAC is potentially relevant for understanding intoxicated risk behavior.
For instance, greater alcohol impairment of inhibitory control has been shown to predict
higher alcohol self-administration and greater willingness to drink and drive on the
descending limb (Weafer & Fillmore, 2008, 2012).

The present findings also inform knowledge about individual difference factors that
moderate behavioral impairment during intoxication. Higher ADHD symptoms and
sensation seeking scores predicted greater impairments in response inhibition, with this
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effect being specific to the BAC plateau. In research using the same go/no-go task, ADHD
status predicted greater sensitivity to alcohol-related impairment of response inhibition
relative to controls (Weafer, et al., 2009). Those with ADHD also showed greater acute
impairment of motor control and slower acute recovery of motor control relative to controls,
despite similar acute tolerance to perceived intoxication (Roberts, et al., 2013). Thus, the
present findings are consistent with prior evidence implicating ADHD symptoms in acute
responses to alcohol (Shirley & Sirocco, 2014). In similar research examining the role of
sensation seeking, those with higher scores did not show differential impairment or recovery
in response inhibition at either of two alcohol doses relative to placebo, instead showing
greater impairment across beverage condition and ascending/descending limbs (Fillmore, et
al., 2009). Notably, the moderating effect of sensation seeking in this study appeared
independent of the moderating effect of ADHD. Overall, these results are consistent with the
notion that externalizing traits might moderate acute alcohol effects, including impairments
in response inhibition.

This study also sought to examine patterns of subjective responses (stimulation and
sedation), and their association with craving, across ascending limb and BAC plateau
intervals. Results implied acute tolerance to stimulant effects and acute sensitization to
sedative effects during the BAC plateau. This pattern is consistent with two prior placebo-
controlled studies that used alcohol clamp procedures with target BAC levels of 60mg%
(Morzorati, et al., 2002), 40mg% and 100mg% (Kerfoot et al., 2013). Collectively, these and
the current study indicate short-term adaptation to stimulant effects, but ongoing
sensitization of sedative effects, during pseudo-constant BAC at various exposure levels.
Notably, Morzorati et al. (2002) reported increases in sedative effects as long as three hours
after establishing the BAC target. Also, these three studies each found significant increases
in sedation during a short, controlled linear ascent to the target, underscoring that sedative
effects emerge early in the course of acute alcohol exposure, rather than being specific to the
descending limb.

Prior studies involving clamp paradigms have typically not modeled craving, a motivational
index with central importance for the clinical phenomenology of addiction (e.g., Monti,
Rohsenow, & Hutchison, 2000; Tiffany & Wray, 2012). Examining links between subjective
responses and craving can clarify in-the-moment processes by which subjective responses
correspond with consumption (Miranda, et al., 2014; Rose, et al., 2010). Although other
alcohol challenge studies have reported associations of alcohol-induced stimulation with
craving (e.g., Bujarski & Ray, 2014; Ray, et al., 2010; Rose, et al., 2010), the present study
addressed this question by modeling two discrete intervals of the BAC trajectory. In
addition, multi-level modeling evaluated within-person associations between subjective
responses and craving over time. Increases in stimulation corresponded with increases in
craving, but only as blood alcohol levels were rising. In contrast, changes in sedation did not
relate to changes in craving. The differential association of stimulation and sedation with
craving has potential clinical significance, warranting further study. Findings also showed
that ADHD symptoms predicted steeper increases in stimulation, but only on the ascending
limb. In contrast to prior studies of sensation seeking and related personality traits (e.g.,
Erblich & Earleywine, 2003; Fillmore, et al., 2009; Leeman, et al., 2014; Scott & Corbin,
2014), sensation seeking did not moderate changes in subjective stimulation. Because the
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association of subjective stimulant or sedative effects with motivational indicators (e.g.,

craving, wanting) may have etiological relevance (King, et al., 2011), further laboratory

studies of these associations, including the examination of individual or pharmacological
(e.g., BAC limb) moderators, is likely important.

A specific aim of this study was to examine these associations in participants within an age
range that is typically excluded from alcohol administration research. Although the mean
age of this sample is not drastically below the common cutoff of 21 years, we targeted a
circumscribed window in late adolescence, which is uncommon in this literature. Given a
dearth of laboratory research at this age, studying alcohol responses in this context could
help to shed light on developmental processes relevant for individual differences in alcohol
sensitivity. Notably, animal models not only support differences in responses to aversive and
rewarding alcohol effects in adolescents versus adults, but also suggest developmental
differences within adolescence, suggesting that ontogenetic differences may influence
alcohol sensitivity continuously during adolescence (Spear & Varlinskaya, 2005). Consistent
with animal findings, human adolescence is marked by particularly high rates of alcohol use,
particularly in late adolescence, when peak incidence of AUD occurs (Brown, et al., 2008;
Li, et al., 2004). The exclusion of this age group from most alcohol administration research
necessarily limits a full developmental understanding of these processes (Miranda, et al.,
2014; Morean & Corbin, 2010).

In the first study to examine adolescent responses to acute alcohol in the natural
environment, Miranda and colleagues (2014) reported different patterns of subjective
responses in adolescents (mean age: 18.3 years) relative to a comparison adult sample.
Compared to adults, adolescents reported greater mean stimulation, particularly at the
beginning of drinking episodes, but showed significant declines in stimulation as estimated
BAC (eBAC) increased—a pattern absent among adults. Moreover, craving (but not
stimulation or sedation) predicted event-level consumption in adolescents, and a significant
correlation of stimulation with craving was limited to adolescents (Miranda, et al., 2014).
However, changes in eBAC did not predict craving among adolescents. Using a somewhat
older sample, the current study found the expected increases in stimulation and craving as
BAC increased. Potential explanations for these differences include the disparate assessment
contexts and the examination of a higher BAC range in the present study. Notably, the use
of in vivo assessments in the former study revealed high levels of stimulation before BAC
levels were appreciable, possibly reflecting stimulation from the social context, and perhaps
explaining the decline in stimulation as BAC increased (Miranda, et al., 2014). In contrast,
the use of intravenous alcohol in this study served to remove non-pharmacological cues.
Future studies of in-the-moment associations of subjective effects, craving and self-
administration, as well as age and contextual moderators, could further inform how acute
subjective responses relate to risk for heavy drinking at different developmental stages.

The advantages of this study include the use of a behavioral task with extensive validation in
alcohol administration studies and an experimental paradigm allowing exceptional
pharmacokinetic control. Notably, because pharmacokinetic profiles resulting from single-
dose bolus oral alcohol administration could differ substantially from those observed in real-
world heavy drinking scenarios, laboratory studies involving extended alcohol
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administration can play a role in clarifying psychopharmacological effects as they might
unfold in naturalistic episodes. Limitations of this study should also be considered—the
major limitation being the lack of a placebo control condition. This design issue reflects the
fact that the alcohol clamp sessions occurred in the context of a larger study, serving partly
to ensure that participants could tolerate intravenous alcohol administration before
proceeding further (Strang et al., 2015). Given the lack of a placebo control, the influence of
expectancies or fatigue from participating in an extended alcohol infusion session,
particularly in individuals with high ADHD scores, cannot be ruled out.

While the current results are subject to the important caveat that pharmacological effects
were not separable from expectancy or time effects, previous placebo-controlled studies can
provide additional context for interpreting the current results. As described above, the
pattern of stimulant and sedative effects observed here is consistent with results from initial
placebo-controlled studies involving clamp paradigms. Notably, these prior studies did not
suggest appreciable increases in subjective effects over time in placebo conditions. Also,
several prior studies using the cued go/no-go task reported no significant decrements in
performance over time in the placebo condition (Fillmore, et al., 2009; Fillmore & Weafer,
2012; Miller & Fillmore, 2014; Ostling & Fillmore, 2010), nor did differences in sensation
seeking predict changes in task performance over time (Fillmore, et al., 2009). Moreover,
research with this task suggests compensatory behavioral responses under the expectation of
alcohol (Marczinski & Fillmore, 2005), suggesting that the current design might represent a
conservative test for detecting response inhibition impairments. Finally, current evidence for
selective impairment on response inhibition (and not response activation) is consistent with
reported alcohol effects (e.g., Fillmore, et al., 2009; Weafer, et al., 2009). Nonetheless,
expectancy and other non-pharmacological effects cannot be ruled out in this study.
Notably, expectancy effects have not been characterized in the laboratory at this age range,
necessitating placebo-controlled studies.

Additionally, while the current paradigm involved an extended assessment, longer sessions
would allow for more cognitive assessments, perhaps clarifying the extent to which
impairments in response inhibition continue to worsen or improve over longer periods
(Miller & Fillmore, 2014). An additional limitation was the lack of diagnostic confirmation
of ADHD diagnoses or medication status. However, assessment of ADHD symptomatology
as a continuous outcome was accomplished with a validated self-report scale. Finally, while
the current study examined subjective and behavioral alcohol effects in a relatively young
sample, it did not aim to compare results with older participants. Given evidence for age
group differences in subjective responses (Miranda, et al., 2014) and cognitive performance
(e.g., Acheson, Stein, & Swartzwelder, 1998) during intoxication, further research is needed
to characterize developmental aspects of acute alcohol effects, including the comparison of
cohorts in late adolescence versus adulthood.
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Figure 1.
Observed breath alcohol concentrations (BrACs) prior to each administration of the go/no-

go task and subjective questionnaires during the alcohol infusion. G= go/no-go time point;
S=Subjective questionnaire time point. Standard errors shown in error bars.
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Main effects of time point on (a) inhibition failures (proportion) on the go/no-go task, (b) Go
reaction time (RT) to go cues in ms (i.e., Response Activation), (c) subjective stimulant and
sedative effects, and (d) craving. Markers and error bars represent observed means and
standard errors. Subjective questionnaire scores were re-scaled to a 0-10 scale for analysis.
G= Go/no-go time point; S=Subjective questionnaire time point. Times (mins) in
parentheses on the x-axis represent approximate time elapsed since the start of the infusion.
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Simple slopes for changes in inhibition failures conditioned on high (1SD above mean) and
low (1SD below mean) levels of (a) ADHD symptoms and (b) sensation seeking, and simple
slopes for changes in subjective stimulation conditioned on high and low levels of ADHD
symptoms (c). Subjective stimulation scores were re-scaled to a 0-10 scale for analysis.
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