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‘Omics’ techniques are widely used to identify novel mechanisms underlying brain function and pathology. Here we applied a novel

metabolomics approach to further ascertain the role of frontostriatal brain regions for the expression of addiction-like behaviors in rat

models of alcoholism. Rats were made alcohol dependent via chronic intermittent alcohol vapor exposure. Following a 3-week

abstinence period, rats had continuous access to alcohol in a two-bottle, free-choice paradigm for 7 weeks. Nontargeted flow injection

time-of-flight mass spectrometry was used to assess global metabolic profiles of two cortical (prelimbic and infralimbic) and two striatal

(accumbens core and shell) brain regions. Alcohol consumption produces pronounced global effects on neurometabolomic profiles

leading to a clear separation of metabolic phenotypes between treatment groups, particularly. Further comparisons of regional tissue

levels of various metabolites, most notably dopamine and Met-enkephalin, allow the extrapolation of alcohol consumption history. Finally,

a high-drinking metabolic fingerprint was identified indicating a distinct alteration of central energy metabolism in the accumbens shell of

excessively drinking rats that could indicate a so far unrecognized pathophysiological mechanism in alcohol addiction. In conclusion, global

metabolic profiling from distinct brain regions by mass spectrometry identifies profiles reflective of an animal’s drinking history and

provides a versatile tool to further investigate pathophysiological mechanisms in alcohol dependence.
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INTRODUCTION

Excessive alcohol consumption is one of the biggest public
health concerns in most developed countries. In the
European Community alone, which is the biggest market
in the world and also one of the heaviest drinking region,
nearly 60 million citizens engage in harmful drinking and 23
million Europeans are estimated to suffer from alcohol
addiction (Rehm et al, 2009). Thus, alcohol use disorders
are probably the most prevalent neuropsychiatric disorder
afflicting western society today. Many preclinical and
human neuroimaging studies suggest a critical involvement
of prefrontal–striatal connectivity in the transition to
addictive behavior (Spanagel, 2009; Koob and Volkow,
2010). Thus, detailed investigations of the molecular
consequences that occur during the transition into addictive
behavior are needed for better understanding of underlying
mechanisms. For the identification of molecular alterations

a widely applied strategy is the use of so-called ‘omics’
technologies.
The term ‘omics’ describes a set of methods that enable

unbiased simultaneous assessments of thousands of mole-
cular species (ie, genes, transcripts, proteins, or metabo-
lites) in cells, tissues, or organs. In combination with
advanced bioinformatics, these methods aim at the
systematic and comprehensive analysis of the global profiles
and their responses to disease, drug, or other challenges. In
brain research, the most common omics approach so far has
been transcriptome profiling in animal models or human
postmortem brain samples. These studies have led to new
mechanistic insights and novel candidate genes for disease
mechanisms, but when applied to psychiatric disorders the
discriminative power of brain transcriptome profiles to
separate cases and controls has typically been low (Reimers
et al, 2005). We and others have used this approach to
identify sustained gene expression patterns in the corticos-
triatal circuitry induced by chronic alcohol exposure,
consumption, and dependence (Mayfield et al, 2002;
Rimondini et al, 2002; Arlinde et al, 2004; Sommer et al,
2005; Liu et al, 2006; Meinhardt et al, 2013). Generally, these
experiments resulted in interesting and verifiable candidate
genes, but could not demonstrate robust discrimination of
cases and controls based on their global gene expression
profiles.
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Compared with the transcriptome, the diversity of
metabolites, which are the by-products and end-products
of synthetic and catabolic pathways within a biological
system, appears much closer to the molecular phenotype.
Thus, studying metabolic responses complements existing
omics techniques in the field and might have more
predictive power in identifying phenotypic alterations, as
they are more directly linked to the mechanisms involved in
the expression of a distinct phenotype than transcript
abundances (Dettmer et al, 2007; Pasikanti et al, 2008;
Kaddurah-Daouk and Krishnan, 2009). Recent develop-
ments in both analytical platforms and bioinformatics
methods now make it possible to define metabolic profiles
for diseases of the central nervous system (Yao and Reddy,
2005; Bogdanov et al, 2008; Gika et al, 2012). Nontargeted
mass spectrometry-based metabolomics, in particular,
allows the assessment of global neurometabolic profiles in
specific brain regions with high selectivity and sensitivity,
and thus provides a technique to search for novel
pathophysiological mechanisms in alcohol dependence
(Patti et al, 2012; Sévin and Sauer, 2014).
Here, we tested the hypothesis of whether or not a history

of high or low alcohol intake manifests itself in discernible
neurometabolic patterns within key regions of the motiva-
tion and addiction circuitry (Noori et al, 2012). We have
previously demonstrated that rats made alcohol dependent
by chronic intermittent exposure (CIE) to alcohol vapor
develop a stable phenotype of high alcohol consumption
(Rimondini et al, 2002, 2003; Sommer et al, 2008; Meinhardt
and Sommer, 2014). After 7 weeks of voluntary access to
alcohol, high-drinking and low-drinking rats went through
a brief period of alcohol abstinence before brains were
harvested and compared by mass spectrometric analysis for
their metabolic profiles in prefrontal cortex and nucleus
accumbens. We found robust neurometabolic fingerprints
in the infralimbic–accumbens shell circuitry that reflect the
animal’s alcohol-drinking history. Furthermore, alterations
in energy metabolism within the nucleus accumbens shell
emerge as a new potential mechanism for the pathophysiol-
ogy of alcohol.

MATERIALS AND METHODS

Animal Husbandry

Male Wistar rats with an initial weight of 220–250 g were
used (Charles River, Germany), housed four per cage under
a 12 h light/dark cycle with ad libitum access to food and
water. All experiments were conducted in accordance with
the ethical guidelines for the care and use of laboratory
animals, and were approved by the local animal care
committee (Regierungspraesidium Karlsruhe, Germany).

Ethanol Exposure

Rats were weight matched, assigned into the two experi-
mental groups, and exposed to either ethanol vapor or
normal air using a rodent alcohol inhalation system as
described previously (Rimondini et al, 2002). Briefly,
pumps (Ismatec, Wertheim, Germany) delivered alcohol
into electrically heated stainless steel coils (72 1C) connected
to an airflow of 18 L/min into glass/steel chambers

(1� 1� 1m). For the next 7 weeks, rats were exposed to
five cycles of 14 h of ethanol vapor per week (0000 h to
1400 h) separated by daily 10 h periods of withdrawal. Twice
per week, blood (B20 mL) was sampled from the lateral tail
vein and blood alcohol concentrations were determined
using an AM1 Analox system (Analox Instruments, London,
UK). After the last exposure cycle, rats remained abstinent
for 3 weeks before access to alcohol bottles.

Measurement of Ethanol Withdrawal Signs

Using a withdrawal rating scale according to Macey et al
(1996), alcohol withdrawal signs including irritability to
touch (Vocalization), body tremors, tail rigidity, abnormal
gait, and ventromedial limb retraction were scored weekly,
6 h after ethanol vapor was turned off. Each sign was
assigned a score of 0–2, based on the following severity
scale: 0¼ no sign, 1¼moderate, and 2¼ severe. The sum of
the 4 observation scores (0 to 8) was used as a quantitative
measure of withdrawal severity. For these behavioral
observations, animals were individually transferred from
their home cages to a quiet observation room to avoid
extraneous stimulation and animals were observed in a
blinded manner.

Two-Bottle Free-Choice Paradigm

At 3 weeks after chronic ethanol exposure procedure,
ethanol was made continuously available in a two-bottle,
free-choice paradigm for 7 weeks. Ethanol concentration was
gradually increased over 10 days from 2 to 4% and finally to
8% (v/v). Tap water was continuously available in the second
bottle. Ethanol and water intake were measured on Monday,
Wednesday, and Friday at the same time and bottle
positions were alternated randomly to avoid side prefer-
ences. These weights were converted into volumes of
solutions, preference of ethanol, and g of ethanol consumed
per kg of body weight per day using the specific density of
ethanol (0.79). The formula for ethanol intake was
(consumed ethanol� percentage of the given ethanol�
specific density of ethanol)/body weight� 1000.

Rat Brain Tissue Samples

At 72 h after last access to alcohol bottles, postdependent
(alcohol exposed, n¼ 11) and control (air exposed, n¼ 11)
animals were killed during the first 4 h of the light cycle by
decapitation, and brains were quickly frozen in � 40 1C
isopentane and kept at � 80 1C. Bilateral samples were
obtained under a magnifying lens using anatomical land-
marks from Paxinos and Watson (1998). Then, 150 mm
cryosections of the prelimbic, infralimbic, nucleus accum-
bens core, and shell were dissected out using a macro-
punch (2mm diameter). Samples were stored at � 80 1C
until extraction. To extract metabolites, 10mg of macro-
punches were extracted with 1mL of preheated 70% (v/v)
ethanol/water solution for 2min at 80 1C with occasional
vortexing. After centrifugation for 10min at 0 1C and
20 800 g, supernatants of the extraction solutions were
evaporated to dryness under vacuum and pellets were
resuspended in 40 mL H2O and stored at � 80 1C before
mass spectrometry.
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Nontargeted Mass Spectrometry

The mass spectrometric analysis was performed on a
platform consisting of a Hitachi L-7100 liquid chromato-
graphy pump coupled to a Gerstel MPS2 auto sampler and
an Agilent 6550 IonFunnel QTOF (Agilent, Santa Clara, CA)
operated with published settings in negative ionization mode
(Fuhrer et al, 2011) using automated isocratic flow injection
without prior chromatographic separation. The flow rate was
150mL/min of mobile phase consisting of isopropanol/water
(60 : 40, v/v) buffered with 5mM ammonium fluoride at pH
9. For online mass axis correction, 2-propanol (in the mobile
phase), taurocholic acid, and hexakis (1H, 1H, 3H-tetra-
fluoropropoxy)phosphazine (HP-0921, Agilent Technolo-
gies) were added to the mobile phase. All samples were
measured in technical duplicates. Mass spectra were
recorded in profile mode from m/z 50 to 1000 with a scan
rate of 1.4 spectra/s for 0.48min using the highest resolving
power (4GHz HiRes). Electrospray source temperature was
set to 325 1C, with 5 L/min drying gas and a nebulizer
pressure of 30 psig. Spectral processing (profile alignment,
peak detection, centroiding, merging) was performed as
published previously (Fuhrer et al, 2011). All steps of data
processing and analysis were performed with Matlab R2013b
(The Mathworks, Natick, MA) using functions embedded in
the Bioinformatics, Statistics, Database, and Parallel Com-
puting toolboxes (Fuhrer et al, 2011). Ions were annotated
within 0.001Da deviation from the theoretical mass of
compounds in the Kyoto Encyclopedia of Genes and
Genomes (KEGG) Rattus norvegicus metabolite database
(Kanehisa, 2002), assuming deprotonation [M�H]� or
fluoride addition [Mþ F]� and zero or one 12C-413C
exchange as possible electrospray-derived species.

Statistics and Computational Methods

Alcohol drinking data were analyzed with one-way ANOVA.
The withdrawal scores were compared using the Mann–
Whitney test. Statistical significance was set at po0.05.
Statistica10.0, Software for Windows was used (StatSoft,
Tulsa, OK). All subsequent statistical analyses were carried
out using Matlab R2013b (The Mathworks) and functions
embedded in the Bioinformatics and Statistics toolboxes.
Metabolites underwent an unpaired-sample t-test assuming
unequal variance to test the null hypothesis that the ion
intensity is the same in animals with elevated alcohol
consumption compared with the low drinkers. P-values
were corrected for multiple hypothesis testing by adjusting
the false discovery rate using the method of Storey and
Tibshirani (2003). In the infralimbic and the accumbens
shell, 116 metabolite ions passed a false discovery rate
(q-value) cutoff of 0.05 and were thus considered as
significantly altered. Principal component analysis (PCA)
was performed based on annotated ion intensities, and
resulting cluster separation was assessed according to 95%
confidence intervals calculated using w2 tests. Correlation of
metabolite ion intensity with animal alcohol intake using a
linear model was assessed by Pearson’s correlation coeffi-
cient (R2) and tested for statistical significance (po0.05,
w2 test), and the goodness of fit of a Heaviside-type step
model to these data was assessed by the total sum of
squared residuals. Metabolic pathway enrichment analysis

was performed based on metabolites in respective clusters
using the KEGG R. norvegicus metabolic pathway defini-
tions (Kanehisa, 2002), and statistical significance of
enrichments was assessed using hypergeometric tests.
Hierarchical clustering based on metabolite ion correlations
or enriched pathways was performed using the Euclidean
distance metric.

RESULTS

Compared with nonexposed controls, chronic intermittent
exposure of rats to alcohol vapor for 7 weeks resulted in
significant signs of withdrawal after discontinuation of
alcohol (B4 out of maximal 8 points from a global
withdrawal score (Macey et al, 1996); po0.001; Mann–
Whitney U-test, Figure 1a). Following 3 weeks of abstinence,
both postdependent and control rats (n¼ 11/group) were
given access to tap water and 8% (v/v) alcohol solution in a
two-bottle free-choice paradigm for 7 weeks. As previously
shown (Rimondini et al, 2002), postdependent rats con-
sumed significantly increased amounts of alcohol (total
mean intake over time: control 0.92 g/kg/day; postdepen-
dent 2.64 g/kg/day; po0.001; one-way ANOVA, Figure 1b).
Notably, within each group, two rats displayed a markedly
different drinking behavior that exceeded 1 SD range, that
is, low-drinking postdependent or high-drinking control
rats (Figure 1b). Brains were collected 3 days after the last
alcohol access to avoid potential interference from acute
withdrawal.
Subsequently, metabolites were extracted from brain

region tissues and their levels were measured using
nontargeted flow injection time-of-flight mass spectrometry
(Fuhrer et al, 2011). Out of 10 593 detected m/z features
(ions), 2126 could be annotated by accurate mass,
corresponding to up to 2155 unique metabolites using
compounds in the KEGG (see Kanehisa, 2002) R. norvegicus
database as reference (Supplementary Table 1).
PCA was used to identify major sources of variance in the

data set from the four sampled brain regions. As shown in
Figure 1c, notably the two cortical regions (prelimbic and
infralimbic cortex) separated into two distinct clusters on
the two-dimensional plane spanned by the first two
principal components that explain 95.7% of the variance.
The two striatal brain regions (nucleus accumbens core and
shell) together separated from the cortical regions, but did
not separate from each other. We next asked which
metabolites explained most of the data set variance and
thus contributed most to the separation of the brain regions
along the first two principal components. Intriguingly, the
25 most influencing metabolites included a number of well-
known neuroactive compounds, such as N-acetylaspartate,
glutamate, glutamine, creatinine, g-aminobutyric acid
(GABA), myo-inositol, and dopamine (Table 1). In conclu-
sion, the different brain regions, independent of the factor
alcohol consumption, show distinct metabolome profiles
that characteristically differ in the respective levels of
neuroactive compounds.
To investigate whether or not high alcohol consumption

itself would be associated with a distinct neurometabolic
phenotype, we performed brain region-specific PCAs and
separated the data sets along the first two principal
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components. Subsequently, we calculated 95% confidence
intervals for the data sets of control and excessively
consuming animals. Although no distinct clusters emerged
in prelimbic cortex and nucleus accumbens core (Figure 1d
and e), we found distinct clusters for the infralimbic region
that are partially explained by the alcohol consumption
history of the rats (Figure 1f). Strikingly, low- and high-
consuming animals almost completely segregated based on
their metabolome profiles in the nucleus accumbens shell
(Figure 1g) that aligns well with the known role of this
region in alcohol reward (Imperato and Di Chiara, 1986;
Di Chiara and Imperato, 1988; Pontieri et al, 1995; Howland
et al, 2002; Parsons et al, 2007). Our results therefore
indicate that excessive alcohol consumption indeed affects
neurometabolism in a brain region-specific manner, parti-
cularly in the infralimbic–accumbens shell circuit.
Furthermore, PCA suggests that animals appear to

segregate according to observed drinking pattern rather
than history of dependence, that is, the two low drinkers
from the postdependent group cluster closely with the
control animals, whereas the two high-drinking control
animals cluster with the postdependent group. Conse-
quently, we reassigned the animals into a low-drinking
and a high-drinking group (mean daily intake below or

above 1.2 g/kg, respectively, n¼ 11/group) for analysis of
alcohol-responsive metabolites, restricting to the infralim-
bic and accumbens shell regions because, according to the
PCA, neurometabolite levels showed the strongest alcohol-
dependent variation in these regions.
Correlation analysis of metabolite ion levels with the

average daily alcohol consumption by the animals revealed
246 out of 2155 metabolite ions with significant correlation
(Po0.05, w2 test, uncorrected) in either accumbens shell
or infralimbic region (Supplementary Table 2). Highly
significant correlations were found for dopamine (IL:
R2¼ � 0.63, p¼ 9.87E� 6; NACS: R2¼ 0.37, p¼ 2.61E� 3)
and Met-enkephalin (IL: R2¼ � 0.42, p¼ 1.03E� 3; NACS:
R2¼ 0.20, p¼ 3.86E� 2). Interestingly, levels of these
metabolites were increased in the nucleus accumbens shell
but decreased in the infralimbic region in high-drinking
animals (Figure 2a). Although dopamine levels show a step-
wise response, Met-enkephalin levels changed gradually and
correlated well with the actual daily alcohol intake.
These metabolite ions significantly correlating with

alcohol intake were then hierarchically clustered based on
their correlation coefficients (R2) in the respective brain
region using Euclidean distance metric. Ten clusters with
distinct correlation patterns were obtained, whereby each

Figure 1 Increased total somatic withdrawal signs and long-lasting excessive alcohol drinking in postdependent rats and principal component analysis of
the infralimbic (IL), prelimbic (PLC), accumbens core (NACC), and accumbens shell (NACS) based on annotated metabolite ion levels. (a) After 7 weeks of
exposure, withdrawal signs were scored 8 h after last intoxication cycle. Total somatic withdrawal scores consist of the sum of the somatic withdrawal scores
across the five behavioral signs of alcohol withdrawal (ventromedial limb retraction, vocalization, tail stiffness, abnormal gait, and body tremors). (b) Following
3 weeks of abstinence, rats had access to either tap water or 8% (v/v) alcohol. Postdependent (PD) rats show higher alcohol consumption than controls.
Within the controls, two rats show increased drinking, exceeding the SD range (marked as red hashes). Also within the PD group, two rats consumed very
low amounts of alcohol (marked as red circles). (c–g) Displayed are the first two principal components explaining B97% of the data set variance. Data sets
are highlighted based on brain region (c) or alcohol exposure and consumption history of the animals (d–g). (c) The infralimbic cortex (orange circles) and
the prelimbic cortex (red squares) have a metabolic phenotype that is distinct from the two nucleus accumbens regions (core: green triangles; shell: blue
hashes) that do not separate. The levels of alcohol consumption result in distinct metabolite profiles for the infralimbic (f) and nucleus accumbens shell (g)
but not for the prelimbic (d) and nucleus accumbens core (e). Ellipses represent the 95% confidence interval for the consumption classes. ***Po0.001.
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cluster contained metabolites with exclusively positive or
negative correlation coefficients in one or both brain
regions (Figure 2b). For example, cluster 8 contains
metabolites that only correlate negatively with alcohol
intake in the nucleus accumbens shell but do not show
any correlation in the infralimbic cortex. In contrast, cluster
10 metabolites show positive correlation with alcohol intake
in the nucleus accumbens shell but negative correlation in
the IL, a pattern similar to dopamine and Met-enkephalin as
described above. Thus, metabolites sharing a similar
physiological response to alcohol consumption across the
investigated brain regions can be grouped into distinct
clusters, possibly suggesting underlying pathophysiological
mechanisms.
To investigate whether metabolites within a cluster are

indeed involved in shared physiological processes, we
performed a metabolic pathway enrichment analysis. We
found 66 pathways that were significantly enriched in at
least one cluster (Figure 3; Po0.05, hypergeometric test),
implying that distinct correlation patterns reflect mean-
ingful physiological effects of metabolically related com-
pounds. Together, clustered metabolite correlations and
enriched metabolic pathways thereby provide an overview
of how compounds involved in different metabolic pro-
cesses are generally associated with excessive alcohol intake.

To obtain an even more general view of the alcohol-
induced changes in metabolism, we hierarchically clustered
the enriched pathways based on the enrichment signifi-
cance, leading to three independent KEGG categories of
broad biological functions (lipid metabolism, central carbon
and energy metabolism, addiction, and neurotransmission).
Within each group of biological function, a consensus
metabolite correlation pattern was then determined by
averaging correlations of the individual clusters. These
consensus correlation patterns can thus be interpreted as
the prototypic metabolic responses of different functional
biological groups to elevated alcohol consumption. In this
analysis, cluster 8 represents mostly central metabolic
pathways, whereas cluster 10 seems more associated with
neurotransmission and pathways that are typically afflicted
by addictive drugs (Figure 3). The significant enrichment of
metabolic pathways in the category of addiction and
neurotransmission was particularly intriguing, because it
implies that multiple neuroactive compounds share similar
cross-brain correlation patterns that might form a meta-
bolic fingerprint characteristic for addiction in general and
alcohol dependence in particular.
Another interesting group includes multiple pathways

involved in central carbon and energy metabolism. Levels of
metabolites involved in these pathways tended to show a
negative correlation with alcohol intake in the nucleus
accumbens shell (Figure 3, cluster 8). Elevated alcohol
consumption has been previously shown to reduce the
activity of transketolase (Alexander-Kaufman and Harper,
2009), a key enzyme in the pentose phosphate pathway
(PPP) used for the generation of reduced nicotine adenine
dinucleotide phosphate (NADPH), a cofactor for many
enzymes involved in managing oxidative stress. Indeed, we
observed reduced levels of metabolites in the PPP as well as
in the upper glycolytic pathway (Figure 4), consistent with
an effect of elevated alcohol consumption on cerebral
energy metabolism. Furthermore, rats with elevated alcohol
consumption accumulate acetyl coenzyme A that can be
either secreted as lactate or serve as a precursor for lipid
metabolism.

DISCUSSION

This report represents, to our knowledge, the first mass
spectrometry-based global metabolic profiling from micro-
dissected tissue samples of brain regions implicated in the
pathology of alcoholism. The study generated several
interesting new insights: (1) distinct brain regions, even
closely related ones such as the infralimbic and prelimbic
areas within the rat mPFC, can be separated based on
their metabolic phenotypes; (2) alcohol consumption
profoundly alters regional neurometabolomic profiles,
particularly in brain circuits known to be highly sensitive
to long-term effects of alcohol, that is, the infralimbic–
accumbens shell circuit (Meinhardt et al, 2013); (3) regional
tissue concentration of some metabolites, most notably of
dopamine and Met-enkephalin, allows the extrapolation of
recent drinking history; and (4) the identification of an
alcohol-drinking-related metabolic fingerprint that persists
beyond the actual drinking period and could indicate a so
far unrecognized pathophysiological mechanism in alcohol

Table 1 Unambiguous and Most Probable Ion m/z Values
Explaining the Most Influential Compounds of the PCA

Rank m/z Compounds

1 174.0406 N-acetyl-L-aspartate

2 255.2348 Hexadecanoic acid

3 175.0243 L-2,4-diaminobutanoate

4 283.2663 Octadecanoic acid

5 179.0558 myo-Inositol

6 145.0614 L-Glutamine

7 124.0068 Taurine

8 146.0455 L-Glutamate

9 134.0465 4-Hydroxy-L-threonine

10 128.0347 4-Oxoproline

11 112.0509 Creatinine

12 306.0765 Glutathione

13 346.0562 N-acetylneuraminate

14 303.2347 (9Z)-Octadecenoic acid

15 341.1083 Sucrose

16 242.0798 Cytidine

17 214.0484 N-acetyl-L-glutamate 5-semialdehyde

18 152.0713 Dopamine

19 218.1034 Pantothenate

20 265.1481 Tetradecanoic acid

21 256.2375 Hexadecanoic acid

22 167.043 L-Glutamine

23 127.0506 g-Amino-gamma-cyanobutanoate

24 281.2497 (9Z)-Octadecenoic acid

25 130.0502 L-Glutamate 5-semialdehyde

For the full annotation please see Supplementary Table 1.
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addiction. Together, the study demonstrated that global
metabolic profiling by mass spectrometry is a feasible
approach for studying the alterations of the metabolome in
postmortem brain tissue, and thus comprises a highly useful
extension to the arsenal of existing omics technologies used
for deciphering the pathology of neuropsychiatric disorders
including alcohol addiction.
Using nontargeted mass spectrometry to analyze the

neurometabolome is a novel technique that has so far been
rarely used on brain tissue (Masuo et al, 2009; Deng et al,
2012; Zaitsu et al, 2013), especially not to discern
subregions of the brain. The mass spectrometric method
used here allows rapid assessment of the complete
metabolome with very high resolution. A drawback of the
present method is that some metabolites can share the same
mass/charge relation and thus cannot be distinguished.
Most ambiguities could be resolved by the fact that many
computationally annotated constitutional isomers are not
known to be present in brain tissue or even in mammals,
justifying curation of the annotations to focus on most
relevant metabolites. Nevertheless, interesting candidate
ions showing such ambiguities may require further
verification by corroborative methods that allow to resolve
the molecular structure such as MS/MS or NMR.
The brain samples of this study were derived from two

groups of alcohol-drinking animals: one group with a
history of high alcohol exposure leading to the development
of dependence and excessive consumption of alcohol, and a
control group without high-level alcohol exposure that was
drinking at baseline levels. Importantly, during nearly 2
months of free alcohol access, two animals from the control

group increased their alcohol intake up to the level of the
alcohol-dependent group, whereas two exposed rats were
resistant to developing high-level drinking. Strikingly, these
animals also share similar metabolic profiles with the
respective high- or low-drinking animals. Spontaneous
development of high alcohol consumption in outbred
rodent populations is well known and widely used to breed
high alcohol-preferring lines. In fact, such experiments were
among the first to establish the heritability of alcohol-
drinking phenotypes. However, similar to humans
(Treutlein et al, 2006; Gelernter et al, 2014), individual
genetic variants in rodent populations explain only a small
proportion of the observed variance in alcohol drinking
(Björk et al, 2010; Ayanwuyi et al, 2013; Zhou et al, 2013),
and so far it is not possible to make robust predictions
about drinking outcomes based on genetic profiling. Given
the robust alterations associated with high alcohol con-
sumption observed here, future studies should elucidate
whether neurometabolic profiles, at least in part, comprise
predisposing factors. This hypothesis is supported by the
fact that alcohol does not seem to induce global alterations
in all assessed brain regions, but only in a distinct
functionally connected circuit. A subsequent question is
whether such potential risk profiles are mirrored in easy
accessible peripheral tissues to serve as prognostic biomar-
kers in humans.
Interestingly, dopamine and Met-enkephalin tissue levels

in the accumbens shell showed a robust positive correlation
to previous levels of alcohol consumption. The association
of altered dopamine levels during acute alcohol challenges
as well as in early withdrawal states is well established

Figure 2 Correlation analysis of dopamine and Met-enkephalin with alcohol intake and hierarchical clustering of 246 ions, based on their correlation with
alcohol intake. (a) The brain metabolite levels of dopamine and Met-enkephalin significantly (po0.05, w2 test) correlate with the amounts of daily alcohol
intake. Within the infralimbic, levels of both metabolite decrease whereas they increase in the accumbens shell. Black points show data from normal-
consuming and red points from elevated-consuming rats. Linear regression lines are shown in blue, and step functions in green if R2Z0.6. (b) The intensities
of all 2155 metabolite ions in the infralimbic–accumbens shell pathway were correlated with the daily alcohol intake of the animals. A total of 246 ions
showed a significant (po0.05, w2 test) correlation with alcohol intake in at least one brain region. Red color indicates a positive and blue color a negative
correlation with the daily alcohol intake. R2 is Pearson’s correlation coefficient. Ions were clustered by R2 using the Euclidean distance metric. For details in
color coding of each cluster, see top panel in figure 3.
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(Di Chiara, 1995; Weiss et al, 1996; Koob, 2013). Although
alcohol administration or intake is accompanied by
increased accumbal dopamine release, acute withdrawal
typically results in a hypodopaminergic state. However,
these previous data typically show a normalization of
extracellular dopamine levels within 3 days. Here we
assessed tissue concentration of dopamine that cannot be
compared with extracellular dopamine levels measured by
in vivo microdialysis. Furthermore, under the present
conditions of voluntarily consumed alcohol, no acute
withdrawal reaction is expected. Nevertheless, our data
support a pivotal role of dopaminergic neurotransmission
in excessive alcohol consumption of postdependent rats as
high dopamine levels last at least for 3 days of abstinence. In
addition, enkephalins have been shown to mediate alcohol
intake (George et al, 1991) and Met-enkephalin levels
increase after acute alcohol challenge (Marinelli et al, 2005).
Furthermore, we found robust correlation of Met-enkepha-
lin with dopamine levels in the nucleus accumbens shell.

Together, the data provide further support for a functional
role for dopamine–opiate systems interaction in the effects
of alcohol (Björk et al, 2013).
Impairments in executive control and the disruption

of the subcortical reward circuitry are known risk factors
for drug addiction (Everitt and Robbins, 2005; Goldstein
and Volkow, 2011; Kasanetz et al, 2012). Here, we found
opposing patterns of metabolite correlations with alcohol
drinking in infralimbic cortex and accumbens shell.
This neurometabolic fingerprint might be an indicator
of disturbed prefrontocortical functions. The depletion of
metabolites in the infralimbic cortex of high alcohol-
drinking rats as seen in our data could ultimately lead to
typical behaviors seen in subjects with damage to the
ventromedial prefrontal cortex such as socially inappropri-
ate behavior, impulsivity, and poor judgment (Bechara et al,
1994; Urcelay and Dalley, 2011). Moreover, the divergent
correlation pattern of the infralimbic (negative) and
accumbens shell (positive) is intriguing, as we could

Figure 3 Metabolic pathway enrichment analysis of significantly correlating metabolites. The metabolic pathway enrichment analysis was performed for
each correlation cluster shown in Figure 2b. The clusters and direction of correlation by color coding are represented at the top. A total of 66 pathways
were significantly (po0.05, hypergeometric test) enriched in at least one cluster. Green shading indicates the p-value. Pathways are sorted by hierarchical
clustering based on the Euclidean distances of enrichment p-values, and groups of pathways with similar correlation patterns are classified according to
broader biological function. A consensus correlation pattern representing the average of all involved cluster for each of these three broad function categories
is shown within every block of biological functions. Three groups of altered biological functions were observed, namely lipid metabolism, central energy
metabolism, as well as addiction and neurotransmission.
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previously show a loss of inhibitory control in the
infralimbic cortex (Meinhardt et al, 2013) that may result
in increased activity in the accumbens shell. In turn, this
may lead to high energy demands in the shell that could
underlie the observed alterations in energy metabolism in
the shell. Deficits in energy metabolism have also been

reported for morphine addiction (Chen et al, 2007; Yang
et al, 2007; Deng et al, 2012). Alternatively, alcohol at
relevant pharmacological doses is known to shift substrate
utilization in the brain away from glucose toward acetate
oxidation (Volkow et al, 2006, 2013; Wang et al, 2013).
However, these changes were observed after an acute
alcohol challenge and are thus difficult to compare with
the present observations from 3-day abstinent rats. Never-
theless, such metabolic flexibility appears to be more
pronounced in heavy drinkers compared with light drinkers
(Jiang et al, 2013), and seems to be also a genetic trait in
rodent lines bred for high alcohol consumption (Björk et al,
2006; Sommer et al, 2006; Zimatkin et al, 2011). Together,
these data provide further evidence that energy metabolism
and ultimately mitochondrial function in distinct brain
regions such as the nucleus accumbens shell may be
highly relevant components for the development of
addictive disorders.
In conclusion, we have demonstrated the feasibility of

detecting brain states related to alcohol consumption by
analyzing neurometabolomic signatures. The data point
toward profound alterations within the infralimbic–
accumbens shell pathway, with mitochondrial dysregulation
in the accumbens shell emerging as a so far under-
appreciated pathophysiological mechanism in the develop-
ment of alcoholism. From a clinical perspective, metabolic
positron emission tomography can identify metabolic
alterations in distinct brain regions: whether or not such
altered responses could comprise a biomarker for assessing
the pathophysiology of alcohol addiction in clinical
populations remains to be studied.
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