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Dear Editors,

The gamma-band auditory steady-state response (ASSR) is reduced
in schizophrenia and is considered a candidate biomarker for schizo-
phrenia (Koshiyama et al., 2018; Light et al., 2006; Tada et al., 2016;
Thuné et al., 2016).While the gamma-bandASSR is considered to reflect
γ-aminobutyric acid (GABA)-ergic interneuron function (Gonzalez-
Burgos et al., 2015), recent animal studies have shown that N-methyl-
D-aspartate (NMDA) receptor dysfunction in parvalbumin-positive
GABAergic interneurons causes deficits in gamma oscillations (Carlen
et al., 2012; Nakao and Nakazawa, 2014). Because NMDA receptor func-
tion is thought to be altered in schizophrenia (Brouwer et al., 2013;
Bustillo et al., 2014), these results suggest that NMDA receptor dysfunc-
tionmay be associatedwith a reduction in the gamma-band ASSR in pa-
tients with schizophrenia. Furthermore, it is known that plasma levels
of glutamatergic amino acids, which are the co-agonists of the NMDA
receptor and are considered to be biological indices that reflect NMDA
receptor function, are significantly correlated with the cerebrospinal
fluid levels of glutamatergic amino acids in human subjects (D'Souza
et al., 2000). In the current study, we investigated the relationship be-
tween the gamma-band ASSR, which was significantly impaired in pa-
tients with schizophrenia compared with healthy controls, and plasma
levels of glutamatergic amino acids in the schizophrenia and healthy
control groups to further develop the gamma-band ASSR as a biological
indicator not only for GABAergic interneuron function but also for
NMDA receptor function in schizophrenia.

Twenty-three individuals with schizophrenia and 22 healthy con-
trols participated in this study (Table S1). Written informed consent
was obtained from each subject before participation. The Research
Ethics Committee of the Faculty of Medicine, University of Tokyo, ap-
proved this study (approval No. 629, 2094, 2226). We performed the
ASSR paradigm and calculated the intertrial phase coherence (ITC)
and the event-related spectral perturbation (ERSP) as the ASSR indices,
as has been previously described (Tada et al., 2016; topographies are
shown in Fig. S1). We calculated themean ITC and ERSP at FCz by aver-
aging the data over thefirst 500mswithin a trial (0–500ms) for the fre-
quency range (40 Hz: 36–45 Hz). We also calculated the mean ITC and
ERSP for each 100-ms epoch for time-course analyses for supplemen-
tary information. Since we obtained electroencephalographic data
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with two types of electrodes, we converted the raw ASSR measures to
z-scores and employed the z-scores for the following statistical analy-
ses. Plasma levels of the peripheral glutamatergic amino acids gluta-
mate, glutamine, glycine, D-serine, and L-serine were measured, and
the relative D-serine level [100 × (D-serine)/(D-serine + L-serine)] (%)
was calculated. Details of the methods are described in the Supplemen-
tary Methods.

The time-course and grand average time-frequencymaps for ITC and
ERSP at FCz for each group are shown in Fig. 1 and Fig. S2. There was a
significant difference between the groups in the ERSP (0–500 ms; t43
= −1.87, p = 0.03) but not in the ITC (0–500 ms; t43 = −0.48, p =
0.32). In addition, there was a significant difference between the groups
in the ITC (0–100ms; Table S2). As previous studies have already shown
reduced ASSR in schizophrenia, a p-value of b0.05 (one-tailed)was con-
sidered statistically significant (Thuné et al., 2016). The plasma levels of
glutamatergic amino acids [D-serine (t43 = −0.22, p = 0.83), L-serine
(t43 = −1.26, p = 0.22), relative D-serine (t43 = 0.80, p = 0.43;
Fig. S3), glutamine (t43 = 0.71, p = 0.48), glycine (t43 = −1.17, p =
0.25), or glutamate (t43 = 1.29, p = 0.20)] did not differ between pa-
tients and healthy controls [the significance level was set at p b 0.05
(two-tailed); Table S3].

The ERSP (0–500 ms) had a significant correlation with the plasma
levels of relative D-serine in patients (r = 0.67, p = 0.001; Fig. 1) but
not in healthy controls (r = 0.21, p = 0.36; Table S4). The ITC
(0–500 ms) did not have significant correlations with the plasma levels
of relative D-serine in patients (r=0.34, p=0.12) or in healthy controls
(r=0.19, p=0.41). The plasma levels of all other amino acidswere not
significantly correlatedwith the ERSP (0–500ms) or the ITC (0–500ms)
in patients or healthy controls. Here,we applied the Bonferroni correction
with two indices of the ASSR, six amino acids and two groups, and a p-
value of b0.05/24 = 0.002 was considered statistically significant. Addi-
tionally, the plasma levels of relative D-serinewas significantly correlated
with the ERSP (100–200ms, 200–300ms, 300–400ms, and 400–500ms)
and the ITC (100–200ms, 200–300ms, 300–400ms, and 400–500ms) in
patients (the statistical significance level was set at uncorrected p b 0.05;
Table S4). Antipsychotic dose was not significantly correlated with ERSP
(0–500 ms; r = −0.07, p = 0.77) or plasma levels of relative D-serine
(r = −0.13, p = 0.55) in patients. Although the time interval between
the blood draw and the electroencephalography was significantly differ-
ent between the groups (t43 = 2.62, p = 0.01), the partial correlation
analyses adjusted to the time interval also showed a significant correla-
tion between the ERSP and the plasma levels of relative D-serine in
schizophrenia (r= 0.66, p= 0.001; Table S5).

This is the first study to report the relationship between the gamma-
band ASSR and the plasma levels of D-serine in schizophrenia. Our re-
sults indicate that the gamma-band ASSR may reflect NMDA receptor
function. Because no correlation between the gamma-band ASSR and
plasma levels of relative D-serine was observed in healthy controls, the
correlation observed in the patients with schizophrenia may reflect a
pathological process associated with the NMDA receptor in schizophre-
nia. These findings suggest that the gamma-band ASSR may reflect not
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Fig. 1. The grand average time-frequency maps for event-related spectral perturbation (ERSP) at FCz (A) and correlations between the ERSP and the plasma levels of relative D-serine in
patients with schizophrenia or in healthy controls (B). Legends: The x-axis indicates time (ms), the y-axis indicates frequency (Hz), and the color scale indicates the ERSP at each time-
frequency point (A). The x-axis indicates the plasma levels of relative D-serine, and the y-axis indicates ERSP (z-score); the asterisk indicates a corrected p b 0.05 (B).
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only GABAergic interneuron function but also NMDA receptor function
in patients with schizophrenia (details of the discussion are described
in the Supplementary Discussion).
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