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Chronic consumption of alcohol by humans has been shown to lead to impairment of
executive and cognitive functions. Here, we have studied the mRNA expression of ion
channel receptors for glutamate and GABA in the dorsal striatum of post-mortem brains
from alcoholics (n = 29) and normal controls (n = 29), with the focus on the caudate
nucleus that is associated with the frontal cortex executive functions and automatic
thinking and on the putamen area that is linked to motor cortices and automatic
movements. The results obtained by qPCR assay revealed significant changes in the
expression of specific excitatory ionotropic glutamate and inhibitory GABA-A receptor
subunit genes in the caudate but not the putamen. Thus, in the caudate we found
reduced levels of mRNAs encoding the GluN2A glutamate receptor and the δ, ε, and ρ2
GABA-A receptor subunits, and increased levels of the mRNAs encoding GluD1, GluD2,
and GABA-A γ1 subunits in the alcoholics as compared to controls. Interestingly in the
controls, 11 glutamate and 5 GABA-A receptor genes were more prominently expressed in
the caudate than the putamen (fold-increase varied from 1.24 to 2.91). Differences in gene
expression patterns between the striatal regions may underlie differences in associated
behavioral outputs. Our results suggest an altered balance between caudate-mediated
voluntarily controlled and automatic behaviors in alcoholics, including diminished executive
control on goal-directed alcohol-seeking behavior.
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INTRODUCTION
In the mammalian brain the areas identified as caudate and puta-
men are parts of the striatum and participate in neuronal circuits
directing complex behavior (Postuma and Dagher, 2006; Grahn
et al., 2008; Depoy et al., 2013). Evidence based on anatomi-
cal studies in animals and humans and functional imaging in
humans show that the caudate participates in cognitive tasks
whereas the putamen is the primary motor structure in the stria-
tum (Alexander et al., 1986; Postuma and Dagher, 2006; Grahn
et al., 2008). In humans there is a clear link between the cau-
date and the executive frontal areas whereas the putamen is
strongly connected to the premotor and sensorimotor cortex
(Postuma and Dagher, 2006; Grahn et al., 2008). In the nor-
mal mammalian brain, the caudate is thought to be involved in
some aspects of automatic thinking whereas the putamen is more
associated with automatic movements (Postuma and Dagher,
2006; Hardwick et al., 2013). Drugs of abuse are known to alter
habits and complex behaviors that often involve activation of the
striatum.

Glutamate and γ-aminobutyric acid (GABA) are the main
excitatory and inhibitory neurotransmitters, respectively, in the

brain and normally maintain the proper level of excitation in neu-
ronal circuits (Smart and Paoletti, 2012). Both glutamate- and
GABA-activated ionotropic receptors are multi-subunit channels
(Smart and Paoletti, 2012). The ionotropic glutamate recep-
tors are tetrameric ion channels, opened by glutamate and
permeable to cations. They are subdivided into 4 families of
receptors: AMPA (subunits GluA1-4), NMDA (subunits GluN1,
GluN2A-D, GluN3A-B), kainate (subunits GluK1-5) and delta
receptors (subunits GluD1-2) (Traynelis et al., 2010). The AMPA
receptors normally mediate fast excitatory synaptic transmission
and synaptic strength whereas the NMDA receptors, in addition
to fast synaptic transmission, also regulate intracellular signal-
ing and synaptic plasticity. The kainate receptors are present at
both pre- and postsynaptic terminals and are thought to have
a more modulatory role e.g., in regulating presynaptic trans-
mitter release. The delta receptors to-date have no clear role in
neurons (Smart and Paoletti, 2012). The GABA-A receptors are
pentameric chloride-permeable anion channels that are opened
by GABA. To-date, 19 different mammalian GABA-A receptor
subunits have been identified: α1-6, β1-3, γ1-3, δ, ε, θ, π, and ρ1-
3 (Olsen and Sieghart, 2009). Most neuronal GABA-A receptors
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are formed from 2α, 2β, and a 3rd type of subunits. The GABA-A
receptors mediate both fast inhibitory synaptic transmission and
the long-lasting tonic inhibition in neurons (Semyanov et al.,
2004). It then depends on the genes that are transcribed which
subtypes of the receptors are expressed in the neurons and this
can change with developmental stage, brain region, type of neu-
ron, synaptic activity and even diseases like alcoholism (Olsen and
Sieghart, 2009).

Alcohol is the most common drug of abuse in Western
societies. Chronic, excessive alcohol consumption may lead
to changes in behavior, addiction and cognitive dysfunction
(Jernigan et al., 1991; Harper, 1998; Harris et al., 2008; Spanagel,
2009). Acute exposure to ethanol modulates the ion channel
function of both glutamate and GABA-A receptors. NMDA
receptors are inhibited by ethanol in a concentration-dependent
manner over a range of concentrations that produce intoxica-
tion (Lovinger et al., 1989; Gass and Olive, 2008). AMPA and
kainate receptors are inhibited by high concentrations of alco-
hol (Gass and Olive, 2008; Moykkynen and Korpi, 2012) and
ethanol inhibits several forms of neuronal plasticity, including
long-term potentiation (LTP) (Blitzer et al., 1990; Morrisett and
Swartzwelder, 1993; Givens and McMahon, 1995; Gass and Olive,
2008). In contrast to the effect on the glutamate transmission,
ethanol, if anything, enhances the synaptic and tonic GABA trans-
mission in neurons (Mihic et al., 1997; Sundstrom-Poromaa et al.,
2002; Wallner et al., 2003; Wei et al., 2004; Borghese et al., 2006;
Korpi et al., 2007; Baur et al., 2009). At low concentrations of
ethanol (3–30 mM), tonic GABA-A receptor currents may be
enhanced but as the alcohol concentration is raised (> 60 mM),
GABA-A receptor-mediated synaptic transmission is also facili-
tated. In many brain regions, the main effect of ethanol on GABA
signaling is enhancement of presynaptic release (Siggins et al.,
2005). During chronic alcohol exposure, NMDA receptors are
generally up-regulated and GABA-A receptors down-regulated
in rodent models (Uusi-Oukari and Korpi, 2010; Lovinger and
Roberto, 2013).

Alcohol-dependent disorders have been extensively studied
in rodents but the human disorder is not fully mimicked
by these models (Crabbe et al., 2013). A few studies have
been conducted on post-mortem brain samples from alco-
holics (Lewohl et al., 1997, 2001; Dodd and Lewohl, 1998;
Buckley et al., 2000, 2006; Mayfield et al., 2002; Buckley and
Dodd, 2004; Dodd et al., 2004; Flatscher-Bader et al., 2005,
2006; Kalsi et al., 2009; Jin et al., 2011a, 2014a,b; Domart
et al., 2012). These studies are very valuable as they aid in
the understanding of the mechanism underlying human alcohol
dependence.

Here we have studied the changes that take place in the
brains of alcoholics. We examined whether chronic alcohol con-
sumption in humans changes the balance between excitation
and inhibition in the post-mortem caudate and putamen by
analyzing the mRNA expression levels of the glutamate- and
GABA-activated receptor subunits. The results show significant
changes in the expression of specific excitatory ionotropic glu-
tamate receptor genes and specific inhibitory GABA-A receptor
genes in the caudate but not the putamen of the striatum, indi-
cating that alcoholism-related alterations in the expression of the

main excitatory and inhibitory receptor subunits are not similar
in adjacent brain regions.

MATERIALS AND METHODS
HUMAN SAMPLES
Twenty nine human controls and 29 individuals with from
chronic alcohol dependence were included in the study. All indi-
viduals were Caucasian males except one Asian in control group
and one Australian in alcoholics group. The individuals suffer-
ing from alcoholism consumed ≥80 g alcohol per day during
the majority of their adult lives, met the criteria for Diagnostic
and Statistical Manual for Mental Disorders, fourth edition
and National Health and Medical Research Council/World
Health Organization and did not have liver cirrhosis, Wernicke–
Korsakoff ’s syndrome, or multi-drug abuse history. Individuals in
the control group had either abstained from alcohol completely
or were social drinkers who consumed ≤20 g of alcohol per day
on average. Individuals in the control group were matched to
individuals suffering from alcoholism by age, post-mortem inter-
val (PMI), brain pH, RNA quality indicator (RQI), and smoking
history (Table S1). Post-mortem brain samples were from the ros-
tral putamen and caudate nucleus. The samples from the caudate
consisted mostly of the head with potentially some contribution
from the anterior part of the body. The tissue was collected at the
New South Wales Tissue Resource Center (TRC), University of
Sydney, Australia (http://sydney.edu.au/medicine/pathology/trc/
index.php). The description of the brain bank, the protocols, eth-
ical approval and funding is described in Sheedy et al. (2008).
All the samples from these two brain regions were collected from
the same donors. All samples were collected by qualified pathol-
ogists under full ethical clearance and with informed, written
consent from the next of kin. The detailed demographic data for
all subjects are given in Table S2 in Supplementary Material.

TOTAL RNA ISOLATION
Total RNA was isolated by using RNeasy Lipid Tissue Mini
Kit (QIAGEN, Maryland, USA) and quantified with Nanodrop
ND-1000 spectophotometer (Nanodrop Technologies, Inc.). The
quality of RNA was evaluated by measuring RQI using Bio-
Rad Experion (Bio-Rad Laboratories, Hercules, CA, USA) with
Eukaryote Total RNA StdSens assay following the manufacturer’s
manual. RQI is equivalent to RNA integrity number (RIN) from
Agilent (Denisov et al., 2008). RNA samples with RQI values
greater than 5 are generally considered as suitable for RT-qPCR
(Fleige and Pfaffl, 2006; Fleige et al., 2006). In this study, sam-
ples with RQI less than 5 were not used for experiments. Average
RQI of the samples was 7.4 ± 0.2 (mean ± SEM; 84.5% sam-
ples have RQI equal or greater than 6 indicating high quality of
isolated total RNA.

QUANTITATIVE REAL-TIME RT-PCR
Total RNA (200 ng) was reverse transcribed into cDNA in a
20 μl reaction mixture using Superscript III reverse transcriptase
(Invitrogen). RT negative control was performed by omitting
reverse transcriptase in the reaction in order to confirm no
genomic DNA contamination in the isolated RNA. Real-time
PCRs were performed in a 10 μl reaction mixture containing
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4 μl cDNA (1 ng), 1 × PCR reaction buffer, 3 mM MgCl2,
0.3 mM dNTP, 1 × ROX reference dye, 0.8 U JumpStart
Taq DNA polymerase (Sigma-Aldrich), 5 × SYBR Green I
(Invitrogen), and 0.4 μM each of forward and reverse primers.
The gene-specific primer pairs (primer sequences shown in Table
S3 in Supplementary Material) were designed using database
GETPrime, EPFL (Gubelmann et al., 2011) or Primer Express
Software version 3.0 (Applied Biosystems) and then validated
using hippocampal cDNA from human brain by identification
of a single peak in the melting curve and a single band with the
expected size on an agarose gel. All samples were run in dupli-
cate and the primers covered all available transcripts for that
specific gene. Primer efficiency was not examined further as all
PCR products were shorter than 200 base pairs. Amplification
was performed in 384-well optical plates using the ABI PRISM
7900HT Sequence Detection System (Applied Biosystems) with
an initial denaturation of 5 min at 95◦C, followed by 45 cycles of
95◦C for 15 s, 60◦C for 30 s, and 72◦C for 30 s. A melting curve
was determined at the end of cycling to ensure the amplification
of a single PCR product. Cycle threshold values (Ct) were deter-
mined with the SDS 2.4 and RQ Manager 1.2 softwares supplied
with the instrument. The expression of each target gene relative to
a normalization factor was calculated with Data Assist v2.0 using
the 2−�Ct method as previously described (Schmittgen and Livak,
2008). Reference gene beta actin (ACTB) for putamen (expression
stability value M = 0.35) and caudate (expression stability value
M = 0.42) was selected for normalization according to previously
developed approach for analysis of reference genes (Johansson
et al., 2007; Kuzmin et al., 2009; Bazov et al., 2011). As the expres-
sion of reference gene may vary between different brain regions of
human alcoholics, it is of great importance to use validated stable
reference gene for normalization.

STATISTICAL ANALYSIS
Statistical analysis was carried out using Statistica 11 and data
were plotted with GraphPad Prism 6. Data were presented in scat-
ter plots with 95% confidence interval or as box and whisker plots
using the Tukey method to determine outliers (data points above
or below the whiskers). Statistical analysis was then performed
where the outliers were not included when data were compared.
Normality of data distribution was analyzed using Shapiro–Wilk
normality test (see Table S4 in Supplementary Material). The dif-
ferences between groups were assessed by One-Way ANOVA with
Bonferroni post-hoc test (normally distributed data) or nonpara-
metric Kruskal–Wallis ANOVA on ranks with Dunn’s post-hoc
test (not normally distributed data). A general stepwise linear
regression model was used to identify covariates (age, PMI, RQI,
brain pH, smoking history). Variables with a significant associ-
ation with group (controls and alcoholics) were included in the
final statistical model as covariates. A significant level was set to
p < 0.05.

RESULTS
The demographic characteristics of individuals in this study are
shown in Table S2. There was no significant difference in age,
PMI, brain pH, RQI, and proportions of smokers and non-
smokers between individuals with or without alcohol depen-
dence (Table S1). Expression of the four AMPA (GluA1-4), five

kainate (GluK1-5), seven NMDA (GluN1, 2A-D, 3A-B), two
delta (GluD1-2), and nineteen GABA-A (α1–6, β1–3, γ1–3, δ,
ε, θ, π, ρ1–3) receptor subunit mRNAs were quantified by RT-
qPCR in the samples collected from the caudate and putamen.
The primers designed for GABA-A and glutamate receptor sub-
units covered all the transcripts available today for the particular
subunit (Table S3).

DECREASED EXPRESSION OF GluN2A BUT INCREASED EXPRESSION
OF GluD1 AND GluD2 IN THE CAUDATE NUCLEUS OF ALCOHOLICS
We examined the mRNA expression of the glutamate receptor
subunits in the caudate from alcoholics and individuals without
alcohol dependence. Normalized average expression levels of the
different glutamate receptor subunits in the caudate of individuals
without alcohol dependence are shown in Figure 1. Qualitatively,
the high and medium levels of expression were defined as equal to
or greater than that of GluN1 and GluA1, respectively. The results
show high expression of GluA2 and GluN1, medium expres-
sion of GluA1, GluA3, and GluN2B, and low expression of other
glutamate receptor subunit mRNAs.

We then examined the expression level between controls
and alcoholics. The level of GluN2A mRNA was significantly
decreased whereas the levels of GluD1 and GluD2 mRNAs were

FIGURE 1 | Expression of ionotropic glutamate receptor subunit

mRNAs in the caudate of control subjects (n = 29). The mRNA level of
each subunit was normalized to reference gene ACTB and presented as
mean ± SEM.
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FIGURE 2 | Expression of ionotropic glutamate receptor subunits

mRNA in the caudate of controls (n = 29) and alcoholics (n = 29).

Data from each group is presented as scatter dot plot (◦) with mean and
95% confidence interval and box and whiskers plot with median and
whiskers plotted by Tukey method to determine outliers (•, above or
below the whiskers). Statistical analysis was performed by excluding
outliers. One Way ANOVA with Bonferroni post-hoc test, GluA1, df = 49,
p = 0.40; GluK2, df = 49, p = 0.16; GluK4, df = 49, p = 0.14; GluN2C,

df = 49, p = 0.38. Kruskal–Wallis ANOVA on ranks with Dunn’s post-hoc
test, GluA2, H(1, 53) = 1.73, p = 0.19; GluA3, H(1, 54) = 0.3, p = 0.86;
GluA4, H(1, 58) = 0.77, p = 0.38; GluK1, H(1, 55) = 2.79, p = 0.095; GluK3,
H(1, 56) = 0.23, p = 0.63; GluK5, H(1, 56) = 2.37, p = 0.12; GluN1, H(1, 28) =
3.80, p = 0.051; GluN2A, H(1, 54) = 6.82, p = 0.009; GluN2B, H(1, 54) =
3.27, p = 0.07; GluN2D, H(1, 56) = 1.68, p = 0.20; GluN3A, H(1, 52) = 0.10,
p = 0.75; GluD1, H(1, 55) = 9.7, p = 0.0018; GluD2, H(1, 50) = 10.75,
p = 0.001. ∗∗p < 0.01, ∗∗∗p < 0.001.
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Table 1 | Fold change in expression of ionotropic glutamate and

GABA-A receptor subunits.

Caudate alcoholics/ Caudate controls/

caudate controls putamen controls

GluA1 1.32

GluA3 1.30

GluK5 1.75

GluN1 1.39

GluN2A 0.64 1.66

GluN2B 1.62

GluN2D 2.10

GluN3A 1.53

GluD1 1.61 1.75

GluD2 1.60 1.70

α1 2.91

α4 1.24

δ 0.74

ε 0.50

γ1 1.36 1.41

γ2 1.44

γ3 1.37

ρ2 0.29

Fold increase is calculated by this formula = Average 2−�Ct of a group/Average

2−�Ct of another group. Fold change in expression of ionotropic glutamate and

GABA-A receptor subunits in alcoholics compared to non-alcoholic individuals in

caudate; fold change in expression of ionotropic glutamate and GABA-A receptor

subunits in caudate controls compared to putamen controls.

significantly increased in the alcoholics as compared to controls
(Figure 2, Table 1). The significance between the two groups was
not affected by age, brain pH, PMI, smoking history, or RQI. No
individual in either group consistently expressed genes at higher
level than the other individuals in the same group. In this study,
box and whisker plots with median and whiskers were plotted
using the Tukey method to determine outliers (data points above
or below the whiskers). Statistical analysis was done where the
outliers were not included when the data-sets were compared. The
mRNA levels for the remaining subunits were not altered between
the two groups in the caudate (Figure 2).

DECREASED EXPRESSION OF THE δ, ε, AND ρ2 BUT INCREASED
EXPRESSION OF THE γ1 GABA-A SUBUNIT mRNAs IN THE CAUDATE
NUCLEUS OF ALCOHOLICS
We examined the mRNA expression of the GABA-A receptor
subunits in the caudate from alcoholics and individuals without
alcohol dependence. Normalized average expression levels of the
different GABA-A receptor subunits in the caudate of individuals
without alcohol dependence are shown in Figure 3. This qualita-
tive expression of high and medium was defined as equal to or
greater than that of γ1 and δ, respectively. The results show high
expression of α1, α2, α4, α5, β1, β2, γ1, and γ2 but moderate
expression of β3 and δ. The remaining subunits were expressed
at a lower level.

The caudate levels of mRNAs encoding the δ, ε, and ρ2
subunits were significantly decreased whereas that of the γ1

FIGURE 3 | Expression of GABA-A channel subunit mRNAs in the

caudate of control subjects (n = 29). The mRNA level of each subunit
was normalized to reference gene ACTB and presented as mean ± SEM.

subunit was increased in the alcoholics as compared to controls
(Figure 4, Table 1). The mRNA levels for the remaining sub-
units were not altered between the two groups (Figure 4). The
significance between the two groups was not affected by age,
brain pH, PMI, smoking history, or RQI. No individual in either
group consistently expressed genes at higher level than the other
individuals in the same group.

UNALTERED mRNAs EXPRESSION OF GLUTAMATE AND GABA-A
RECEPTOR SUBUNITS IN THE PUTAMEN OF ALCOHOLICS
We examined the mRNA expression of the glutamate and
GABA-A receptor subunits in the putamen from alcoholics and
individuals without alcohol dependence. Normalized average
expression levels of the different receptor subunits in the puta-
men of individuals without alcohol dependence are shown in
Figures 5, 7. This qualitative expression of high and medium was
defined as equal to or greater than that of GluN1 and GluA1,
respectively, for glutamate receptors (Figure 5), and as equal to
or greater than that of γ1 and δ, respectively, for the GABA-A
receptors (Figure 7). For glutamate receptors, the results showed
high expression of GluA2 and GluN1, medium expression of
GluA1, GluA3, and GluN2B, but lower expression of other gluta-
mate receptor subunit mRNAs. For GABA-A receptors, the results
showed high expression of α2, α4, α5, β1, β2, γ1, and γ2 but
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FIGURE 4 | Expression of GABA-A channel subunits mRNA in the

caudate of controls (n = 29) and alcoholics (n = 29). Data from each
group is presented as scatter dot plot (◦) with mean and 95% confidence
interval and box and whiskers plot with median and whiskers plotted by
Tukey method to determine outliers (•, above or below the whiskers).
Statistical analysis was performed by excluding outliers. One Way ANOVA
with Bonferroni post-hoc test, α1, df = 47, p = 0.83; α2, df = 47, p =

0.17; α4, df = 47, p = 0.33; β1, df = 47, p = 0.42; β2, df = 47, p =
0.57; β3, df = 47, p = 0.81; δ, df = 47, p = 0.021; γ2, df = 47, p =
0.22; γ3, df = 47, p = 0.79. Kruskal–Wallis ANOVA on ranks with
Dunn’s post-hoc test, α3, H(1, 51) = 3.07, p = 0.08; α5, H(1, 56) = 0.86,
p = 0.35; α6, H(1, 51) = 0.0072, p = 0.93; ε, H(1, 53) = 8.41, p = 0.0037;
γ1, H(1, 53) = 5.94, p = 0.015; θ, H(1, 54) = 1.59, p = 0.19; ρ2,
H(1, 55) = 23.68, p = 0.00001. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.
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FIGURE 5 | Expression of ionotropic glutamate receptor subunit

mRNAs in the putamen of control subjects (n = 29). The mRNA level of
each subunit was normalized to reference gene ACTB and presented as
mean ± SEM.

moderate expression of α1, β3, and δ. The remaining GABA-A
subunits were expressed at a lower level.

We then examined the expression levels between controls
and alcoholics. No significant difference was detected in mRNAs
expression levels for any of the glutamate subunits (Figure 6)
nor for any GABA-A receptor subunits between the two groups
(Figure 8) in the putamen. Age, brain pH, PMI, smoking history,
or RQI did not alter the significance between the two groups.

HIGHER mRNA EXPRESSION LEVEL OF ELEVEN GLUTAMATE AND FIVE
GABA-A RECEPTOR SUBUNITS IN THE CAUDATE NUCLEUS AS
COMPARED TO THE PUTAMEN IN NON-ALCOHOLIC CONTROLS
We compared the abundance of glutamate and GABA-A recep-
tors in the caudate and the putamen by comparing the level
of the specific mRNAs expressed by these structures (Figure 9,
Table 1). Two AMPA (GluA1 and 3), one kainate (GluK5), five
NMDA (GluN1, GluN2A, N2B, N2D, and N3A) and the two delta
glutamate subunits were expressed at a higher level in the cau-
date (Figure 9) and the fold increase varied between 1.3 and 2.1
of the expression level in the putamen (Table 1). GluN3B expres-
sion level was similar in both regions but it was more frequently
expressed in the caudate samples (76%) than in the putamen

samples (28%). The GABA-A subunits that were expressed at
higher levels in the caudate as compared to the putamen were
the α1, α4, γ1, γ2, and γ3 with the fold change varying from
1.24 to 2.91. The largest difference between the two regions was
observed for the α1 subunit that was expressed at about 3-fold
higher level in the caudate. The GABA-A receptor α1, α2, and α3
subunits are often found in synapses, whereas the α4, α5, and α6
subunits are almost exclusively located outside of synapses where
they contribute to tonic currents (Lindquist and Birnir, 2006; Jin
et al., 2011b; Brickley and Mody, 2012). Interestingly, both in the
caudate and putamen, the mRNA expression levels of the α4 and
α5 subunits in this study were similar to or higher than those
of the subunits normally found in synapses, suggesting a strong
contribution of tonic inhibitory currents in the human striatal
neurons.

DISCUSSION
The dorsal striatum has an important role in mediating goal-
directed and habitual behavior and these functions are thought
to reside within the caudate and putamen, respectively (Balleine
et al., 2007). The caudate may, therefore, participate in e.g.,
goal-directed alcohol seeking whereas the putamen in the devel-
opment of habitual alcohol use (Balleine and O’Doherty, 2010;
Chen et al., 2011). Our results show that in the normal brain,
11 glutamate, and 5 GABA-A receptor genes were expressed
at a significantly higher level in the caudate than in the puta-
men. Furthermore, in the brain tissue from alcoholics there
were changes in the caudate but not the putamen in both the
glutamate and GABA-A receptor mRNA levels. In the caudate,
mRNA encoding one NMDA (GluN2A) and three GABA-A (δ,
ε, ρ2) receptor subunits were down-regulated and one GABA-A
subunit (γ1) was up-regulated. In agreement with other studies
on human post-mortem samples (Lewohl et al., 1997, 2001; Dodd
and Lewohl, 1998; Buckley et al., 2000, 2006; Mayfield et al., 2002;
Buckley and Dodd, 2004; Dodd et al., 2004; Flatscher-Bader et al.,
2005, 2006; Kalsi et al., 2009; Jin et al., 2011a, 2014a,b; Domart
et al., 2012), our study further supports that distinct functional
domains in the brain are differentially regulated and affected by
ethanol.

Of the glutamate receptors, the NMDA receptors are most sen-
sitive to ethanol and are partially inhibited by clinically relevant
ethanol concentrations (starting from 20 mM) (Lovinger et al.,
1989). How the ethanol’s inhibition of the glutamate receptors
translates to altered expression of the receptor subunits is not
understood. As the NMDA receptors are involved in many physio-
logical processes such as neuronal signal transduction, LTP, long-
term depression (LTD), excitotoxicity (also in alcohol withdrawal
phase), and neuronal survival, their altered function in alcoholics
may directly or indirectly affect gene regulation in general and
transcription of specific genes in some neurons. Epidemiological
evidence indicates that more than 50% of the risk for becoming
an alcoholic stems from genetic susceptibility (Kalsi et al., 2009).
Many glutamate receptor genes have been identified as risk genes
for alcoholism and alcohol-related phenotypes in human stud-
ies, including the GluN2A, the mRNA expression of which was
now down-regulated in the caudate of alcoholics in this study
(Wernicke et al., 2003; Petrakis et al., 2004; Rujescu et al., 2005;
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FIGURE 6 | Expression of ionotropic glutamate receptor subunits mRNA

in the putamen of controls (n = 29) and alcoholics (n = 29). Data from
each group is presented as scatter dot plot (◦) with mean and 95% confidence
interval and box and whiskers plot with median and whiskers plotted by Tukey
method to determine outliers (•, above or below the whiskers). Statistical
analysis was performed by excluding outliers. Kruskal–Wallis ANOVA on ranks
with Dunn’s post-hoc test, GluA1, H(1, 56) = 0.34, p = 0.56; GluA2, H(1, 58) =

0.2, p = 0.66; GluA3, H(1, 57) = 0.03, p = 0.86; GluA4, H(1, 56) = 0.69,
p = 0.41; GluK1, H(1, 56) = 0.38, p = 0.54; GluK2, H(1, 57) = 0.16, p = 0.69;
GluK3, H(1, 54) = 0.0012, p = 0.97; GluK4, H(1, 53) = 0.0079, p = 0.93; GluK5,
H(1, 57) = 0.0041, p = 0.95; GluN1, H(1, 57) = 0.66, p = 0.42; GluN2A, H(1, 53) =
1.22, p = 0.27; GluN2B, H(1, 57) = 0.47, p = 0.49; GluN2C, H(1, 57) = 0.057,
p = 0.81; GluN2D, H(1, 50) = 0.28, p = 0.60; GluN3A, H(1, 53) = 0.98, p = 0.32;
GluD1, H(1, 58) = 2.07 p = 0.15; GluD2, H(1, 56) = 2.42, p = 0.12.
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FIGURE 7 | Expression of GABA-A channel subunit mRNAs in the

putamen of control subjects (n = 29). The mRNA level of each subunit
was normalized to reference gene ACTB and presented as mean ± SEM.

Kim et al., 2006; Preuss et al., 2006; Ray et al., 2009; Ridge et al.,
2009; Domart et al., 2012; Jin et al., 2014a,b). NMDA recep-
tors are tetrameric channels composed of two GluN1 subunits
and either two GluN2 or a combination of GluN2 and GluN3
subunits (Smart and Paoletti, 2012). Importantly, the glutamate-
binding GluN2 subunits mostly determine the synaptic function
of NMDA receptors (Zhang and Luo, 2013), and if faithfully
translated into protein, the low mRNA level in alcoholics would
mean reduced NMDA receptor-mediated excitation in the cau-
date. The possible functional significance of the increased GluD1
and GluD2 subunit expression is not known.

The GABA-A receptors are chloride ion channels that are
opened by GABA and when activated they decrease excitabil-
ity of neurons. The GABA-A channels are pentameric and a
change in the subunit composition can directly affect its cellu-
lar and sub-cellular location as well as physiological and phar-
macological properties of the receptors (Olsen and Sieghart,
2009). Clinically relevant concentrations of alcohol may enhance
GABA-A receptor-mediated currents in the brain (Olsen et al.,
2007; Uusi-Oukari and Korpi, 2010). Many GABA-A receptor
subunits have been correlated with alcoholism and alcohol-
related phenotypes in human and animal studies, including the
δ and γ1 subunits that we identified in this study (Devaud

et al., 1995; Lewohl et al., 1997, 2001; Dodd and Lewohl, 1998;
Matthews et al., 1998; Buckley et al., 2000, 2006; Buckley and
Dodd, 2004; Liang et al., 2007; Jin et al., 2011a, 2014a). The
most common GABA-A subunit in the mammalian brain is the
α1 subunit, which can be located both at synapses and out-
side of synapses, whereas the α4 or α5 subunits are thought to
have a more restrictive expression and be mostly located extrasy-
naptically (Jin et al., 2011b; Brickley and Mody, 2012). It was,
therefore, surprising that high expression levels were observed
for the α4 and α5 mRNAs in both the caudate and putamen.
Our results suggest a strong tonic contribution of the GABA-A
receptor function in these regions in addition to the synaptic
GABAergic transmission. In agreement, also in mice large tonic
currents have been detected in electrophysiological experiments
on dorsal striatal neurons (Ade et al., 2008). The δ subunit is
known to be exclusively located extrasynaptically, to combine in
the forebrain with α4β subunits to form GABA-A receptors that
have high affinity for GABA and that are modulated by ethanol
(Brickley and Mody, 2012). In our study, the δ subunit was signif-
icantly down-regulated in the caudate from alcoholics indicating
decreased tonic inhibition in the caudate region, which would be
expected to increase the basic excitability of the neurons. In ani-
mal models, the δ subunit-containing receptors have been shown
to regulate alcohol consumption and withdrawal (Mihalek et al.,
2001) and their pharmacological activation has been linked to
conditioned aversion (Vashchinkina et al., 2012), suggesting a
correlation of the reduced δ subunit expression with low aversion
and reduced withdrawal symptoms in alcoholics. The significance
of the reductions of ε and ρ2 subunits in alcoholics is unknown,
as their functions have been studied very little, with the ε subunit
being the least conserved subunit between rodents and humans
(Sinkkonen et al., 2000).

The GABA-A γ1 subunit was up-regulated in alcoholics in
the caudate. Interestingly, GABA-A receptors that contain this
subunit are potentiated by neurosteroids (Puia et al., 1993) and
ethanol promotes release of endogenous neurosteroids (Biggio
et al., 2007) thus enhancing GABA-A currents in neurons.
Chronic ethanol administration in rodents significantly increases
expression of the γ1 subunit in the cerebral cortex (Devaud
et al., 1995) and hippocampus (Cagetti et al., 2003) and a similar
increase was recorded in hippocampal post-mortem brain sam-
ples from alcoholics (Jin et al., 2011a). Factorial analysis of global
GABAergic gene expression in human brains has further identi-
fied the α2β1γ1 gene cluster on chromosome 4 as being influ-
enced by chronic alcohol exposure (Enoch et al., 2013). Therefore,
increased sensitivity to neurosteroids of GABA-A receptors may
be associated with alcoholism.

Importantly, although alcohol may affect levels of glutamate
and GABA-A receptors in the brain by a multitude of mecha-
nisms, our results in this study and recent studies involving the
hippocampus, prefrontal cortex, orbitofrontal cortex and amyg-
dala (Jin et al., 2011a, 2014a,b) suggest a strict regional specificity
of the effects of alcohol on the mRNA expression of ionotropic
glutamate and GABA-A receptor subunits.

Chronic, heavy consumption of alcohol by humans has been
shown to lead to impairment of executive and cognitive functions
that require normal prefrontal cortical function (Goldstein et al.,
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FIGURE 8 | Expression of GABA-A channel subunits mRNA in the

putamen of controls (n = 29) and alcoholics (n = 29). Data from each
group is presented as scatter dot plot (◦) with mean and 95%
confidence interval and box and whiskers plot with median and whiskers
plotted by Tukey method to determine outliers (•, above or below the
whiskers). Statistical analysis was performed by excluding outliers. One
Way ANOVA with Bonferroni post-hoc test, α1, df = 47, p = 0.64; α2,

df = 47, p = 0.12; α6, df = 47, p = 0.15; β1, df = 47, p = 0.14; β2,
df = 47, p = 0.40; β3, df = 47, p = 0.55; δ, df = 47, p = 0.093.
Kruskal–Wallis ANOVA on ranks with Dunn’s post-hoc test, α3,
H(1, 52) = 0.22, p = 0.64; α4, H(1, 57) = 0.98, p = 0.32; α5, H(1, 58) = 0.44,
p = 0.51; ε, H(1, 53) = 0.14, p = 0.71; γ1, H(1, 53) = 0.27, p = 0.61; γ2,
H(1, 56) = 0.20, p = 0.65; γ3, H(1, 55) = 1.51, p = 0.22; ρ2, H(1, 58) = 2.00,
p = 0.16; θ, H(1, 47) = 3.27, p = 0.071.
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FIGURE 9 | Comparison of GABA-A and ionotropic glutamate receptor

subunit mRNAs in the caudate and putamen of controls (n = 29). Data
from each group is presented as scatter dot plot (◦) with mean and 95%
confidence interval and box and whiskers plot with median and whiskers
plotted by Tukey method to determine outliers (•, above or below the
whiskers). Statistical analysis was performed by excluding outliers. One
Way ANOVA with Bonferroni post-hoc test, GluA1, df = 52, p = 0.04;
α2, df = 52, p = 0.11; α4, df = 52, p = 0.019; α5, df = 52, p = 0.79;
α6, df = 52, p = 0.45; β1, df = 52, p = 0.086; β2, df = 52, p = 0.48;
β3, df = 52, p = 0.96; δ, df = 52, p = 0.77. Kruskal–Wallis ANOVA on
ranks with Dunn’s post-hoc test, GluA2, H(1, 55) = 0.48, p = 0.49; GluA3,

H(1, 54) = 4.99, p = 0.026; GluA4, H(1, 56) = 3.34, p = 0.068; GluK1,
H(1, 56) = 2.6, p = 0.11; GluK2, H(1, 54) = 2.48, p = 0.12; GluK3, H(1, 53) =
1.42, p = 0.23; GluK4, H(1, 53) = 0.0051, p = 0.94; GluK5, H(1, 56) = 7.31,
p = 0.0069; GluN1, H(1, 56) = 5.23, p = 0.022; GluN2A, H(1, 56) = 10.28,
p = 0.0013; GluN2B, H(1, 57) = 8.35, p = 0.0039; GluN2C, H(1, 55) =
0.19, p = 0.66; GluN2D, H(1, 52) = 5.06, p = 0.025; GluN3A, H(1, 52) =
4.83, p = 0.028; GluD1, H(1, 56) = 7.28, p = 0.007; GluD2, H(1, 53) = 8.33,
p = 0.0039; α1, H(1, 49) = 23.62, p = 0.0000; α3, H(1, 50) = 1.47, p = 0.23;
ε, H(1, 54) = 0.96, p = 0.33; γ1, H(1, 53) = 7.03 p = 0.008; γ2, H(1, 58) =
6.31 p = 0.012; γ3, H(1, 57) = 7.45 p = 0.0063; ρ2, H(1, 57) = 2.20 p =
0.14; θ, H(1, 50) = 0.85 p = 0.36. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

2004; Crego et al., 2010). We have previously shown in post-
mortem samples from alcoholics that the mRNA expression levels
of glutamate and GABA-A receptors in the dorsal-lateral pre-
frontal cortex (DL-PFC) are not altered from that of normal
controls (Jin et al., 2014b). This is in contrast to the present
study where mRNA expression of specific glutamate and GABA
receptor subunits were altered in the caudate of the alcoholics.
Imaging studies have demonstrated connectivity and significant

co-activation between caudate and higher level cognitive areas
like the DL-PFC, rostral anterior cingulate and inferior frontal
gyri (Strafella et al., 2003; Postuma and Dagher, 2006; Grahn
et al., 2008). In contrast, the putamen links more to the pri-
mary cortical motor areas (Postuma and Dagher, 2006; Grahn
et al., 2008). Recent neurobiological ideas of alcoholism (Depoy
et al., 2013) suggest that there may be diminished executive effects
on alcohol seeking and behavior and, rather, a shift to greater
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striatal control over goal-directed rewarded behaviors that may
be critical in progress of becoming an alcoholic. Our finding of
alterations in excitatory and inhibitory receptor subunit mRNA
expression in the caudate might constitute a part of the underly-
ing neuropathological mechanisms of the shift in striatal function
of alcoholics.
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