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Abstract
Ethanol is a modulator at the N-methyl-D-aspartate class of glutamate receptors in the brain. In
animal studies the receptor adapts to sustained ethanol exposure through altered expression of the
subunits that make up the receptor complex. We used real-time RT-PCR normalized to GAPDH to
assay NR1, NR2A, and NR2B subunit mRNA in superior frontal and primary motor cortex tissue
obtained at autopsy from chronic alcoholics with and without co-morbid cirrhosis of the liver, and
from matched controls. The expression of all three subunits was significantly lower in both areas
of cirrhotic alcoholics than in the corresponding areas in both controls and alcoholics without co-
morbid disease, who did not differ significantly from each other. The decrease was area-dependent
when cases were partitioned by the 5-HTTLPR allele. Thus, polymorphisms in one gene can have
a significant effect on the expression of a second, unrelated, gene. The expression of the N-
methyl-D-aspartate glutamate receptor complex is under multifactorial control.
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Ethanol has been used as a psychoactive substance for millennia; its misuse (alcohol
dependence; alcoholism) is a major medical and social problem worldwide. There are an
estimated 20 million alcoholics in the United States alone.1 It is a complex disease with
specific neurologic effects that lead to brain damage. This manifests as generalized brain
shrinkage, loss of white matter, and dendritic pruning. Loss of neurons also occurs, and is
greater in the superior frontal cortex (SFC) than other cortical regions. The extent of
neuronal loss is higher in subjects with co-morbid cirrhosis of the liver.2 The propensity to
develop alcohol dependence is modulated by many genetic factors, and numerous
polymorphisms associated with alcohol dependence have been identified. Genes include
those involved in ethanol metabolism, such as alcohol and aldehyde dehydrogenases,3 and
many that encode receptors and transporters for transmitters such as glutamate, γ-
aminobutyrate (GABA), serotonin (5-HT), and dopamine.4-7
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The N-methyl-D-aspartate class of glutamate receptors (NMDARs) is involved in several
physiological and pathophysiological processes, including synaptic plasticity, ischemia,
neurodegeneration, and convulsions. NMDARs also mediate, in part, the acute effects of
ethanol. NMDARs are heteromeric ionotropic receptors that can be found postsynaptically
to most glutamatergic neurons. The receptor consists of an essential NR1 subunit in
combination with a number of NR2 subunits. Its stoichiometry has been contentious,
although consensus opinion favors a tetramer of two NR1 and two NR2 subunits.8 The
receptor forms an ion channel that is blocked by Mg2+. Binding of the co-agonists glutamate
and glycine and removal of the Mg2+ block by plasma-membrane depolarization allows
influx of K+ and Ca2+, which leads to the generation of an action potential. The influx of
Ca2+ affects many Ca2+-dependent signaling pathways, including Ca2+/calmodulin-
dependent kinase, protein phosphatases, proteases, and phospholipases.9

The NR1 subunit gene can give rise to eight splice variants. In contrast, four distinct genes
encode NR2 subunits, yielding isoforms A–D. Differing combinations of NR1 splice
variants and NR2 subunits in the receptor complex give rise to functional diversity. Chronic
ethanol administration alters NMDAR subunit mRNA and protein expression in animal
models.10 Up-regulation of NMDARs, changes in phosphorylation state, and variations in
subunit combinations alter NMDAR function. This leads to tolerance to the effects of
NMDAR modulators, including ethanol.10 Altered NMDAR function persists after ethanol
intake ceases and may contribute to the symptoms of the alcohol withdrawal syndrome.10

Alcohol dependence is typical of many addictions in that (i) alcohol is consumed despite an
awareness of its detrimental effects, both physiological and social, and (ii) relapse can occur
even after an extended period of abstinence.11 Mesolimbic circuits utilizing monoamine
neurotransmitters play a significant role in the addiction process.

Here we report the quantification of NM-DARs’ NR1, NR2A, and NR2B subunit mRNA in
autopsy brain tissue from nonalcoholic, alcoholic, and cirrhotic-alcoholic subjects. We
found decreases in all transcripts, and an area-dependent effect of the 5-HTTLPR genotype,
in cirrhotic alcoholics. The data highlight the multifactorial nature of alcoholism.

Material and Methods
Tissue

Unfixed frozen tissue samples were obtained from the Queensland Brain Bank and the NSW
Tissue Resource Centre under the auspices of the Australian Brain Bank Network. Ethical
clearance was obtained from the University of Queensland Medical Research Ethics
Committee (HEC #2006000901).

RNA
Total RNA was extracted from tissue using Trizol reagent (Invitrogen, Mount Waverley,
Victoria, Australia) following the manufacturer’s protocol. RNA was quantified
spectrophotometrically and stored at −80°C. cDNA was made from 2 μg of total RNA using
oligo-dT primers and Superscript III Reverse Transcriptase® (Invitrogen) following the
manufacturer’s instructions. cDNA was diluted 50-fold for real-time RT-PCR

Real-Time RT-PCR
The levels of NR1, NR2A, NR2B, and GAPDH mRNA transcripts were determined using
the following primer pairs: NR1-RTF, 5′-GTCCACCAGACTGAAGATTGTGAC-3′; NR1-
RTR, 5′-CTCCTCCTTGCATGTCCCA-3′; NR2A-RTF, 5′-
GCTCTTCTCCATCAGCAGGG-3′; NR2A-RTR, 5′-
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GGATCCCGTCAGATTGAAGTCT-3′; NR2B-RTF, 5′-
GGTCTTCTCCATCAGCAGAGG-3′; NR2B-RTR, 5′-TGTTGTTCATGGTTGCGGT-3′;
GAPDHF, 5′-GGCATGGACTGTGGTCATGAG-3′; GAPDHR, 5′-
TGCACCACCAACTGCTTAGC-3′.

Primers were used at 300 nM final concentration. 2.5 μL of diluted cDNA was used with the
appropriate primers plus 12.5 μL SYBR® GREEN PCR Master Mix (Applied Biosystems,
Scoresby, Victoria, Australia) in a total volume of 25 μL. Real-time RT-PCR was carried
out using an ABI Prism 7000 Sequence Detection System (Applied Biosystems) with
cycling parameters of initial denaturation at 95°C for 10 min, then 45 cycles of 95°C for 15
s, and 60°C for 1 min. For each sample all four transcripts were measured in duplicate.
Duplicates with cycle threshold (CT) values differing by more than 0.3 standard deviations
(SD) were re-run until consistency was achieved. Expression values were normalized to
GAPDH and expressed as 2−ΔCT, where ΔCT is the difference between the CT values of the
target transcript and GAPDH from the same tissue sample.

Genotyping
The 5-HTTLPR genotype was determined for each case using PCR.12

Data Analysis
Initial assessment by normal probability plots (Fig. 1) showed that the 2−ΔCT data
distribution was skewed, and required a logarithmic transformation.13 Since CT values are in
essence a log2 transform of 2−CT values—the amount of PCR product doubles every cycle
—all statistical tests were performed on ΔCT data. This gave colinear normal probability
plots (Fig. 1). The ΔCT values were analyzed by ANOVA using the Statistica program
(Statsoft, Inc., Tulsa, OK, USA) with Newman–Keuls post hoc tests for pair-wise
comparisons.13 Statistical significance was accepted at P < 0.05. Means and SEMs
calculated in ΔCT units were converted back to the 2−ΔCT scale for presentation.

Results and Discussion
Data Pre-Processing and Confounding Factors

The relative levels of NR1, NR2A, and NR2B transcripts were quantified in control,
alcoholic, and alcoholic-cirrhotic samples in an ‘affected’ area (SFC) and a ‘spared’ area
(primary motor cortex, PMC), using GAPDH expression as a housekeeper. In a series of
studies we have found that GAPDH expression does not differ between controls and
alcoholics with and without co-morbid disease over a range of cortical areas, ages, and
postmortem intervals, and the same was true here (not shown). Receptor transcripts and
proteins are generally quite stable post mortem in human brain, although case-numbers have
generally not been very high in earlier work.14 All three NMDAR subunit mRNA transcripts
were strikingly stable up to at least 100 hours post mortem (Fig. 2). Transcript expression
also did not vary significantly in subjects ranging between about 30 and 80 years of age
(Fig. 2). Our large data set (55 cases and controls) allowed us to examine whether these
regressions differed between case-groups. Although the Group × PMI interaction fell short
of statistical significance, there was a significant tendency for the expression of all three
transcripts, in both cortical areas, to trend in opposite senses with increasing postmortem
delay in controls and alcoholics with-out co-morbid disease (Fig. 3). There was no trend in
cirrhotic alcoholics (Fig. 3). To guard against possible confounds, the analyses presented
below were repeated using a heterogeneous slopes model with PMI as the covariate. In all
instances tested, this did not alter the key statistical indices, or the calculated within-cell
mean and SEM values, to any but the most minor extent, primarily because the case groups
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were closely matched on PMI. The regressions on age did not differ significantly between
groups (Fig. 2 [legend]).

Uncomplicated Alcoholics
For alcoholics without co-morbid disease, NR2B mRNA expression in the SFC trended
higher than that in the PMC (Fig. 4), but this regional difference only reached statistical
significance in cirrhotic alcoholics (Fig. 4). A number of techniques have been used to
quantify the level of NMDAR and its subunits in animal models of alcohol misuse. In mouse
hippocampus, binding of the NMDAR-specific ligand MK801 is significantly increased.15 A
similar increase is seen in rat forebrain.16,17 Notably, however, the increased binding in
mouse brain was not accompanied by increased NR1 or NR2A subunit mRNA expression,
even though the corresponding protein isoforms were more abundant.18 In
electrophysiological studies in vitro there is increased NMDAR density in cultured
cerebellar granule cells exposed to ethanol.19 These data suggest that NM-DAR
functionality may be broadly enhanced in response to alcohol to compensate for its effects.

A general NMDAR upregulation was not reflected in the mRNA expression measured here,
where only the NR2B transcript in the alcoholic SFC trended nonsignificantly higher than in
control SFC. In whole-animal and cell-culture models, mRNA expression is highly
dependent on the ethanol-exposure paradigm used and the brain area assayed. For example,
chronic ethanol exposure led to lower NR2B mRNA expression in caudate-putamen and the
hippocampal CA region in rats,20 whereas NR2B mRNA levels were unchanged under a
low-dose paradigm, and significantly reduced in a high-dose paradigm, in a cell-culture
model.21 The NR2B transcript showed a regional trend here, with the level in SFC higher
than that in PMC. This suggests that the NR2B subunit may play a role in susceptibility to
alcohol-induced neuronal loss. However, there was a general lack of regional difference in
mRNA expression between alcoholics and controls.

Cirrhotic Alcoholics
All three transcripts, in both areas, showed reduced expression in cirrhotic alcoholics. This
reduction was significant for mean NMDA receptor subunit mRNA expression, as well as
for the three transcripts considered separately (Fig. 4). This is not consistent with increased
NMDAR functionality in response to ethanol. However, liver failure in an animal model led
to a significant reduction in NMDA-sensitive L-glutamate binding sites in several brain
regions, including cortex.22 The mechanism involved is unresolved, but liver failure and
consequent hyperammonemia alter brain glutamatergic systems.23 High concentrations of
ammonia induce astrocytes to increase glutamate release, reduce expression of the
transporters EAAT1 and EAAT2, and decrease glutamine synthetase activity through
tyrosine nitration.23,24 The overall effect is an increase in extracellular glutamate levels,
which would be expected to downregulate glutamate receptors. The lower levels of all three
transcripts in both areas in cirrhotic alcoholics could arise from such a mechanism, and
thereby more than counteract the increase in NMDARs in response to ethanol. It must also
be noted that development of alcoholic cirrhosis may depend on drinking patterns, lifetime
ethanol consumption, and beverage preference.25 Thus, the striking effects seen in cirrhotic
alcoholics may be due to cirrhosis in combination with a number of other factors.

Sex Effects
The expression of NMDAR subunit mRNA was analyzed using sex as a categorical
predictor (Fig. 5). The four-factor interaction showed a strong trend but Newman–Keuls
post hoc testing did not reveal any significant pair-wise differences. The less-stringent
Fisher’s LSD test did detect a trend toward lower NR1 levels in PMC in cirrhotic-alcoholic
females than in the same area in female controls and uncomplicated alcoholics (Fig. 5). In
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our previous work female cirrhotic alcoholics showed higher [3H]MK801 binding capacity,
but lower glutamate-mediated enhancement of [3H]MK801 binding, than other subjects,
indicative of a possible subunit switch,26 although case-numbers were small. Post-
translational mechanisms, such as receptor assembly, trafficking, and survival, may also
play significant roles in determining receptor density and functionality.

5-HTTLPR Genotype
The cases were genotyped on a number of markers reportedly associated with human
alcoholism, including the 5-HTTLPR polymorphism. 5-HT plays roles in the control of
mood, appetite, and sleep, among other functions. The 5-HT transporter (5-HTT) mediates
5-HT up-take into the synaptic ending to terminate serotonergic transmission. 5-HTT is the
site of action of some antidepressants, and of cocaine and amphetamines.

A functional polymorphism has been identified in the promoter of the 5-HTT gene. This
contains a varying number 20–23-bp imperfect repeats, which can occur as the long (L)
allele (16 repeats) or the short (S) allele (14 repeats). This polymorphism, 5-HTTLPR,
affects the transcription of the 5-HTT gene: transcription levels are 3-fold higher in cells
carrying the L allele.27

The 5-HTTLPR genotyping data for the subjects studied here is summarized in Table 1. The
distribution of the genotypes within each group conformed to Hardy–Weinberg equilibrium.
χ2 analysis showed no significant group differences, but the sample size is too small for
statistical validity. Comparing all others to alcoholics, or all others to cirrhotic alcoholics,
failed to reveal significant differences. The S allele is reportedly significantly associated
with alcohol dependence4 and with increased alcohol consumption in social drinkers.28

However, several studies dispute this, and find no association of 5-HTTLPR with
alcoholism.12,29,30 The association is further complicated by the identification of 10
additional polymorphisms within the 5-HTT promoter region,31 one of which (an A→G
substitution in the L allele) gives similar expression levels to the S allele in cell culture.32

ANOVA on the expression data was carried out using 5-HTTLPR genotype as a categorical
predictor. The analysis was simplified by comparing SS homozygotes to all others (Fig. 6).
There was a significant four-factor interaction on the 2−ΔCT scale, but not on the CT scale
(Fig. 4). In the SFC, the SS genotype was associated with lower NMDAR subunit
expression in cirrhotic alcoholics than in controls and non-co-morbid alcoholics, most
markedly for the NR1 subunit (Fig. 6). The SS genotype was associated with higher NR1
and NR2A levels in PMC in non-co-morbid alcoholics (Fig. 6).

The serotonergic system has been associated with alcohol consumption and dependence.
Animal studies have supported its role in alcohol intake, and by inference in the
development of alcohol misuse in human subjects. Specific 5-HT antagonists, serotonergic
neurotoxins, and 5-HT uptake enhancers can all reduce the level of brain 5-HT and increase
ethanol intake. In contrast, the direct or systemic application of 5-HT, or the application of
5-HT-releasing compounds or selective serotonin reuptake inhibitors (SSRIs), can lead to an
increase in brain 5-HT and a concomitantly reduced ethanol in-take.33 Clearance of 5-HT
from the brain is inhibited by ethanol via a mechanism independent of 5-HTT.34 It is
possible that individuals with the SS genotype, with reduced 5-HTT activity, may have a
compensatory decrease in 5-HT release to counteract this. This may in turn lead to altered
ethanol consumption behavior to maintain higher levels of 5HT. These individuals may
drink to maintain a constant blood alcohol level and hence higher overall NMDAR density,
as in some cell-culture and animal models.
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Conclusions
From the data presented here, alcohol misuse had a significant regional effect on the levels
of NMDAR subunit mRNA. Liver cirrhosis modulated the levels of all subunit transcripts in
both SFC and PMC. An interaction between neurotransmitter systems was shown by the
influence of the 5-HTTLPR polymorphism on NMDAR subunit mRNA expression. The
analysis of autopsy brain tissue is a useful way to understand the effect of chronic human
alcoholism and highlights the need for an integrated approach in which the influence of co-
morbid conditions and genotype are considered.
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Figure 1.
Normal probability plots of the distribution of NMDA receptor subunit mRNA expression
data expressed on a 2−ΔCT scale (upper panel) or a ΔCT scale (lower panel). All the 2−ΔCT

distributions differed significantly from normal by Shapiro–Wilks tests, P < 0.01 in each
instance. Open circles, NR1 mRNA in SFC; open squares, NR1 in PMC; open triangles,
NR2A in SFC; open diamonds, NR2A in PMC; solid circles, NR2B in SFC; solid squares,
NR2B in PMC.

Ridge et al. Page 8

Ann N Y Acad Sci. Author manuscript; available in PMC 2013 November 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Regression of mRNA expression on postmortem interval (A) and age at death (B). The
overall regressions were not statistically significant: PMI, F1,54 = 0.03, P = 0.87; age, F1,54
0.12, P = 0.073. The group × age interaction was = also not significant, F2,52 = 1.054, P =
0.36. Key as for Figure 1.
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Figure 3.
Within-group regressions on PMI. The group × PMI interaction approached statistical
significance, F2,52 = 2.986, P = 0.059. Note the consistent upward tend with increasing PMI
in controls, and the opposite tendency in alcoholics without co-morbid disease. Although
neither within-group regression considered separately reached significance (controls: F1,19 =
3.178, P = 0.091; alcoholics with-out co-morbid disease: F1,21 = 3.135, P = 0.091), the
between-group comparison restricted only to these subjects did (F1,38 = 6.189, P = 0.017).
There was no discernible trend in cirrhotic-alcoholic subjects (F1,12 = 0.014, P = 0.91). Key
as for Figure 1.
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Figure 4.
Relative subunit mRNA expression in frontal and motor cortex. SFC: open columns; PMC:
shaded columns. The main effect for group was significant, F2,56 = 4.824, P = 0.012; post
hoc Newman–Keuls testing showed that overall mean subunit mRNA expression in cirrhotic
alcoholics differed from that in both controls (P = 0.0087) and non-cirrhotic alcoholics (P =
0.011), who did not differ from each other. For the individual transcripts averaged across the
two areas, Newman–Keuls tests showed that values in cirrhotic alcoholics differed from
those in controls (NR1: P = 0.012; NR2A: P = 0.021; NR2B, P = 0.041); from those in non-
cirrhotic alcoholics (NR1: P = 0.018; NR2A, P = 0.054; = NR2B, P = 0.041); and from
values averaged across controls and non–co-morbid alcoholics (NR1: P = 0.0057; NR2A, P
= 0.025; NR2B, P = 0.0078). In no instance did controls differ from alcoholics without co-
morbid disease on these tests. For NR2B transcripts in cirrhotic alcoholics, SFC expression
differed from that in the PMC, P = 0.025 by Newman–Keuls test; no other regional
difference was significant for any transcript in any group. Mean ΔCT values were converted
to 2−CT values for presentation; error bars represent SEM.
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Figure 5.
NMDA receptor subunit transcript expression in male and female subjects. Controls: open
columns, n = 20; alcoholics without co-morbid disease: lightly shaded columns, n = 22;
cirrhotic alcoholics: darkly shaded columns, n = 13. The transcript × area × group × sex
interaction showed a trend toward differing patterns across the groups, F4,104 = 2.018, P =
0.097. No pair-wise difference was significant by Newman–Keuls post hoc test, although in
female PMCS, NR1 expression in cirrhotic alcoholics showed a tendency to differ from that
in both controls (P = 0.035) and combined controls plus non-co-morbid alcoholics (P 0.039)
on Fisher’s LSD test.
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Figure 6.
Effect of 5-HTTLPR genotype on NMDA receptor subunit mRNA expression. The
genotype was simplified to a comparison of SS homozygotes with LS heterozygotes plus LL
homozygotes. Although the four-factor interaction term (transcript × area × group ×
genotype) was significant on the 2−ΔCT scale (F4,100 = 2.599, P = 0.041), this finding must
be treated with caution as it did not achieve significance on the ΔCT scale (F4,100 = 1.275,
P= 0.29). Newman–Keuls testing showed there was =a difference in mean mRNA
expression averaged across the three transcripts: in SFC, expression in SS cirrhotic
alcoholics was significantly lower than that in combined controls plus non-co-morbid
alcoholics, P = 0.023; in PMC, expression in LL LS cirrhotic alcoholics was significantly
lower than that in combined controls plus non-co-morbid alcoholics, P = 0.014. For the
transcripts considered separately, no pair-wise comparison reached significance on this test,
but NR1 expression in SS cirrhotic alcoholics was lower by Fisher LSD test than that in SS
controls (P = 0.033), SS uncomplicated alcoholics (P = 0.036), and combined SS controls
plus non-co-morbid alcoholics (P = 0.019). NR1 expression in LL + LS cirrhotic alcoholics
was also lower than that in LL + LS controls on this criterion (P = 0.023). Key as for +
Figure 5.
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TABLE 1
Genotype and Allele Frequencies of the 5HTTLPR Polymorphism

Genotype Frequency Allele Frequency
H–WE
P valueGroup n LL LS SS L S

Control 20 0.200 0.450 0.350 0.425 0.575 0.939

Alcoholic 22 0.364 0.455 0.182 0.591 0.409 0.961

Cirrhotic alcoholic 13 0.231 0.538 0.231 0.500 0.500 0.962
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