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Abstract

Background Bipolar disorder (BD) is a recurrent and
disabling illness, characterized by periods of depression
and mania. The history of the illness differs widely
between patients, with episode frequency emerging as a
strong predictor of poor illness outcome. Lithium salts are
the first-choice long-term mood-stabilizing therapy, but not
all patients respond equally to the treatment. Evidence
suggests that alterations in glutamatergic systems may
contribute to the pathophysiology of depression. Moreover,
glutamate signaling is involved in brain development and
synaptic plasticity, both of which are modified in individ-
uals affected by BD, and has been implicated in the eti-
ology of the disorder. The inactivation of glutamate is
handled by a series of molecular glutamate transporters
(excitatory amino acid transporters [EAATSs]), among
which EAAT2/SLC1A2 is responsible for up to 95% of
extracellular glutamate clearance. A functional single-
nucleotide polymorphism at —181 bp from the transcrip-
tion start site of the SLCIA2 gene has been described. This
T-to-G (DNA forward strand) polymorphism, commonly
known as SLCIA2 —181A>C, affects transporter expres-
sion, with the variant G allele inducing a 30% reduction in
promoter activity compared with the T allele.

Objective The aims of the study were to investigate if
factors affecting glutamate function, such as SLCIA2
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—181A>C (rs4354668), could affect recurrence of illness
in BD, and if they interact with lithium salt treatment.
Methods We performed an observational study in our
university hospital in Milan. We enrolled 110 subjects
(76 females, 34 males) affected by BD type I. The
exclusion criteria were other diagnoses on Axis I, mental
retardation on Axis II, a history of epilepsy, and major
medical and neurologic disorders. Fifty-four patients had
been treated with lithium salts for more than 6 months.
Patients were genotyped for SLCIA2 —181A>C by
polymerase chain reaction-restriction fragment length
polymorphism, and the influence of genotype on BD
episode recurrence rates, and the interaction between the
single nucleotide polymorphism and lithium treatment,
were analyzed.

Results The SLCIA2 —181A>C genotype significantly
influenced the total recurrence of episodes, with T/T
homozygotes showing a significantly lower frequency of
episodes (F = 3.26; p = 0.042), and an interaction
between lithium treatment and genotype (F = 3.77;
p = 0.026) was found to influence the history of the
illness.

Conclusion According to our results, the glutamatergic
system could be hypothesized to exert some influence on
the history of illness in BD. The SLCIA2 functional
polymorphism was shown to significantly influence the
total episode recurrence rate, with wild-type T homozy-
gotes presenting the lowest number of episodes, G homo-
zygotes reporting the highest number, and heterozygotes
showing an intermediate phenotype. We confirmed the
efficacy of lithium treatment in reducing the recurrence of
illness in BD, and we found an interaction between lithium
treatment and the SLCIA2 —181A>C genotype, confirm-
ing previous studies reporting an interaction between lith-
ium salts and the glutamatergic system.
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1 Introduction

Bipolar disorder (BD) is a recurrent and disabling illness,
characterized by periods of depression and mania. Among
bipolar patients, the episode frequency can range from once
in a lifetime to many per year, with over 90% of patients
experiencing more than one affective episode during their
lifetime [1]. Episode frequency emerges as a strong pre-
dictor of poor illness outcome [2, 3]. The clinical features,
phenomena, and evolution of the disorder differ between
men and women, especially the course of the illness, with
manic episodes being more common in men and depressive
episodes occurring more frequently in women [4].

Lithium salts are the first-choice long-term mood-stabi-
lizing therapy for BD, with proven efficacy in preventing
relapse of both mania and depression, but not all patients
respond equally to lithium therapy. Clinical predictors
account for less than half of the variance, and there is evidence
suggesting that genetic factors play a substantial role in
influencing the response [5, 6].

Glutamate is the principal excitatory neurotransmitter in
the central nervous system, with glutamatergic neurons
being prominently represented in the cerebral cortex and
limbic regions of the brain. Accumulation of excess
extracellular glutamate and subsequent overstimulation of
glutamatergic receptors increase the production of reactive
and excitotoxic oxygen/nitrogen species, which induce
oxidative stress, leading to neuronal death [7]. The inacti-
vation of glutamate is handled by a series of molecular
glutamate transporters (excitatory amino acid transporters
[EAATS]), which are membrane-bound pumps that closely
resemble ion channels. These transporters play the impor-
tant role of regulating concentrations of glutamate in the
extracellular space, maintaining it at low physiologic levels
that promote biologic function without promoting toxicity
[8]. Five human EAATs have been cloned; among them,
EAAT? is responsible for up to 95% of extracellular glu-
tamate clearance [9]. Although EAAT?2 is expressed pri-
marily on astrocytes, it has also been found in neurons and
oligodendrocytes [10]. Impairment of glutamate uptake by
dysfunction or reduced expression of EAAT2 has been
implicated in the pathogenesis of various neurodegenera-
tive diseases, such as Alzheimer’s disease, Huntington’s
disease, and amyotrophic lateral sclerosis [7].

The gene encoding EAAT2 in humans is SLCIA2 [sol-
ute carrier family 1 (glial high affinity glutamate trans-
porter), member 2], located on chromosome 11p13-12 [11].
Mallolas and colleagues [12] described a T-to-G (DNA
forward strand) functional polymorphism at —181 bp from
the transcription start site of the SLCIA2 gene, which is
commonly known as —181A>C. The mutation abolishes a
putative regulatory site for activator protein-2 and creates a
new binding site for the transcription repressor factor GC-
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binding factor 2, resulting in less transporter expression
and with the C allele inducing a 30% reduction in promoter
activity compared with the A allele.

The mutant genotype has been associated with an increase
in blood glutamate levels and with a worse outcome of human
stroke [12]. It has also been associated with higher glutamate
plasma levels during the course of a relapse in multiple scle-
rosis [13]. Moreover, in a recent study, the polymorphism was
shown to affect the personality trait of reward dependence in
healthy Japanese subjects [14].

Evidence suggests that alterations in glutamatergic systems
may contribute to the pathophysiology of depression [15],
with elevated levels of the neurotransmitter being observed in
the cerebral cortex of depressed subjects [16]. Glutamate
signaling is involved in brain development and synaptic
plasticity, both of which are modified in individuals affected
by BD and have been implicated in the etiology of the disorder
[17]. An elevated brain glutamate/glutamine (Glx) level and
reduced levels of N-methyl-p-aspartate (NMDA) receptor
subunits have been reported in postmortem brain tissue from
BD patients [18]. Moreover, a recent study demonstrated
significantly altered expression of transporters of glutamate in
postmortem frontal cortex tissue from BD patients where
EAAT?2 protein and mRNA levels were found to be decreased
[10]. Riluzole, which inhibits glutamate release, was shown to
be able to promote an antidepressant response in patients with
treatment-resistant BD [19, 20]. Moreover, ketamine—a non-
competitive, high-affinity NMDA receptor antagonist which,
in vitro, increases the glutamatergic neuron firing rate and
presynaptic glutamate release [21]—shows robust and rapid
antidepressant effects [22]. Different single proton magnetic
resonance spectroscopy studies have found that Glx levels are
consistently elevated in both adult patients [23, 24] and
pediatric patients [25] affected by BD and, in a previous study,
we found that a treatment-induced decrease in the Glx to
creatine ratio in BD patients was paralleled by the antide-
pressant response [26].

Moreover, genetic polymorphisms involved in the gluta-
matergic system, such as single nucleotide polymorphisms in
glutamate receptor metabotropic 3, ionotropic glutamate
receptor N-methyl p-aspartate 2B, and D-amino-acid oxidase
activator, have been found to influence the history of illness in
BD [27].

The main aims of this study were to investigate if SLCIA2
—181A>C (rs4354668), which is known to influence gluta-
mate function, could affect recurrence of illness in BD, and if
this effect interacts with lithium salt treatment.

2 Methods

The study enrolled 110 Caucasian subjects (76 females, 34
males) consecutively referred to our university hospital
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from January 2009 to December 2011 for BD type I
(according to the DSM-IV criteria; diagnosed using the
Structured Clinical Interview [SCID]). The exclusion cri-
teria were other diagnoses on Axis I, mental retardation on
Axis II, a history of epilepsy, and major medical and
neurologic disorders. Fifty-four patients had been treated
with lithium salts for more than 6 months.

After a complete description of the study was given to the
subjects, written informed consent was obtained.

Information about the recurrence of illness was collected
following the best-estimation procedure, taking into account
available charts, case notes, and information provided by at
least one relative [28]. Recurrence rates of episodes were
evaluated by considering the episodes of illness occurring over
the years from the onset of illness to the interview (recurrence
rate = number of episodes/duration of illness in years).

DNA was extracted from whole blood by manual
extraction, using the Illustra Blood Genomic Prep Midi
Flow Kit (GE Healthcare, Milan, Italy). To identify the
polymorphism SLCIA2 —181A>C T/G alleles (DNA for-
ward strand), a standard polymerase chain reaction (PCR)
was carried with the following primers: 5'- GCC ACC TGT
GCT TTG CTG -3’ and 5'- TGA TGT CAG CTC TCG
ACG AA -3'. The PCR was carried out in a 10 puL volume
containing 150 ng of genomic DNA, 1 uL of 1x Hot
Master Taq Buffer with Mg™ ™t (Eppendorf), 0.1 uL of each
primer [50 pM], 1 pL of deaza-dNTPs [10 mM], 0.5 pL of
dimethyl sulfoxide (DMSO) solution (Sigma-Aldrich,
Milan, Italy), and 0.1 pL of Hot Master Taq [SU/pL]
(Eppendorf). After an initial step of 5 min at 94 °C, 35
cycles of amplification (35 s at 94 °C, 35 s at 58 °C, 45 s
at 70 °C) and a final extension step of 10 min at 70 °C
were performed. An aliquot of PCR product was digested
using Msp I [20U/uL] (New England Biolabs, England,
UK) and incubated at 37 °C for 8 h; fragments were sep-
arated in agarose gels. Depending on the presence of two or
three restriction Msp I sites, either three fragments (allele
T) or four fragments (allele G) were produced.

Data were analyzed within the context of the general
linear model [29, 30]. Total episode recurrence rates were
the dependent variable, SLCIA2 —181A>C genotype was
the main factor, and gender, age at onset, total number of
episodes, and duration (number of months) of lithium
treatment were considered as nuisance covariates. The
significance of the effect of the single independent factors
on the dependent variable was estimated (least squares
method) by parametric estimates of predictor variables and
following standard computational procedures [31].

In a second analysis we investigated the interaction
between SLCIA2 —181A>C and lithium treatment, con-
sidering lithium-treated patients to be those taking lithium
for more than 6 months. Again, total episode recurrence
rates were the dependent variable, SLCIA2 —181A>C

genotype and lithium were the main factors, and gender,
age at onset, and total number of episodes were considered
as nuisance covariates. Moreover, we investigated the
effect of SLCIA2 —181A>C separately in patients who
were and patients who were not lithium treated.

Then we considered separately as dependent variables
the frequency of manic and depressive episodes, main-
taining the SLCIA2 —181A>C genotype as the main fac-
tor, and gender, age at onset, total number of depressive
and manic episodes, and duration of lithium treatment as
nuisance covariates.

Finally we analyzed the ratio between the number of
manic and depressive episodes as a dependent variable.

3 Results

The allelic frequencies were similar to those observed for
the general population (T = 62.5%, G = 37.5%) [12]. The
distribution of SLCIA2 genotypes (n = 49 for T/T, n = 62
for T/G, n = 17 for G/G) respected the Hardy—Weinberg
equilibrium (x> = 0.142; p = 0.71). Clinical and demo-
graphic data are shown in Table 1. The general linear
model analysis yielded a significant effect of the whole
model on total recurrence of episodes (R2 = 0.476;
F = 11.50; p < 0.001), indicating that the included factors
significantly explained the recurrence of illness. The
SLCIA2 —181A>C genotype significantly influenced the
total recurrence of episodes (Figure 1), with T/T homo-
zygotes showing a significantly lower frequency of epi-
sodes (0.654 + 0.53 for T/T, 0.794 + 0.786 for T/G,
1.018 + 1.014 for G/G; F = 4.56; p = 0.013; n* = 0.08;
power = (0.76). Parameter estimates showed that homo-
zygosity for the G allele was associated with increased
recurrence of episodes (f = 0.311; t = 2.94; p = 0.004);
conversely, the duration of lithium treatment was associated
with a reduction in the number of episodes (f = —0.188;
t = —2.548; p = 0.012). Moreover, we found an interaction
between patient gender and genotype (F = 5.09; p = 0.008;
B = —0.32;r = —2.94; p = 0.004), with the genotype effect
being much greater in males than in females.

We found an interaction between genotype and lithium
treatment (F = 3.77; p = 0.026; n2 = 0.07; power = 0.67),
with a significant effect of the whole model (R* = 0.52;
F = 8.73; p < 0.001). Indeed, when only lithium-treated
patients were considered, the effect of the SLCIA2 —181A>C
genotype was not statistically significant (F = 0.82; p =
0.45), while in lithium-untreated patients we found a signifi-
cant effect of genotype on the total episode recurrence rate
(F = 4.05; p = 0.022).

When the frequency of depressions and manias was
analyzed separately, the general linear model analysis
yielded a significant effect of the whole model on both the
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Table 1 Clinical and demographic characteristics of the bipolar disorder sample as a whole and divided according to SLCIA2 —181A>C

genotypes
Characteristic Total sample SLCIA2 —181A>C genotype®

GG (n = 16) GT (n = 57) TT (n = 37)
Age (years)” 4572 + 11.33 45.48 £+ 8.25 47.39 + 11.28 43.27 + 12.32
Gender (n; female/male) 76/34 12/4 35/22 29/8
Age at onset (years)” 30.26 £ 9.71 30.66 £ 7.02 31.12 £9.95 28.77 £ 10.37
Duration of illness (years)b 15.45 £ 10.30 14.78 £ 9.66 16.23 + 10.95 14.5 4+ 9.68
Number of episodes” 9.06 £ 12.63 9.62 £ 11.45 10.09 £ 15.58 7.24 £6.76
Recurrence rate™® 0.77 £ 0.75 1.02 £+ 1.01 0.78 £+ 0.78 0.65 + 0.52
Mean duration of lithium treatment (months)b 33.44 £+ 56.18 38.25 + 60.98 37.67 + 61.49 24.86 + 44.86

* According to DNA forward-strand T and G alleles

® The data are expressed as mean =+ standard deviation. The 7 and p values for all comparisons between genotype groups were nonsignificant

¢ Recurrence rate = number of episodes/duration of illness in years

1.4

1.2

1.0

0.8

0.6

Recurrence rate

0.4

0.2

0.0

GG TG TT
SLC1A2

Fig. 1 Total recurrence rates of bipolar disorder episodes in different
SLCIA2 —181A>C genotype groups, according to DNA forward-
strand T and G alleles. Recurrence rate = number of episodes/
duration of illness in years

frequency of depressive episodes (R* = 0.585; F = 17.83;
p <0.001) and on the frequency of manic episodes
(R2 = 0.196; F = 3.09; p = 0.004). Parameter estimates
showed that homozygosity for the G allele was signifi-
cantly associated with increased recurrence of depressive
episodes (p = —0.26; r = 2.81; p = 0.006) and was mar-
ginally associated with manic episodes (f = —0.257;
t = 1.96; p = 0.052). Moreover, we observed a difference
between the genotype groups in the mania to depression
ratio, with G/G homozygotes showing a greater number
of manic episodes than depressive episodes (F = 3.83;
p = 0.025; n* = 0.07; power = 0.69).

4 Discussion

According to our results, the glutamatergic system could be
hypothesized to have a role in the history of illness in BD.
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An SLCIA?2 functional polymorphism was shown to sig-
nificantly influence the total episode recurrence rate, with
wild-type T homozygotes presenting the lowest number of
episodes, G homozygotes reporting the highest number,
and heterozygotes showing an intermediate phenotype.
When depression and mania were considered separately,
even if statistical significance was lost, the same trend was
observed. Since SLCIA2 —181A>C is a functional poly-
morphism, with the mutant G allele being associated with
reduced transcriptional activity, a higher recurrence rate
should be considered to be linked to an increase in free
glutamate levels. Moreover, we found an interaction
between patient gender and genotype that influenced the
recurrence rate: these data confirmed the clinical observa-
tion that the history of illness differs between male and
female subjects with BD. Finally, we found that the mania
recurrence rate was higher than the depression recurrence
rate in G homozygotes. This finding is really interesting,
considering the lack of studies investigating the role of the
glutamatergic system in mania. However, in contrast to
what has been reported in unipolar depression, GIx levels
were found to be consistently elevated in both adult
patients [23, 24] and pediatric patients [25] with BD. Glx
levels were found to be more elevated also during euthymia
[32] and during manic episodes [33], thus suggesting that
patients affected by BD have higher Glx levels irrespective
of the illness phase [34].

Although the pathophysiology of BD remains poorly
understood, findings from imaging studies suggest that BD
is associated with neuropathologic changes in specific
brain regions, particularly within the frontal and temporal
cortices and subcortical structures making up the anterior
limbic network [35]. Structural studies have observed sig-
nificant differences between bipolar patients and healthy
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subjects in prefrontal and frontal cortical volume [36].
Additionally, in vivo imaging and postmortem studies have
revealed significant brain atrophy in BD patients, with a
decrease in cortical thickness [37], as well as reduced
numbers and/or sizes of glia and neurons in discrete brain
areas [38].

In a recent study, decreased expression of EAAT2 was
found in the prefrontal cortex of bipolar patients [10]. It
could be postulated that this decreased protein level in BD
may alter glutamate recycling at the synaptic cleft and
contribute to reported hyperglutamatergic function [39].
Moreover, EAATSs are also involved in functions other
than glutamate clearance, such as attenuation of NMDA
receptor function [40], which has been found to be altered
in bipolar patients [39]. Since glutamate is known to be
involved in the production of reactive and excitotoxic
oxygen/nitrogen species, which induce oxidative stress,
leading to neuronal death, the decrease in cortical thickness
observed in bipolar patients could be linked to an excess of
extracellular glutamate.

We confirmed the efficacy of lithium treatment in
reducing the recurrence of illness in BD, and we found an
interaction between lithium treatment and genotype. Dif-
ferent studies have reported an interaction between lithium
salts and the glutamatergic system. Lithium salts were
shown to decrease Glx levels in bipolar patients [41],
consistent with evidence that mood stabilizers can attenu-
ate glutamatergic function either by promoting glutamate
uptake from the synapse or by postsynaptically reducing
the intracellular signaling cascade [15].

A recent report suggested that chronic lithium treatment
downregulates glutamate receptor o-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) [GRIA2] in a
human neuronal cell line [42] and causes decreased syn-
aptic expression of glutamate receptor 2 in hippocampal
neurons [43].

Lithium is hypothesized to exert complex neuroprotec-
tive or neurotrophic effects that counteract pathologic
processes in the brains of patients with BD [44, 45], most
importantly by increasing cellular resilience and altering
synaptic plasticity and neuronal morphology [46]. Lithium
administration was followed by an increase in gray matter
volumes in healthy humans [47] and in patients affected by
BD [48], thus possibly counteracting gray matter volume
reductions in critical cortical areas involved in the cogni-
tive and emotional disregulation experienced by the
patients [49]. Pivotal prospective studies confirmed that the
lithium-associated gray matter volume increase during
treatment correlated with the treatment response in BD
[50, 51].

These effects could be postulated to be linked to a
possible interaction between lithium and glutamatergic
systems. Supporting this hypothesis, our results show that

lithium seems to balance the negative influence of an
increase in free glutamate levels on the history of illness in
BD. Indeed, we found that while in lithium-free patients
the mutant G allele linked to reduced transcriptional
activity was significantly associated with a higher recur-
rence rate, in lithium-treated patients the SLCIA2 poly-
morphism effect was countered.

Lithium could counteract the effect of SLCIA2 gene
variants by acting on both the pre-synaptic and post-syn-
aptic components of glutamate neurotransmission.

In vitro, lithium can inhibit NMDA receptor-mediated
calcium influx [52] and has been shown to cause a reduc-
tion in the time to recovery from desensitization of AMPA
receptors, resulting in the observed increase in single-
channel open probability [53]. Interestingly, inhibition of
NMDA transmission associated with an increase in AMPA
activity seems to be the same mechanism that has been
suggested to underlie the antidepressant effect of ketamine
[21, 54].

Glutamate transporters have been shown to be bio-
chemically regulated, e.g., via arachidonic acid (AA) [55,
56]. Lithium could affect EAAT function via an effect on
AA because, when given chronically to rats, lithium
decreases AA turnover in brain phospholipids and com-
monly targets AA cascade kinetics as well as AA cascade
enzymes and their transcription factors in the rat brain.

Finally, valproate increases levels of EAAT2 in the
hippocampus [57], so a common mechanism could be
hypothesized to explain the effect observed in our study;
however, further studies are needed to clarify this issue.

One major limitation of this study was the lack of
information regarding other psychopharmacologic treat-
ments, besides ongoing lithium treatments, received by the
patients. Recent studies have shown that treatment-emer-
gent mania is expected in roughly 25% of bipolar patients
treated with antidepressant drugs [58] and that highly
complex medication regimens are often required during
naturalistic outpatient treatment of BD [59]. Further pro-
spective studies will consider drug treatments and other
factors (e.g., other genes, drugs, exposure to emotional
and physical stressors) to assess the potential of SLCIA2
—181A>C in predicting the individual course of the
illness.

Another major limitation of the study was the small
sample size of male patients (n = 34). Considering the
finding of a gene-gender interaction influencing the
recurrence rate, further studies are needed to investigate
this issue.

Other limitations of the study included issues such as
generalizability, possible undetected past comorbidities,
population stratification, no placebo control, lack of gen-
ome-wide association studies, and lack of consideration of
gene—gene and gene—environment interactions.
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5 Conclusion

Considering the limitations of our study, and considering
that the robustness and interpretation of the finding of
altered glutamatergic activity in BD is still unclear, further
research is needed to explore the relationship between
glutamate and clinical features in BD.
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