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Significance

Selenium-binding protein 1 
(SELENBP1) is up-regulated in the 
prefrontal cortex of patients with 
schizophrenia as per postmortem 
reports, including the present 
study. However, no causative link 
between SELENBP1 and 
schizophrenia has yet been 
established. Here, we examined 
the anatomical deformities, 
physiological properties, 
electroencephalographic 
characteristics of the frontal 
cortex, and behaviors of animal 
models overexpressing human 
SELENBP1 to prove the role of 
SELENBP1 in schizophrenia 
pathogenesis. The animals 
exhibited several anatomical and 
electroencephalographic features 
of schizophrenia in the frontal 
cortex. Importantly, they showed 
behavioral endophenotypes 
related to the negative symptoms 
of schizophrenia as well as 
reduced sociability. These findings 
provide a causative link between 
PFC SELENBP1 upregulation and 
negative symptoms of 
schizophrenia.
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The selenium-binding protein 1 (SELENBP1) has been reported to be up-regulated in 
the prefrontal cortex (PFC) of schizophrenia patients in postmortem reports. However, 
no causative link between SELENBP1 and schizophrenia has yet been established. Here, 
we provide evidence linking the upregulation of SELENBP1 in the PFC of mice with 
the negative symptoms of schizophrenia. We verified the levels of SELENBP1 tran-
scripts in postmortem PFC brain tissues from patients with schizophrenia and matched 
healthy controls. We also generated transgenic mice expressing human SELENBP1 (hSE-
LENBP1 Tg) and examined their neuropathological features, intrinsic firing properties 
of PFC 2/3-layer pyramidal neurons, and frontal cortex (FC) electroencephalographic 
(EEG) responses to auditory stimuli. Schizophrenia-like behaviors in hSELENBP1 Tg 
mice and mice expressing Selenbp1 in the FC were assessed. SELENBP1 transcript 
levels were higher in the brains of patients with schizophrenia than in those of matched 
healthy controls. The hSELENBP1 Tg mice displayed negative endophenotype behav-
iors, including heterotopias- and ectopias-like anatomical deformities in upper-layer 
cortical neurons and social withdrawal, deficits in nesting, and anhedonia-like behavior. 
Additionally, hSELENBP1 Tg mice exhibited reduced excitabilities of PFC 2/3-layer 
pyramidal neurons and abnormalities in EEG biomarkers observed in schizophrenia. 
Furthermore, mice overexpressing Selenbp1 in FC showed deficits in sociability. These 
results suggest that upregulation of SELENBP1 in the PFC causes asociality, a negative 
symptom of schizophrenia.

SELENBP1 | schizophrenia | social behavior | frontal cortex | Brodmann area 9

Identifying the molecular changes causally involved in the pathogenesis of psychiatric 
diseases is a major challenge in neurobiological studies of mental disorders. Several studies 
probing genetic risk factors associated with schizophrenia have recently made advances 
along these lines, showing that the expression levels of the selenium-binding protein 
SELENBP1 (1) are altered in the brain and blood of patients with schizophrenia (2–6). 
A subsequent study analyzing gene expression in specific brain regions of patients with 
schizophrenia reported SELENBP1 upregulation in the prefrontal cortex (PFC) (7).

Diagnostic symptoms of schizophrenia include negative symptoms characterized by 
social withdrawal, apathy, and emotional blunting (8, 9). Patients with schizophrenia with 
impaired social cognition show reduced volume of the right prefrontal white matter 
(10–14). The social impairments observed in patients with schizophrenia are similar to 
those in individuals with PFC damage (15). Consistent with this, similar deficient social 
behaviors have been observed in animals with PFC lesions (16) and in animals with a 
PFC knockdown of phospholipase C-β1 (PLC-β1), which is associated with the patho-
genesis of schizophrenia (17). Therefore, the PFC may be a nexus for the negative symp-
toms of schizophrenia (18).

The etiology of schizophrenia has a significant genetic component (19–21). Genetic 
studies have investigated the potential causal role of susceptibility-related genes in the 
brain tissues of patients with schizophrenia by examining schizophrenia-like behaviors 
and neuropathological features of genetically modified animals (22). Neuregulin 1 (Nrg1)-
deficient mice and transgenic (Tg) mice expressing dominant-negative Disc1 (disrupted 
in schizophrenia-1) exhibit pathological features similar to those found in the brains of 
patients with schizophrenia and behavioral phenotypes similar to those observed in animal 
models of schizophrenia (21, 23). However, there has been no causal link between 
SELENBP1 upregulation and the manifestation of diverse schizophrenia symptoms.

Here, we sought to address this issue. To replicate earlier finding on the SELENBP1 
upregulation in the PFC region of patients with schizophrenia, we measured expression 
levels of SELENBP1 transcripts in postmortem Brodmann area 9 (BA9) of patients with 
schizophrenia. We also generated and characterized Tg mice expressing human SELENBP1 
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(hSELENBP1), showing that these mice displayed brain correlates 
of schizophrenia and behavioral phenotypes characteristic of the 
negative symptoms of schizophrenia. To prove a causative link 
between overexpression of SELENBP1 in the PFC and social defi-
cits, we generated and characterized a mouse model in which 
Selenbp1 was transduced into the neonatal frontal cortex (FC).

Results

SELENBP1 Upregulation in the BA9 Region of Patients with 
Schizophrenia. Previous postmortem brain studies have revealed 
the upregulation of SELENBP1 in the BA9 region of patients with 
schizophrenia (4–7, 24). To confirm these findings, we collected 
postmortem BA9 samples from six patients with schizophrenia 
(SCZ A–E), one patient with schizoaffective disorder (SCZ-aff) 
and five healthy controls (Healthy A–F), matched by sex, race, 
age, postmortem interval (PMI), and tissue pH (Table 1). The 
SELENBP1 transcript levels in these six matched pairs of human 
brain samples were measured by quantitative reverse transcription-
PCR using four sets of SELENBP-specific primers targeting the 3′ 
untranslated region (set #1), exon 2 to 4 (set #2), exon 3 to 4 (set 
#3), and exon 7 (set #4) (Fig. 1A and SI Appendix, Table S1). These 
analyses revealed alterations, mostly upregulation, in SELENBP1 
expression in BA9 tissues from SCZ A–E and patients with SCZ-
aff compared to those from healthy A–F individuals (Fig. 1 B and 
C and SI Appendix, Table S2). The relative expression levels of 
SELENBP1 transcripts in patients with schizophrenia were higher 
than those in controls (primer set #1, t t5 = 2.05, P < 0.05, one-
sample t test, one-tailed, Fig. 1B), consistent with previous findings 
(4, 7). These results confirm that SELENBP1 levels are up-regulated 
in the BA9 region of patients with schizophrenia. We also analyzed 
copy number variations (CNVs) in two SELENBP1-overexpressing 
PFC samples and found a partial overlap of these CNVs with the 
CNVs of long non-coding RNAs (lncRNAs) of autism spectrum 
disorder (ASD)-related genes (SI Appendix, Table S3).

Higher Levels of SELENBP1 and Neuroanatomical Defects in 
the Brain Regions of hSELENBP1 Tg Mice. We generated Tg mice 
carrying a human SELENBP1 gene regulated by the chicken β-actin 
promoter and genotyped Tg founders and their progenies by PCR 
using a specific set of primers that detected transgene integration 
(SI Appendix, Fig. S1A). A 733-bp PCR product was detected in 
genomic DNA samples extracted from the tails of Tg mice but not 
in those from non-Tg mice (SI Appendix, Fig. S1B). In addition to 
increased levels of SELENBP1 transcripts, we found higher levels 
of SELENBP1 protein in primary tissues and PFC of Tg mice than 

in non-Tg mice (PFC, t7 = −36.89, P < 0.001; muscle, t7 = −3.17, 
P < 0.05; pancreas, t7 = −8.25, P < 0.001; skin, t7 = −5.25, P < 
0.01; unpaired t test; SI Appendix, Fig. S1C). Immunohistochemical 
staining of the mouse brain showed elevated levels of SELENBP1 
in multiple brain regions, including the PFC and hippocampus, 
in Tg mice than in non-Tg littermates (SI Appendix, Fig. S1D). 
Interestingly, the cortices were malformed in hSELENBP1 Tg 
mice. Specifically, cortical thickness was significantly reduced in 
hSELENBP1 Tg mice than non-Tg mice (t16 = 2.33, P < 0.05; 
unpaired t test; SI Appendix, Fig. S2 A and B). Furthermore, some 
SELENBP1 Tg mice (#439 and #473) exhibited heterotopias or 
ectopias (SI Appendix, Fig. S2C) caused by inappropriate migration 
through the marginal zone, resulting in a lack of layer I (SI Appendix, 
Fig. S2C) without exhibiting any other severe brain developmental 
abnormalities (SI Appendix, Fig. S2D).

Reduced Excitability of Layer 2/3 Pyramidal Neurons in the PFC of 
hSELENBP1 Tg Mice. To evaluate the functional integrity in the PFC 
of hSELENBP1 Tg mice, we measured the intrinsic firing properties 
of layer 2/3 pyramidal neurons in PFC brain slices from non-Tg 
and hSELENBP1 Tg mice (Fig. 2 A and B). To this end, we injected 
depolarizing currents (20-pA increments, 10 steps, 1-s duration) into 
layer 2/3 pyramidal neurons in the PFC from a resting membrane 
potential of –60 mV (Fig. 2C) and compared the activity between 
the two groups. A two-way repeated-measures (RM) ANOVA of the 
frequency of action potentials (group, non-Tg vs. SELENBP1 Tg; 
repeated variable, injected current) revealed no effect of group (F1,21 
= 2.27, P = 0.15) but showed a significant effect of current (F1,21 = 
135.65, P < 0.001); it also showed a significant interaction between 
effects of group and current (F9,189 = 3.79, P < 0.001; Fig. 2 D and 
E). Post hoc analyses showed that neuronal excitability was reduced 
at +120 pA (Fig. 2F). No difference in the membrane capacitance 
of the recorded neurons was detected between the two groups (t21 = 
0.54, P = 0.60; Fig. 2G). Thus, these results indicate that SELENBP1 
upregulation in the FC during schizophrenia pathogenesis leads to 
a reduction in neuronal excitability.

Abnormal FC Electroencephalographic (EEG) Responses to 
Paired Auditory Stimuli in the hSELENBP1 Tg Mice. We also 
measured the FC grand average event-related potentials (ERPs) 
generated by paired tones (S1 and S2) to examine the functional 
integrity of hSELENBP1 Tg mice (Fig. 3A). A two-way RM 
ANOVA of the P20 (group: F1,20 = 3.19, P = 0.09; P20, F1,20 
= 26.57, P < 0.001; interaction, F1,20 = 6.09, P < 0.05) and 
P20–N40 amplitudes (group, F1,20 = 2.88, P = 0.11; P20-N40, 
F1,20 = 47.82, P < 0.001; interaction, F1,20 = 9.11, P < 0.01) 

Table 1. Postmortem human PFC samples from subjects with psychosis and non-psychiatric controls
Pair Subject Age (y) Sex Race PMI Tissue pH Diagnosis

A SCZ-A 40 M White 12 6.47 Schizophrenia paranoid type
Healthy-A 37 M White 17 6.47 No diagnosis

B SCZ-B 43 M White 16 6.77 Schizophrenia
Healthy-B 44 M White 24 6.65 No diagnosis

C SCZ-C 44 M Black 21.2 6.56 Schizophrenia paranoid type
Healthy-C 46 M Black 11 6.95 No diagnosis

D SCZ-D 47 M Black 16 6.62 Schizophrenia chronic disorganized
Healthy-D 46 M Black 19 6.95 No diagnosis

E SCZ-E 41 M Black 16.5 6.02 Schizophrenia paranoid type
Healthy-E 35 M Black 21 6.26 No diagnosis

F SCZ-aff 42 M White 24 7.14 Schizoaffective disorder
Healthy-F 43 M White 23 6.49 No diagnosis

SCZ, subjects with schizophrenia; SCZ-aff, subjects with schizoaffective disorder; healthy, non-psychiatric control subjects; M, male; PMI, postmortem interval (h).
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revealed that both non-Tg mice and hSELENBP1 Tg mice had 
significantly larger P20 and P20–N40 amplitudes in S1 than 
in S2 (Fig. 3 B and C). Subsequent post hoc analyses showed 
that hSELENBP1 Tg mice had smaller P20 and P20–N40 
amplitudes in S1 than non-Tg mice (Fig. 3 B and C). A two-way 
RM ANOVA of the N40 (group, F1,20 = 0.55, P = 0.47; N40, 
F1,20 = 29.23, P < 0.001; interaction, F1,20 = 3.11, P = 0.06) 
revealed that both non-Tg mice and hSELENBP1 Tg mice had 
significantly larger N40 in S1 than in S2 (Fig. 3B). Unpaired 
t tests of normalized ratios S2/S1 (t20 = −2.82, P < 0.01) and 
S1−S2 (t20 = 3.02, P < 0.01) showed significant between-group 
differences (Fig. 3 D and E).

Next, we examined whether there were between-group 
 differences in evoked beta (15 to 25 Hz) and gamma power (26 
to 50 Hz) during S1 (0 to 0.05 s) and S2 (0.5 to 0.55 s) 
(Fig. 3F). The beta (t20 = 3.07, P < 0.01) and gamma (t20 = 2.17, 
P < 0.05) powers of the hSELENBP1 Tg mice were less signif-
icantly reduced from S1 to S2 compared to those of non-Tg 
mice (Fig. 3 G and H). No between-group differences in S1 
(ERP1) and S2 (ERP2) were found across the entire frequency 
range (2 to 100 Hz) (t20 < 0.67, P > 0.51, Fig. 3I). Most EEG 
responses of the parietal cortex exhibited no between-group 
differences and different characteristics from those of the FC 
(SI Appendix, Fig. S3).

Fig. 1. SELENBP1 transcripts in the PFC of patients with schizophrenia. (A) Four SELENBP1-specific primer sets (SI Appendix, Table S1) targeting the 3′ UTR (set 
#1), exon 2 to 4 (set #2), exon 3 to 4 (set #3), and exon 7 (set #4) of human SELENBP1 transcript variants. Ex, Exon; UTR, untranslated region. (B) Differences in 
SELENBP1 transcripts levels in the PFC of five patients with schizophrenia (SCZ A–E; SI Appendix, Table S2) and one with schizoaffective disorder (SCZ-aff; SI Appendix, 
Table S2) relative to that in six matched healthy controls (Healthy A–F; SI Appendix, Table S2), measured using primer set #1 (P < 0.05), set #2 (P = 0.17), set #3 (P = 
0.08), and set #4 (P = 0.13). SELENBP1 expression in matched healthy controls (Healthy A–F, SI Appendix, Table S2) was given a fold-change value of one, indicated 
by the horizontal dotted yellow line (*P < 0.05). (C) Normalized expression values in patients with schizophrenia and matched healthy controls. The normalized 
expression values were subjected to the 2ΔΔCt method to obtain the relative normalized expression value in Fig. 1B. Data are presented as means ± SEM.
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hSELENBP1 Tg Mice Exhibit Asociality, Nesting Behavior Deficits, 
and Reduced Sucrose Consumption. We next investigated the 
schizophrenia-like endophenotypes of hSELENBP1 Tg mice, first 
evaluating the social behaviors of mice using a three-chamber social 
approach and novelty task. In the social approach task (Fig. 4A-1), 
as measured by exploration time, non-Tg mice preferred to explore 
the novel mouse (stranger 1) over an inanimate object (t16 = 2.44, 
P < 0.05; paired t test; Fig. 4A-2). In contrast, hSELENBP1 Tg 
mice did not exhibit this behavior (t13 = 1.25, P = 0.23; paired t 
test; Fig. 4A-3), indicating sociability deficits. In the social novelty 
task (Fig. 4B-1), when the inanimate object was replaced with 
another novel mouse (stranger 2), both non-Tg (Fig. 4B-2) and 

hSELENBP1 Tg (Fig. 4B-3) mice preferred stranger 2 to stranger 
1 (non-Tg: t16 = 4.65, P < 0.001; Tg: t13 = 3.50, P < 0.01; paired 
t test), indicating that social novelty recognition was intact in 
Tg mice. We further found that hSELENBP1 Tg mice exhibited 
impairment in nesting behavior (Fig. 4C-1), a behavioral measure 
of schizophrenia-like social withdrawal (25, 26) (t28 = 2.86, 
P < 0.01; independent t test; Fig. 4C-2). Specifically, whereas non-
Tg mice built an identifiable nest at a distinct location in the cage, 
hSELENBP1 Tg mice did not form nests and tended to scatter 
pieces of nesting material over the cage floor (Fig. 4C-2). Tests of 
sucrose preference showed that hSELENBP1 Tg mice consumed 
less sucrose than non-Tg mice (independent t test, t15 = 2.98,  

Fig. 2. Decreased excitability of 2/3-layer pyramidal neurons in the PFC of Tg mice expressing human SELENBP1 (hSELENBP1). (A) Patch-clamp recording scheme 
for measuring intrinsic firing properties of neurons in coronal sections. (B) The captured image of patch-clamp recording of pyramidal neurons. The Left panel 
is a lower magnification image of the yellow quadrangle in (A), and the Right panel is a higher magnification image of the white quadrangle in the Left panel. (C) 
Current-clamp protocol. (D) Representative firing traces of pyramidal neurons from non-Tg (Upper) and hSELENBP1 Tg (Lower) mice at different current pulses. 
(E) Averaged number of action potential of pyramidal neurons from non-Tg (n = 10) and hSELENBP1 Tg (n = 13) mice (*P < 0.05). (F) Diminished firing rates of 
pyramidal neurons from hSELENBP1 Tg mice compared with those of non-Tg mice (*P < 0.05). (G) No difference in membrane capacitance between the two 
genotypes. Data are presented as means ± SEM.
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Fig. 3. FC ERP in the non-Tg and hSELENBP1 mice. (A) The FC EEGs of the non-Tg (n = 12) and hSELENBP1 (n = 10) mice were measured by averaging the ERPs 
of 100 repetitions of two identical 5 kHz 50 ms tones (S1 and S2) with 50 ms interstimulus interval. (B and C) Animals in two groups exhibited significantly larger 
P20, N40, and P20—N40 in S1 than in S2 (*). hSELENBP1 Tg mice had smaller P20 and P20—N40 amplitudes in S1 than non-Tg mice (**). (D and E) Significant 
between-group differences in normalized ratios S2/S1 and S1-S2 (*). (F) FC grand average spectrograms. (G and H) Less reduction in beta and gamma power of 
the hSELENBP1 Tg mice from S1 to S2 compared to non-Tg mice (*). (I) No between-group differences in S1 (ERP1) and S2 (ERP2) across the entire frequency 
range. Data are presented as means ± SEM.
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Fig. 4. Asociality and anhedonia of hSELENBP1 Tg mice. (A) Time spent in the three chambers of the social approach task, depicted as a pseudo-colored heat map 
(A-1). Non-Tg mice explored stranger 1 (S1) more than an object (O) (A-2), but the hSELENBP1 Tg mice did not (A-3). (B) Time spent in the three chambers of the 
social novelty task, represented as a pseudo-colored heat map (B-1). Both non-Tg (B-2) and hSELENBP1 Tg (B-3) mice explored S2 more than S1. (C) Representative 
pictures of cages of non-Tg (C-1) and hSELENBP1 Tg (C-2) mice, showing impaired nesting behaviors of hSELENBP1 Tg mice. (D) Absence of sucrose preference in 
hSELENBP1 Tg mice. (E) Immobility times in the FST showed no between-group differences. (F) No between-group differences in the total distance of spontaneous 
locomotion (F-1) or percentage of time in the central sector (F-2) in the open-field task. (G) No between-group differences in the percentage of entries into open 
arms (G-1) or the total number of entries (G-2) in the elevated plus-maze test. (H) No between-group differences in the percentage of prepulse inhibition. (I) No 
between-group differences in the percentage of spontaneous alternation (I-1) or the total number of arm entries (I-2). *P < 0.05, **P < 0.01. a.u., arbitrary units.
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P < 0.01; Fig. 4D), indicating anhedonia in Tg mice. In the forced 
swim test (FST), adapted mostly to assess the depressive-like 
behavior, no between-group difference was found (independent t 
test, t18 = −0.43, P = 0.67; Fig. 4E)

Hyperlocomotion is a positive symptom of schizophrenia in 
humans and rodents (8, 9). Since the deficits observed in the social 
approach tasks might be caused or influenced by anxiety, we meas-
ured anxiety-like behaviors in hSELENBP1 Tg mice using open-field 
and elevated plus-maze tasks. In the open-field task, hSELENBP1 
Tg and non-Tg mice showed no significant difference in locomotor 
activity (t15 = −0.10, P = 0.92; independent t test; Fig. 4F-1) and did 
not differ in the percentage of time spent in the central area of the 
open-field arena (t15 = 0.33, P = 0.75; independent t test; Fig. 4F-2). 
Similarly, in the elevated plus-maze task, we found no significant 
between-group differences in the percentage of entries into the open 
arms (t13 = −0.37, P = 0.72; independent t test; Fig. 4G-1) or the 
total number of arm entries (t13 = −1.02, P = 0.33; independent t 
test; Fig. 4G-2). Additionally, we examined sensorimotor gating sta-
tus of hSELENBP1 Tg mice using the prepulse inhibition task and 
found no between-group differences (group, F1,18 = 1.63, P = 0.22; 
intensity, F2,36 = 6.18, P < 0.01; interaction, F2,26 = 0.94, P = 0.40; 
Fig. 4H). An assessment of working memory using the Y-maze task 
showed no differences in the percentage of spontaneous alternations 
between hSELENBP1 Tg mice and non-Tg mice (t29 = 1.30, P = 
0.20; independent t test; Fig. 4I-1) or the total number of arm entries 
(t29 = 0.10, P = 0.93; independent t test; Fig. 4I-2). These results 
demonstrate no effects of hSELENBP1 on locomotion, working 
memory, or anxiety-like behavior.

Overexpression of Selenbp1 in the FC Causes Sociability Deficits 
in Mice. Before examining the behavioral effects of modulating 
Selenbp1 expression in the FC, we measured the expression levels 
of endogenous Selenbp1 in the cortex region of wild-type C57B/6 
mice. These experiments showed that Selenbp1 expression in the 
mouse brain was high in neonates (2-d-old mice) and low thereafter 
(SI Appendix, Fig. S4A). To examine whether the behavioral 
phenotypes of negative symptoms observed in hSELENBP1 Tg 
mice depend on the FC, we injected lentiviral vectors expressing 
recombinant mouse Selenbp1 or DsRed2 into the FC of 2-d-old 
wild-type mice (SI Appendix, Fig. S4 B and C). We confirmed 
the FC expression levels of transduced and endogenous Selenbp1 
transcripts in mice injected into the FC with the Selenbp1-
encoding lentiviral vector (SI Appendix, Fig. S4D).

The social approach behavior of mice with FC-transduced 
Selenbp1 was examined using the three-chamber task and com-
pared to control DsRed2 mice. In the social approach session, 
DsRed2 control mice showed a preference (exploration time) for 
stranger 1 compared to the object (t12 = 2.76, P < 0.05; paired t 
test; Fig. 5A-1). However, no preference for stranger 1 was 
observed in mice with FC-transduced Selenbp1 (t14 = 1.596, 
P = 0.14; paired t test; Fig. 5A-2), indicating that mice with 
FC-transduced Selenbp1 were asocial. In the social novelty session, 
when the object was replaced with stranger 2, both DsRed2-
injected (t12 = −3.53, P < 0.01; paired t test; Fig. 5B-1) and 
Selenbp1- (t14 = −4.41, P < 0.01; paired t test; Fig. 4B-2) mice 
preferred stranger 2 to stranger 1, indicating that social novelty 
recognition remained intact in mice with FC-transduced Selenbp1.

In contrast to the diminished preference for sucrose observed in 
hSELENBP1 Tg mice than in non-Tg mice, mice with FC-transduced 
Selenbp1 showed no differences in sucrose preference compared to 
control DsRed2 mice (t11 = −0.35, P = 0.74; independent t test; 
Fig. 5C). There were no between-group differences in the total dis-
tance of spontaneous locomotion (independent t test, t27 = −0.13, 
P = 0.90; Fig. 5D-1) or the percentage of time spent in the central 

sector of the open-field task (t27 = −1.13, P = 0.27; independent t 
test; Fig. 5D-2). Moreover, the number of entries into each arm (t24 
= 1.51, P = 0.15; independent t test; Fig. 5E-1) and percentage of 
entries into the open arms in the elevated plus-maze test (t24 = −1.21, 
P = 0.24; independent t test; Fig. 5E-2) did not differ between the 
groups. Finally, there were no between-group differences in the per-
centage of spontaneous alternations (t19 = −0.15, P = 0.89; independ-
ent t test; Fig. 5F-1) or the total number of arm entries (t19 = −0.91, 
P = 0.37; independent t test; Fig. 5F-2) in the Y-maze spontaneous 
alternation task. Additionally, we examined the attentional status of 
DsRed2 controls and mice with FC-transduced Selenbp1 mice using 
the attentional set-shifting task (ASST), a behavioral task for meas-
uring cognitive symptoms in schizophrenia animal models (27). All 
mice in both groups showed comparable performances in all discrim-
ination sessions, except for one discrimination session (SI Appendix). 
Specifically, DsRed2 controls and mice with FC-transduced Selenbp1 
showed no significant differences in the number of trials to reach the 
criterion in simple discrimination (t26 = 0.09, P = 0.92), compound 
discrimination (CD; t26 = 0.31, P = 0.76), CD reversal (t26 = 0.47, 
P = 0.64), intra-dimensional shift 1 (IDS1) discrimination (t26 = 0.36, 
P = 0.72), IDS1 reversal (t26 = −0.77, P = 0.45), IDS2 reversal 
(t26 = −1.51, P = 0.14), and extradimensional shift discrimination 
(t26 = −0.75, P = 0.46). However, mice with FC-transduced Selenbp1 
required significantly more trials to reach the criterion in the IDS2 
session than DsRed2 controls (t26 = −2.29, P < 0.05). See SI Appendix, 
Fig. S5 for the details. Thus, mice with FC-transduced Selenbp1 
exhibited normal behaviors in the examined behavioral tasks, except 
for impairments in the social approach and the intra-dimensional 
shift session of the ASST.

Discussion

Postmortem neurochemical investigations of patients with schiz-
ophrenia, including those reported in the present study, imply an 
association between increased PFC SELENBP1 expression and 
schizophrenia development. However, no study has demonstrated 
a causal genetic link between increased PFC SELENBP1 expres-
sion and schizophrenia. To provide experimental evidence for such 
a causal relationship, we generated Tg mice carrying hSELENBP1 
and transduced mouse Selenbp1 into the FC of wild-type mice. 
hSELENBP1 Tg mice exhibited neuroanatomical correlates, a 
decreased excitability of putative glutamatergic neurons in the 
PFC, impaired sensory gating of the FC, and negative behavioral 
endophenotypes of schizophrenia. We also observed a deficit in 
the social approach task and IDS discrimination of ASST in mice 
with FC-transduced Selenbp1.

To determine the relationship between increased SELENBP1 
expression and schizophrenia-like endophenotypes, we generated 
Tg mice carrying human SELENBP1 and characterized them 
neuroanatomically, electroencephalographically, and behaviorally. 
hSELENBP1 Tg mice exhibited thinner cortices, heterotopias, 
and ectopias, all of which are observed in the brains of patients 
with schizophrenia (28, 29). We also measured the frequency of 
action potentials evoked by depolarizing currents in PFC 2/3-layer 
pyramidal neurons of hSELENBP1 Tg mice and found a decreased 
excitability of these neurons. Additionally, the FC ERPs to a paired 
tone presentation, a translational endophenotype for schizophre-
nia (30), were measured in the hSELENBP1 Tg mice. hSE-
LENBP1 Tg mice had more minor ERP amplitudes and evoked 
beta and gamma power than non-Tg mice, indicating auditory 
sensory gating impairment. Finally, we extensively examined the 
behavioral endophenotypes of hSELENBP1 Tg mice using several 
behavioral tasks, showing that these mice exhibited schizophre-
nia-like negative phenotypes: less social preference in the 

http://www.pnas.org/lookup/doi/10.1073/pnas.2203711119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2203711119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2203711119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2203711119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2203711119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2203711119#supplementary-materials
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three-chambered social approach, task deficits in nesting behavior, 
and the absence of sucrose preference. However, hSELENBP1 Tg 
mice exhibited no differences compared to non-Tg mice in other 
behaviors relevant to schizophrenia-like endophenotypes, includ-
ing locomotion, social novelty, sensorimotor gating, and working 
memory. We also found no difference between hSELENBP1 and 
non-Tg mice in the FST. Interestingly, abnormalities in the FC 

ERPs were reported in serine racemase knockout (SRKO) mice, 
a genetic mouse model of N-methyl-D-aspartate (NMDA) recep-
tor hypofunction (31). SRKO mice exhibit altered glutamatergic 
neurotransmission and a deficit in the social novelty task but no 
deficits in sensorimotor gating (31, 32). Multiple similarities 
between SRKO and hSELENBP1 Tg mice suggest reduced soci-
ality that occurs with NMDA hypofunction in the PFC. However, 

Fig. 5. Deficits in the sociability of mice injected into the FC with a lentiviral vector encoding Selenbp1. (A) Normal social approach behaviors in control DsRed2 
mice (A-1), but not Selenbp1 mice (A-2) in the three-chamber social approach task. (B) Preference for S1 over S2 by both DsRed2 (B-1) and Selenbp1 (B-2) in the 
three-chamber social novelty task. (C) No between-group differences in sucrose preference. (D) No between-group differences in the total distance of spontaneous 
locomotion (D-1) or percentage of time in the central sector of the open-field task (D-2). (E) No between-group differences in the percentage of entries into 
open arms (E-1) or the total number of entries into each arm (E-2) in the elevated plus-maze test. (F) No between-group differences in the percentage of correct 
spontaneous alternations (F-1) or the total number of entries into each arm (F-2) in the Y-maze task. Data are expressed as means ± SEM.
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further studies are required to examine the integrity of GABAergic 
neurons and molecular changes in the PFC of hSELENBP1 Tg 
mice.

Numerous studies have implicated PFC dysfunction or hypofunc-
tion in the negative symptoms of schizophrenia, including impaired 
social behavior (10–14, 33). Consistent with this, social behavior is 
impaired by PFC lesions in mice (16) and PFC dysfunction in mice 
and humans (34, 35). Notably, the social impairments of patients 
with schizophrenia are similar to patients with PFC damage (15). 
PLC-β1 is involved in postnatal-cortical development and neuronal 
plasticity (36), and mice lacking PLC-β1 exhibit schizophrenia endo-
phenotypes (37). Our previous studies showed that the knockdown 
of PLC-β1 in the PFC of the mice disrupted social behavior (17, 
38). Here, we sought to determine whether Selenbp1 transduction 
in the FC impaired social behavior. First, to determine the optimal 
mouse age for injecting a lentiviral vector encoding Selenbp1, we 
assessed the age-dependent expression of endogenous SELENBP1 
in the cortex of the mouse brain (SI Appendix, Fig. S4A). Endogenous 
SELENBP1 expression was high on postnatal days 2 and 7, with 
little expression after that. Based on these observations and previous 
reports that injection of nerve growth factor into the neonatal FC 
induces schizophrenia-like endophenotypes in adults (39), we 
injected LV-mCMV-Selenbp1 into the FC of postnatal mice on day 
2. This experimental intervention disrupted social and attentive 
behaviors; however, the other behaviors examined remained intact. 
Therefore, further studies are needed to elucidate the relationship 
between expression levels of SELENBP1 or SELENBP1-associated 
markers in the FC and the degree of social impairment. Notably, a 
neonatally treated or lesioned animal might be an optimal neurode-
velopmental model of schizophrenia since schizophrenia is the end 
state of abnormal neurodevelopment-initiated years before the onset 
of brain disorders (40–42).

As exemplified here with hSELENBP1 Tg mice, this mouse model 
is a valuable tool for performing multiple-level analyses to link 
SELENBP1 overexpression in the brain to specific anatomical, elec-
trophysiological, electroencephalographical, and behavioral out-
comes. However, as described above, endogenous SELENBP1 
expression was high during the postnatal period, with little expression 
after that. In addition, SELENBP1 mRNA levels are increased in the 
PFC of patients with schizophrenia (5). Considering these points, 
we generated mice transduced with Selenbp1 in the FC on postnatal 
day 2 and performed several behavioral analyses of these mice, focus-
ing on PFC-dependent tasks. Mice with FC-transduced Selenbp1 
exhibited deficits in social behaviors similar to hSELENBP1 Tg mice 
but not in nesting behavior and sucrose preference. These discrep-
ancies may be explained by regional (whole brain vs. FC) and tem-
poral (lifelong vs. developmental period) differences between the two 
mouse models. For example, the study assessing naturalistic behav-
iors, anxiety, and cognition of mice with reduced NMDA receptor 
expression in the whole brain mentioned a possibility that nesting 
behavior deficits of these mice were indicative of a global impairment 
(43). Therefore, the reduction of nesting behavior in hSELENBP1 
Tg mice might indicate a global impairment rather than a phenotype 
of schizophrenia.

Previous gene expression analyses of postmortem samples from 
patients with schizophrenia revealed increased SELENBP1 expres-
sion in the PFC (7). We verified these findings, demonstrating 
increased SELENBP1 levels in the PFC of patients with schizo-
phrenia compared with those of controls across diverse demo-
graphic and postmortem factors, including sex, race, age, PMI, 
and tissue pH (Fig. 1 and SI Appendix, Tables S1 and S2). 
Consistent with these observations, neuroimaging studies have 
shown an association between PFC abnormalities and negative 
symptoms (10–14). The extensive molecular genetic study of 

schizophrenia implicates glutamatergic dysfunction (44). 
Interestingly, putative glutamatergic neurons were impaired in the 
hSELENBP1 Tg mice. Therefore, animal models in the present 
study may be a translational tool for studying schizophrenia devel-
opment. Furthermore, given the involvement of various genetic 
determinants in highly heritable brain disorders, such as schizo-
phrenia and ASD, as demonstrated by genome-wide association 
studies (45, 46), we examined CNVs and relevant loci in PFC 
tissues of two patients with schizophrenia with up-regulated 
SELENBP1. These analyses identified overlapping CNVs in lncR-
NAs of the ASD-related genes, HERC2, and GOLGA8, in the 
15q11.1—11.2 schizophrenia/ASD-associated duplication region 
(SI Appendix, Table S3 for details), suggesting that the pathogen-
esis of SELENBP1 upregulation in schizophrenia may be related 
to that of ASD.

SELENBP1 has been suggested to play a role in the development 
of schizophrenia; however, the mechanism remains unknown, largely 
because SELENBP1 is not robustly expressed in the brains of adult 
humans and rodents (47). Moreover, unlike the vast majority of 
selenium-related proteins that are abundantly expressed in neurons, 
SELENBP1 is predominantly expressed in astrocytes (47). 
Furthermore, in addition to impaired neuronal signaling in the 
pathophysiology of schizophrenia, several studies have suggested 
abnormalities in glia and impaired interactions between glia and 
neurons (48, 49). Hence, neuropathological and behavioral charac-
terization of animals overexpressing cell-type specific SELENBP1 
would more clearly define the role of SELENBP1 and provide clues 
to reveal its mechanism in schizophrenia.

Several studies investigating the development of schizophrenia 
point to abnormalities in neurodevelopmental processes, such as 
genetic divergence, exposure to environmental risk factors, inflam-
mation, and an increase in oxidative stress (50–52). Moreover, 
because physiological sulfide compounds can alleviate oxidative 
stress, they can provide complementary protection of antioxidant 
gene expression and storage of sulfides in response to oxidative 
events (53, 54). Recent genetic and biochemical studies have 
shown that human SELENBP1 has a 54% similarity to bacterial 
methanethiol oxidase at the amino acid level (55). Consistent with 
this, SELENBP1 acts as a methanethiol oxidase that catalyzes the 
conversion of methanethiol into hydrogen sulfide (H2S), formal-
dehyde, and hydrogen peroxide (H2O2) in a human fibroblast cell 
line and mouse erythrocytes (55). In this context, excess hydrogen 
sulfide and polysulfide production may play a role in the patho-
genesis of schizophrenia (51). Thus, it is expected that increased 
SELENBP1 expression in the brain could produce an excess of 
sulfur-containing compounds and induce schizophrenia-like 
abnormalities in behavior and cellular morphology, a possibility 
that warrants further investigation.

In summary, because human SELENBP1 is a highly conserved 
protein (56), social-behavioral impairments in both Tg mice car-
rying the human SELENBP1 gene and mice transduced with 
SELENBP1 into the FC provide clinical and molecular clues to 
understand the role of SELENBP1 in schizophrenia development. 
Furthermore, in light of reports that negative symptoms of schiz-
ophrenia are a discrete category and are related to dysfunction or 
hypofunction of dissociable brain circuits, including those in the 
PFC (18, 57), our results suggest that increased expression of 
SELENBP1 in the PFC (BA9) of individuals with schizophrenia 
is a molecular change relevant to the negative symptoms. The 
present results also support previous reports documenting the 
downregulation of SELENBP1 CNVs and proteins in the blood 
of patients with schizophrenia (2, 3), suggesting that SELENBP1 
and its associated biological correlates could potentially be periph-
eral diagnostic biomarkers of the negative symptoms.

http://www.pnas.org/lookup/doi/10.1073/pnas.2203711119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2203711119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2203711119#supplementary-materials
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Materials and Methods

Collection of Postmortem Human Brain Tissue. Postmortem human brain tis-
sue (Brodmann area 9), collected during autopsy at the Cuyahoga County Medical 
Examiner's Office (Cleveland, OH), was supplied by Dr. Stockmeier (Postmortem 
Brain Core Facility, University of Mississippi Medical Center). Tissue collection 
and retrospective psychiatric assessments of all subjects were approved by the 
Institutional Review Board of the University of Mississippi Medical Center (IRB 
protocol 1999-1002) and University Hospitals Cleveland Medical Center (IRB 
protocol 11-88-233; see Table 1 for details on the subjects). The Institutional 
Review Board of Chungnam National University approved the study procedure 
(IRB No. 201810-BR-168-10).

Quantitative PCR. Total RNA from postmortem human PFC tissues was isolated 
using TRIZOL (Invitrogen). RNA (1 μg) was reverse transcribed into cDNA using oligo 
d(T) primers and reverse transcriptase (PrimeScript RT-PCR; TAKARA Biomedical 
Inc.), and 70 ng of the resulting cDNA was used for real-time quantitative PCR 
(SsoAdvanced Universal SYRB Green Supermix, Bio-Rad). Oligonucleotides tar-
geting SELENBP1 (primer sets #1 to 4; Fig. 1A and SI Appendix, Table S1) were 
designed using PRIMEQUEST (Integrated DNA Technologies). The cycle threshold 
(Ct) values for each target transcript were normalized using the Ct value of glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) as the reference gene. The relative 
expression of SELENBP1 transcripts in patients with schizophrenia was assessed 
in each pair matched according to sex, race, age, PMI, and tissue pH according to 
relationship 2(ΔCt patient – ΔCt healthy). Then differences in matched pairs were analyzed 
by one-sample t test using Bio-Rad CFX Manager (Bio-Rad).

Animals. Mice were maintained under a 12/12-h light/dark cycle (lights on at 
9:00 a.m.), with free access to food and water. Animal care and experimental 
procedures were approved by the Institutional Animal Care and Use Committee 
of Chungnam National University guidelines (CNUIACUC No. CNU-01110), INJE 
University Animal Care and Use Committee (INJE University IACUC No. 2014-53), 
and Konkuk University’s Council Directive for the Use and Care of Laboratory 
Animals (KU IACUC No. KU22114).

Transgene Construction and Generation of hSELENBP1 Tg Mice. The plas-
mid, CAGGS-human SELENBP1, was linearized with HindIII and SspI and purified. 
Linearized plasmid DNA was injected into the male pronucleus of fertilized eggs in 
C57BL/6J mice. These eggs were transplanted into the oviducts of pseudo-preg-
nant mice. The Tg founders were bred in wild-type C57BL/6J mice. Animal care 
and experimental procedures were approved by the Institutional Animal Care 
and Use Committee of Chungnam National University guidelines (CNUIACUC 
No. CNU-01110). For details regarding Tg mouse production and protocols, see 
the SI Appendix.

Lentivirus Construction, Production, and Intracranial Injection into the 
FC of Neonatal Mice. Full-length cDNAs for Selenbp1 (NM_009150.3) and 
DsRed2 were cloned into the pLenti-M1.4 lentiviral vector backbone containing 
an IRES-puror gene cassette under the control of the murine cytomegalovirus 
(mCMV) immediate-early promoter. Second-generation lentiviral vectors pseudo-
typed with vesicular stomatitis virus G (VSV-G) were generated by co-transfection 
of HEK293T cells with the pLenti-M1.4 transfer vector plasmid, psPAX2 plasmid, 
and VSV-G envelope plasmid using Lipofectamine (Invitrogen, Waltham, MA). 
Intracranial injections into the FC of neonatal mice were performed as previously 
described (58). See the SI Appendix for further details.

Detection of SELENBP1. To verify SELENBP1 expression in Tg and non-Tg mice, 
as well as normal C57BL/6NTac mice, we performed western blotting, immuno-
histochemistry, and immunofluorescence staining using mouse anti-SELENBP1 
antibodies from OriGene Technologies (TA504700; Rockville, MD) and MBL Inc. 
(M061-3; Woburn, MA). For details regarding reagents and protocols, see the 
SI Appendix.

Electrophysiology. For brain slice used in patch-clamp recordings in the PFC, 
4-wk-old SELENBP1 Tg and littermate non-Tg mice were anesthetized with 0.02 
mL/g Avertin (2,2,2-tribromoethanol; Sigma-Aldrich, St. Louis, MO). Each mouse 
brain was quickly removed and coronally sectioned in an artificial cerebrospi-
nal fluid consisting of 130 mM NaCl, 1.25 mM NaH2PO4, 3.5 mM KCl, 24 mM 
NaHCO3, 1.5 mM CaCl2-2H2O, 1.5 mM MgCl2-6H2O, and 10 mM glucose. Rostral-
to-caudal 300-μm-thick brain slices containing the PFC region were cut using a 
vibratome (Leica VT1000 S) and bubbled with 95% O2/5% CO2 (vol/vol) at room 
temperature. For details regarding recording protocols, see the SI Appendix.

Stereotaxic Surgery and EEG Recordings. For FC and parietal cortex EEG 
recordings, age-matched littermates of 5- to 6-mo-old male and female mice 
underwent the stereotaxic surgery and were given at least 7 d to recover before 
recording the FC and parietal cortex EEG to auditory stimuli, as reported previously 
with minor modifications (31). See the SI Appendix for details.

Behavioral Measurements. A battery of behavioral tests (open-field test, ele-
vated plus-maze test, three-chamber social approach and novelty task, Y-maze 
spontaneous alternation, nest-building test, forced swim task, sucrose preference 
task, prepulse inhibition task, and attention set-shift task) was performed using 
age-matched littermates of 5- to 6-mo-old male mice as reported previously, with 
minor modifications (59). See the SI Appendix for details.

Statistical Analyses. All data are expressed as means ± SEM. A one-sample t 
test, paired t test, independent t test, and ANOVA were used for statistical anal-
yses of all parameters. Group differences were assessed using Sidak’s post hoc 
test, where necessary. SPSS Statistics 25 (IBM) and Prism 9 software (GraphPad 
Software) were used for statistical analyses and graphical figures, respectively. 
The alpha level was set to 0.05.

Data, Materials, and Software Availability. All study data are included 
in the article and/or SI Appendix.
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