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Abstract
Evidence from animal and human studies has linked myo-
inositol (MI) with the pathophysiology and/or treatment of 
psychiatric disorders such as schizophrenia and bipolar dis-
order. However, there is still controversy surrounding the de-
finitive role of MI in these disorders. Given that brain MI is 
differentially regulated by three transporters – SMIT1, SMIT2 
and/or HMIT (encoded by the genes: SLC5A3, SLC5A11, and 
SLC2A13, respectively) – we used available datasets to de-
scribe the distribution in mouse and human brain of the dif-
ferent MI transporters and to examine changes in mRNA ex-
pression of these transporters in patients with schizophrenia 
and bipolar disorder. We found a differential distribution of 
the mRNA of each of the three MI transporters in both hu-
man and mouse brain regions. Interestingly, while individu-
al neurons express SMIT1 and HMIT, non-neuronal cells ex-
press SMIT2, thus partially accounting for different uptake 

levels of MI and concordance to downstream second mes-
senger signaling pathways. We also found that the expres-
sion of MI transporters is significantly changed in schizo-
phrenia and bipolar disorder in a diagnostic-, brain region- 
and subtype-specific manner. We then examined the effects 
of germline deletion in mice of Slc5a3 on behavioral pheno-
types related to schizophrenia and bipolar disorder. This 
gene deletion produces behavioral deficits that mirror some 
specific symptoms of schizophrenia and bipolar disorder. Fi-
nally, chronic administration of MI was able to reverse par-
ticular, but not all, behavioral deficits in Slc5a3 knockout 
mice; MI itself induced some behavioral deficits. Our data 
support a strong correlation between the expression of MI 
transporters and schizophrenia and bipolar disorder, and 
suggest that brain region-specific aberration of one or more 
of these transporters determines the partial behavioral phe-
notypes and/or symptomatic pattern of these disorders.

© 2019 S. Karger AG, Basel
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Introduction

Myo-inositol (MI) is a key metabolic precursor in the 
phosphatidylinositol second messenger cycle, a critical 
component of several neurotransmitter systems includ-
ing noradrenalin, serotonin, glutamate, and acetylcho-
line. It also acts as an osmolyte and is released from and 
taken up by astrocytes in response to hypotonic and hy-
pertonic surroundings, respectively [1–3]. MI, an opti-
cally inactive isomer of inositol, is obtained from dietary 
sources and can also be synthesized from glucose in many 
human tissues.

The concentration of MI in the human brain is esti-
mated to be 6 mM, the majority of which is synthesized in 
the brain, with the rest coming from peripherally synthe-
sized MI and dietary sources. The brain levels of MI are 
regulated by three active transporters, sodium-dependent 
MI transporter-1 (SMIT1, encoded by SLC5A3), sodium-
dependent MI transporter-2 (SMIT2, SLC5A11), and H+-
dependent MI transporter (HMIT, SLC2A13), which im-
port MI across the plasma membrane by co-transporting 
two sodium ions (or protons) per MI molecule down the 
sodium concentration gradient.

MI has been linked with the pathophysiology and/or 
the treatment of several neuropsychiatric disorders, in-
cluding depression [4, 5], obsessive compulsive disorder 
(OCD) [6, 7], panic disorder [8, 9], attention deficit hy-
peractivity disorder (ADHD) [10], Alzheimer’s disease 
[11, 12], Parkinson’s disease [13], bipolar disorder [14], 
autism [15], and schizophrenia [16, 17].

The MI depletion hypothesis of bipolar disorder is still 
attracting substantial interest because it provides a mech-
anistic foundation for the action of mood stabilizers [14]; 
however, attempts to determine MI levels in animal mod-
els of, and patients with, bipolar disorder resulted in 
mixed findings [18–21]. Studies using magnetic reso-
nance spectroscopy (MRS) revealed increased levels of 
MI in the frontal cortex and anterior cingulate of juvenile 
patients with bipolar disorder [21, 22], and normal MI 
levels in the brain of unmedicated adult bipolar patients 
[23]. Further, mood stabilizers have been shown to de-
crease or increase MI in gray matter of the brain of rats 
and patients with bipolar disorder [24–26].

Conflicting conclusions were also made with respect 
to the role of MI in schizophrenia. MRS imaging studies 
showed a reduction of MI in the anterior cingulate and 
medial prefrontal cortex [16, 27], increased MI in the pa-
rietal white matter [28], and no changes in frontal white 
matter in patients with schizophrenia compared with 
age-matched controls [29].

The reason for the reported inconsistency in MI levels 
in both bipolar disorder and schizophrenia is unknown. 
However, the patterns of changes of MI in bipolar disor-
der and schizophrenia appear to be dependent on the 
brain region. Therefore, the discrepancies in MI levels 
may arise from distinct differences in expression and reg-
ulation of the MI transporters SMIT/HMIT in different 
brain areas and specific cell types.

The human SMIT1 gene (SLC5A3) is located at chr21: 

3544870–35478561 [30], and was found to be overex-
pressed in human Down syndrome and in trisomy 16 
(Ts16) fetal mice [31, 32]. The expression of SLC5A3 
mRNA in neutrophils was decreased in bipolar disorder 
type I patients with chronic lithium treatment compared 
to unmedicated bipolar disorder type I patients and con-
trols [33].

The SMIT2 gene (SLC5A11) is located at chr16: 

24,857,184–24,922,949 and there have been no reports to 
date on genetic associations of this gene with neuropsy-
chiatric disorders. The HMIT gene (SLC2A13) is located 
at chr12: 40,343,293–40,499,661 and was previously asso-
ciated with Parkinson’s disease [13].

Together, these studies suggest a potential role of al-
tered brain MI levels as well as expression of MI trans-
porters in the pathophysiology of psychiatric disorders. 
However, there are currently no definitive experiments 
regarding the precise role and/or potential mechanisms 
for such a role. Therefore, the aim of this study was to gain 
a better and clearer view of the precise role of MI trans-
porters in psychiatric disorders. To achieve this goal, we 
first used available datasets describing the distribution in 
mouse and human brain of the different MI transporters 
and the changes in expression of these transporters in the 
brains of patients with specific psychiatric disorders. We 
then used an Slc5a3 knockout (KO) mouse model to de-
termine the behavioral phenotype of Slc5a3 germline de-
letion.

Methods

Spatial Gene Expression of SLC5A3, SLC5A11, and SLC2A13 
in Human Brain
The Genotype-Tissue Expression (GTEx) database was queried 

for cross-tissue comparisons of the significant findings. The GTEx 
project is an ongoing effort to build a comprehensive public re-
source to study tissue-specific gene expression and regulation [34]. 
Samples were collected from 53 non-diseased tissue sites across 
nearly 1,000 individuals, primarily for molecular assays including 
whole genome and exome sequencing, and RNA-Seq. The GTEx 
portal provides open access to data including gene expression, 
quantitative trait loci (QTLs), and histology images. The current 
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release is V7 including 11,688 samples, 53 tissues, and 714 donors. 
Because GTEx does not report any data for SLC5A3 human ex-
pression, the transcriptional profiles of SLC5A3 in various brain 
regions were acquired from the anatomically comprehensive atlas 
of the adult human brain transcriptome (Allen Brain Institute for 
Brain Science; http://human.brain-map.org) [35, 36].

To further explore the cell specificity and diversity of these 
genes in the human brain, the single nucleus RNA-Seq data set was 
queried (http://celltypes.brain-map.org/rnaseq) [37]. This dataset 
is generated from intact nuclei obtained from frozen human brain 
tissues to screen cell type diversity in the human middle temporal 
gyrus (MTG). In total, 15,928 nuclei from 8 human tissue donors 
ranging in age from 24 to 66 years were analyzed. Analysis of these 
transcriptional profiles reveals approximately 75 transcriptionally 
distinct cell types, subdivided into 45 inhibitory neuron types, 24 
excitatory neuron types, and 6 non-neuronal types.

Spatial Gene Expressions of Slc5a3, Slc5a11, and Slc2a13 in 
Mouse Brain
We visually examined raw data from the Allen Brain Atlas, 

which constitute in situ hybridization section images from differ-
ent section coordinates in adult mouse brains (Allen Brain Atlas; 
http://mouse.brain-map.org) [38]. In situ hybridization images 
from corresponding levels available for the expression of Slc5a3 
mRNA (Probe: RP_Baylor_103192), Slc5a11 mRNA (Probe: 
RP_050126_02_F02), and Slc2a13 (Probe: RP_050524_03_H06 
and RP_060315_05_B10) were compared. To further investigate 
the cell specificity of these genes in the brain, a recent paper using 
a single-cell nuclear RNA-Seq study was queried [39].

MI Transporter Gene Expression in Psychiatric Disorders
GEO Analyses
We screened publicly available gene expression studies of genes 

encoding MI transporters SLC5A3, SLC5A11 and SLC2A13 in the 
context of schizophrenia and bipolar disorder to obtain human 
differential expression data. The most comprehensive repository 
of such data, Gene Expression Omnibus (GEO), returned 7 cu-
rated studies with differential gene expression (RNA microarray) 
data from individuals with the abovementioned conditions and 
healthy controls: GSE4036, GSE12654, GSE21935, GSE12679, 
GSE5389, GSE5388, and GSE17612. GEO2R with default settings 
was used to calculate differential expression; of these only 
GSE21935, GSE12679, GSE5389, and GSE5388 showed significant 
differential expression (see online suppl. Table S1 for the main fea-
tures of these datasets).

CommonMind Data Analysis
The CommonMind Consortium dataset initially describes 

RNA-Seq data results from schizophrenia (n = 258) and controls 
(n = 279) [40]. The dataset also contains bipolar disorder patient 
samples (n = 47) obtained through the CommonMind Consor-
tium Knowledge Portal [40].

Behavioral Studies on Slc5a3 KO Mice
Animals
The Slc5a3 knockout mouse line was a kind gift from Dr. Ge-

rard Berry (Harvard University) and was generated as previously 
described [20, 28]. MI was added to the maternal drinking water 
(4%) in the prenatal and postnatal stages of all homozygous mice 
(to ensure pup survival) and to a subgroup of these mice after 

weaning (Slc5a3 KO + MI) to the end of the experiment. All mice 
used in this study were generated from heterozygous crosses. A 
subgroup of wild-type (WT) mice was also administered MI in 
drinking water (4%) from weaning to the end of the experiment. 
Ten-week-old male mice were tested with a battery of behavioral 
paradigms in the following order: locomotion activity, marble 
burying, T-maze, social interaction, forced swimming, prepulse 
inhibition (PPI), and contextual fear conditioning. The sequence 
of specific assays spaced by an interassay interval of 3–6 days was 
adapted from previously published reports [41, 42].

Behavioral Analyses
Locomotor Activity. Locomotor activity was performed as pre-

viously described [43]. Mice were placed into a locomotion test 
chamber (Med Associates, Inc.), and the horizontal activity was 
recorded for 60 min and analyzed by Activity Monitor 5 software 
(Med Associates, Inc.).

Social Interaction. The social interaction assay was performed 
using the three-chambered box apparatus as we previously de-
scribed [43]. Two empty wire mesh containment cups were placed 
in the middle of the right or left chamber (one per each side). The 
duration of direct contacts between the subject mice with both 
cups were recorded individually and analyzed by ANY-MAZE 
software (Stoelting Co.).

PPI Assay. The PPI assay was measured as we previously de-
scribed [44]. Mice were placed in the startle chambers for 5-min 
acclimation with 65-dB background noise. The value of PPI was 
calculated as a percentage score for each of acoustic prepulse in-
tensity: % PPI = 100 – ([(startle response for prepulse + pulse tri-
als)/(startle response for pulse-alone trials)] ×100). The magnitude 
of the response was calculated as the average response to all of the 
startle or prepulse trials.

Forced Swim Test. The forced swim assay was performed as 
previously described [43]. Mice were placed individually in a 
transparent glass cylinder containing water at 23–25  ° C and forced 
to swim. The mice were videotaped for 6 min, and the immobility 
time was recorded for the last 4 min. ANY-MAZE software was 
used to record and analyze immobility (Stoelting Co.).

Contextual Fear Conditioning Assay. The contextual fear con-
ditioning assay was performed as previously described [43]. After 
3 days of mouse handling, the mice were placed in the conditioning 
chamber (TSE Systems, Inc.) and received foot shock lasting for 2 
s; 24 h after shock, the mice were placed back into the same cham-
ber (same conditioned context: wallpaper with striped pattern) in 
the absence of shock for 5 min and their freezing behavior was as-
sessed during this period (retention session). Freezing behavior 
was scored as freezing (1) or not (0) within an interval of 5 s and 
the percentage of freezing behavior was calculated as 100 × (the 
number of intervals of freezing/total intervals).

Data Analysis
Animal Studies. statistical analyses were carried out using 

GraphPad Prism (GraphPad Software, Inc.). Data are presented as 
means ± SEM. Results were analyzed by the Student t test or ANO-
VA followed by the appropriate post hoc comparisons, and p < 
0.05 was considered statistically significant.

Human Study. Differential expression between patients and 
controls in the CommonMind DLPFC data was computed using 
the limma R package along with following covariates of RNA in-
tegrity, library batch, institution (brain bank), diagnosis, age of 
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death, genetic ancestry, postmortem interval, and sex, which ex-
plain a substantial fraction (0.42) of the average variance of gene 
expression being used to adjust the values for all analyses [40]. Dif-
ferential expression between patients and controls in GEO data 
was computed using empirical Bayes moderated t-statistics test 
performed by the limma R package.

Results

MI Transporter Gene Expression in Human and 
Mouse Brain
Gene Expression Distribution in the Human Brain
The GTEx database was queried for cross-tissue com-

parisons of the significant findings. It shows clearly that 
SLC5A11 and SLC2A13 are highly expressed in multiple 

brain regions compared to other tissues (online suppl. 
Fig. S1.a, b; for all online suppl. material, see www.karger.
com/doi/10.1159/000501125) [34]. Because GTEx does 
not report any data for SLC5A3 human expression, the 
Allen Brain Institute for Brain Science database was que-
ried for brain regional expression of SLC5A3, and the re-
sults show that SLC5A3 is differentially expressed in var-
ious brain regions, with the highest expression being in 
the choroid plexus (online suppl. Fig S1.c) [36].

The cellular specificity of SLC5A3, SLC5A11, and SLC- 
2A13 were compared across broad classes (GABA, gluta-
mate, non-neuronal, and no class) as well as cell clusters. 
In 15,928 human nuclei sampled in the MTG, there was 
scant evidence for the co-expression of SLC5A3 and SLC-
5A11 (Fig. 1a; online suppl. Fig. S2.a) or the co-expression 
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of SLC5A11 and SLC2A13 (online suppl. Fig. S2.b). SLC-
5A11 showed clear non-neuronal expression and was 
highest in oligodendrocytes in layers 1–6 of oligodendro-
cyte precursor cells’ positive nuclei (online suppl. Fig. 
S2.a, b). Single nuclei in the MTG generally co-expressed 
SLC5A3 and SLC2A13: of 15,928 snRNA-Seq nuclei there 
were 5,421 SLC5A3+/SLC2A13+ nuclei distributed across 
6 cortical layers (Fig. 1b, c; online suppl. Fig. S2.c). The 
regression lines for co-expression were highly significant 
(shown in Fig. 1b; p value range from layer 1 p = 4E-03 to 
layer 3 p = 1E-21). Most cells that co-expressed both SLC- 
5A3 and SLC2A13 were either GABAergic (p value for 
regression 4.1E-15) or glutamatergic (p value for regres-
sion 6.8E-15, Fig. 1b; online suppl. Fig. S2.c). A total of 83 
non-neuronal nuclei co-express SLC5A3 and SLC2A13 
(Fig. 1b; online suppl. Fig. S2.c), while GABAergic (1,644) 
and glutamatergic (3,698) nuclei co-express both genes.

Gene Expression Distribution in the Mouse Brain
Similar to what we found in the human brain, the gene 

expression map of the three MI transporters in the mouse 
brain shows distinct topographical distribution (online 
suppl. Fig. S3). In situ hybridization data downloaded 
from the Allen Brain Atlas show the distinct distribution 
of the three transporters (online suppl. Fig. S3). For this 
analysis, the expression value reported at the website was 
used. SLC5A11 transcript expression was relatively low in 
all regions of the mouse brain, although we were previ-
ously able to detect SLC5A11 protein expression, highly 

localized to the axon initial segment, in mouse hippocam-
pal neurons [45]. It is also evident that the levels of SLC- 
2A13 transcript expression are higher than those of SLC- 
5A3 in most brain regions, and that the hippocampus, 
cerebral cortex, and hypothalamus contain the highest 
levels of SLC5A3.

Analysis of Gene Expression in Schizophrenia and 
Bipolar Disorder CommonMind Consortium and 
GEO Studies
We used a gene expression database that provides RNA 

sequencing data in the postmortem human dorsolateral 
prefrontal cortex of individuals with schizophrenia, bipo-
lar disorder, and control subjects (CommonMind Con-
sortium) and examined the data for SLC5A3, SLC5A11, 
and SLC2A13 expression. SLC5A3 was significantly in-
creased between schizophrenia and control individuals 
(SLC5A3, ENSG00000198743, p = 0.038 FDR corrected, 
log2 difference = 0.16) and showed a trend for SLC2A13 
(HMIT, ENSG00000151229, p = 0.08 FDR corrected, log2 
difference = 0.10) (Table 1a). SLC5A11 expression was sig-
nificantly increased between bipolar disorder and control 
subjects (SLC5A11, ENSG00000158865, p = 0.0435 FDR 
corrected, log2 difference = 0.47) (Table 1b).

In smaller GEO sample sets (online suppl. Tables S1–
S4), the results were underpowered to replicate the Com-
monMind Consortium results for schizophrenia and bi-
polar disorder. The details of those results from multiple 
GEO datasets were obtained from the dorsolateral pre-

Table 1. Gene expression of SLC5A3, SLC5A11, and SLC2A13 in schizophrenia and bipolar disorder (CommonMind)

a CommonMind schizophrenia compared to controls

Gene/isoform Symbol Ensembl ID Average expression log2 fold change p value Adj. p value

SLC5A3 SLC5A3 ENSG00000198743 7.622 0.168 0.001034 0.03806
SLC5A11 SLC5A11 ENSG00000158865 2.949 –0.0353 0.6583 0.8296
SLC2A13 SLC2A13 ENSG00000151229 8.378 0.1029 0.005932 0.0821

b CommonMind bipolar disorder compared to controls

Gene/isoform Symbol Ensembl ID Average expression log2 fold change p value Adj. p value

SLC5A3 SLC5A3 ENSG00000198743 7.580 0.05444 0.56354 0.833295
SLC5A11 SLC5A11 ENSG00000158865 3.269713 0.47287 0.001622 0.043506
SLC2A13 SLC2A13 ENSG00000151229 8.394 0.16632 0.130633 0.48725

RNA-Seq data results from schizophrenia (n = 258), bipolar disorder (n = 47), and controls (n = 279).
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frontal cortex, anterior prefrontal cortex, superior tempo-
ral cortex, orbitofrontal cortex, and cerebellum. In GEO 
dataset (GSE21935), SLC5A3 (SMIT1) expression was sig-
nificantly increased in the superior temporal cortex 
(BA22) in schizophrenia patients compared to controls 
(FDR p value = 0.042). The aforementioned data were ob-
tained using two SLC5A3 probe sets: 212944_at and 
213164_at; these probe sets are given annotation grade A.

Animal Studies
SLC5A3 KO mice displayed locomotor activity com-

parable to that of the WT group. While chronic adminis-
tration of MI did not produce any change in the locomo-
tor activity in the WT mice (p > 0.05; Fig. 2a), it signifi-

cantly increased the locomotor activity in the SLC5A3 
KO mice (p < 0.05; Fig. 3a).

MI did not cause any change in the forced swim test in 
WT animals (p > 0.05; Fig. 2b). SLC5A3 KO mice displayed 
lower immobility time than WT mice (p < 0.05; Fig. 3b), 
suggesting that SLC5A3 KO mice have higher manic be-
havior, but MI was unable to reverse the manic-like behav-
ior observed in SLC5A3 KO mice (p > 0.05; Fig 3b).

Repetitive behavior was measured using the marble 
burying assay. In this test, chronic MI administration did 
not affect repetitive behavior in the WT animals (p > 0.05; 
Fig. 2c); however, it reversed the augmented repetitive be-
havior in the SLC5A3 KO mice (p < 0.05; Fig. 3c). Indeed, 
MI decreased the number of buried marbles in SLC5A3 

3,500

3,000

2,500

2,000

1,500

1,000

500

0

Co
un

t/
h

Veh MI
a

200

150

100

50

0
Im

m
ob

ili
ty

 ti
m

e,
 s

Veh MI
b

6

4

2

0

M
ar

bl
es

 b
ur

ie
d,

 n

Veh MI
c

150

100

50

0

Ti
m

e,
 s

Empty EmptyMouse Mouse
d Veh MI

**
*

80

60

40

20

0

PP
I, 

%

68 71 77 Average
e

80

60

40

20

0

Al
te

rm
at

io
n,

 %

WT WT + MI
f

80

60

40

20

0

Fr
ee

zin
g,

 %

Veh VehMI MI
g Baseline Test

■ Veh
■ MI

Fig. 2. Behavioral effects of MI in WT mice. a Distance that mice 
travelled in 60 min of the locomotion assay; unpaired Student test 
(t = 0.39, p > 0.05, n = 10): WT vs. KO. b Immobile time in the 
forced swimming assay; unpaired Student test (t = 0.39, p = 0.6999, 
n = 10) revealed no significant drug effect. c Number of marbles 
buried in 30 min; unpaired Student test (t = 0.909, p = 0.375, n = 
10) revealed no significant drug effect. d Time mice spent interact-
ing with empty cup and unfamiliar mouse in the social interaction 
assay; two-way ANOVA revealed a significant object effect (F1, 30 =  
21.01, p = 0.004, n = 7–10) and but no drug effect (F1, 30 = 1.3, p > 

0.05) followed by Bonferroni post hoc test. * p < 0.05, ** p < 0.01, 
empty cup vs. unfamiliar mouse. e Prepulse inhibition ratios 
against three prepulse stimulations in the PPI assay; two-way 
ANOVA revealed no significant drug effect (F1, 72 = 0.02, p = 0.887, 
n = 10). f Percentage of the alternation choice mice made in the T-
maze spontaneous assay; unpaired Student test (t = 0.39, p > 0.05, 
n = 10). g Percentage of freezing behavior in contextual fear con-
ditioning assay; two-way ANOVA revealed no significant drug ef-
fect (F1, 36 = 0.475, p = 0.344, n = 10) followed by Bonferroni post 
hoc test. Data are presented as means ± SEM. Veh, vehicle.

Co
lo

r v
er

sio
n 

av
ai

la
bl

e 
on

lin
e



Association of Myoinositol Transporters 
with Schizophrenia and Bipolar Disorder

207Mol Neuropsychiatry 2019;5:200–211
DOI: 10.1159/000501125

150

125

100

75

50

25

0

In
te

ra
ct

io
n 

tim
e,

 s

Empty Empty EmptyMouse Mouse Mouse

d

WT SLC5A3 KO SLC5A3 KO + MI

80

60

40

20

0

PP
I, 

%

WT KO KO +
MI

KO +
MI

KO +
MI

WT KO WT KO KO +
MI

WT KO
e 68 71 77 Average

6,000

4,000

2,000

0

Co
un

t/
h

WT SLC5A3
KOa

SLC5A3
KO + MI

**
**

100

80

60

40

20

0

Al
te

rn
at

io
n,

 %

WT SLC5A3
KOf

SLC5A3
KO + MI

* *
80

60

40

20

0

Fr
ee

zin
g,

 %

g
Baseline Test

8

6

4

2

0

M
ar

bl
es

 b
ur

ie
d,

 n

WT SLC5A3
KOc

SLC5A3
KO + MI

***200

150

100

50

0

Im
m

ob
ili

ty
 ti

m
e,

 s

WT SLC5A3
KOb

SLC5A3
KO + MI

*

*

**
###

#

■ WT
■ SLC5A3 KO
■ SLC5A3 KO + MI

* *

Fig. 3. Behavioral phenotype of Slc5a3 KO mice and following 
chronic MI treatment. a Distance mice travelled in 60 min of the 
locomotion assay; one-way ANOVA followed by Tukey post-test 
(F2, 23 = 8.36, ** p < 0.01, n = 8). b Immobile time in the forced 
swimming assay; one-way ANOVA revealed a significant geno-
type effect (F2, 22 = 4.675, p = 0.02, n = 7–9) followed by Bonfer-
roni post-test. * p < 0.05, WT vs. Slc5a3 KO. c Number of marbles 
buried in 30 min; one-way ANOVA revealed significant genotype 
and treatment effects (F2, 23 = 9.950, p = 0.0009, n = 8) followed by 
Bonferroni post-test. * p < 0.05, *** p < 0.001. d Time mice spent 
interacting with empty cup and unfamiliar mouse in the social in-
teraction assay; two-way ANOVA revealed a significant object ef-
fect (F1, 46 = 14.32, p = 0.0004, n = 8–9) but not object × treatment 
interaction (F2, 46 = 0.8323, p > 0.05) followed by Bonferroni post 

hoc test. * p < 0.05, empty cup vs. unfamiliar mouse. Data are pre-
sented as means ± SEM. e Prepulse inhibition ratios against three 
prepulse stimulations in the PPI assay; one-way ANOVAs revealed 
a significant genotype and treatment effect (F = 4.8, p < 0.0001,  
n = 7–9) followed by Bonferroni post-test. * p < 0.05, ** p < 0.01, 
WT vs. KO; # p < 0.05, ### p < 0.001, KO vs. KO + MI. f Percentage 
of the alternation choice mice made in the T-maze spontaneous 
assay; one-way ANOVA revealed a significant effect of the geno-
type and treatment (F2, 20 = 5.472, p = 0.013, n = 7). * p < 0.05. Data 
are presented as means ± SEM. g Percentage of freezing behavior 
in contextual fear conditioning assay; two-way ANOVA revealed 
no significant genotype or treatment effect (F2, 42 = 0.468, p = 0.344, 
n = 7–9) followed by Bonferroni post hoc test. Data are presented 
as means ± SEM.

Co
lo

r v
er

sio
n 

av
ai

la
bl

e 
on

lin
e



Vawter/Hamzeh/Muradyan/Civelli/
Abbott/Alachkar

Mol Neuropsychiatry 2019;5:200–211208
DOI: 10.1159/000501125

KO mice to levels that were even lower than in WT mice 
(albeit not significant compared with WT, p = 0.057).

In the social interaction assay, both WT and SLC5A3 
KO mice displayed more interaction with the unfamiliar 
mouse than with the empty cup (p < 0.05; Fig. 3d). The 
WT-MI group spent more time interacting with the un-
familiar mouse than with the empty cup (p < 0.05; Fig. 2d), 
however, the SLC5A3 KO-MI group displayed a deficit in 
sociability, and spent a similar amount of time with the 
unfamiliar mouse and the empty cup (p > 0.05; Fig. 3d).

We then studied the effect of deletion of SLC5A3 and 
the MI treatment on the sensorimotor gating response. 
SLC5A3 KO mice exhibited a significant decrease in PPI 
ratios (p < 0.05; Fig. 3e), suggesting an impairment in sen-
sorimotor gating function. While chronic MI treatment 
did not produce any effect on the PPI ratios in the WT 
animals (p > 0.05; Fig 2e), it reversed the PPI deficit in the 
SLC5A3 KO group, restoring PPI ratios to normal values 
(p < 0.05; Fig. 3e).

In the spontaneous T-maze alternation assay which 
measures working memory, MI did not have any effect on 
the percentage of arm choice alternation in the WT mice 
(p > 0.05; Fig. 2f). SLC5A3 KO mice showed a decrease in 
the percentage of arm choice alternation compared to the 
WT mice (p < 0.05; Fig. 3f). Chronic MI administration 
reversed the memory deficit and increased the percentage 
of arm choice alternation in the SLC5A3 KO mice to the 
levels of WT mice (p > 0.05; Fig. 3f).

In the contextual fear conditioning assay, all groups 
barely exhibited freezing behavior, with no significant ef-
fect of the genotype or the MI treatment before the foot 
shock stimulus during the training session, and all groups 
exhibited a similar level of increase in the freezing behav-
ior percentage in the retention session (p > 0.05; Fig. 2g, 
3g). Together, these results suggest that SLC5A3 KO mice 
display cognitive deficits in working memory but not 
long-term contextual memory, and that MI improves the 
impaired but not the normal working memory.

Discussion

Several lines of evidence from animal and human stud-
ies have linked MI with the pathophysiology and/or treat-
ment of psychiatric disorders such as schizophrenia, au-
tism, depression, ADHD, bipolar disorder, and OCD. Re-
cent work showed the phosphatidylinositol signaling 
system is a highly ranked pathway in cross-disorder com-
parisons of schizophrenia, autism spectrum disorder, and 
bipolar disorder using a Deep Structured Phenotype Net-

work analysis and other machine learning algorithms 
[46]. Thus, we studied MI transport in schizophrenia and 
bipolar disorder choosing three transporters of MI that 
differentially regulate the level of MI (SMIT1, SMIT2 and 
HMIT, encoded by SLC5A3, SLC5A11, and SLC2A13, re-
spectively) due to varying transport kinetics (capacity and 
affinity). Our current study reveals that the distinct roles 
of MI in schizophrenia and bipolar disorder may reflect 
the regional disparity, cell-specific expression patterns, 
and/or dynamic control of MI transporters. In this con-
text, we further studied specific genetic KO of one trans-
porter (SMIT1; Slc5a3) to help determine the eventual 
behavioral phenotypes and/or symptomatic pattern in an 
animal model of psychiatric disorders.

Our analysis of existing datasets of gene expression in 
normal brain demonstrates that SLC5A3, SLC5A11, and 
SLC2A13 exhibit distinct regional expression in the hu-
man brain. Of interest, individual neurons appear to uti-
lize SLC5A3 and SLC2A13 together while SLC5A11 ap-
pears to be largely non-neuronal. These cell-specific pat-
terns can thus partially account for different uptake levels 
of MI and concordance to downstream second messenger 
signaling pathways. Analysis of the large CommonMind 
RNA-Seq dataset revealed increased SLC5A3 in schizo-
phrenia and increased SLC5A11 in the dorsolateral pre-
frontal cortex in bipolar disorder. GEO results showed 
both increased and decreased SLC5A3 expression in 
schizophrenia depending on the brain regions and micro-
array probe sets. While these results may help explain the 
inconsistency of previous data on the role of MI in psy-
chiatric disorders, they also suggest that altered expres-
sion or function of one or more of these transporters 
might be associated with specific regional expression dif-
ferences and have specificity to a handful of phenotypes.

Using Slc5a3 KO mice, those phenotypes were tested 
in a series of behavioral assays that correspond to symp-
toms of psychiatric disorders known to be associated with 
abnormal MI levels including schizophrenia, depression, 
and bipolar disorder. While Slc5a3 KO mice exhibited 
normal locomotor activity, social behavior, and contex-
tual memory, these animals displayed excessive repetitive 
behavior, increased mania-like behavior, impaired work-
ing memory, and deficits in prepulse inhibition. SMIT1 
(SLC5A3) is only one of three active transporters that reg-
ulate MI in the brain. Given the distinctive brain distribu-
tion, cellular expression, and various capacities and af-
finities of the three different MI transporters, it is con-
ceivable that the ultimate behavioral phenotype induced 
by SLC5A3 deletion is determined by the specificity and 
topographical extent of the contributory mechanisms of 
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the other two transporters, encoded by SLC5A11 and SLC- 
2A13, in response to SLC5A3 deletion. First, SLC5A11 is 
largely non-neuronal while SLC5A3 is neuronal, so SLC- 
5A11 is unlikely to rescue functions ascribed to neuronal 
control in the Slc5a3 KO. It is possible that SLC2A13 
could be compensatory in the same cells where SLC5A3 
is lost. This argument is supported by our observation of 
highly significant patterns of co-expression in multiple 
layers of cortex for SLC5A3 and SLC2A13. However, the 
discrepancy in the brain regional distribution of SLC5A3 
and SLC2A13 suggests that SLC2A13 can only compen-
sate for SLC5A3 absence in specific brain regions (where 
SLC2A13 is highly expressed). Therefore, the pattern and 
magnitude of specific behavioral deficits induced by SLC- 
5A3 depletion may be mitigated by the ability of SLC- 
2A13 to compensate for the loss of SLC5A3 in brain re-
gions that express SLC2A13.

While chronic MI administration in drinking water 
did not induce effects on any of the behavioral responses 
in WT mice, its effects on Slc5a3 KO mice can be divided 
into three categories: (1) no effect on the behavioral re-
sponses of Slc5a3 KO mice such as those quantified by 
immobility in the forced swim test; (2) reversal of behav-
ioral deficits in the Slc5a3 KO mice such as those in re-
petitive behavior, working memory impairment, and the 
prepulse inhibition deficit; and (3) induction of distinct 
behaviors, such as increase in locomotor activity and de-
crease in social interaction which mirror positive and 
negative symptoms of schizophrenia, respectively. 
Chronic dietary inositol is known to differentially elevate 
inositol levels in different regions of the brain, e.g., 36 and 
27% increases in the cortex and hippocampus, respective-
ly, with no effect on inositol levels in the striatum or cer-
ebellum [47]. In the light of these data, our results show-
ing the lack of significant impacts of mild dietary MI sup-
plementation on behavioral phenotypes of WT mice are 
not surprising.

Slc5a3 KO mice exhibited deficits in prepulse inhibi-
tion and spatial working memory, as well as increased 
repetitive behavior, all of which involve activation of the 
cortico-striatal-thalamo-cortical (CSTC) circuit [48, 49]. 
Chronic MI administration reversed these behavioral 
deficits, suggesting that MI was taken up through other 
transporters (most likely Slc2a13) into the neurons or as-
trocytes in the CSTC circuit. Imbalances of the CSTC cir-
cuit are associated with a number of neuropsychiatric and 
neurological disorders, including OCD, bipolar disorder, 
schizophrenia, and ADHD [49–51]. Interestingly, our 
analysis of the anatomical distribution of MI transporter 
genes reveals that SLC5A3, which is highly expressed in 

the mouse striatum (the input nucleus to the basal gan-
glia), is scarcely expressed in the human striatum. How-
ever, in contrast to mouse thalamus, human thalamus 
contains high levels of SLC5A3. In addition, both the 
mouse and the human cortex contain high levels of SLC- 
5A3. Together, these data suggest that although species-
specific regional expression differences likely occur, SLC- 
5A3 plays a significant role in the regulation of some re-
gions of the CSTC circuit in both mice and humans and, 
therefore, might be involved in the pathophysiology of 
psychiatric disorders that are associated with the dys-
functions of the CSTC circuit.

Our data support a correlation between the differential 
expression levels of MI transporters and schizophrenia 
and bipolar disorder, suggesting that brain region-specif-
ic aberration of one or more of these transporters can in-
duce behavioral phenotypes and/or symptomatic pattern 
of these disorders. Our data also suggest MI transporters 
as potential therapeutic targets for the treatment of 
schizophrenia and bipolar disorder. Further studies are 
necessary to determine the behavioral phenotypes associ-
ated with Slc2a13 genetic deletion in mice and to a lesser 
extent of Slc5a11. The remaining question is how an in-
creased expression of SLC5A3 and SLC2A13 in a region-
al-specific manner that occurs in human neuropsychiat-
ric disorders may also determine potential regulators of 
MI transporters and whether those are differentially reg-
ulated within different neurotransmitter systems by epi-
genetic and environmental factors.
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