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Decreased cognitive control over prepotent responses has been
hypothesized to contribute to ethanol-induced behavioral disinhibi-
tion. However, the effects of ethanol on specific cognitive domains
associated with decision making have not been extensively studied.
We examined the impact of acute ethanol administration on
cognitive performance of nonhuman primates. Studies were
conducted using 0.2, 0.5, and 1 g/kg intravenous ethanol in rhesus
macaques performing touch screen--based tasks examining stimu-
lus discrimination, stimulus reversal, and stimulus response
performance. The impact on attentional processing was also
evaluated. Ethanol reduced the accuracy of reversal performance
marginally at 0.2 g/kg and significantly at 0.5 g/kg. This effect was
selective given an absence of impairment on the stimulus
discrimination and stimulus response tasks at these doses.
Performance on stimulus discrimination was impaired at 1.0 g/kg,
which prevented determination of reversal performance. Analysis
of post-error response times demonstrated that error processing
was impaired at both 0.2 and 0.5 g/kg. Ethanol also increased the
number of omissions and delayed responses on an attentional task,
suggesting more frequent attentional lapses. These data demon-
strate that cognitive function mediated by specific prefrontal
cortical brain regions is particularly sensitive to ethanol and
suggest specific cognitive mechanisms that may underlie harmful
decisions made at low doses of ethanol.

Keywords: alcohol, anterior cingulate cortex, attention, cognition, cognitive
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Introduction

The impact of ethanol consumption on society is not limited to

motor impairment resulting from inebriation following exces-

sive intake but also results from poor decision making and risk

taking associated with lower levels of ethanol intake. Despite

the extensive consequences of poor decision making, the

investigation of the impact of ethanol on cognitive function has

been relatively limited compared with the research into impact

on motor function (Schweizer and Vogel-Sprott 2008). De-

veloping a better understanding of the cognitive impact of

ethanol is important because the dangerous behavioral effects

of ethanol, such as aggression, risk taking, and impulsivity, are

thought to result from decreased cognitive control over

behavior (Linnoila et al. 1994; Hoaken et al. 1998; Giancola

2000; Curtin and Fairchild 2003; Hernandez et al. 2007).

An important element of cognitive control is the ability to

inhibit responses which are predominant and automatic, either

through practice or because they are innate (Miller and Cohen

2001; Aron 2007). Such prepotent responses need to be

inhibited to permit adaptation to changing circumstances, such

as altered reward contingencies. Control subjects under the

influence of ethanol and abstinent alcoholic subjects both

demonstrate disruptions of inhibitory control on a stop signal

response task, which is frequently used in humans to de-

termine the ability to inhibit planned movements (de Wit et al.

2000; Easdon and Vogel-Sprott 2000; Dougherty et al. 2008).

Although abstinent alcoholic subjects appear to exhibit

impaired inhibition on other, more cognitive tasks (Noel

et al. 2007; Fortier et al. 2008), it is not clear whether acute

ethanol has the same impact (Richards et al. 1999).

Cognitive inhibition is an inferred process that can be

assessed in stimulus reversal tasks, wherein established

responding according to a previously learned association has

to be suppressed in order to be replaced by the new

association. The orbitofrontal cortex in human and nonhuman

primates is essential for performance on reversal tasks (Butter

1969; Fellows and Farah 2003; Clarke et al. 2007; Murray and

Izquierdo 2007). No previous studies have been conducted on

the acute effect of ethanol on reversal performance. Therefore,

in the present study, we used a touch screen-based stimulus

reversal task for nonhuman primates to investigate the impact

of ethanol on cognitive control over prepotent responding.

Another important aspect of cognitive control over behavior

is the ability to monitor performance and process errors

(Botvinick 2007). A substantial literature encompassing error-

related negativity, a negative deflection in the electroenceph-

alogram (EEG) following errors, and functional imaging studies

(Carter et al. 1998; Ridderinkhof et al. 2004) implicate the

anterior cingulate cortex in error monitoring. A behavioral

method for inferring reaction to errors is to compare response

times on trials following errors to those following correct

responses. In both humans and nonhuman primates, trials

following errors show increased response times (Rabbitt 1966;

Li et al. 2006; Liu et al. 2009), and it has been reported that

error processing in humans is disrupted by acute ethanol

(Ridderinkhof et al. 2002; Schweizer et al. 2004). Given the

importance of error processing in regions such as the anterior

cingulate in guiding behavior, we evaluated post-error response

times in order to evaluate the impact of acute ethanol.

Based on the critical role of sustained attention on higher

cognitive functions involved in learning and memory (Sarter

et al. 2001), we also examined the impact of acute ethanol

administration on sustained attention in order to determine its

potential contribution to any impairments on other cognitive

tasks used in this study.

Nonhuman primates offer particular advantages for evaluat-

ing mechanisms of impact of ethanol on cognition (Grant and

Bennett 2003). There is a close homology of cortical structure

and function between monkeys and humans (Croxson et al.

2005; Rudebeck et al. 2008), and executive function and

cognitive control are largely cortex-dependent phenomena.

Consequently, monkeys readily learn complex task structures
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similar to human studies and reveal similar underlying

neuroanatomical substrates (e.g., Li et al. 2006; Roiser et al.

2006; Liu et al. 2009; Jedema et al. 2010). Importantly, given the

applicability of imaging methodologies in humans and non-

human primates, a common set of results from cognitive and/or

imaging approaches lends unique clinical relevance to more

invasive procedures possible only with nonhuman primates.

Although studies with nonhuman primates would permit

assessment over a wider range of ethanol concentrations than

humans, in this study, we specifically focus on the impact of

low-to-moderate doses of ethanol in order to avoid confound-

ing the results with more general impairments in motor control

and ataxia typically associated with higher ethanol concen-

trations (Mello 1971; Katner et al. 2004). In the present work,

we evaluate the impact of ethanol in rhesus monkeys on:

1) stimulus response, 2) stimulus discrimination, 3) stimulus

reversal, 4) error processing, and 5) sustained attention.

Materials and Methods

Subjects
Subjects were a total of 7 adult male rhesus macaques (age 7--8 years)

weighing 10.8 ± 0.6 kg (range 8.9--13.4 kg). Five subjects participated in

all tasks. One subject participated only in the stimulus response, and

the stimulus discrimination--reversal (SD/Rev) tasks (described below)

and another subject participated only in the attention (9-Choice Serial

Reaction Time Task [9-CSRT]) task and blood sampling procedure.

Subjects were fed sufficient monkey chow biscuits (Labdiet 5038l PMI

Richmond) to maintain a healthy body weight (BW) and received fruit

treats daily. Water intake of the subjects was regulated (25 mL/kg/day)

from Monday to Friday, with ad lib access to water during the

weekends.

Subjects had experience working on a touch screen in a sound-

attenuated chamber for water rewards delivered via a sipper tube as

previously described (Liu et al. 2009; Jedema et al. 2010). While

consumption was not specifically measured, there was no apparent

spillage associated with particular doses of ethanol. Subjects were

trained for approximately 2 months on both the SD/Rev and 9-CSRT

tasks to stable performance prior to the start of the experiment

(Supplementary Fig. S1). Subjects were first trained and tested on the

SD/Rev task and subsequently trained and tested on the 9-CSRT task. At

the end of most SD/Rev sessions, subjects completed a stimulus

response task. Only one testing session was performed each day

between 8:00 AM and 2:00 PM. In addition to days in which subjects

were not tested, there was at least one vehicle session between ethanol

sessions. All subjects were from the same cohort and were involved in

a previous cognitive/imaging study (Jedema et al. 2010), but they had

not been exposed to any drugs other than necessary for routine clinical

care, surgical procedures, and imaging procedures. All procedures were

in accordance with the USPHS Guide for the Care and Use of

Laboratory Animals and were approved by the Institutional Animal

Care and Use Committee at the University of Pittsburgh.

Ethanol Infusion
Ethanol (0.2 g/mL) or saline vehicle was slowly administered

intravenously via a previously implanted vascular access port. The

vascular access port was located mid scapula and connected with

a subcutaneous catheter to the right internal jugular vein. The infusion

rate (range 0.87--3.45 mL/min) was adjusted according to BW such that

the entire dose of ethanol (0.2 or 0.5 g/kg BW) for each subject was

infused over a 10-min period. The 1.0 g/kg dose of ethanol was infused

over 20 min. The infusion paradigm was chosen to provide

experimental control over plasma levels and was based on previous

studies (Bradberry 2002).

During ethanol infusion, subjects interacted with the touch screen in

a modified version of the simple stimulus response task in order to

maintain engagement and prevent frustration from a lack of environ-

mental interaction. Immediately after the infusion period had ended,

subjects started on the 9-CSRT task or the SD/Rev task. In a subset of

sessions, a stimulus response followed the SD/Rev task. The timing of

the different cognitive tasks in relation to blood ethanol levels

following infusion is shown in Figure 1.

Subjects participated in 32--34 experimental sessions, 16--17 of which

were saline sessions, 8--9 sessions at the 0.2 g/kg dose of EtOH, 4--5

sessions at the 0.5 g/kg dose, and a single session at the 1.0 g/kg dose.

The examination of the 1.0 g/kg dose was discontinued after a single

session because subjects were too impaired for cognitive function to be

assessed: 1) the majority of subjects (4/6) were unable to reach

criterion on the stimulus discrimination trials and, consequently,

performance on the reversal trials could not be determined. 2) One

of the 2 subjects that reached criterion on the discrimination trials had

fewer than 20 trials remaining in the task. 3) Performance on the

stimulus response task could not be determined in all subjects due to

lack of participation. Because of the missing values at the 1.0 g/kg dose,

and the inability to compare discrimination and reversal performance,

the limited data at this dose are excluded from the main statistical

analyses, but when available, they are included in the figures for

illustration purposes only. In a previous study, similar nonspecific

deterioration of behavior by higher ethanol concentrations has been

observed (Melia and Ehlers 1989).

Figure 1. Blood ethanol levels determined following 0.2 and 0.5 g/kg infusion. (A)
Three minutes following the end of the slow intravenous infusion, levels of blood
ethanol were 52 (±3) mg/dl and 118 (±7) mg/dl levels following the low (0.2 g/kg)
and high dose (0.5 g/kg), respectively. Assuming that the higher levels at the initial
timepoint reflected ongoing distribution of ethanol, we determined that the
subsequent decay of blood ethanol levels could be very well described by a first-
order elimination process (R2 5 0.99 and 0.97 for 0.2 and 0.5 g/kg dose,
respectively). (B) The horizontal gray boxes indicate the average start and end time
following the end of the ethanol infusion of the stimulus discrimination and reversal
trials included in the data analysis. The horizontal lines represent the standard error of
the mean. By default, reversal performance was assessed after criterion on the
stimulus discrimination trials was achieved. The start and end times of the 9-CSRT
sessions largely overlapped with those on the SD/Rev task. Following a subset of SD/
Rev sessions, performance on a stimulus response task was assessed.
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In order to relate the effect of ethanol on cognitive function to actual

blood ethanol concentrations, we determined plasma ethanol levels

following the infusion paradigm in 5 subjects participating in the

9-CSRT task. One subject was not used because of difficulty

withdrawing blood via the port/catheter. Blood samples (2 mL) were

obtained from the vascular access port at 6 timepoints (3, 7, 12, 20, 30,

and 45 min following ethanol infusion) in a single session at the 0.2 and

0.5 g/kg dose of ethanol. In order to avoid contamination from the

infusion fluid, a 10-mL saline flush immediately followed the infusion.

Blood ethanol concentrations were determined using headspace gas

chromatography at the Special Chemistry Laboratory at Presbyterian

Hospital (UPMC, Pittsburgh).

Cognitive Tasks and Data Analysis

Stimulus Discrimination with Reversal

This task was adapted from one previously used by Wallis and Miller

(2003). Each session consisted of 200 trials (intertrial interval 2 s),

which were initiated by touch of a 2.5 3 2.5-cm blue stimulus in the

middle of the screen. Immediately thereafter, subjects were presented

with a choice between 2 visual stimuli from a set of 3 stimuli associated

with a low, medium, and high amount of water reward (0.02, 0.05, or

0.10 mL/kg, respectively). There was no time limit to make this choice.

Upon reaching criterion performance on the discrimination trials (90%

choice of the higher reward stimulus over the previous 30 trials), the

reward contingencies of the high and the low reward were reversed

and subsequent trials were defined as reversal trials. If the criterion was

reached after reversal of the first set of visual stimuli, the session

continued with new discrimination trials and a novel set of 3 stimuli.

Data were collected and analyzed using E-prime (Psychology Software

Tools). Stimuli (200 3 200 pixels; ~61 mm square) were selected from

a picture library of 204 readily distinguishable stimuli that were

organized in triplets. The identity and order in which the triplets were

used was the same for all subjects and the stimuli were randomly

presented on the left or right side of the screen.

To evaluate performance, we analyzed the average accuracy over the

first 20 discrimination and reversal trials presented for each stimulus

set in order to focus on the subject’s adaptation to a new stimulus set or

the reversal of the reward contingencies. The fundamental difference

between discrimination and reversal trials for a given stimulus set is

that on the reversal trials, subjects have to inhibit the response to the

stimulus previously associated with the relatively higher reward. The

performance accuracy for each subject was averaged per treatment

condition (saline, ethanol 0.2, or ethanol 0.5) and trial type (discrimi-

nation or reversal). Discrimination performance was only analyzed if

reversal performance was also available for the same stimulus set to

assure the same number of trials for each trial type. Main effects of

treatment and/or trial type and interaction were determined using

repeated measures analysis of variance (ANOVA) designs (with Huynh--

Feldt correction if indicated) and a = 0.05 (Sigmastat 3.5 or SPSS v 17;

SPSS, Inc.). Corrections for multiple comparisons were made according

to the Holm--Sidak method of adjusting critical thresholds.

Response Time Analysis for Error Processing

The response times on trials after an error is made are typically greater

than on trials after a correct response (Rabbitt 1966; Botvinick et al.

2001; Li et al. 2008; Liu et al. 2009). This post-error slowing is

a commonly employed metric for error processing. Analysis of response

times across all discrimination and reversal trials was confined to

response times of less than 5 s, to prevent a small number of extreme

response times that exceeded this threshold (0.7% of all trials)

from having a disproportionate impact on the average response time.

Post-error slowing was quantified as the difference between response

times following incorrect and correct trials in each session of the

SD/Rev task.

The 9-Choice Serial Reaction Time Task

Each session consisted of 200 trials in which 9 green squares were

presented on the screen in a 3 3 3 array. After a variable delay of 2--4 s,

one square changed to 1 of 5 different shades of green (of varying

contrast) for 2 s. Touching the target square yielded a water reward of

0.075 mL/kg. Incorrect responses resulted in no reward and touching

the screen prior to the appearance of the stimulus resulted in a 2-s

timeout. The timeout was not specifically indicated by a change on the

screen—it merely postponed the start of the next trial by 2 s. Failure to

respond during the 2-s period of stimulus presentation was defined as

an omission. This touch screen-based task is conceptually similar to the

5-choice task typically used in rodents for evaluating sustained

attention and impulsivity (Robbins 2002). The five different shades of

stimuli were used to determine whether ethanol had a differential

impact on different stimuli. Performance accuracy was defined as the

percentage of correct responses of all 200 trials. Premature responses

(i.e., response prior to the appearance of the stimulus) were analyzed

for trials following correct choices only to avoid confounding this

measure of impulsivity (Robbins 2002) with increased delay of reward

resulting from incorrect or omitted responses.

Ex-Gaussian Response Time Analysis

There is a growing interest in the analysis of intraindividual variability of

response times. This is because of the demonstrated link between

attentional lapses and increased variability in response times due to

occasional long response times in clinical populations with attentional

deficits (Leth-Steensen et al. 2000; Hervey et al. 2006). Ex-Gaussian

analysis deconvolves response time distributions into a Gaussian

component (with conventional parameters of mean [mu] and standard

deviation [sigma]), and a measure related to skewness due to late

responses called tau. Response time distributions from all trials of the 9-

CSRT sessions from individual subjects were fitted with ex-Gaussian

functions as described by Lacouture (Lacouture and Cousineau 2008).

Stimulus Response

At the end of the SD/Rev task, subjects performed a stimulus response

task consisting of 50 trials (intertrial interval 2 s) of presentation of

a randomly placed blue stimulus of varying size (square; 50--100 pixels).

Touching the stimulus within 3 s yielded a small water reward (0.075

mL/kg). This task is used during the initial touch screen training of our

subjects and subsequently used to encourage fine motor control rather

than swiping at the screen. A modified version of this task (100 trials

starting 6 s apart, reward size 0.035 mL/kg) was used to keep subjects

engaged during the ethanol infusion.

Results

Three minutes after the end of the slow intravenous infusion,

levels of blood ethanol were 52 (±3) mg/dl and 118 (±7) mg/dl

levels following the low (0.2 g/kg) and high dose (0.5 g/kg),

respectively (Fig. 1). Assuming that the higher levels at the first

timepoint reflected ongoing distribution of ethanol throughout

the body, we determined that the subsequent decay of blood

ethanol levels could be very well described by a first-order

elimination process (R2 = 0.99 and 0.97 for 0.2 and 0.5 g/kg

dose, respectively). Blood ethanol levels exceeded the legal

driving limit for humans in the United States only in the first 3

samples following the highest dose of ethanol.

Subjects performing the SD/Rev task quickly learned to

select the more advantageous stimulus on the screen following

the start of a new stimulus set or the reversal of the reward

contingencies (Fig. 2). Criterion (90% correct) was reached

after 61 ± 2, 62 ± 4, and 93 ± 17 discrimination trials on saline,

0.2 g/kg, and 0.5 g/kg ethanol sessions, respectively (Fig. 2

inset; main effect of ethanol P = 0.044; post hoc comparisons

corrected for multiple comparisons were not significant). At

the 1.0 g/kg dose, most subjects failed to reach criterion. In

order to obtain insight into the subject’s adaptation to a new

stimulus set or the reversal of the reward contingencies, we

focused our analysis on the response accuracy during the first

20 trials of each trial type. Even if there was a modest increase

in the number of stimulus discrimination trials to reach
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criterion due to the impact of ethanol, sufficient trials remained

in each session to assess the performance accuracy on the first

20 reversal trials. Two-way repeated-measures analysis of the

average performance accuracy indicated a significant main

effect of ethanol treatment (P = 0.005) and trial type (P = 0.007;

Fig. 3). One-way repeated-measures ANOVA indicated that the

impact of ethanol on performance accuracy was not significant

during the discrimination trials (P = 0.205) but was during the

reversal trials (P < 0.001). Post hoc comparisons revealed that

the performance accuracy on reversal trials was impaired by

ethanol (0.2 EtOH vs. saline P = 0.059; 0.5 EtOH vs. saline P <

0.001), with performance deteriorating to chance levels at the

0.5 g/kg dose of ethanol.

Analysis of mean response times indicated a significant effect

of trial type (P = 0.016) but no other main effects or

interaction. Similarly, one-way repeated-measures ANOVA

indicated that the impact of ethanol on response time was

not significant during the discrimination learning trials (P =
0.467) or reversal trials (P = 0.243; Fig. 3b).

Post-error slowing of response times was reduced by ethanol

on both discrimination and reversal trials (SD saline –78 ±23,

Rev saline –67 ± 14, SD EtOH –45 ± 21, Rev EtOH –39 ± 15 ms

for post-error slowing during saline or ethanol sessions

collapsed across the 0.2 and 0.5 g/kg doses, respectively; main

effect of treatment P = 0.007, main effect of trial type P =
0.577). Because of the lack of effect of trial type and due to the

varying number of trials for each trial type with associated

greater variability in response times, data were collapsed across

both types of trials (main effect of ethanol treatment on

collapsed data P = 0.006; Fig. 4). Post hoc comparisons

indicated that a reduction in post-error slowing was evident

at both the 0.2 and the 0.5 g/kg dose of ethanol (P = 0.007 and

0.003, respectively).

Response accuracy on the 9-CSRT varied as a function of the

shade of the stimulus and ethanol treatment (main effect of

shade P < 0.001 and main effect of ethanol treatment P <

0.001) without a significant interaction (shade by treatment

interaction P = 0.247). The decrease in response accuracy

resulting from ethanol (Fig. 5A) was predominantly caused by

an increase in omissions (P = 0.02; Fig. 5B), which occurred

across all shades of stimuli (main effect of shade P < 0.001,

main effect of ethanol treatment P = 0.033, shade by treatment

interaction P = 0.188; Supplementary Fig. S2). The percentage

of premature responses, a measure of impulsivity (Evenden

1999; Robbins 2002), was not affected by ethanol treatment

(P = 0.626, Fig. 5C).

Ex-Gaussian response time analysis revealed an increase in

the tau component (representing the right side ‘‘skewness’’ of

the response time distribution), consistent with an increase in

attentional lapses (Fig. 6). Post hoc analysis indicated that tau,

at the 0.5 g/kg dose, was significantly different from saline (P =
0.005). In contrast, mu, the mean of the normal component of

the response time distribution, was not affected by ethanol. A

similar analysis could not be conducted for the response times

on the SD/Rev task due to the multiple factors affecting

response times such as trial type and the impact of post-error

slowing. However, increased attentional lapses on the SD/Rev

task are suggested by the increased duration required to

complete the session (main effect of treatment P = 0.037; total

time per session: 19 ± 3, 21 ± 4, 29 ± 6 min for saline, 0.2, and

0.5 g/kg ethanol sessions, respectively). Post hoc comparisons

revealed that the time to complete the session was increased

from saline, only at the 0.5 g/kg ethanol dose (P = 0.036) but

Figure 2. Probability of accurate response on the first 20 discrimination and reversal
trials. The probability of a correct response on discrimination and reversal trials
provides an indication of the time course of improvement of performance accuracy
following the start of a new stimulus set and following stimulus reversal. Inset shows
the number of trials to reach criterion performance on the discrimination trials at the
0.2 and 0.5 g/kg doses. At the 1.0 g/kg dose, most subjects failed to reach criterion.

Figure 3. The impact of ethanol on performance accuracy and response times on the stimulus discrimination and reversal task. (A) The analysis of performance accuracy
demonstrated a main effect of trial type (P 5 0.007) and ethanol treatment (P 5 0.005). One-way repeated-measures ANOVA indicated no main effect of ethanol on
discrimination learning trials (P 5 0.205), but a significant main effect on reversal trials (P\ 0.001). Post hoc comparisons demonstrated a marginal effect at the 0.2 g/kg dose
(P 5 0.059) and a significant reduction to chance levels at the 0.5 g/kg dose (P\ 0.001) compared to saline. The impact of a single session with the 1.0 g/kg dose is not
included in the main statistical analysis. (B) The analysis of response times indicated a main effect of trial type (P5 0.016) but no effect of treatment nor an interaction. Similarly,
one-way repeated-measures ANOVA of response times on either discrimination or reversal trials indicated no significant impact of ethanol (P 5 0.467 and 0.243, respectively).
*P\ 0.05 versus saline.
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not at the lower ethanol dose (P = 0.55). This increased time

for task completion is due to an increase in latency to initiate

trials by touching the blue square and is not an effect on

response time once the trial had been initiated.

Performance accuracy and response times on the stimulus

response task performed at the end of the discrimination--

reversal session were not affected by ethanol treatment (main

effect of treatment on accuracy P = 0.768 and response time P =
0.138; Fig. 7).

As described in the Materials and Methods section, behavior

during the single session at the 1.0 g/kg dose was highly

impaired and excluded from general statistical analysis.

However, limited data were obtained and its analysis shows

that this dose of ethanol impairs performance and influences

response times on tasks not affected at lower concentrations.

Including the 1.0 g/kg dose, a main effect of ethanol on

discrimination trials of the SD/Rev task was observed (P =

0.042), although its impact on the response times of these

trials was not significant (P = 0.405). Post hoc comparisons

revealed that only the accuracy at the 1.0 g/kg dose was

different from saline (P = 0.011). Due to the limited number of

data points and the large increase in average and variability of

response times, the post-error slowing analysis was not

meaningful. The impact of ethanol on the accuracy of the

stimulus response task was not significant (P = 0.145), although

there was a significant slowing of the response times (P =
0.008) when the 1.0 g/kg was included. Post hoc comparisons

revealed that only the response time at the 1.0 g/kg dose was

different from saline (P = 0.002). The impact of the 1.0 g/kg on

the 9-CSRT was not assessed.

Discussion

The present data demonstrate a selective impact of low to

moderate doses of ethanol on particular cognitive domains.

Whereas performance on stimulus response and stimulus

discrimination tasks was unimpaired at either 0.2 or 0.5 g/kg

ethanol, stimulus reversal trial performance was marginally

impaired at the 0.2 g/kg dose and significantly impaired at the

0.5 g/kg dose. Post-error slowing, indicative of error process-

ing, was significantly diminished at both the 0.2 and 0.5 g/kg

doses. Omissions and late responses on the 9-CSRT task were

increased at the 0.5 g/kg dose, consistent with impaired at-

tentional performance. Overall, these results suggest a domain-

selective pattern of impairments: no impairments on stimulus

response and discrimination at either the 0.2 or the 0.5 g/kg

dose, impaired cognitive control at doses of ethanol near the

current legal driving limit in the United States, and significantly

impaired error processing at plasma levels well below the legal

driving limit. It is difficult to be certain that the impact of

specific doses of ethanol on cognition is equivalent across

species, but impairment of inhibitory control of humans on a

stop task has been reported at similarly low ethanol concen-

trations (de Wit et al. 2000; Fillmore 2003).

Lesions of the orbitofrontal cortex selectively impair reversal

performance in a similar manner to the impairments induced

by the 0.2 and 0.5 g/kg dose of ethanol, in that performance on

reversal trials is impaired while stimulus discrimination

learning remains intact (Fellows and Farah 2003; Clarke et al.

2004; Clarke et al. 2005; Clarke et al. 2007; Murray and

Izquierdo 2007; Rudebeck et al. 2008). Therefore, the present

data suggest that the orbitofrontal cortex may be particularly

sensitive to the impact of ethanol. Previous studies have

established that chronic ethanol abuse impairs reversal

Figure 5. The impact of ethanol on accuracy, omissions, and premature responses on the 9-choice stimulus reaction time task. (A) Accuracy was reduced during ethanol
sessions (P\ 0.001). (B) Increases in the number of omissions (P 5 0.02) were primarily responsible for the ethanol-induced impairment of accuracy, suggesting more frequent
lapses in attention. Post hoc comparisons indicated that the number of omissions at the 0.5 g/kg dose was significantly higher than under saline conditions (P 5 0.007). (C) The
percentage of premature responses was not affected (P 5 0.626). *P\ 0.05 versus saline.

Figure 4. The impact of ethanol on error monitoring. Post-error slowing, defined as
the difference in response times following correct and incorrect trials, was reduced
during ethanol sessions (P 5 0.006). The decrease was evident both on
discrimination and reversal trials (P 5 0.048 and 0.038, respectively), but the data
were collapsed across both types of trials due to the limited number of trials and
associated greater variability in response times during reversal trials. Post hoc
comparisons indicated significant impairments at both doses of ethanol compared to
saline (P 5 0.007 and 0.003 for 0.2 and 0.5 g/kg, respectively). *P\ 0.05 versus
saline.
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performance and reduces orbitofrontal cortex activity (Volkow

et al. 1993; Volkow and Fowler 2000; Noel et al. 2001; Noel

et al. 2007; Fortier et al. 2008). Recent studies also indicat-

ed decreased gammac-aminobutyric acid (GABAA) receptor

subunit densities in frontal cortical areas after chronic ethanol

self-administration in nonhuman primates (Hemby et al. 2006).

Impaired cognitive inhibition following chronic ethanol abuse

has been correlated with a higher incidence of relapse (Noel

et al. 2002), suggesting that a failure of cognitive inhibition may

contribute to more frequent relapsing behavior. The present

observations extend the findings of impaired reversal perfor-

mance in chronic alcohol abuse patients by demonstrating that

acute administration of ethanol at low doses also disrupts

reversal performance. This suggests that the selective sensitiv-

ity of orbitofrontal cortex to acute ethanol may contribute to

impaired inhibition of prepotent responding and increased

impulsivity that presumably underlies poor decisions associ-

ated with subintoxicating levels of ethanol (de Wit et al. 2000;

Dougherty et al. 2008).

A brain region actively involved with adaptive control and

monitoring of behavioral choices is the anterior cingulate

cortex (Ridderinkhof et al. 2004; Rushworth and Behrens

2008). Ethanol impairs human performance on the Stroop

task, a classic anterior cingulate task (Rose and Duka 2008).

Furthermore, EEG recordings suggest that ethanol preferentially

reduces the error or mismatch negativity signals associated with

the anterior cingulate and believed to reflect error monitoring/

processing (Jaaskelainen et al. 1996; Ridderinkhof et al. 2002).

Here, we demonstrate a significant ethanol-induced decrease in

post-error slowing, a commonly used behavioral metric for error

processing (Ridderinkhof et al. 2004), which is consistent with

the EEG observations of reduced error processing. The ethanol-

induced reduction in post-error slowing was evident on both

discrimination and reversal trials of the SD/Rev task. Consistent

with a reduction in error-related negativity at blood alcohol

concentrations of 40 and 100 mg/dl in humans (Ridderinkhof

et al. 2002), we observed similar effects on post-error slowing

at similar plasma levels in the monkey. Given that ethanol

impaired the performance accuracy on reversal trials only, the

presence of decreased error monitoring function on discrimi-

nation trials is consistent with distinct substrates for error

monitoring function and discrimination learning.

It has been suggested that ethanol may degrade sensory

processing and that impairment of error monitoring is

a consequence of the greater difficulty in sensory processing

(Yeung et al. 2007). However, the present observations

demonstrate specific impairment of higher cognitive functions

such as error processing at low doses of ethanol, independent

of a general impairment of sensory stimulus processing because

performance accuracy on discrimination trials was not affected

by ethanol up to 0.5 g/kg. Similarly, on the 9-CSRT, the number

of omissions increased with ethanol dose across all stimulus

shades, further suggesting that low doses of ethanol do not

impair sensory processing (Supplementary Fig. S2). Further-

more, the response times on the present tasks were not

affected by ethanol up to 0.5 g/kg (discussed below), which

differs from the increased response times observed when

sensory processing is degraded by reducing the contrast of the

visual stimuli (Yeung et al. 2007). At the highest dose of ethanol

(1.0 g/kg), however, discrimination learning was impaired and

this may have been a consequence of impaired sensory

Figure 7. The impact of ethanol on accuracy and response times on a simple stimulus response task. The average accuracy (panel A) and the response time (panel B) on
a simple stimulus response task were not significantly affected by the ethanol administration. The impact of a single session with the 1.0 g/kg dose is not included in the main
statistical analysis.

Figure 6. The impact of ethanol on ex-Gaussian components of the response time
distribution on the 9-choice stimulus reaction time task. Ethanol administration
caused no significant changes in the mean (mu) and standard deviation (sigma) of the
Gaussian component of the response time distribution, but a significant increase in
the tau parameter (P 5 0.017), reflecting an increase in skewness of the response
time distribution due to more late responses. Post hoc comparisons demonstrated
that the tau value was significantly increased from saline at the 0.5 g/kg dose (P 5
0.005). *P\ 0.05 versus saline.
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processing as reported previously (Melia and Ehlers 1989;

Yeung et al. 2007). Thus, our data support a preferential

disruption of higher cognitive functions such as error

monitoring in response to low doses of ethanol, consistent

with the interpretations offered by other studies in humans

(Jaaskelainen et al. 1996; Ridderinkhof et al. 2002) in addition

to a more general impairment of sensory processing that

occurs at higher doses of ethanol.

The present SD/Rev task likely involves a working memory

component because the relationship between three different

stimuli and reward levels had to be kept in memory while

choosing between the 2 stimuli presented on the screen on any

given trial. The observation that there was no general decline in

performance accuracy on the stimulus discrimination trials

suggests that low doses of ethanol do not impair the capacity of

working memory to keep these stimuli in mind, consistent with

previous observations in human (Saults et al. 2007) and

nonhuman primates (Mello 1971).

On the 9-CSRT, the decrease in performance accuracy

following ethanol was in large part due to an increase in

omissions, suggesting more frequent lapses of attention. This was

further supported by our ex-Gaussian analysis of the response

time distribution that revealed an elevated tau value that reflects

the skewness of the right hand side of the distribution. A similar

altered response time distribution and elevated tau value is

observed in clinical populations with attentional deficits (Leth-

Steensen et al. 2000; Castellanos et al. 2005; Hervey et al. 2006).

An ethanol-induced decrease in attention was also hypothesized

to underlie impaired performance of nonhuman primates on

a delayed-match-to-sample task (Fuster et al. 1982). More

frequent attentional lapses in the presence of ethanol are also

suggested by the increased time required to complete the self-

paced SD/Rev task due to delays in initiating trials but not in

reaction times on trials once they had been initiated. Brief lapses

of attention may also have disrupted the sustained high

performance required to reach criterion (90% over 30 trials)

and may have led to the slight ethanol-induced increase in the

number of discrimination trials to reach criterion on the SD/Rev

task without affecting the performance accuracy over the first

20 discrimination trials.

As described above, the anterior cingulate is critical for error

processing and performance monitoring in general, but it also

plays a pivotal role in sustained attention (Sarter et al. 2006).

Therefore, it is plausible that both the increased frequency of

attentional lapses on the 9-CSRT and the decreased post-error

slowing observed on the SD/Rev task reflect an impairment of

anterior cingulate function induced by ethanol. Alternatively,

an increase in attentional lapses between trials (resulting in

a prolonged intertrial interval) could result in further decay of

already weakened performance monitoring in the anterior

cingulate and further decrease its influence on behavior on

subsequent trials.

It is, however, unlikely that impaired sustained attention

contributed to the selective impairment in accuracy on reversal

trials due to fundamental differences between the SD/Rev and

the 9-CSRT tasks. First, all trials on the SD/Rev task were self-

initiated (i.e., when the subject chooses to pay attention) and

the choice could be made immediately after the initiation of

the trial, making it likely that the subject is paying attention.

Second, the choice on the SD/Rev task requires a response

between 2 stimuli without time constraints, whereas the

opportunity to respond on the 9-CSRT is limited in duration

and optional. Most importantly, any impairment on the SD/Rev

task resulting from lapses in attention would be expected to

equally impair the performance accuracy on discrimination and

reversal trials. The observation that subjects continued to

perform well on the discrimination trials of the SD/Rev task

suggests that while simple stimulus associations remain intact,

low doses of ethanol impair the ability to inhibit prepotent

responding after the reward contingencies have been reversed.

We observed no evidence for any ethanol-associated in-

crease in premature responses on the 9-CSRT. This is

consistent with the limited impact of ethanol on response

times during the SD/Rev and the stimulus response tasks.

Higher doses (0.6--0.8 g/kg) of oral ethanol in humans have

been reported to contribute to faster response initiation, but

this effect was not observed at lower doses such as used in the

present study (Dougherty et al. 2008). Thus, the impact of

moderate doses of ethanol in humans appears to be selective to

the impairment of inhibition of prepotent responses, resulting

in impulsive responding (de Wit et al. 2000; Dougherty et al.

2008). Our observations demonstrate a similar selectivity in

nonhuman primates resulting in selectively impaired perfor-

mance on the reversal trials, where prepotent responses have

to be inhibited, but not on discrimination trials or on trials of

the 9-CSRT, where this requirement is absent.

Ethanol distributes rapidly throughout the body, based on our

observations that plasma levels stabilize relatively quickly and

follow first-order elimination kinetics within 7 min following the

end of the slow intravenous infusion. This observation is

consistent with the relatively stable plasma ethanol levels within

5--10 min following similar, slow infusion protocols for monkeys

reported previously (Fuster et al. 1982; Kalhorn et al. 1986;

Bennett and DePetrillo 2004). The plasma levels of ethanol

attained after the 0.2 and 0.5 g/kg intravenous dose approximate

plasma levels observed after intragastric doses of 1 and 2 g/kg,

respectively (Ando et al. 1987; Katner et al. 2004). Given the

rapid distribution of intravenous ethanol, it is unlikely any

differential impact on reversal versus stimulus discrimination is

an artifact of ethanol pharmacokinetics. We cannot completely

eliminate the possibility that the lack of impact of ethanol on the

stimulus response task is a result of decreasing blood ethanol

levels because it was always assessed after the performance on

the reversal task. Testing on the stimulus response task typically

occurred after approximately 20--30 min, at which time plasma

ethanol levels had decreased approximately 20% from levels

seen at the 7-min timepoint at which the distributional phase

appeared complete. Based on the fact that the ethanol levels at

the 20- to 30-min timepoint on the 0.5 g/kg dose were still

markedly higher than those achieved at any time on the 0.2 dose

at which decreased post-error slowing was observed, we believe

that the lack of impact of ethanol on this stimulus response task

is more likely a reflection of the relatively limited impact of low

doses of ethanol on tasks involving simple and explicit stimuli,

involving automatic processing rather than focused attention

and cognitive control (Casbon et al. 2003). This is further

supported by the observation that ethanol increased the

premotor component, but not the response execution compo-

nent, of reaction time in humans performing an omitted

response reaction time task (Hernandez et al. 2006; Hernandez

et al. 2007). This notion is further supported by studies in

macaques which demonstrated ethanol-induced motor impair-

ment on a bimanual motor task only at higher doses of ethanol

than those used in the present study (Katner et al. 2004).
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The present data demonstrate the feasibility of examining

the impact of ethanol on cognitive function in nonhuman

primates in a similar manner to clinical assessment in humans.

A major advantage of a nonhuman primate model compared to

human studies is the increased control of the subject

population (Grant and Bennett 2003) and the ability to

repeatedly evaluate the same subjects leading to more power-

ful experimental design. A particularly relevant future study

will be to examine cognitive consequences of adolescent

ethanol exposure, for which the present data provide

a comparative standard for ethanol’s impact on adults (Barron

et al. 2005; Pian et al. 2008).

In conclusion, our data demonstrate that low doses of

ethanol selectively impair cognitive control and choice out-

come monitoring functions associated with specific prefrontal

cortical regions. This suggests that the substantial cost to

society of choice behavior associated with moderate levels of

intoxication is due in part to selective patterns of cognitive

impairment outside of sensorimotor dysfunction typically

associated with acute intoxication.

Supplementary Material

Supplementary material can be found at: http://www.cercor.

oxfordjournals.org/
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