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resembling that of NMDA receptors. Studies using the 
Srr knockout mice revealed that Srr is the major enzyme 
responsible for d-serine production in the mouse forebrain 
[3, 4].

We have previously reported that serum d-serine levels 
in patients with schizophrenia were significantly lower than 
those in controls and that serum l-serine levels in patients 
with schizophrenia were significantly higher than those 
in controls [5, 6], suggesting an aberrated serine metabo-
lism in patients with schizophrenia. This finding was cor-
roborated in a recent study [7]. Furthermore, we have also 
reported a decreased d-serine to total serine ratio in the 
cerebrospinal fluid (CSF) of first episode and drug-naive 
patients with schizophrenia [8]. Bendikov et al. [9] have 
reported a decrease in d-serine levels and d/l-serine ratio in 
the CSF of patients with schizophrenia. Furthermore, SRR 
in the frontal cortex and hippocampus and the hippocampal 
SRR/DAAO ratio decreased in patients with schizophre-
nia [9]. Decreased d-serine levels in patients with schizo-
phrenia are supported by the therapeutic effects of d-serine 
in such patients [3, 4]. A recent genome-wide association 
study has confirmed the association of SRR with schizo-
phrenia [10]. The DAAO activator gene (DAOA; G72/
G30), located on chromosome 13q, is also associated with 
schizophrenia and BD [3, 4]. Interestingly, Habl et al. [11] 
reported increased expression of DAAO mRNA in the hip-
pocampus of schizophrenia patients, suggesting that this 
increased expression could be responsible for a decrease in 
d-serine levels in the hippocampus. Altogether, a disturbed 
NMDA receptor neurotransmission, due to decreased d-ser-
ine levels, may play a causative role in the pathogenesis of 
schizophrenia.

We have recently reported that serum d-serine levels 
in mood-stabilized patients with BD were significantly 
higher than those in controls, while serum l-serine levels in 

Schizophrenia and bipolar disorder (BD) are the two major 
psychiatric disorders significantly contributing to the global 
burden of diseases in children and adults. Both disorders 
have similarities: (a) lifetime prevalence of approximately 
1 % in males and females, (b) early age of onset (between 
late adolescence and early adulthood), (c) familial aggrega-
tion because of genetic influences with very similar recur-
rence risks of the same disorder among relatives (~tenfold 
increase in children), and (d) comparable concordance 
rates for monozygotic and dizygotic twins with heritability 
estimates of 60–80 % [1]. As schizophrenia and BD have 
overlapping symptoms, numerous genetic studies have 
implicated a shared genetic susceptibility. However, these 
disorders possibly result from a combination of genetic and 
environmental factors. Their shared clinical features result 
in high rates of misdiagnosis because of a lack of differ-
entiating biomarkers between these disorders. Therefore, 
the development of specific biomarkers for these disorders 
would be necessary for establishing the correct diagnosis 
and treatment of schizophrenia and BD.

The N-methyl-D-aspartate (NMDA) receptors play 
a key role in the pathogenesis of schizophrenia and BD 
[2–4]. d-serine, an obligatory endogenous co-agonist of 
NMDA receptors, is synthesized from l-serine by serine 
racemase (SRR), and it is degraded by D-amino acid oxi-
dase (DAAO). d-serine is present in the brain at a high con-
centration of up to one-third that of l-serine, and d-serine 
is heterogeneously distributed in the brain with a pattern 
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patients with BD were significantly lower than those in con-
trols [12], suggesting an aberrated serine metabolism in BD 
patients. It remains unclear whether changes in serum d- 
and l-serine levels are a trait or state marker for BD. Thus, 
serum d-serine levels in patients with schizophrenia are 
lower than those in controls, whereas serum d-serine lev-
els in patients with BD are higher than those in controls. In 
contrast, serum l-serine levels in patients with schizophre-
nia are higher than those in controls, whereas serum l-serine 
levels in patients with BD are lower than those in controls. 
The former findings suggest a decreased function of NMDA 
receptors, owing to decreased d-serine levels, in schizo-
phrenia. This is supported by data revealing that the NMDA 
receptor antagonist ketamine (0.5 mg/kg, 40-min intrave-
nous infusion) could produce schizophrenia-like symptoms, 
including positive and negative symptoms, and cognitive 
impairment in healthy controls [13] (Fig. 1). Furthermore, 
ketamine exacerbated psychotic symptoms in patients with 
schizophrenia [14] (Fig. 1). The latter finding suggests an 

increased function of NMDA receptors, owing to increased 
d-serine levels, in BD [2, 12]. This may be supported by 
the rapid and sustained antidepressant effects of ketamine 
(0.5 mg/kg, 40-min intravenous infusion) in depressed 
patients with BD [15] (Fig. 1). Interestingly, Moaddel et al. 
[16] reported that blood level of d-serine at baseline may 
be a potential predictable biomarker for ketamine’s antide-
pressant effect in patients with treatment-resistant depres-
sion. Given the key role of d-serine in NMDA receptor 
neurotransmission, its use as a biomarker for antidepressant 
response to the NMDA receptor antagonists will be highly 
useful in the clinical setting [17]. The current atypical antip-
sychotic drugs are approved as treatments for acute mania 
and as maintenance treatments for BD, indicating a similar 
pathophysiology (e.g., hyperdopaminergic state) in both dis-
orders. Considering the contrasting effects of ketamine in 
schizophrenia or BD, it seems that contrasting abnormalities 
in the NMDA receptor function play a role in the pathogen-
esis of these disorders (Fig. 1).

Fig. 1  d-serine-mediated N-methyl-D-aspartate receptor func-
tion in the pathogenesis of schizophrenia and bipolar disorder. 
The N-methyl-D-aspartate (NMDA) receptor antagonist ketamine 
is known to cause schizophrenia-like symptoms in healthy con-
trols [12], and it exacerbates psychotic symptoms in patients with 
schizophrenia [13]. In contrast, ketamine causes a rapid and sus-
tained antidepressant effect in depressed patients with bipolar disor-
der (BD) [14]. Our studies using measurement of amino acids have 
revealed that serum D-serine levels in patients with schizophrenia are 
lower than those in controls [5, 6], whereas serum D-serine levels in 

patients with BD are higher than those in controls [11]. In contrast, 
serum l-serine levels in patients with schizophrenia are higher than 
those in controls [5, 6], whereas serum l-serine levels in patients with 
BD are lower than those in controls [11]. Altogether, decreased neu-
rotransmission via the NMDA receptor function, due to decreased 
d-serine levels, plays a role in the pathogenesis of schizophrenia. In 
contrast, increased neurotransmission via the NMDA receptor func-
tion, due to increased d-serine levels, may play a role in the patho-
genesis of BD
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In conclusion, considering the different roles of NMDA 
receptor neurotransmission in the pathogenesis of schizo-
phrenia and BD, measurements of serine enantiomers 
(d- and l-serine) may represent diagnostic peripheral bio-
markers for these disorders. Furthermore, this method may 
reduce misdiagnosis between these disorders, although fur-
ther studies using larger sample sizes are required for con-
firming this theory.
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