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Understanding the etiology and treatment approaches in schizophrenia is challenged

in part by the heterogeneity of this disorder. One encouraging progress is the growing

evidence that there are subtypes of schizophrenia. Recent in vitro findings of messenger

ribonucleic acid (mRNA) gene expression on postmortem dorsolateral prefrontal cortex

(DLPFC) showed that schizophrenia has two subtypes, those with a relatively normal

DLPFC transcriptome (Type 1) and those with differentially expressed genes (Type

2). Sphingosine-1-phosphate receptor-1 (S1PR1) is one of the genes that was highly

upregulated in Type 2 compared to Type 1 and controls. The impact of that finding is

limited because it only can be confirmed through analysis of autopsy tissue, and the

clinical characteristics such as symptoms severity or illness duration except for cause

of death was not available from that Medical Examiner based autopsy study. However,

S1PR1 has great potential because it is a target gene that can be accessed via positron

emission tomography (PET) in vivo using specific radioligands (starting with [11C]CS1P1)

successfully developed at our center in human brain imaging. As a preliminary study

to validate this PET target in schizophrenia, S1PR1 protein expression was assessed

by receptor autoradiography (ARG) using [3H]CS1P1 and immunohistochemistry (IHC)

in the DLPFC from patients with schizophrenia classified as Type 1 or Type 2 based

on their DLPFC transcriptomes and from controls. Our analyses demonstrate that ARG

S1PR1 protein expression is significantly higher in Type 2 compared to Type 1 (p < 0.05)

and controls (p < 0.05), which was consistent with previous mRNA S1PR1. These

findings support the possibility that PET S1PR1 can be used as a future imaging

biomarker to distinguish these subgroups of schizophrenic patients during life with

obvious implications for both patient management and the design of clinical trials to

validate novel pharmacologic therapies.

Keywords: autoradiography, schizophrenia, sphingosine-1-phosphate receptor-1 (S1PR1), postmortem brain

tissues, molecular imaging, neuroimaging
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INTRODUCTION

Schizophrenia is a neuropsychiatric condition that currently
affects ∼3 million people in the United States and ∼7.8 billion
people worldwide (1–3). Individuals with schizophrenia exhibit
highly heterogeneous genetic profiles (4), clinical symptoms (5),
illness course (6, 7), treatment response (8, 9), and neuroimaging
markers (10–12). Despite extensive efforts, understanding
schizophrenia mechanisms remains challenging. Even though
typically inmRNA studies one generally looks at gene expressions
in context and examine a large number of dysregulated mRNAs
that are involved in mitochondrial and proteasome functions,
the direct link between these functions and schizophrenia
mechanisms/features remain unclear (13, 14). While decreases
in Cannabinoid (CB) mRNA that targets GABA interneurons
were previously reported in schizophrenia (15), OMAR CB1
PET radioligand showed elevations in the same schizophrenia
tissues (16) suggesting that this strategy is not as fruitful in
developing schizophrenia treatment. Recent findings by Bowen
et al. (17) suggest that themRNA expression can be used to divide
schizophrenic patients into two types, Type 1 schizophrenia
patients with an essentially normal transcriptome in their
dorsolateral prefrontal cortex (DLPFC) and Type 2 schizophrenia
patients with hundreds of differentially expressed genes in their
DLPFC. Although there are many highly upregulated interesting
genes including S1PR1 (p < 10−15; after multiple comparisons)
in Type 2 (17), S1PR1 is only one that has currently been
developed and the radioligands for the other target genes are
not available yet. Additionally, S1PR1 radioligand has gained
significant interest for in vivo targeted imaging of inflammation
in brain diseases, with the recent FDA-approved S1PR1-based
treatments such as Fingolimod, Siponimod, and Ozanimod (18)
for multiple sclerosis.

However, a serious limitation of mRNA expression studies like
that of Bowen et al. (17) is that they require brain tissue which
is generally not available except at autopsy. Fortunately, PET
ligands for S1PR1 have been recently developed at Washington
University School of Medicine (19–24). The present study
examines the differential expression of S1PR1 in the DLPFC of
Type 1 and Type 2 schizophrenic patients at the protein level as
a preliminary step toward the use of PET to distinguish Type
1 from Type 2 schizophrenia during life. We performed ARG
and IHC analyses in DLPFC tissues of controls, Type 1 and
Type 2 schizophrenic patients. Since ARG is a more accurate
quantitative method compared to IHC (25, 26), ARG was used
for S1PR1 quantitation while IHC was used only to confirm
ARG signals. We hypothesized that S1PR1 protein expression
will show elevations in Type 2 schizophrenia compared to Type
1 schizophrenia and controls consistent with Bowen’s S1PR1
mRNA findings (17).

MATERIALS AND METHODS

Human Brain Tissues
Human brain tissues were obtained from the Human Brain
Collection Core at the National Institute of Mental Health. These
tissues corresponded to the same tissues studied by Bowen et al.

(17) because any other tissues from different sources would be
difficult to distinguish Type 1 and Type 2 schizophrenia. Tissues
were used in accordance with the guidelines of Washington
University in St. Louis. All samples were stored at −80◦C at the
Washington University’s Radiology labs until used.

In vitro Immunohistochemistry Staining
Study
In vitro IHC staining of S1PR1 was carried out in frozen
sections from human DLPFC. All sections were pre-warmed
at room temperature (RT) for 5min and then fixed with 4%
paraformaldehyde in phosphate buffered saline (PBS) for 10min
at RT, washed 3 times in PBS, and then heated in boiling
water bath in antigen retrieval buffer for 30min. Sections were
then rinsed with PBS and blocked with 5% horse serum for
1 h at RT. After that, all sections were stained with anti-S1PR1
antibody (Alomone, Jerusalem, Israel) overnight at 4◦C, washed
and followed by incubation with ImmPRESS HRP Horse anti-
rabbit polymer for 1 h at RT, and developed using ImmPACT
DAB (Vector Laboratories, Burlingame, CA). Hematoxylin and
eosin (H&E) staining was also performed in adjacent slides to
identify gray and white matters in the brain.

In vitro Autoradiography Study
In vitro ARG study was carried out in frozen sections from
human DLPFC using [3H]CS1P1 for S1PR1 receptor protein.
Sections were pre-warmed to RT, and then incubated with Hank’s
balanced salt solution (HBSS) buffer containing 10mM HEPES,
5mM MgCl2, 0.2% BSA, and 0.1mM EDTA at pH 7.4 for 5min
at RT in a coplin jar. All sections were then incubated with
0.5 nM [3H]CS1P1 for 30min in a coplin jar with gentle shaking
at RT. After that, all sections were washed with a buffer for
3min for three times, and then rinsed in ice-cold H2O for 1min
and air dried overnight. Slides were incubated with Carestream
BioMax Maximum Sensitivity ARG film (Carestream, Rochester,
NY) in a Hypercassette ARG cassette (Cytiva, Amersham,
UK) for 30 days along with an ART-123 Tritium Standards
(American Radiolabeled Chemicals, St Louis, MO). The film
was processed using a Kodak film developer (Kodak, Rochester,
NY). To determine the non-specific binding, 10µM of S1PR1
specific antagonist NIBR-0213 (Cayman, Ann Arbor, MI) was
introduced and incubated with samples as described above. The
image was processed and analyzed using Fiji ImageJ. Brain
regions of interest (ROIs) were selected from the ARG images
according to the hematoxylin staining in the adjacent slide. ROIs
were randomly selected from different regions of the DLPFC
gray matter, and the intensity was measured and calculated
in fmol/mg.

Statistical Analysis
In statistical analysis, we fitted a mixed repeated measure model
to take into account the triplicate measure variability as well
as the interpersonal variability (within group). In mixed model
analysis of variance (ANOVA), the groups were used as a fixed
effect. The F-test for the null that all three groups have the
same mean was tested. To compare between groups, a one-
tailed t-test was used. A p ≤ 0.05 was considered statistically
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TABLE 1 | Human DLPFC tissues used in this study from normal controls, schizophrenia Type 1 and Type 2 patients.

Normal Schizophrenia Type 1 Schizophrenia Type 2

Subject Sex Race Age Subject Sex Race Age Subject Sex Race Age

1 M CAUC 54 1 M AA 60 1 F AA 63

2 F AA 64 2 M AA 53 2 M CAUC 48

3 M AA 57 3 M CAUC 59 3 M AA 53

4 M AA 64 4 M CAUC 66 4 M AA 63

5 M CAUC 49 5 M CAUC 44 5 M CAUC 39

6 M CAUC 51

7 M AA 58

8 M CAUC 32

9 M AA 60

10 M CAUC 63

F, Female; M, Male; AA, African American; CAUC, Caucasian; Age in years.

Normal subjects: Cause of death (Manner of death).

Subject 1: Hypertensive and arteriosclerotic cardiovascular disease (Natural).

Subject 2: Cardiac tamponade due to acute dissecting aneurysm of aortic arch due to atherosclerotic hypertensive cardiovascular disease (Natural).

Subject 3: Heat exposure associated with pulmonary emphysema (Accident).

Subject 4: Acute pulmonary thromboembolism due to deep venous thrombosis due to immobility following right inguinal herniorrhaphy (Natural).

Subject 5: Cardiomyopathy (Natural).

Subject 6: Acute myocardial infarction due to atherosclerotic cardiovascular disease (Natural).

Subject 7: Poorly differentiated pulmonary adenocarcinoma (Natural).

Subject 8: Cardiac arrest of undetermined etiology during repair of paraesophageal hernia (Natural).

Subject 9: Acute myocardial infarction, secondary to severe atherosclerotic heart disease (Natural).

Subject 10: Massive spinal cord injury (Accident).

Schizophrenia Type 1 subjects: Cause of death (Manner of death).

Subject 1: Hypertensive and atherosclerotic cardiovascular disease (Natural).

Subject 2: Non-small cell carcinoma of lung with erosion of primary branch of pulmonary artery (Natural).

Subject 3: Multiple blunt force injuries (Suicide).

Subject 4: Atherosclerotic cardiovascular disease (Natural).

Subject 5: Myocardial infarction (Natural).

Schizophrenia Type 2 subjects: Cause of death (Manner of death).

Subject 1: Hypertensive cardiovascular disease (Natural).

Subject 2: Drowning (Accident).

Subject 3: Acute bronchopneumonia due to hypertensive and atherosclerotic cardiovascular disease (Natural).

Subject 4: Atherosclerotic hypertensive cardiovascular disease (Natural).

Subject 5: Combined drug poisoning (clozapine and sertraline) (Accident).

significant. Statistical calculations were performed with PROC
MIXED in SAS 9.4.

RESULTS

Postmortem Human Subjects
DLPFC tissues from 20 human subjects including 10
neurologically normal controls, five Type 1 schizophrenia
subjects, and five Type 2 schizophrenia subjects were used in
this study (Table 1). Mean age (standard deviation) was 55.20
years (9.69) of normal controls, 56.40 years (8.32) of Type 1
schizophrenia, and 53.20 years (10.26) of Type 2 schizophrenia
subjects. There was one female in controls, none in Type 1
schizophrenia, and one in Type 2 schizophrenia. There were
five Caucasians and five African-Americans in controls, three
Caucasians and two African-Americans in Type 1 schizophrenia,
and two Caucasians and three African-Americans in Type 2
schizophrenia. Age, sex, and race were not significantly different
among groups. Each subject’s cause of death and manner of
death are also included in the footnote of Table 1.

Immunostaining of S1PR1
Immunostaining of S1PR1 was performed in control and
schizophrenia samples (Figures 1, 2). In general, S1PR1 was
mainly expressed in the gray matter of the DLPFC. In particular,
the expression of S1PR1 was relatively high in the outer
granular layer, outer pyramidal layer, inner granular layer,
inner pyramidal layer, and multiform layer with very low
to no amount in the molecular layer of gray matter and
white matter.

Autoradiography of S1PR1 Specific
[3H]CS1P1
ARG analysis of S1PR1 was performed in control and
schizophrenia DLPFC samples.

The distribution pattern of [3H]CS1P1 matched well with
immunostaining analysis using S1PR1 specific antibody,
indicating [3H]CS1P1 is specific to S1PR1 in postmortem human
tissues (Figures 2, 3). Similar to S1PR1 immunostaining analysis,
S1PR1 specific [3H]CS1P1 was mainly distributed in the gray
matter of DLPFC, with no to very low amount of [3H]CS1P1
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FIGURE 1 | Immunohistochemistry (IHC) of S1PR1 in postmortem DLPFC tissues from the representative normal control and schizophrenia Type 1 and Type 2.

FIGURE 2 | Representative images of [3H]CS1P1 autoradiograph, S1PR1 immunostaining, and Hematoxylin and eosin (H&E) staining in postmortem human DLPFC

tissues. The distribution of [3H]CS1P1 matched well with anti-S1PR1 antibody, and was mainly located in the gray matter regions as indicated in the H&E staining.

FIGURE 3 | Autoradiography images of S1PR1 using [3H]CS1P1 in postmortem DLPFC tissues from representative normal control, schizophrenia Type 1, and

schizophrenia Type 2. In general, [3H]CS1P1 was higher in Type 2 schizophrenia subjects compared with normal control and Type 1 schizophrenia subjects.

distributed in the white matter region. In addition, blocking
study using S1PR1 antagonist NIBR-0213 showed significant
reduction of [3H]CS1P1 indicating the [3H]CS1P1 is specific to
S1PR1 (Figure 3). Compared with IHC analysis, ARG provides
both quantification and localization of radioligand at the same

time in distinct anatomical structures, and enables us to quantify
the absolute amount of [3H]CS1P1 in control and different types
of schizophrenia subjects.

ARG S1PR1 intensity in the DLPFC was compared between
the groups. In general, the intensity of [3H]CS1P1 was higher in
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FIGURE 4 | ARG S1PR1 intensity expression (fmol/mg) triplicate measures (M1, M2, and M3) in the DLPFC from normal controls, schizophrenia Type 1, and

schizophrenia Type 2.

Type 2 schizophrenia subjects compared with normal control and
Type 1 schizophrenia subjects (Figure 3).

ARG S1PR1 intensity expressions were measured at three
randomly selected ROIs within the DLPFC in all subjects.
These ARG S1PR1 triplicate measures from normal controls,
Type 1 schizophrenia, and Type 2 schizophrenia are shown
in Figure 4. AGR S1PR1 is highly expressed in Type 2
schizophrenia in all three measures compared to Type 1
schizophrenia and controls. The F-test for the null that
all three groups have the same mean was F(2,17) = 3.49,
p = 0.05. Overall ARG S1PR1 intensity mean (standard
error) was 76.10 (4.66) for controls, 71.44 (5.87) for Type
1 schizophrenia, and 91.91 (5.87) for Type 2 schizophrenia
(Figure 5). ARG S1PR1 expression was significantly higher in
Type 2 schizophrenia compared to controls (t= 2.20, p= 0.021)
and Type 1 schizophrenia (t = 2.47, p = 0.012), but there
was no difference between controls and Type 1 schizophrenia
(t= 0.65, p= 0.525).

DISCUSSION

In this study, we evaluated the expression of S1PR1 and
distribution of S1PR1 specific tracer [3H]CS1P1 in human
DLPFC tissues from normal control, Type 1 and Type 2
schizophrenia subjects. Our data showed, in the DLPFC of
humans, S1PR1 is highly expressed in the gray matter region
with much lower expression in the white matter regions.
Similar to the immunostaining study, ARG analysis using
[3H]CS1P1 showed a relatively high tracer uptake in the
gray matter of DLPFC whereas no to very low amount
of [3H]CS1P1 was identified in the white matter region.
Tracer uptake in the Type 2 schizophrenia samples was
significantly higher than the Type 1 schizophrenia samples and
normal controls.

The present ARG findings are consistent with a previous
study in other regions of the human brain (27) that

FIGURE 5 | ARG S1PR1 intensity expression (in fmol/mg) comparison

between normal controls, schizophrenia Type 1, and schizophrenia Type 2

(*p < 0.05).

suggests S1PR1 is mainly localized in gray matter and
confirmed the specificity of our S1PR1 specific radioligand
[3H]CS1P1. This study extends the previous findings (17)
by demonstrating that S1PR1 protein as well as mRNA is
differentially expressed in the DLPFC of Type 2 schizophrenic
patients. The trend of tracer uptake between control and all
schizophrenia subjects was similar to previous findings using
RT-PCR (28). For the two types of schizophrenia patients,
it appeared that only Type 2 schizophrenia has significantly
upregulated S1PR1 compared to Type 1 schizophrenia and
controls, respectively. Thus, the present ARG findings and
previous reports taken together indicate that both S1PR1
protein and S1PR1 mRNA upregulate in DLPFC only in a
subset of schizophrenia.

S1PR1 is localized in astrocytes (27), the most abundant glial
cells in the brain. Prior study from our group (19) shows S1PR1
localization in astrocytes (interlaminar) and microglia. S1PR1
involvements have been suggested in astrocyte morphogenesis
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and in bi-directional communications between astrocytes and
neurons (29). Our results using both immunostaining and ARG
indicated that S1PR1 is highly expressed in the gray matter
compared to white matter, which was consistent with previous
studies in other brain regions (27). Since frozen DLPFC tissues
were used, the immunostaining-based morphology will not be
well-suited compared to fixed tissues. Present immunostaining
results indicate S1PR1 looks like in astrocytes, but fixed
tissues will need to be studied in future for S1PR1 cellular
localization. Both IHC and ARG confirmed S1PR1 signals at
macro level, but only ARG was used for S1PR1 quantitation
as suggested previously (25, 26). The present results will be
important for the future schizophrenia subtype-based studies
with in vivo PET [11C]CS1P1. The [11C]CS1P1 has recently
emerged as a promising radiotracer for in vivo PET imaging
of neuro-inflammation (19, 21–23). Neuro-inflammation has
been associated with schizophrenia throughout the literature
(30, 31). This has included elevated cytokines (32, 33) that
may be due to activated microglia. The neuro-inflammatory
observation seems to be most associated with early illness
stages and patients with acute psychosis symptom exacerbations
(34). S1PR1 PET will potentially complement for investigating
neuro-inflammation in schizophrenia with other currently used
ligands, such as Translocator protein (18 kDa) (TSPO) PET
(35–38). Future studies will be needed for the direct comparison
of S1PR1 and TSPO. Previous literature and our present
findings taken together thus suggest that there is great potential
for studying neuro-inflammation (or related mechanisms) in
schizophrenia with in vivo S1PR1 PET. If S1PR1 PET reveals
biologically distinct subtypes of schizophrenia, the clinical
relevance is that PET study can be used to stratify patient
cohorts in therapeutic trials of new drugs. The implications
for neurogenetic and epidemiologic studies are equally obvious.
The only limitation is the cost of PET, especially for bigger
sample studies. Modulators targeting S1PR1 are already FDA-
approved therapeutics of treating multiple sclerosis (18, 39),
which could further accelerate its important role for treatment
development in schizophrenia.

Limitations
One limitation is that present study as well as previous S1PR1
mRNA study (17) cannot be used to identify schizophrenia Type
1 and Type 2 in vivo without PET and S1PR1 specific radiotracer.
However, there is mounting evidence that schizophrenia has
two neuroanatomical types in vivo (40). This recent study by
Chand et al. (40) can potentially be used to divide schizophrenia
patients into types in vivo using structural MRI. To evaluate
whether volumetric MRI-based schizophrenia subtypes (40)
and S1PR1-based schizophrenia subtypes map each other,
the combined in vivo MRI and S1PR1 PET studies will
be needed in future. We also acknowledge that the sample
size is relatively small for this study, and the future studies
should focus on replicating these findings in larger samples.
However, we were limited by the available tissues in the
HBCC NIMH brain bank that corresponded to the same tissues
studied by Bowen et al. (17), and any other tissues would

be difficult to distinguish Type 1 and Type 2 schizophrenia.
Another limitation of our study is that clinical characteristics
such as symptoms severity and illness duration were not
available and the relationships between these variables and
subtypes remain unknown. Lastly, it remains to be investigated
S1PR1 protein and S1PR1 mRNA expressions in other brain
regions besides DLPFC of controls and Type 1 and Type 2
schizophrenia patients.

Conclusions
The present study evaluated DLPFC postmortem tissues from
controls, schizophrenia Type 1 and Type 2, demonstrated
S1PR1 protein is highly expressed in gray matter region, and
most importantly showed that only Type 2 schizophrenia
has upregulated S1PR1 protein expression in line with
previous S1PR1 mRNA results. Overall, these findings
strongly suggest S1PR1 might serve as a candidate target
in schizophrenia subtypes with PET where protein is
the target.
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