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Abstract

Over the last quarter century, researchers have peered into the living human brain to develop and

refine mechanistic accounts of alcohol-induced behavior, as well as neurobiological mechanisms

for development and maintenance of addiction. These in vivo neuroimaging studies generally

show that acute alcohol administration affects brain structures implicated in motivation and

behavior control, and that chronic intoxication is correlated with structural and functional

abnormalities in these same structures, where some elements of these decrements normalize with

extended sobriety. In this review, we will summarize recent findings about acute human brain

responses to alcohol using neuroimaging techniques, and how they might explain behavioral

effects of alcohol intoxication. We then briefly address how chronic alcohol intoxication (as

inferred from cross-sectional differences between various drinking populations and controls) may

yield individual brain differences between drinking subjects that may confound interpretation of

acute alcohol administration effects.
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1. Introduction: the search for brain-based accounts for alcohol-induced

cognitive impairment

Alcohol abuse and dependence, including binge drinking, costs hundreds of billions of

dollars a year in the United States alone, including lost productivity, health care costs,

accidents and violence (Bouchery et al., 2011). Of critical public health importance is

advancing understanding of the mechanisms by which ethyl alcohol (ethanol, or hereafter

simply “alcohol”) intoxication results in severe behavioral disinhibition, disrupted socio-

emotional processing, impaired psychomotor performance, and loss of control over alcohol

use itself. Using neuroimaging to elucidate how acute or chronic alcohol causes structural or

functional changes in brain regions implicated in cognitive processes holds potential to
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foster brain-based interventions to ultimately mitigate public health burden. In this review,

we will summarize recent findings about acute human brain responses to alcohol that were

derived from neuroimaging modalities. We discuss how these findings might explain

behavioral effects of alcohol, and how they may underpin theories of development of

alcoholism. We will then highlight how chronic alcohol intoxication (as inferred from cross-

sectional differences between various drinking populations and controls) may yield

individual structural and baseline-functional differences between drinking subjects that may

confound interpretation of acute alcohol administration effects. Finally, we will address

future directions to advance this research.

Imaging the intoxicated brain holds potential to provide a mechanistic account for observed

alcohol effects on behavior. To this end, we suggest that the most reliable mechanistic

associations between brain signal and behavior would be found with respect to laboratory

behavior (as opposed to anecdotal behavior) in that alcohol-induced behavior change is

critically sensitive to individual differences in the expectancies of alcohol effects. For

example, expectancies of increased aggression while intoxicated (Lindman and Lang, 1994)

or for certain elements of positive mood (Lindman et al., 2000) vary between cultures.

Laboratory performance findings, while still vulnerable to some expectancy effects, provide

a better reference for imaging findings in that they more objectively indicate how acute

alcohol selectively disrupts (or spares) narrowly-defined elements of cognitive performance

(e.g (Reynolds et al., 2006)).

A comprehensive review of acute alcohol effects on mood, motor performance, or cognitive

performance in the laboratory is beyond the scope of this review. Zoethout et al. (2011),

however, reviewed 342 alcohol-vs-placebo comparisons in healthy controls reported in 218

papers, and concluded that the most reliable and potent effects of alcohol were on divided

attention, focused attention, visuomotor control, and subjective ratings of “high”, where

additional impairments in reaction time, working memory, and response inhibition were

consistently observed at alcohol doses above 0.7 g/l). Neuroimaging experiments have

predominantly assessed these effects in two ways; (1) by examining unconditioned alcohol

effects on the brain’s “reward” neurocircuitry (to detect a signature of the “high”) or (2)

examining in real-time alcohol effects on brain activations while a subject is performing a

task that requires attention, memory, or self-control. Other experiments have assessed brain

signatures of emotion-processing, which may advance understanding alcohol effects on

social behaviors like aggression. Understanding brain mechanisms of alcohol’s disinhibitory

effects may be useful in understanding transition from social drinking to addiction,

especially in vulnerable individuals.

2. Alcohol and potential brain targets of alcohol effects

2.1. Alcohol as a psychopharmacological agent: methodological and interpretive
considerations

Alcohol presents both advantages and challenges for acute pharmacology imaging studies. A

key advantage is that alcohol pervades the brain quickly (the diffusion of alcohol throughout

the body resembles that of water) and has a short duration of effect. Compared to other

drugs of abuse, alcohol is not a typical lipophilic drug with a small set of receptor ligands.
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Rather, it is a highly-soluble small molecule that is passively diffused in and out of cells,

and requires significant concentrations to induce intoxication (reviewed in Feldman et al.,

1997). Alcohol has both a polar and a lipophilic moiety, enabling weak interaction with a

wide variety of molecules. Compared to other psychotropic agents, alcohol effects are

shorter in duration, where this has been attributed to its high dissociation rate with cellular

targets, and its low lipid solubility (reviewed in Feldman et al., 1997).

Combining imaging and acute alcohol administration presents a number of challenges. First,

because the pharmacokinetics of alcohol can vary greatly as a function of situational factors

such as drinking rate, concentration of alcohol in the beverage, or ingestion with food, well-

controlled laboratory administration is essential for mechanistic studies. Moreover, great

variation in the timing of oral alcohol action in the brain remains between laboratory

participants due to sex differences, age, genetics, or due to adaptations to chronic alcohol in

first-pass metabolism in the digestive system. Fortunately, titrated intravenous (IV)

administration techniques (Ramchandani et al., 1999) can avoid much of these confounds,

while still enabling study of the most commonly used and abused psychoactive substance.

A second challenge to using acute alcohol for fMRI studies is that alcohol itself has biphasic

vasoactive properties (Kawano, 2010) that may disrupt the normal coupling between the

hemodynamic response (what is typically measured in fMRI) and the underlying local

neural firing activity. Event-related fMRI typically involves detection of brain regions where

hemodynamic activity is temporally correlated with an idealized (canonical) impulse

response/hemodynamic function that is time locked to experimental events. If an identical,

inflexible model is applied to the time-series image data collected under both intoxicated

and sober conditions, one could spuriously infer a directional dose-dependent difference in

neural activity from what may really be a vascular effect. Luchtmann et al. (2010) examined

the effects of oral alcohol on brain fMRI hemodynamic responses to basic visual stimulation

and finger-tapping tasks, and reported that acute alcohol caused statistically-significant and

region-specific changes in the contours of hemodynamic responses. However, fitting an

identical canonical model (provided by a popular image analysis software package) to the

data under both alcohol and placebo conditions did not reveal an appreciable difference in

actual task activations. Furthermore, large individual differences in vasoactive effects of

alcohol introduce an additional layer of noise in group-wise fMRI analyses.

A third challenge is the tendency of alcohol to affect multiple neurotransmitter systems

(Eckardt et al., 1998), which limits our ability to interpret alcohol’s effect on any one

system. Alcohol affects gamma-aminobutyric acid (GABA), glutamate, serotonin, dopamine

(DA), and acetylcholine. At high concentrations, alcohol binds to a variety of cell membrane

sites and can alter the phospholipid constituents of cell membranes. At physiologically-

relevant (intoxication) concentrations, alcohol is thought to work primarily by way of

allosteric modulation or direct interaction with cell-surface receptors for N-methyl-D-

aspartate (NMDA), GABA-A, and other proteins (Fadda and Rossetti, 1998) to alter ion

transport across the cell membrane. Therefore, it can be difficult to attribute alcohol-elicited

brain activation or metabolism (energyutilization) changes to specific neurotransmitter

systems, or to pre- versus post-synaptic effects of enhancing concentrations of a specific

neurotransmitter.
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2.2. Brain regions of interest as mediators of alcohol effects on behavior

Alcohol pharmacological fMRI experiments typically assess either the effects of alcohol on

the brain in a resting state (in the absence of experimenter-prescribed task demands), or its

effects on the brain as it is performing a cognitive task. Where in the brain do we look for

acute alcohol effects? While it is well-understood that the brain operates as a set of

interconnected networks (Laird et al., 2011), certain structures are of particular interest. Data

from invasive preclinical intervention studies, behavioral studies of human lesion patients,

and dynamic meta-analytic maps derived from human functional magnetic resonance

imaging (fMRI) studies of cognitive tasks (e.g. www.brainmap.org and

www.neurosynth.org) can be used to form hypotheses about where alcohol might act in the

brain. These findings converge to indicate, for example, that: 1) the ventral striatum (VS),

including nucleus accumbens (NAcc) is critically important for the learning and

motivational aspects of instrumental (rewarded) behavior (Haber and Knutson, 2010;

Salamone et al., 2003), 2) dorsolateral prefrontal and mesial prefrontal cortex (e.g. anterior

cingulate cortex; ACC) are critical for self-control (Bechara et al., 1994; Bechara and Van

Der Linden, 2005; Hare et al., 2009) and error monitoring (Ridderinkhof et al., 2004), and

for integrating representations of reward/incentive value (Hare et al., 2009; Kable and

Glimcher, 2007), 3) the amygdala is a critical node in processing of emotional stimuli (like

faces) such as threat (Kim et al., 2011), and 4), portions of dorsolateral and inferior

prefrontal and parietal cortices are recruited by attentional demand under different contexts

(Corbetta and Shulman, 2002). Therefore, alcohol-induced changes in the recruitment of

these structures may support mechanistic accounts of alcohol action.

3. Effects of acute alcohol administration on the “resting” brain

3.1. Positron Emission Tomography (PET) studies of energy utilization and dopaminergic
activity

Positron Emission Tomography (PET) studies have provided the foundation of for our

understanding of acute alcohol effects on the brain when the subject is not actively engaged

in a task. These studies have proved crucial in understanding how a bolus of alcohol to the

brain causes regional changes in measures of energy utilization, and in displacement of

labeled, receptor-specific ligands. Region-specific changes may differ in directionality, with

important functional effects depending on which circuits may be up- or down-regulated. One

compelling application of PET is the examination of acute alcohol effects on DA levels in

structures of the mesolimbic incentive-motivational system. As with other drugs of abuse,

alcohol causes an increase in endogenous DA (displacement of radiolabeled raclopride) in

the VS in adult controls (Boileau et al., 2003; Yoder et al., 2007). Individual differences in

magnitude of this release have correlated with self-reported intoxication (Yoder et al., 2007).

Another fundamental question is what acute alcohol does to metabolism (energy utilization)

across the brain, as a proxy for localized neuronal activity. Many studies have shown that

low to moderate doses of alcohol (0.25–0.75 g/kg) significantly reduce glucose metabolism

in the brain, from 10 to 30% (Volkow et al., 1990, 2006; Wang et al., 2003; Wang et al.,

2000). This decrease is dose-dependent, and is most pronounced in the occipital cortex and

cerebellum (Volkow et al., 2008). Reduced glucose metabolism was also more pronounced
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in men, though women reported higher levels of subjective intoxication despite similar

blood-alcohol concentration time course between male and female subjects (Wang et al.,

2003). More recently, Volkow et al. (2008) proposed that alcohol also affects patterns of

brain functional organization. Indeed, using PET, they found that a moderate dose of alcohol

(0.75 g/kg) significantly decreased absolute whole brain and regional metabolism, but

increased metabolism in the striatum (including nucleus accumbens), the amygdala, insula

and mesencephalon. Since converging evidence implicates these limbic regions in incentive-

motivational processes in drug reward (Breiter et al., 1997; Gilman et al., 2008; Stein et al.,

1998), it is tempting to speculate that acute alcohol primes limbic incentive neurocircuitry

while suppressing top-down cognitive control circuits, resulting in reward-seeking behavior

despite the risk of deferred aversive outcomes, where cortically-mediated behavior-

monitoring during the drinking bout may be compromised.

Recent research suggests that under intoxication, the brain may use acetate as an alternative

brain energy source to glucose (Volkow et al., 2013). During an alcohol challenge, the brain

areas showing the largest decreases in glucose metabolism measured with FDG (i.e. the

cerebellum and occipital cortex) showed the largest increases in [1-11C]acetate brain uptake.

Furthermore, [1-11C]acetate brain uptake was higher in heavy drinkers than in occasional

drinkers, and increases in [1-11C]acetate were positively associated with the reported

amount of alcohol consumed. The behavioral and other functional effects of this shift in

energy source await discovery.

3.2. PET and MRI-based studies of alcohol effects on brain blood flow

Another signal inferred as localized changes in neural activity is regional brain blood flow-

either indexed by a radiotracer in PET studies, or by arterial spin labeling (ASL) as an

alternative, functional MRI-based method for obtaining quantitative measures of regional

CBF that does not require administration of a radiotracer or ligand (reviewed in Liu and

Brown, 2007). PET and ASL studies also indicate that alcohol effects on brain blood flow

are not global. Seminal PET studies have demonstrated CBF increases in cortical gray

matter after low (Sano et al., 1993), moderate (Mathew and Wilson, 1986; Newlin et al.,

1982) and high (Sano et al., 1993) doses of alcohol. Volkow et al. (1988) showed increases

in blood flow in prefrontal and temporal regions, and decreases in the cerebellum in social

drinkers who had consumed 1.0 g/kg of alcohol. Ingvar et al. (1998) reported that acute

alcohol increased activation of mesial temporal lobe and the brainstem reticular activating

system, and reduced blood flow in cerebellum and occipital cortex. In a study using ASL in

88 young adult social drinkers, CBF increased up to 17% after alcohol when compared to

placebo in several frontal brain regions (Tolentino et al., 2011).

It remains unclear why increased CBF has been reported in the same regions (e.g. frontal

cortex) that also show reduced glucose metabolism. Neuronal activity may be differentially

coupled with CBF versus metabolic markers. PET measures of blood flow versus energetics

may be incomparable due to the large differences in both modeling and sampling time

windows between the two techniques. Measures of CBF from labeled O11 are often captured

in brief (e.g. 2-min) time windows, and like the fMRI BOLD signal, provide a relative

measure (not precisely quantified and modeled). A brief sampling may not capture a reliable
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“resting-state” due to the non-stationarity observed in functional brain networks (Smith et

al., 2012). In contrast, measures of glucose metabolism are extensively quantitatively

modeled, and are captured across a larger time-window (e.g. 20–30 min), across which

alcohol may exert different vascular and other pharmacodynamic properties. Notably,

alcohol effects on cerebral vasculature (vasoconstriction vs dilation) are dependent on dose

and time course (e.g. acute withdrawal), and the rate and mode of alcohol intake tends to

vary across studies.

Other sources of discrepancies may relate to an interpretive issue that pervades functional

neuroimaging – the meaning of the directionality of activation differences, where sometimes

“less (activation) is more.” A key example for this interpretation would be increased

frontocortical recruitment in schizophrenia, which is typically interpreted as evidence of the

struggles of an inefficient brain. Tolentino et al. (2011) also found that subjects with a lower

subjective response to alcohol demonstrated less of an increase in CBF compared to subjects

with a higher response to alcohol. The authors interpreted this directionality as a

neurobiological account for longitudinal findings that persons with low sensitivity to alcohol

at baseline are at greater risk for progression to alcoholism (Schuckit et al., 2007). The

pattern of individual differences suggested that high concentrations of alcohol are necessary

for the frontal cortex of low-responders to engender or reflect subjective intoxication.

3.3. fMRI studies of alcohol effects on resting-state connectivity

More recently, there has been an explosion in the understanding of innate functional

connectivity between brain regions as inferred from inter-regional activation synchrony

detected using continuous fMRI in the absence of a task (Fox and Raichle, 2007). Notably,

portions of the midline of the brain, including precuneus, show synchronized activity when

the subject is not focusing on a cognitive demand, and this is termed the “resting-state”

network. Independent component analysis of resting-state fMRI time series have revealed

eight coherent brain networks when the subject is at rest (Beckmann et al., 2005), and these

spatially reflect patterns of co-activated structures in task fMRI (Cole et al., 2010).

Critically, individual differences in inter-regional resting connectivity correlated with task-

elicited activity in those regions (Mennes et al., 2010) suggesting that inherent resting-state

connectivity is predictive of how well-coordinated the brain regions will be when confronted

with a cognitive demand that invokes them.

Acute intravenous (IV) alcohol effects on these eight a priori networks was recently

assessed while controlling for alcohol’s physiological effects such as blood flow (Khalili-

Mahani et al., 2012). Alcohol increased intrinsic connectivity in a network composed of

auditory (temporal lobe) and anterior cingulate cortex, and also in brainstem. Acute alcohol

has also been shown to strengthen measures of the intrinsic connectivity of visual cortex, in

correlation with blood-alcohol levels (Esposito et al., 2010). We note that the development

of alcoholism and other substance dependence has been described as “stimulus-driven,”

where the incentive salience hypothesis of addiction (Berridge and Robinson, 2003) posits

that environmental cues that are predictive of the abused substance themselves acquire

motivational properties. If acute alcohol increases the functional connectivity

(communication) within sensory regions and between sensory regions and cortex, this may

Bjork and Gilman Page 6

Neuropharmacology. Author manuscript; available in PMC 2014 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



augment alcohol cue/stimulus-reward learning during intoxication. Increased connectivity

with the anterior cingulate cortex may relate to its recruitment by risky rewards and by

monitoring action-outcome results of instrumental behavior (Ridderinkhof et al., 2004).

3.4. Diffusion imaging and magnetic resonance spectroscopy studies of alcohol effects

Finally, diffusion tensor imaging (DTI) and magnetic resonance spectroscopy (MRS) have

been used to examine the effects of acute alcohol on water diffusion and chemical

composition in brain tissues. Diffusion Tensor Imaging (DTI) is a MRI-based measurement

of Brownian motion of water molecules, where metrics of water diffusion could provide

indirect evidence of cytotoxicity or transient edema (accumulation of fluid within the brain

parenchyma that locally enlarges the tissue). In the only DTI study of acute alcohol in

humans to date, acute alcohol consumption significantly reduced apparent diffusion

coefficient (ADC) values of the frontal lobe, thalamus, and middle cerebellar peduncle in

social drinkers (Kong et al., 2012). In addition, fractional anisotropy (FA) values (indicating

an increase in diffusion along a specific axis or trajectory) of the frontal lobe were

significantly increased. The authors concluded that these brain regions may be the most

sensitive to the effects of acute alcohol consumption.

MRS probes the magnetic responses of atomic nuclei to determine physical and chemical

properties of atoms, and can identify molecules in (a focal volume of) brain tissue. This

provides a dynamic measure of changes in concentrations of neurotransmitter metabolites,

or other markers (e.g. N-acetylaspartate; NAA) that have been interpreted as indicators of

general neuronal health or localized activity (Baslow, 2010; Moore et al., 1999). Recently,

Gomez et al. (2012) reported that acute IV alcohol administration reduced cortical GABA

and NAA levels in occipital cortex in humans, which they interpreted as evidence of

facilitation of GABA receptor function by ethanol and concomitant inhibition of neuronal

activity in the brain. Moreover, across alcohol detoxification in a clinical setting, increased

levels of glutamate metabolites in anterior cingulate cortex were detected early in

detoxification, but not after two weeks of abstinence (Hermann et al., 2012), providing

evidence for theories of excitatory neurotransmitter-based theories of alcohol withdrawal.

4. Effects of acute alcohol pre-treatment on task-elicited brain activity

4.1. Alcohol effects on brain activation during simple perception and during cognitive
tasks

Alcohol is implicated in a substantial portion of motor vehicle accidents and falls

(www.niaaa.nih.gov), and causes impaired memory and other cognitive decrements (Oscar-

Berman and Marinkovic, 2007; Zoethout et al., 2011). The first fMRI “tasks” administered

to alcohol-intoxicated subjects featured simple exposure to visual/photic (Levin et al., 1998)

and auditory (Seifritz et al., 2000) stimulation, where alcohol reduced BOLD responsiveness

in visual and auditory cortices. This is consistent with the understanding that alcohol is

generally a CNS depressant. Subsequently, many studies have administered alcohol, either

orally or intravenously, to subjects while they performed more complex cognitive or

emotional tasks in the fMRI scanner. These experiments generally indicate that acute
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alcohol reduces activation in cortical regions that govern cognitive control and error

monitoring.

Using a simple continuous performance task (Anderson et al., 2011), oral alcohol increased

reaction times, commission and omission errors, and caused a concomitant dose-dependent

reduction in BOLD response to commission errors in ACC, insula, lateral prefrontal cortex,

and parietal lobe. Notably, the ACC is consistently implicated in processing and behavioral

adjustment in response to errors in fMRI experiments (Ridderinkhof et al., 2004), where

blunted error-elicited activity in ACC has also been detected with electrophysiological

measures (Ridderinkhof et al., 2002). This suggests that alcohol intoxication may result in

impaired monitoring of one’s behavior and errors by way of suppressing the ACC. In

contrast, when subjects performed a visual discrimination/mental rotation task, alcohol had

only a modest effect on visual perception performance, yet caused dose-dependent

activation increases in the insula, dorsolateral prefrontal, and precentral cortices, and dose-

dependent decreases in anterior and posterior cingulate, precuneus, middle frontal, and

superior frontal areas (Calhoun et al., 2004). In a working memory task, alcohol also did not

affect task performance (errors or response latency), but reduced memory load-dependent

activation in the dorsolateral prefrontal cortex (Paulus et al., 2006). In another study of acute

alcohol and working memory (Gundersen et al., 2008), subjects performed an n-back task

after drinking an alcoholic beverage that resulted in a BAC of 0.02% in one session and

0.08% in a second session. Activation was decreased in the dorsal anterior cingulate cortex

(dACC) and in the cerebellum in the alcohol group at the BAC of 0.08% when the

participants performed the most demanding task, when subjects showed a trend toward

poorer performance. These studies indicate that it is possible for behavior to stay intact

during either simple tasks or at low alcohol doses, even while local changes in activation are

observed in regions of the brain important in cognition, attention, and error monitoring.

Sometimes acute alcohol clearly blunts both activation and performance. In a simulated

driving experiment in which subjects received single-blind doses of alcohol to produce

BACs of 0.10% (high), 0.05% (moderate), or 0% (placebo), Meda et al. (2009) found dose-

related decreased activation in driving-associated regions, including the superior, middle and

orbitofrontal gyri, anterior cingulate, primary/supplementary motor areas, basal ganglia, and

cerebellum. Notably, activation in identified functional networks correlated with individual

differences in driving decrement while intoxicated. These studies suggest that alcohol,

especially at high doses, can cause significant alterations of brain regions involved in

memory, perception, and motor planning and control.

These findings on the whole suggest that alcohol reduces functional activation of cortical

regions implicated in cognitive control (in non-pharmacological studies), yet they vary in

terms of whether the alcohol dose actually affected behavior. Brain changes induced by

alcohol amid normative performance may call into question the functional significance of

the brain changes. One possibility is that reduced activation reflects ambivalence about

performance (where activations while sober are affect-related, but not essential for

performance). Another possibility is that the reduced activity indicates sub-optimal

functioning that would have become problematic if the task demands had been more intense.

In any case, these findings illustrate the brain’s ability to accomplish integrative and
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complex cognitive tasks despite significant alcohol present—at least for a short time in an

artificial laboratory setting. In many instances, the brain signal might be a more sensitive

indicator than overt behavior (Wilkinson and Halligan, 2004). Since behavior remained

intact in these studies, altered brain activations could not be attributed to subject perception/

experience of greater trial errors or experience of frustration (or amusement). For example,

normative performance is crucial for interpreting dACC activation differences in that this

region is also activated by notification of errors (Ridderinkhof et al., 2004).

4.2. Alcohol effects on brain activation during emotion-processing tasks

Of additional interest are the brain effects of acute alcohol on emotional processing. For

example, among all substances of abuse, alcohol is linked most strongly to aggression as a

direct psychopharmacological effect (Hoaken and Stewart, 2003). We administered

intravenous alcohol resulting in a BAC of 0.08% using a “patch clamp” titration procedure

(Ramchandani et al., 1999), and showed images of neutral and fearful faces (Gilman et al.,

2008). Alcohol had a significant unconditioned effect on brain regions involved in emotional

processing, including the amygdala, insula, and parahippocampal gyrus, and visual

processing regions. In the placebo condition, these areas showed greater activation to fearful

than to neutral faces. Conversely, in the alcohol condition, we observed no significant

differences in activation between fearful and neutral faces (Fig. 1), indicating that alcohol

blunted emotional processing in these regions.

This lack of amygdala recruitment by threat-indicating faces during intoxication was

replicated in a study using oral alcohol administration and an emotional face assessment

task, which also showed that the alcohol significantly reduced amygdala reactivity

threatening (fearful and angry) faces (Sripada et al., 2011). An additional study (Padula et

al., 2011) found that anterior insula response to emotional faces was significantly attenuated

following consumption of alcohol when compared with placebo. These studies indicate that

alcohol blunts the recruitment of limbic structures that would normally be engaged by

threatening or uncertain outcomes in social contexts, and may be a source of the anecdotal

“beer muscles” in communal drinking settings.

A recent experiment delineated effects of IV alcohol administration on emotion processing

between light and heavy drinkers, and also captured unconditioned responses to the alcohol

infusion itself (Gilman et al., 2012a). Heavy drinkers reported lower subjective alcohol

effects than social drinkers despite similar blood-alcohol concentration to light drinkers, and

alcohol significantly activated the NAcc in light drinkers, but not in heavy drinkers, where

self-reported intoxication correlated with striatal activation. In the task, fearful faces

significantly activated the amygdala in the light drinkers only, and this activation was

attenuated by alcohol. Reflecting other research on alcoholics (Volkow et al., 2007), the

heavy drinkers not only experienced reduced subjective effects of alcohol, but also

demonstrate a blunted response to alcohol in the brain’s reward system. Due to the cross-

sectional design, however, it is unclear whether these group differences arose from simple

pharmacological tolerance to alcohol, from some prodromal allostatic process (en route to

alcohol dependence) (Koob and Le Moal, 2008), or from pre-existing decreased sensitivity

to alcohol’s effects (Schuckit et al., 2007).
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4.3. Alcohol effects on brain activation during decision-making tasks

Alcohol intoxication has a rich anecdotal connection to poor decision-making and risk-

taking, and has also increased risky behavior in the laboratory (Lane et al., 2004). To our

knowledge, there has only been one imaging study on the effects of acute alcohol on risky

decision-making. In this study, social drinkers were given either intravenous alcohol (BAC

of 0.08) or placebo, and performed a risk-taking task in which they could either choose safe

or risky options, and could win or lose money as a result of those choices (Gilman et al.,

2012b). When subjects were given alcohol, they made more risky choices, and showed

increased activation in the striatum to risky compared with safe choices. Alcohol compared

to placebo also dampened the neural response to notification of both wins and loses

throughout the NAcc, caudate, thalamus and insula. This study suggests that alcohol may

increase risk-taking behavior by both activating brain regions involved in reward when a

decision is made, and dampening the response to negative and positive feedback.

In sum, these task-fMRI experiments clearly indicate that alcohol intoxication alters (and

typically blunts) the brain’s dynamic response to task demands. Notably, activation

differences from placebo conditions were frequently found in brain regions governing motor

and inhibitory control. One caveat to these studies is the difficulty in maintaining a true

“placebo” condition for alcohol, whether administered orally, or IV. Subjects can readily

discriminate moderate to high doses of alcohol. Individual differences in personality traits

relate to both alcohol expectancies (Leonard and Blane, 1988) and to placebo effects in brain

(Pecina et al., 2013), where both sober and intoxicated behavior relate to individual

differences in expectancies (Fillmore and Blackburn, 2002). Therefore, it cannot be ruled

out that some differences attributed to the pharmacodynamic properties of alcohol in task-

fMRI could be manifestations of psychological expectancy effects. In experiments involving

emotion or impulse control tasks, this could be critical in that subjects who exhibit high

levels of impulsive behavior show exaggerated estimates of both alcohol content received

and of intoxication by placebo (Bjork and Dougherty, 1998). Debriefing questionnaires that

probe elements of expectancy may provide interesting new variables or clarifying

covariates.

5. Chronic alcohol use effects on the brain: confounds in acute

administration studies

For ethical and practical reasons, laboratory alcohol administration studies typically recruit

subjects with appreciable recent drinking histories. Findings that even subclinical chronic

alcohol use causes gross morphological change are of critical importance in that individual

differences in either drinking histories or in brain sensitivity to chronic alcohol (Srivastava

et al., 2010), may result in individual differences in gray matter density or volume, to in turn

add variance to fMRI and other modalities that center on transient changes in brain blood

flow. This is because gray matter is more heavily vascularized than brain white matter,

where the majority of fMRI BOLD signal is thought to be derived from capillary beds (Kim

and Ogawa, 2012). Increased activation in one group may result in part from differences in

vascularization not related to (differentially coupled with) neural activity or maintenance of

membrane local field potentials (Logothetis, 2003). The effects of chronic alcohol on human
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brain morphology in vivo has largely been inferred from cross-sectional comparisons

between controls and alcoholics or other heavy drinkers, and has been reviewed in

significant depth elsewhere (e.g. Sullivan and Pfefferbaum, 2009; Zahr et al., 2011). We

briefly address this literature to illustrate alcohol’s extensive linkage to pronounced

morphological change, and to discuss how macrostructural effects of chronic alcohol may

complicate or aid interpretation of acute-infusion imaging.

5.1. Morphometric signatures of chronic alcohol neurotoxicity

Chronic alcohol intoxication results in a complex chain of compensatory and other

neuroadaptations in the brain (Fadda and Rossetti, 1998), including pharmacological

tolerance. Intensifying alcohol bouts can result in neuronal death attributable to excitatory

chemical cascades and neuroinflammatory responses (reviewed in Alfonso-Loeches and

Guerri, 2011). These changes are thought to underpin cognitive decrements frequently found

in patients with alcohol dependence (Sullivan et al., 2000). The first powerful in vivo

evidence of brain abnormalities in chronic alcohol abuse came from seminal cross-sectional

studies published decades ago by Pfefferbaum and colleagues, first using computerized

tomographic scanning (Jernigan et al., 1982; Pfefferbaum et al., 1988), then structural MRI

(Pfefferbaum et al., 1992). These studies have repeatedly shown that alcoholics (Fein et al.,

2002, 2006; Pfefferbaum et al., 1992, 1995) and non-dependent heavy drinkers (Kubota et

al., 2001) are characterized by enlarged lateral ventricles and global brain volume reduction

(especially in gray matter) relative to age-matched controls. In some studies, gray matter

loss has correlated directly with years of alcohol dependence (Fein et al., 2002) as well as

estimates of total lifetime alcohol quantity after controlling for age (Bjork et al., 2003), and

is also affected by comorbid smoking (Gazdzinski et al., 2005). These differences are

reminiscent of within-subject changes with normal aging (Gur et al., 2002), such that

chronic alcohol effects have been framed as an acceleration of aging-related effects (Giorgio

et al., 2010; Kubota et al., 2001; Pfefferbaum et al., 1992).

An interesting controversy is whether male or female drinkers are more susceptible to brain

morphological effects of alcohol, which could in turn lead to spurious inference of sex

differences in dynamic fMRI signals. Pfefferbaum et al. (2001) reported that men are

disproportionately susceptible to alcohol-induced brain damage compared to women,

whereas the Hommer group reported that that women showed more severe alcoholism-

induced global reductions in gray and white matter (Hommer et al., 2001) and corpus

callosum (Hommer et al., 1996) volume compared to men. Similarly, the negative

correlation between alcohol use and total cerebral brain volume (corrected for total

intracranial volume) was slightly stronger in women than in men of the Framingham

longitudinal cohort (Paul et al., 2008). More recently, however (Demirakca et al., 2011)

reported no sex differences in either brain volumetric reductions with alcoholism or in

volumetric recovery at three-month abstinence (albeit in a small sample).

Advances in MRI spatial resolution and image processing, as well as larger sample sizes

enabled by the continued expansion of imaging capacity (and expanded data-sharing

between laboratories) hold the potential to better detect and control for sex differences and

other individual differences in effects of alcohol on the human brain. Selecting subjects
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within a narrow band of recent and long-term patterns of alcohol use could minimize

potential within-group differences in cognitive disruption and in gray matter effects. When

comparing gray matter activation between groups defined by very different drinking

histories, another approach is to sample BOLD signal data from a probabilistic mask for

VOI analysis that would only include voxels that exceed a certain proportion of gray matter

in both subject groups (Bjork et al., 2008).

5.2. Chronic alcohol effects on task performance and striatal responsiveness

In task fMRI experiment designs where the intent is to normalize or equalize task success

between alcohol recipients (or subcategories of drinkers) to improve interpretation (e.g.

Bjork et al., 2012), it is important to accommodate large individual differences in

performance due to individual differences in (even clinically-insignificant) alcohol

exposure. While evidence for cognitive and motor decrements in alcoholism is extensive

(Oscar-Berman and Marinkovic, 2007), there is some evidence that moderate drinking may

confer cognitive advantages, including resistance to dementia (Neafsey and Collins, 2011).

For example, not only were fMRI NAcc responses to alcohol infusion itself blunted in heavy

but not lighter non-dependent drinkers (Gilman et al., 2012a), PET studies have also

uncovered reduced dynamic responsiveness of the striatal incentive neurocircuitry after

chronic heavy drinking. Alcoholics showed blunted endogenous DA release (displacement

of radiolabeled raclopride) by administration of the psychostimulants methylphenidate

(Volkow et al., 2007) and dextroamphetamine (Martinez et al., 2005). Individual differences

in core motivational function could affect downstream metrics of cognitive task activation in

cases where the subject focus and performance in a task are rewarded. In this instance,

substantial incentives for optimum performance might be required to normalize motivation

across subjects to reveal cognitive ability/capacity differences of interest.

5.3. Chronic alcohol effects on task performance and striatal responsiveness

Individual differences in drinking histories and effects on white matter fiber tracts present

another source of variance in restingstate fMRI studies, psychophysiological interaction

(PPI) analyses in task fMRI, or other studies of dynamic connectivity patterns elicited or

affected by acute alcohol. DTI is typically utilized to infer the microstructural integrity and

path structure of brain white matter (Ciccarelli et al., 2008) in that water diffuses more

readily along the orientation of axonal fibers than across the fibers due to hindrance from

structural elements such as the axolemma and the myelin sheath. Critically, chronic

alcoholism disrupts the integrity of while matter microarchitecture (Giorgio et al., 2010;

Pfefferbaum et al., 2010; Schulte et al., 2010; Yeh et al., 2009). As such, individual

differences in co-activation between brain regions (Camchong et al., 2013) may be function

of differences in white matter structural integrity. Instead of being a confound, this

structure–function relationship can be directly assessed in future multi-modal imaging

projects where diffusion images and task-elicited images and resting-state images are

collected from the same subject, and also related to off-line neurocognitive performance

(Van Essen et al., 2012).
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5.4. Brain morphometric and behavioral recovery from chronic alcohol effects

Fortunately, alcoholism recovery frequently results in improvement of cognitive decrements,

and neuroimaging findings have provided a neuromorphological account for functional

recovery. Notably, longitudinal studies have revealed diverging trajectories in repeatedly-

scanned alcoholics: progressive gray matter volume reduction in subjects who relapse, and

evidence of recovery of morphological decrements in abstainers (Alhassoon et al., 2012;

Crews et al., 2005; Pfefferbaum et al., 1995, 1998). The reversibility of brain tissue loss with

repeated alcohol intoxication may operate on rapid time scales. Recently, Zahr et al. (2013)

reported that ventricle size in the rats was normalized seven days after cessation of repeated

“binge” alcohol administration in rats, suggesting that a significant component of ventricular

enlargement in alcoholism may simply be transient changes in brain tissue water regulation

(fluid distribution).

6. Future directions in acute alcohol clinical neuroimaging

To conclude, evidence from neuroimaging studies are providing powerful signatures of

acute alcohol intoxication in the brain – not only of the intoxication or “high” itself when

subjects may not be doing anything, but also alcohol-intoxication effects on the brain when

it is trying to sustain attention, evaluate stimuli, or perform other cognitive tasks. Notably,

acute alcohol effects on the brain at rest reveal activation of subcortical and cortical

structures or networks linked to reward valuation, instrumental motivation, and executive

control over behavior. Emerging findings are therefore providing further mechanistic

connections for what have largely been abstract theories of alcohol effects and addiction.

There are several understudied areas of research that would enhance our understanding of

acute effects of alcohol. One area of interest is exploration of sex differences in alcohol

response. For example, alcohol-induced reductions in whole-brain glucose utilization was

more pronounced in men, though women reported higher levels of subjective intoxication,

despite similar blood-alcohol concentration time course between male and female subjects

(Wang et al., 2003). A more recent ASL study indicated that increased frontal perfusion

from acute alcohol administration was specific to men (Rickenbacher et al., 2011). These

kinds of sex differences remain largely unstudied. Might sexual dimorphisms in brain

development result in different mechanistic pathways to intoxication? Also virtually

unknown are genotypic differences in acute alcohol responses in human brain. Ramchandani

et al. (2011) reported that alcohol-induced striatal DA release in the ventral striatum of

healthy men was specific to carriers of the 118G allele of the mu-opioid receptor OPRM1,

but was minimal in AA homozygotes. Genetic polymorphisms may not only account for

individual-difference variance in alcohol response, but may also yield clues about

mechanisms of alcohol effects.

Other individual difference effects on acute alcohol response remain unexplored, such as

alcohol expectancies, temperament, and family histories of alcohol use disorder. Critically,

alcohol-induced decrements may interact with individual differences to increase violence

and addiction. Various opponent-process theories of addiction (e.g. Bickel et al., 2007) or of

behavior disorders like conduct disorder (CD) (e.g. Newman and Wallace, 1993) that

predispose to addiction, posit that addiction or addiction-risk is characterized by overactive
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or oversensitive motivational neurocircuitry that is relatively unconstrained by self-control

neurocircuitry (Crews and Boettiger, 2009). Individuals showing this motivational

imbalance are theoretically more likely to binge-drink, more likely to transition from

recreational to problematic use, and less likely to be able to stop themselves from continued

problematic use. Might pharmacological fMRI studies find more mechanistic underpinnings

of this purported imbalance?

Application of alcohol to an under-regulated brain (by neurobiological trait) will be a critical

combination to study. For example, acute alcohol intoxication disproportionately increases

laboratory aggression in subjects with low baseline executive cognitive function (Lau et al.,

1995). Since alcohol acutely reduces behavior control (e.g. Dougherty et al., 1999; Reynolds

et al., 2006), alcohol intoxication may exacerbate already sub-optimal executive control

neurocircuitry to increase risk for aggression or addiction. For example, both acute alcohol

intoxication (Dougherty et al., 1999) as well as a childhood history of CD (as a between-

subject factor) (Dougherty et al., 2003) increase commission errors (failures to withhold a

pre-potent motor response) in a continuous performance task. Over time, youth with CD are

more likely to develop alcohol use disorder (AUD) (Pardini et al., 2007). Boileau et al.

(2003) reported that self-reported impulsivity on a personality questionnaire accounted for

significant variance in radiolabeled raclopride displacement (by endogenous DA release)

following alcohol ingestion. Future studies could build into the design and consent

procedures the potential to follow-up subjects over time, to see whether brain responses at

baseline are especially predictive of future transition from recreational alcohol use to

dependence.

Future fMRI alcohol research would also benefit from greater precision afforded by better

control of cardiovascular (hemodynamic) confounds. For example, investigators could add a

basic stimulus task to the protocol from which modeling adjustments could be derived for

statistically modeling the cognitive task of interest. Alternatively, investigators could

perform an additional ASL scan under each dose condition to get a marker for general brain

blood flow. More simply, investigators could model the time series under both dose

conditions with a flexible hemodynamic model that would not penalize the precise contour

of one hemodynamic response over another, yet would still capture large hemodynamic

response differences.

7. Conclusion

To conclude, while there are some discrepancies in specific regional effects of acute alcohol

on the resting brain and on the brain at work, the preponderance of evidence indicates that

acute alcohol exerts region-specific suppression (e.g. cerebellum) or enhancement (e.g.

ventral striatum) of brain metabolic or hemodynamic activity, and by inference, neuronal

activity. Critically, these effects are seen in regions thought to govern motor control,

motivation, and executive control, such as working memory and attention. Pharmacological

fMRI in particular holds considerable promise to further our understanding of alcohol

effects on the brain, through advances in cognitive task design, scanner signal detection,

exploration of individual differences such as genotype and temperament, and longitudinal

study designs.
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Fig. 1.
Linear contrast between fearful vs. neutral faces under placebo and alcohol conditions.

Increased activation to fearful faces is shown in yellow/orange (p < 0.01), while increased

activation to neutral faces is shown in blue (p < 0.01). In the placebo condition (top panels),

there was greater activation to fearful than to neutral faces in the amygdala (circled in red),

parahippocampal gyrus, and visual cortex. These activations were not significant in the

alcohol condition (bottom panels). Images copyright 2008, Journal of Neuroscience.
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