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Abstract

Background: Binge drinking is a serious public health issue associated with cognitive, physiological, and anatomical
differences from healthy individuals. No studies, however, have reported subcortical grey matter differences in this
population. To address this, we compared the grey matter volumes of college-age binge drinkers and healthy controls,
focusing on the ventral striatum, hippocampus and amygdala.

Method: T1-weighted images of 19 binge drinkers and 19 healthy volunteers were analyzed using voxel-based
morphometry. Structural data were also covaried with Alcohol Use Disorders Identification Test (AUDIT) scores. Cluster-
extent threshold and small volume corrections were both used to analyze imaging data.

Results: Binge drinkers had significantly larger ventral striatal grey matter volumes compared to controls. There were no
between group differences in hippocampal or amygdalar volume. Ventral striatal, amygdalar, and hippocampal volumes
were also negatively related to AUDIT scores across groups.

Conclusions: Our findings stand in contrast to the lower ventral striatal volume previously observed in more severe forms of
alcohol use disorders, suggesting that college-age binge drinkers may represent a distinct population from those groups.
These findings may instead represent early sequelae, compensatory effects of repeated binge and withdrawal, or an
endophenotypic risk factor.

Citation: Howell NA, Worbe Y, Lange |, Tait R, Irvine M, et al. (2013) Increased Ventral Striatal Volume in College-Aged Binge Drinkers. PLoS ONE 8(9): e74164.
doi:10.1371/journal.pone.0074164

Editor: Carles Soriano-Mas, Bellvitge Biomedical Research Institute-IDIBELL, Spain
Received April 21, 2013; Accepted July 30, 2013; Published September 27, 2013

Copyright: © 2013 Howell et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Nicholas A Howell is supported by the Unilever/Lipton Graduate Fellowship in Neuroscience and a University of Toronto Open Fellowship. Valerie Voon
is a Wellcome Trust (WT) intermediate Clinical Fellow. Yulia Worbe is supported by the Fyssen Foundation and MRC Studentship. The BCNI is supported by a WT
and MRC grant. This study was partly supported by the NIHR Cambridge Biomedical Research Centre, Cambridgeshire & Peterborough NHS Foundation Trust,
Cambridge UK. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: Edward T. Bullmore has an affiliation through employment to GlaxoSmithKline. William D. Hutchison has also received funds from
Medtronic Ltd. for research unrelated to the current publication. Nicholas A. Howell has received a Unilever/Lipton Graduate Fellowship in Neuroscience. This
award is administered by the University of Toronto and the University Health Network, not the respective donor companies. The authors acknowledge these
associations and sources of funding. None of these affiliations or sources of funding alters their adherence to all the PLOS ONE policies on sharing data and
materials.

* E-mail: vw247@cam.ac.uk

Research on anatomical differences in BD is comparatively
limited. A study of adolescent BD has found a negative association
between the maximum number of drinks during a binge and
cerebellar grey and white matter volume [5]. Adolescent BD have
also been shown to have decreased white matter coherence
compared to healthy volunteers [6]. One study has addressed
alterations in young-adult BD grey matter volume, focusing on
cortical thickness. Female BD had thicker left frontal cortices
whereas male BD had thinner left frontal cortices compared to
gender matched controls [7]. Prefrontal cortical decline has been

Introduction

Binge consumption of alcohol is a serious and pervasive public
health issue across many countries and demographic groups. Binge
drinking is especially common among college-aged individuals,
with a prevalence reported between 43-58.5% and 32-54% in
men and women, respectively, in the United Kingdom and United
States [1-3]. It is associated with significant social and personal
costs, such as physical injury, motor vehicle accidents, sexually
transmitted diseases, unintended pregnancies, and medical com-

plications such as high blood pressure, stroke, and other
cardiovascular diseases [4].
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observed in adolescents suffering from alcohol use disorders (AUD)
as well [8]. While no studies have reported group differences in
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Table 1. Demographic and behavioral data for healthy volunteers and binge drinkers.

Sex Smoking
Group (M/F) Age History NART AUDIT BDI STAI UPPS-P
Healthy Volunteers 7/12 24.63 (4.40) 0 117.67 (3.87) 3.21 (2467)1 7.08 (7.10)+ 41.28 124.83
(n=19) (11.56)" (23.89)"
Binge Drinkers 7/12 2295 (3.41) 2 116.53 (5.19) 15.79 (6.20) 8.11 (6.58) 41.00 139.95
(n=19) (11.50) (27.04)
T/Chi-square 1.32 (0.195) 2.11 (0.486) 0.77 (0.451) —7.10 —0.45 0.07 —1.80
(P-value) (P<0.001) (0.653) (0.942) (0.080)

deviations in brackets except where noted otherwise.

f: Missing values from one participant.
*: Missing values from 5 participants.
doi:10.1371/journal.pone.0074164.t001

subcortical grey matter volume between BD and healthy controls,
left hippocampal volume differences were observed between
adolescent alcohol users and dual marijuana and alcohol users
[9]. It was also reported that smaller left hippocampal volumes
were correlated with alcohol abuse/dependence symptoms, and
that adolescent alcohol users had a larger right > left hippocampal
asymmetry than that of controls and users of both alcohol and
marijuana. Chronic, non-pathological alcohol consumption can
also cause volumetric changes in adults. Increased alcohol
consumption was negatively correlated with total brain volume
in a large community-based sample and total lifetime alcohol use
was correlated specifically with decreased frontal cortical grey
matter volume in a sample of adult Japanese men [10,11].
Studies of grey matter differences in persons with more severe
AUD have identified decreased volumes in subcortical structures.
For instance, abstinent persons with AUD had decreased
amygdala and nucleus accumbens volumes compared to controls,
with accumbens volume also positively correlated with length of
abstinence [12]. The observation of decreased grey matter volume
in AUD has been replicated in the ventral striatum [13,14], the
amygdala [12,14], and the hippocampus [14—17], including in
adolescent AUD [18]. In summary, there is broad agreement that,
across the lifespan, alcohol use and misuse can cause volumetric
changes in the frontal cortices as well as subcortical structures.
However, as neuroanatomical development continues through
adolescence into early adulthood, the changes that occur in earlier
or later periods of life, or as a result of more severe AUD
conditions may not generalize to subclinical populations of
different ages. Alcohol-related changes in the volume of subcor-
tical structures have not, to date, been addressed in a young-adult
population with milder forms of alcohol misuse. Therefore, in this
study, we compared college-aged BD and healthy volunteers using
voxel-based morphometry, focusing on subcortical regions impli-
cated in previous reports on AUD and adolescent drinking. We
hypothesized that BD would have lower grey matter volume in the
ventral striatum, amygdala, and hippocampus relative to healthy
volunteers. In contrast to our hypothesis, we show here that
ventral striatal volume is greater in BD compared to controls.

Methods

Participants

The study was approved by the University of Cambridge
Research Ethics Committee. Nineteen BD and 19 healthy
volunteers, matched for gender and education, participated in
the study (Table 1). Written informed consent was obtained from
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AUDIT: Alcohol Use Disorders Identification Test, BDI: Beck Depression Inventory, NART: National Adult Reading Test, STAI: Spielberger Trait Anxiety Inventory. Standard

All p-values reported are for 2-tailed independent samples t-tests, equal variances not assumed, except smoking history, which was tested with Fisher’s Exact Test.

all participants. Participants were recruited from the Cambridge-
shire region by local advertisements in both community- and
university-based settings. Healthy volunteers were also recruited
from the Behavioural and Clinical Neurosciences Institute
healthy volunteer panel. The criteria used for binge drinking
were based on the National Institute on Alcoholism and Alcohol
Abuse diagnostic criteria [19]: consumption of =5 drinks
(8 units) and =4 drinks (6 units) in a 2-hour period (for males
and females, respectively) at least once a week for the last three
months. BD also indicated that their drinking was motivated by a
desire to get drunk. Participants were included if they were
greater than 18 years old, had no history of regular or current
use of other substances, and were free from any major
psychiatric disorders (assessed using the Mini International
Neuropsychiatric Inventory) [20]. Those presenting with major
neurological illness, head injury, or who were not suitable for the
MRI environment were not included in the study. All
participants were asked to refrain from alcohol consumption at
least 24 hours before scanning and underwent a urine drug
screen and an alcohol breathalyzer test.

Data acquisition

Participants completed a questionnaire on past and current use
of other substances, the Alcohol Use Disorders Identification Test
(AUDIT) [21], Beck Depression Inventory [22], IQ as assessed
by the National Adult Reading Test (NART) [23], Spielberger
Trait Anxiety Inventory (STAI) [24], and UPPS-P impulsivity
scale [25]. Participants were scanned using a Siemens 3T Tim
Trio scanner (Siemens Medical System Systems, Erlangen,
Germany) with a 32 channel head coil at the Wolfson Brain
Imaging Center at the University of Cambridge. T1-weighted
structural images were acquired using the following sequence
(TR =2300 ms; TE =2.98 ms; matrix: 240x256x176 mm,
voxel size 1x1x1 mm).

Data processing

The 3D T1-weighted images were preprocessed with Statistical
Parametric Mapping software (SPMS8) (http://www fil.ion.ucl.ac.
uk/spm). The images were reoriented, aligning the origin
approximately to the anterior commissure. New Segment was
used to segment the images by tissue type (CSF, white matter, and
grey matter) using a tissue probability map to assign voxels a
probability of belonging to one of these groups. The total
intracranial volume for each participant was estimated on the
basis of the summed volume of these tissue classes. DARTEL, a
diffeomorphic method, was used to generate a sample-specific
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template for the non-linear deformation of the grey and white
matter images [26]. This template was then registered to the tissue
probability maps using an affine transformation in the warping
procedure. The images were registered in ICBM 152 MNI space.
All images were smoothed using a 10 mm FWHM isotropic
Gaussian kernel in the final normalization step.

Statistical analyses

Full factorial general linear models (GLM) were used to
compare the parameter estimates of grey matter concentrations
from BD and healthy volunteer groups. Models controlling for age
and AUDIT score were also tested. All GLMs were corrected for
the total intracranial volumes of the participants using propor-
tional scaling and an explicit mask, creating a binarized image
from the SPM brainmask template using ImCalc. Whole brain
voxel-wise group comparisons were performed using a cluster
extent threshold correction. The cluster extent threshold correc-
tion was calculated at 19 voxels at P<<0.001 whole brain
uncorrected, which corrected for multiple comparisons at
P<0.05 assuming an individual-voxel Type I error of P=10.01
[27]. Anatomical localization of the cluster peaks was obtained
through the MNI coordinates AAL atlas structures [28].

Given our a priori hypothesis that particular regions would be
affected in BD, groups were also compared using small volume
corrections (SVC) to the GLM, targeting the regions identified in
the introduction. To define these regions, the AAL atlas in the
WFUPickAtlas SPM Toolbox [28] was used for amygdalar and
hippocampal SVC corrections. The ventral striatum regional
correction template was hand drawn using MRlcro using the
delineations of Martinez and colleagues [29] and has been used in
previous studies [30]. A family-wise error (FWE) threshold of
P<0.05 within the SVC was used to determine significance of
results from these tests. Additional GLMs with AUDIT, UPPS-P
(total score), and UPPS-P (sensation seeking subscale) scores as
covariates were tested within these SVC regions.

All demographic and behavioral data were compared with two-
tailed, independent samples T-tests without assuming equal
variances, except smoking history, which was assessed with
Fisher’s Exact Test. Correlations with AUDIT score were
performed by extracting the peak-voxel parameter estimates from
SVC regions of interest. Statistical analyses on demographic,
behavioural, and correlational data were performed using IBM
SPSS Statistics 20 IBM Corporation, Armonk, NY).

Results

Participants

Nineteen BD and 19 healthy volunteers were recruited. There
were no significant differences in participant characteristics,
depression, and anxiety scores, although there was a trend toward
a difference in impulsivity scores (Table 1). As expected, BD
subjects had higher AUDIT scores compared to healthy volunteers
(t(26.4—3) = _790, p<0001)

VBM data

Compared to healthy volunteers, BD had greater bilateral
ventral striatum volume (whole brain cluster extent threshold
corrected) (Table 2). This difference was also apparent using an
SVC analysis focusing on the ventral striatum (Figure 1). The
cluster threshold analysis also indicated greater grey matter
volume in the left thalamus and right lingual gyrus of binge
drinkers. Cluster extent threshold analysis showed that healthy
volunteers had significantly greater grey matter volume in the right
precuncus compared to BD (Table 3). There were no group
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differences in hippocampal or amygdala volumes under an SVC
or whole brain analysis. The observed difference in ventral
striatum grey matter volume remained significant when control-
ling for age in the SVC analysis (Left side: Montreal Neurological
Institute (x, », z; mm) peak coordinates: —12.0, 19.5, —6.0;
7.=3.29, FWE-corrected P=0.029; cluster size =48. Right side:
14.0, 20.0, —6.0; Z =3.17; FWE-corrected P =0.041; cluster size
=13). The ventral striatum group differences also remained
significant controlling for AUDIT score in the SVC analysis (Left
side: —4.0, 14.0, —2.0; Z =4.23, FWE-corrected P =0.001; cluster
size =210. Right side: 12.0, 18.0, —8.0; Z =4.25; FWE-corrected
P=0.001; cluster size =357).

The AUDIT score was also assessed as a covariate. There were
no regions correlating with the AUDIT score at a whole brain
FWE P<0.05 threshold. Left ventral striatal grey matter volume
was negatively correlated with AUDIT scores on SVC analysis
(Left side: —4.5, 13.5, —1.5; Z=3.51, FWE-corrected P =0.016;
cluster size =14. Right side: 12.0, 18.0, —7.5; Z=13.16, FWE-
corrected P=0.043; cluster size = 3). Additional negative corre-
lations between AUDIT scores and both left hippocampal and
bilateral amygdalar grey matter volume were also observed
(Figure 2). The correlations between AUDIT score and both
hippocampal and amygdalar peak voxel parameter estimates were
significant (Hippocampus: R* =0.336, P<0.001; Amygdala: R”
=0.410, P=0.001) (Figure 3). The UPPS-P total score and
sensation seeking subscales were also assessed as covariates, but no
significant main effects on grey matter volume in target regions
were observed.

Discussion

Anatomical MRI studies in persons with more severe forms of
AUD, such as alcohol dependence, commonly demonstrate
decreased striatal, amygdalar and hippocampal volumes [12-14],
an effect which reverses with prolonged abstinence [12,13]. In
contrast to our hypothesis, we show that BD have greater bilateral
ventral striatal volume compared to healthy controls. In line with
the reports in AUD, we show that across all participants, ventral
striatal, hippocampal and amygdalar volumes were inversely
correlated to AUDIT scores, an index of alcohol misuse severity.
The ventral striatal difference was also present controlling for age
and AUDIT score, further supporting an underlying difference
between the two groups. Thus, our findings of greater ventral
striatal volume in BD participants cannot be explained by the
severity of alcohol use. The inverse correlation with AUDIT scores
and the known decrease in ventral striatal volume with more
severe alcohol misuse argues against our findings being related to a
state effect of chronic alcohol consumption. The negative
correlations between AUDIT score and amygdalar and hippo-
campal grey matter volume is also in agreement with results
reported from AUD patients. Notably, the left hippocampus was
also identified as affected by alcohol in previous studies of
adolescent alcohol exposure. Medina and colleagues found that
left hippocampal volume and right > left hippocampal asymmetry
were each negatively associated with symptoms of alcohol misuse
[9]. In the case of the hippocampus, these changes may relate to
the inhibition of neurogenesis established to take place in this
structure. In rodent models of heavy consumption of alcohol,
dentate gyrus neural progenitor cells were inhibited in prolifera-
tion and survival [31]. While neurogenesis in the amygdala has
attracted less attention, there is evidence supporting its occurrence
[32]. Intriguingly, recent work has also suggested that hippocam-
pal neurogenesis may be, in part, regulated by signals from the
basolateral amygdala [33]. Moreover, lesions to the basolateral
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Figure 1. Binge drinkers’ ventral striatal grey matter volume is enlarged compared to controls. The SPM image shows greater bilateral
ventral striatal grey matter volume in binge drinkers versus controls. Left side: Montreal Neurological Institute peak coordinates (x, y, zz mm): —12.0,
19.5, —6.0; Z=3.57, FWE-corrected P =0.030; cluster size =52. Right side: (x, y, 2): 13.5, 19.5, —6.0; Z=3.28, FWE-corrected P =0.030; cluster size =49.
The image is shown at whole brain uncorrected P<<0.005, cluster size >0, overlaid on the mean group grey matter image, and masked according to
the region of interest. Voxel-wise t-values are color coded according to legend. The images are displayed in neurological convention.

doi:10.1371/journal.pone.0074164.g001

amygdala were found to decrease the activation of new
hippocampal neurons after expression of a fear memory. While
neuroimaging data is not of sufficient resolution to distinguish the
subnuclei of the human amygdala, it is interesting to speculate that
the reductions in amygdala and hippocampal grey matter volume
observed here and reported previously are mediated by these
effects. Indeed, this link may underlie the impaired fear
conditioning seen in young binge drinkers and reduced amygdalar
and hippocampal plasticity observed in rodent models of binge
drinking [34]. In summary, these findings may represent early
sequelae, compensatory effects of repeated binge and withdrawal,
or alternatively a trait effect. Moreover, the reductions in
amygdalar and hippocampal grey matter volume may be caused
by alcohol-induced inhibitions of neurogenesis. Prospective
longitudinal studies or studies in unaffected family members are
indicated to differentiate some of these possibilities.

Of note, our study was conducted in college-aged young adults.
Previous experiments have largely focused on adults and
adolescents. The present findings, therefore, provide unique data
on the bridging period between these two age groups. Our
hippocampal results agree with a large body of research studying
individuals throughout the life span that have shown hippocampal
anomalies associated with alcohol consumption. In contrast,

Table 2. Regions exceeding cluster extent threshold (binge
drinkers > healthy volunteers).

MNI

Coordinates Cluster
Structure (x y 2 Z-Score Extent P-Value
L Ventral (=12, 20, —6) 3.28 56 P<0.001
striatum
R Ventral (14, 20, —6) 3.28 55 P<0.001
Striatum
L Thalamus (—14, =7, 6) 3.38 31 P<0.001
R Lingual (28, —67, —2) 3.77 146 P<0.001
gyrus

MNI: Montreal Neurological Institute, L: Left, R: Right.

Results reported in the following tables using cluster extent thresholds were
generated from statistical parametric maps at a threshold of k=19 and P<<0.001
whole brain uncorrected. Anatomical localizations were performed using the
AAL atlas (see Methods for more details).
doi:10.1371/journal.pone.0074164.t002

PLOS ONE | www.plosone.org

however, the enlargement of ventral striatum grey matter in BD
1s at odds with previous reports from adult samples. This may
relate to the particular developmental stage of our participants.
Imaging studies have shown that striatal volumes decline in grey
matter between adolescence and young adulthood [35]. This
present result may, therefore, represent relative neuroanatomical
immaturity in this population. Future work directly comparing
adolescent, young-adult, and adult BD would be of great interest
in uncovering the interaction between drinking behaviours and
development.

The ventral striatum plays a key role in motivational and
reward processes. It serves as the major input structure for the
limbic loop of cortico-striatal circuitry, receiving afferents from
sites such as the orbitofrontal and anterior cingulate cortices, the
amygdala and anterior insula [36]. It additionally has reciprocal
connections with dopaminergic cells in the ventral tegmental area.
In rodent models, alcohol is self-administered into the nucleus
accumbens shell, suggesting that it may in part act directly at the
ventral striatum [37]. Microdialysis experiments have further
shown that dopamine release in the ventral striatum accompanies
alcohol intake in both alcohol dependent and control animals [38
40]. Human imaging studies have also confirmed that alcohol
induces changes in the ventral striatum. Oral administration of
alcohol in humans results in robust ventral striatal blood oxygen
level dependent activity, and positron emission tomography
imaging shows that alcohol consumption causes endogenous
dopamine and opioid release in the nucleus accumbens [41-43].
Genetic variation in humans has also been linked to ventral striatal

Table 3. Regions exceeding cluster extent threshold (healthy
volunteers > binge drinkers).

MNI Coordinates Cluster
Structure xy 2 Z-Score Extent P-Value
R Precuneus (16.5, 3.59 367 P<0.001
—66, 21)
n.a. (36, —64.5, 10.5) 437 84 P<0.001

MNI: Montreal Neurological Institute, L: Left, R: Right.

Results reported in the following tables using cluster extent thresholds were
generated from statistical parametric maps at a threshold of k=19 and P<<0.001
whole brain uncorrected. Anatomical localizations were performed using the
AAL atlas (see Methods for more details).
doi:10.1371/journal.pone.0074164.t003
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Figure 2. Alcohol Use Disorders Identification Test scores are negatively correlated with hipppcampus and amygdala grey matter
volume. A) Regions of hippocampus and B) amygdala negatively correlated with Alcohol Use Disorders Identification Test scores across groups.
Hippocampus: Left side: —30.0, —19.5, —16.5; Z=3.93, FWE-corrected P =0.009; cluster size =289. Amygdala: Left side: —22.5, —9.0, —12.0; Z=3.08,
FWE-corrected =0.037; cluster size =4. Right side: 27.0, —7.5, —13.5; Z=3.46, FWE-corrected P =0.012; cluster size =43. All images are shown at
whole brain uncorrected P<<0.005, cluster size >0, overlaid on the mean group grey matter image, and masked by the atlas delineations of these
structures in neurological convention. Voxel-wise t-values are color coded according to legend.

doi:10.1371/journal.pone.0074164.9002

dopamine signaling may be increased in BD with acute alcohol
administration.

activity and alcohol consumption. A recent study demonstrated an
association with adolescent binge drinking and SNP rs26907 in the

ras-specific guanine-nucleotide releasing factor 2 (RASGRF2)
[44]. RASGRF?2 is associated with ethanol-induced dopamine
release in mice and the RASGRF2 haplotype containing rs26907
is associated with greater ventral striatal activity during a
monetary reward anticipation task. These studies suggest that

B

>

17

Amygdala Beta Values

Hippocampus Beta Values

In contrast to findings in alcohol dependence, anatomical MRI
studies in cocaine and methamphetamine dependent individuals
have demonstrated enlarged striatal volumes [45-48], although
these findings are not always consistent [49]. Previous authors
have suggested that the increases observed in these populations

-
>
N
n

T T T
0 5 10 15 20 25 30
AUDIT Score

T T
5 10 15 20 25 30
AUDIT Score

Figure 3. Alcohol Use Disorders Identification Test scores are negatively correlated with hippocampus and amygdala grey matter
volume. Plots of peak voxel beta values versus Alcohol Use Disorders Identification Test (AUDIT) scores. Hippocampus and amygdala peak voxel
parameter estimates were significantly negatively correlated with AUDIT score (R*> =0.336, P<<0.001, and R*> =0.410, P<0.001, respectively).

doi:10.1371/journal.pone.0074164.9003
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may be caused by reduced endogenous dopamine availability in
the striatum [45,46]. Supporting this hypothesis, in cases where
dopaminergic signaling is decreased, such as in patients taking D2
antagonists, basal ganglia structures are enlarged, whereas in
patients taking medication increasing dopamine availability, like
methylphenidate for attention deficit hyperactivity disorder,
striatal volumes are relatively reduced compared to unmedicated
peers [50-52]. The greater ventral striatal volume observed here
may also relate to altered dopamine signaling in BD. Studies of the
unaffected family members of persons with stimulant dependence
have shown that they also have enlarged striatal volumes
compared to controls, suggesting its role as an endophenotypic
risk factor for stimulant dependence [53]. None of the BD in this
study had other substance use disorders, but our findings raise the
possibility that there may be similarities between BD and subjects
at risk for the development of cocaine dependence. Future studies
including unaffected family members or longitudinal studies are
indicated to address the role of enlarged ventral striatal volume as
an endophenotypic risk factor in the development of alcohol
misuse behaviours.

The findings are limited by several factors. Given the nature of our
sample, it would be beneficial if these participants could have been
followed longitudinally to provide information on morphological
changes over time. This would also allow for comment on the
possible impact of BD behaviour on continuing neuroanatomical
development. Further information such as the duration of BD
behaviours, length of abstinent periods between binges, and the age
when BD began could provide additional insight on the unique
neuroanatomical correlates of these aspects of BD. Despite these
limitations, the present data provide a unique contribution to the BD
literature. It is the first report of subcortical differences in college-
aged BD participants not suffering from an AUD, providing new
information on alcohol-related neuroanatomical changes occurring
between adolescence and full adulthood. Moreover, it provides
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confirmation of the effects of alcohol consumption on hippocampal,
and in particular left hippocampal, volume. These results highlight
that even mild forms of alcohol misuse can cause changes in grey
matter similar to those observed in AUD, and should reinforce the
importance of early intervention.

Our findings suggest that binge drinking in young adults has
different neuroanatomical correlates than those for alcohol
dependence. We show that BD have greater ventral striatal
volume relative to healthy volunteers. That the severity of alcohol
use correlates with the opposite, a decrease in ventral striatal
volume, dovetails with reports of decreased striatal volume in
alcohol dependent subjects and suggests our findings are less likely
due to a state effect of chronic alcohol consumption. They may
instead be related to earlier binge and withdrawal exposure,
compensatory mechanisms, or an endophenotypic risk factor.
Further longitudinal studies including unaffected family members
are warranted to address these explanatory models. Such studies
might also allow identification of biological markers of subgroups
at greater risk of long term negative outcomes.

Acknowledgments

We would like to thank the WBIC staff for their expertise and assistance
with collecting the imaging data, and our participants for their time and
commitment.

Author Contributions

Conceived and designed the experiments: Nicholas A. Howell VV.
Performed the experiments: Nicholas A. Howell YW IL MI PB RT.
Analyzed the data: Nicholas A. Howell RT. Wrote the paper: Nicholas A.
Howell. Revised the manuscript: Nicholas A. Howell YW IL MI PB Neil
A. Harrison ETB WDH VV RT. Final approval of the manuscript:
Nicholas A. Howell YW IL MI PB Neil A. Harrison ETB WDH VV RT.
Interpreted the data: Nicholas A. Howell YW IL MI PB Neil A. Harrison
ETB WDH VV RT.

13. Sullivan EV, Deshmukh A, De Rosa E, Rosenbloom M]J, Pfefferbaum A (2005)
Striatal and forebrain nuclei volumes: contribution to motor function and
working memory deficits in alcoholism. Biol Psychiatry 57: 768-776.

14. Wrase J, Makris N, Braus DF, Mann K, Smolka MN, et al. (2008) Amygdala
volume associated with alcohol abuse relapse and craving. Am J Psychiatry 165:
1179-1184.

15. Agartz I, Momenan R, Rawlings RR, Kerich MJ, Hommer DW (1999)
Hippocampal volume in patients with alcohol dependence. Arch Gen Psychiatry
56: 356-363.

16. Beresford TP, Arciniegas DB, Alfers J, Clapp L, Martin B, et al. (2006)
Hippocampus volume loss due to chronic heavy drinking. Alcohol Clin Exp Res
30: 1866-1870.

17. Sullivan E V, Marsh L, Mathalon DH, Lim KO, Pfefferbaum A (1995) Anterior
hippocampal volume deficits in nonamnesic, aging chronic alcoholics. Alcohol
Clin Exp Res 19: 110-122.

18. De Bellis MD, Clark DB, Beers SR, Soloff PH, Boring AM, et al. (2000)
Hippocampal volume in adolescent-onset alcohol use disorders. Am J Psychiatry
157: 737-744.

19. National Institute on Alcohol Abuse and Alcoholism (NIAAA) (2004) NIAAA
council approves definition of binge drinking. NIAAA Newsletter 3.

20. Sheehan D V, Lecrubier Y, Sheehan KH, Amorim P, Janavs ], et al. (1998) The
Mini-International Neuropsychiatric Interview (M.LLN.L): the development and
validation of a structured diagnostic psychiatric interview for DSM-IV and ICD-
10. J Clin Psychiatry 59 Suppl 2: 22-33; quiz 34-57.

21. Saunders JB, Aasland OG, Babor TF, De la Fuente JR, Grant M (1993)
Development of the Alcohol Use Disorders Identification Test (AUDIT): WHO
Collaborative Project on Early Detection of Persons with Harmful Alcohol
Consumption — II. Addiction 88: 791-804.

22. Beck AT, Ward CH, Mendelson M, Mock J, Erbaugh J (1961) An Inventory for
Measuring Depression. Arch Gen Psychiatry 4: 561-571.

23. Bright P, Jaldow E, Kopelman MD (2002) The National Adult Reading Test as
a measure of premorbid intelligence: a comparison with estimates derived from
demographic variables. J Int Neuropsychol Soc 8: 847-854.

24. Spielberger CD (1985) Assessment of state and trait anxiety: Conceptual and
methodological issues. The Southern Psychologist 2: 6-16.

September 2013 | Volume 8 | Issue 9 | e74164



26.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

. Lynam DR, Smith GT, Whiteside SP, Cyders MA (2006) The UPPS-P:

assessing five personality pathways to impulsive behaviour. West Lafayette.
Ashburner J (2007) A fast diffeomorphic image registration algorithm. Neuro-
image 38: 95-113.

Slotnick SD, Moo LR, Segal JB, Hart J (2003) Distinct prefrontal cortex activity
associated with item memory and source memory for visual shapes. Brain Res
Cog Brain Res 17: 75-82.

Maldjian JA, Laurienti PJ, Kraft RA, Burdette JH (2003) An automated method
for neuroanatomic and cytoarchitectonic atlas-based interrogation of fMRI data
sets. Neuroimage 19: 1233-1239.

Martinez D, Slifstein M, Broft A, Mawlawi O, Hwang D-R, et al. (2003)
Imaging human mesolimbic dopamine transmission with positron emission
tomography. Part II: amphetamine-induced dopamine release in the functional
subdivisions of the striatum. J Cereb Blood Flow Metab 23: 285-300.

Murray GK, Corlett PR, Clark L, Pessiglione M, Blackwell AD, et al. (2008)
Substantia nigra/ventral tegmental reward prediction error disruption in
psychosis. Mol Psychiatry 13: 239, 267-276.

Nixon K, Crews FT (2002) Binge ethanol exposure decreases neurogenesis in
adult rat hippocampus. J Neurochem 83: 1087-1093.

Bernier PJ, Bedard A, Vinet J, Levesque M, Parent A (2002) Newly generated
neurons in the amygdala and adjoining cortex of adult primates. Proc Natl Acad
Sci U S A 99: 11464-11469.

Kirby ED, Friedman AR, Covarrubias D, Ying C, Sun WG, et al. (2012)
Basolateral amygdala regulation of adult hippocampal neurogenesis and fear-
related activation of newborn neurons. Mol Psychiatry 17: 527-536.

Stephens DN, Ripley TL, Borlikova G, Schubert M, Albrecht D, et al. (2005)
Repeated ethanol exposure and withdrawal impairs human fear conditioning
and depresses long-term potentiation in rat amygdala and hippocampus. Biol
Psychiatry 58: 392-400.

Sowell ER, Thompson PM, Holmes CJ, Jernigan TL, Toga AW (1999) In vivo
evidence for post-adolescent brain maturation in frontal and striatal regions. Nat
Neurosci 2: 859-861.

Haber SN, Knutson B (2010) The reward circuit: linking primate anatomy and
human imaging. Neuropsychopharmacology 35: 4-26.

Engleman EA, Ding Z-M, Oster SM, Toalston JE, Bell RL, et al. (2009) Ethanol
is self~administered into the nucleus accumbens shell, but not the core: evidence
of genetic sensitivity. Alcohol Clin Exp Res 33: 2162-2171.

Weiss F, Lorang MT, Bloom FE, Koob GF (1993) Oral alcohol self-
administration stimulates dopamine release in the rat nucleus accumbens:
genetic and motivational determinants. J Pharmacol Exp Ther 267: 250-258.
Weiss F, Parsons LH, Schulteis G, Hyytia P, Lorang MT, et al. (1996) Ethanol
self-administration restores withdrawal-associated deficiencies in accumbal

PLOS ONE | www.plosone.org

40.

41.

43.

44.

46.

47.

48.

49.

50.

51.

53.

Ventral Striatal Volume in Binge Drinkers

dopamine and 5-hydroxytryptamine release in dependent rats. J Neurosci 16:
3474-3485.

Imperato A, Di Chiara G (1986) Preferential stimulation of dopamine release in
the nucleus accumbens of freely moving rats by ethanol. ] Pharmacol Exp Ther
239: 219-228.

Mitchell JM, O’Neil JP, Janabi M, Marks SM, Jagust W], et al. (2012) Alcohol
consumption induces endogenous opioid release in the human orbitofrontal
cortex and nucleus accumbens. Sci Transl Med 4: 116ra6.

. Claus ED, Ewing SWF, Filbey FM, Sabbineni A, Hutchison KE (2011)

Identifying neurobiological phenotypes associated with alcohol use disorder
severity. Neuropsychopharmacology 36: 2086-2096.

Boileau I, Assaad J-M, Pihl RO, Benkelfat C, Leyton M, et al. (2003) Alcohol
promotes dopamine release in the human nucleus accumbens. Synapse 49: 226
231.

Stacey D, Bilbao A, Maroteaux M, Jia T, Easton AC, et al. (2012) RASGRF2
regulates alcohol-induced reinforcement by influencing mesolimbic dopamine
neuron activity and dopamine release. Proc Natl Acad Sci U S A: 1211844110

. Jacobsen LK, Giedd JN, Gottschalk C, Kosten TR, Krystal JH (2001)

Quantitative morphology of the caudate and putamen in patients with cocaine
dependence. Am ] Psychiatry 158: 486-489.

Ersche KD, Barnes A, Jones PS, Morein-Zamir S, Robbins TW, et al. (2011)
Abnormal structure of frontostriatal brain systems is associated with aspects of
impulsivity and compulsivity in cocaine dependence. Brain/134: 2013-2024.
Chang L, Cloak C, Patterson K, Grob C, Miller EN, et al. (2005) Enlarged
striatum in abstinent methamphetamine abusers: a possible compensatory
response. Biol Psychiatry 57: 967-974.

Jernigan TL, Gamst AC, Archibald SL, Fennema-Notestine C, Mindt MR, et al.
(2005) Effects of methamphetamine dependence and HIV infection on cerebral
morphology. Am J Psychiatry 162: 1461-1472.

Barros-Loscertales A, Garavan H, Bustamante JC, Ventura-Campos N, Llopis
JJ, et al. (2011) Reduced striatal volume in cocaine-dependent patients.
Neuroimage 56: 1021-1026.

Bussing R, Grudnik J, Mason D, Wasiak M, Leonard C (2002) ADHD and
conduct disorder: an MRI study in a community sample. World J Biol Psychiatry
3: 216-220.

Keshavan MS, Bagwell WW, Haas GL, Sweeney JA, Schooler NR, et al. (1994)
Changes in caudate volume with neuroleptic treatment. Lancet 344: 1434.

. Corson PW, Nopoulos P, Miller DD, Arndt S, Andreasen NC (1999) Change in

basal ganglia volume over 2 years in patients with schizophrenia: typical versus
atypical neuroleptics. Am ] Psychiatry 156: 1200-1204.

Ersche KD, Jones PS, Williams GB, Turton AJ, Robbins TW, et al. (2012)
Abnormal brain structure implicated in stimulant drug addiction. Science 335:
601-604.

September 2013 | Volume 8 | Issue 9 | e74164



