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Abstract
Elevated pro-inflammatory cytokines exist in both blood and brain of people with schizophrenia but how this affects molecular
indices of the blood–brain barrier (BBB) is unclear. Eight mRNAs relating to BBB function, a microglia and three immune cell
markers were measured by qPCR in the prefrontal cortex from 37 people with schizophrenia/schizoaffective disorder and
37 matched controls. This cohort was previously grouped into “high inflammation” and “low inflammation” subgroups based
on cortical inflammatory-related transcripts. Soluble intercellular adhesion molecule-1 (sICAM1) was measured in the plasma
of 78 patients with schizophrenia/schizoaffective disorder and 73 healthy controls. We found that sICAM1 was significantly
elevated in schizophrenia. An efflux transporter, ABCG2, was lower, while mRNAs encoding VE-cadherin and ICAM1 were
higher in schizophrenia brain. The “high inflammation” schizophrenia subgroup had lower ABCG2 and higher ICAM1, VE-
cadherin, occludin and interferon-induced transmembrane protein mRNAs compared to both “low inflammation” schizophrenia
and “low inflammation” control subgroups. ICAM1 immunohistochemistry showed enrichment in brain endothelium
regardless of diagnosis and was localised to astrocytes in some brains. Microglia mRNA was not altered in schizophrenia nor
did it correlate with ICAM1 expression. Immune cell mRNAs were elevated in “high inflammation” schizophrenia compared to
both “low inflammation” schizophrenia and controls. CD163+ perivascular macrophages were identified by immunohis-
tochemistry in brain parenchyma in over 40% of “high inflammation” schizophrenia brains. People with high levels of cytokine
expression and schizophrenia display changes consistent with greater immune cell transmigration into brain via increased
ICAM1, which could contribute to other neuropathological changes found in this subgroup of people.

Introduction

Schizophrenia is a heterogeneous disorder with unknown
aetiology, however dysregulation of the immune system has
often been identified and is increasingly perceived as an
important factor in disease pathogenesis [1–7]. Prenatal
infection and increased levels of cytokines in mothers
during pregnancy increases the risk of schizophrenia in the
offspring [8, 9]. Elevated levels of proinflammatory cyto-
kines are found in people with schizophrenia and cytokine
increases appear exaggerated in a substantial subgroup of
patients [3, 10–14].

Pro-inflammatory cytokine mRNAs are elevated in the
frontal cortex of people with schizophrenia. We find ~38%
of schizophrenia cases have a significant increase in mRNA
levels of interleukin (IL)-1β, IL-6, IL-8 and SERPINA3 in
both the dorsolateral prefrontal cortex (DLPFC) and the
orbitofrontal cortex (OFC) [14, 15]. Volk et al. also report
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elevated immune-related transcripts including IL-1β, IL-6
and IL-8 in the prefrontal cortex in schizophrenia [16].
Using a similar stratification method to that used in
brain, blood cytokine mRNAs can be used to classify a
“high and low inflammatory biotype” in people living
with schizophrenia. Indeed, around 40% of living patients
with schizophrenia can be classified as having a “high
inflammatory biotype” based on peripheral blood sam-
ples, and those individuals have greater impairments in
language and a significant reduction in cortical grey
matter volume compared to “low inflammatory biotype”
patients [13]. When human brain tissue is measured more
directly with stereological techniques, a greater reduction
in cortical grey matter volume is also found in schizo-
phrenia cases with elevated brain cytokines compared to
controls and schizophrenia cases without an elevation in
brain cytokines [15]. However, the cellular source of
elevated cortical cytokine mRNAs has not been clearly
identified in people with schizophrenia. The blood–brain
barrier (BBB) may be involved because inflammatory-
related transcripts have been found to be dysregulated
specifically in endothelial cells in postmortem schizo-
phrenia brains [17].

From the perspective of a neuroinflammatory hypothesis of
schizophrenia [18], the brain vasculature may be affected by
chronic and/or unresolved inflammation [19, 20]. There is an
up-regulation in expression of brain endothelial interferon-
induced transmembrane protein (IFITM) [4, 16, 21],
a viral restriction factor, in schizophrenia. During inflamma-
tion in general, adhesion molecules such as vascular cell
adhesion molecule-1 (VCAM1) and intercellular adhesion
molecule-1 (ICAM1) are significantly elevated in the endo-
thelium [22, 23] to allow attachment and transmigration of
leukocytes across the BBB [24–27]. Peripheral measures of
soluble ICAM1 (sICAM1) and VCAM1 have been reported
to be both decreased [28, 29] and increased [30–32] in schi-
zophrenia dependent on the stage of illness and medication
status. To our knowledge, there have been no measurements
of adhesion molecule expression in brains from people with
schizophrenia and limited exploration of evidence to support
the hypothesis that there may be peripheral immune cell
infiltration [33, 34].

Not only could molecules involved in the transmigration
of immune cells into the brain be altered in schizophrenia,
but so could molecules involved in other transcytotic
pathways. Tight junction and adherens junction proteins
such as occludin (OCLN) and VE-cadherin (CDH5) reg-
ulate the adherence of endothelial cells to one another and
this affects the movement of substances across the BBB
[35]. Efflux transporters traffic unwanted molecules and
endotoxins from the brain across endothelial cells of the
BBB. The ATP-binding cassette transporters are cell-
membrane efflux transporters that include P-glycoprotein

(ABCB1), breast cancer resistance protein (ABCG2) and
multidrug resistance protein (ABCC1). These transporters
have varying affinities towards a wide range of substrates
and prevent accumulation of damaging exogenous com-
pounds in the brain [36]. We hypothesised that the
expression of endothelial cell specific molecules and
molecules involved in trafficking of cells may be different
in the prefrontal cortex of people with schizophrenia vs.
controls.

Elevated cytokines may exaggerate possible changes in
endothelial cells and increase infiltration of white blood
cells, particularly as IL-8 is a chemoattractant for mono-
cytes [37]. Thus, we aimed to determine whether changes
in mRNA expression of proteins associated with the BBB
and with immune cell populations could be detected in
individuals with schizophrenia compared to controls and
further, the degree to which proportions of these same
factors may be altered according to previously described
“high” or “low inflammation” biotypes (formed on the
basis of expression of cortical inflammatory markers)
[14, 15]. We hypothesised gene expression changes
would be consistent with alterations in a breakdown of
transport function and barrier function in schizophrenia,
and that this would be more pronounced in the subgroup
of people with schizophrenia with increased cortical
inflammation. To assess whether cytokines or anti-
psychotic treatment are potential contributors to gene
expression changes, we also measured the effects of IL-1β
and antipsychotics on mRNA expression in cultured
human endothelial cells. Furthermore, as an initial step
towards translating our research to the clinic, we deter-
mined whether ICAM1 is elevated in the periphery by
measuring its soluble form in plasma in an independent
cohort of living patients with schizophrenia or schi-
zoaffective disorder and healthy controls.

Materials and methods

Human postmortem brain tissue

DLPFC (BA46, n= 74) and OFC (BA11, n= 76) tissue
from individuals with schizophrenia and controls was
obtained from the NSW Brain Tissue Resource Centre
(demographics, Table 1). There was a 90% overlap (n= 71)
between DLPFC and OFC cases. Diagnostic groups were
matched for age, brain pH, RNA integrity number (RIN)
and postmortem interval (PIM). The brains collected by the
NSW Brain Tissue Resource Centre undergo neuropatho-
logical examination including screening and exclusion of
cases with neurodegenerative, infectious or cerebrovascular
disease or microscopic evidence of cerebral hypoxia. A
sample size of 74 is expected to have >80% power to detect
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a change with a sensitive effect size (d= 0.253). The use of
brain tissue for this study was conducted in accordance with
the latest version of the Declaration of Helsinki, after review
by the Human Research Ethics Committee at the University
of New South Wales (HREC #12435).

Quantitative PCR of postmortem tissue

RNA was extracted with TRIzol (Thermo Fisher, Carls-
bad, CA, USA) from tissue homogenates. SuperScript
First-Strand Synthesis kit (Thermo Fisher) was used to
generate cDNA as described previously [38]. In the
DLPFC, eight brain endothelial cell related transcripts
were chosen to represent transporters (ABCB1, ABCC1,
ABCG2), tight junction proteins (OCLN, CDH5), adhe-
sion molecules (ICAM1, VCAM1) and an immune related
molecule (IFITM). The IFITM probe assay was designed
to detect three IFITM transcripts: IFITM1, IFITM2,
and IFITM3. Transcripts of a microglia marker (IBA1)
and three peripheral immune cell surface markers were
also measured (CD163: perivascular macrophages, CD14:
monocytes, FCGR3A (CD16): natural killer cells and
activated macrophages/monocytes). ICAM1 mRNA
expression was also measured in the OFC. All mRNAs
were measured by qPCR on ABI Prism 7900HT system
using Taqman Gene Expression Assays (Supplementary
Table 1). The averaged raw data from triplicate mea-
surements were normalised to the geometric mean of four
housekeeper control mRNAs (β-actin, TATA box-binding
protein, ubiquitin C, and GAPDH), which did not
differ significantly in their expression between diagnostic
groups [38].

Immunohistochemistry

There is high overlap between the OFC and DLPFC cases
with 80% (n= 57) of cases assigned to the same “high/low
inflammatory” subgroup following clustering using cortical
cytokine mRNA as determined in previous publications
[14, 15]. Fresh frozen OFC tissue sections were cryostat
sectioned (14 µm). Immunofluorescence was used to co-
localise a brain endothelial marker (collagen IV) with
ICAM1 in all cases. A subgroup of cases were also analysed
for astrocyte (GFAP) and ICAM1 co-localisation (n= 20).
We used 3,3-Diaminobenzidine immunohistochemistry to
analyse CD163 localisation in all cases. Tissues from a
subgroup of cases were double-labelled with collagen IV
and CD163 antibodies (n= 5). Antibody details are pre-
sented in Supplementary Table 2. Negative control slides
were included in all experiments by excluding primary
antibodies (Supplementary Fig. 1).

For double-label immunofluorescence, OFC tissue sec-
tions were fixed in 4% paraformaldehyde (Sigma-Aldrich.
St Louis, MO, USA) for 10 min at 4 °C and blocked for
60 min in 10% normal goat serum (Millipore, Temecula,
CA, USA), 10% normal donkey serum (Millipore) and
0.3% Triton X-100 (Sigma-Aldrich) in PBS for 60 min.
Slides were incubated with primary antibodies overnight at
4 °C. After washing, secondary Alexa Fluor antibodies were
added for 1 h. Slides were washed in 15 mM cupric sulphate
(Sigma-Aldrich) and 50 mM ammonium acetate (Sigma-
Aldrich) for 2 × 15 min to minimise autofluorescence.
Slides were counterstained with 1:1000 DAPI (Sigma-
Aldrich) in PBS and cover-slipped with anti-fade mounting
media (Citifluor AF1, London, UK).

Table 1 Demographics of the
schizophrenia and matched
unaffected control subjects in
the New South Wales Brain
Tissue Resource Centre
postmortem cohort

Demographics DLPFC cohort OFC cohort

Control
(n= 37)

Schizophrenia
(n= 37)

Control
(n= 38)

Schizophrenia
(n= 38)

Age in years ± s.d 51.14 ± 14.62 51.32 ± 14.13 52.55 ± 14.51 52.24 ± 14.52

Gender 7F:30M 13F:24M 10F:28M 13F:25M

Hemisphere 23R:14L 17R:20L 24R:14L 19R:19L

Brain pH ± s.d. 6.66 ± 0.29 6.61 ± 0.30 6.68 ± 0.27 6.61 ± 0.30

PMI (hours) ± s.d. 24.80 ± 10.97 28.46 ± 13.77 26.43 ± 11.69 28.21 ± 13.57

Months of freezer
storage ± s.d.

69.62 ± 42.71 78.89 ± 37.24 69.57 ± 42.73 79.80 ± 36.83

RIN ± s.d. 7.30 ± 0.57 7.27 ± 0.58 7.59 ± 0.83 7.51 ± 0.84

Age (years) at onset ± s.d. – 23.70 ± 6.10 – 23.71 ± 6.21

Duration of illness
(years) ± s.d.

– 27.62 ± 13.82 – 27.58 ± 14.06

Chlorpromazine mean
equivalent dose (mg) ± s.d.

– 691.64 ± 502.20 – 677.14 ± 505.6

DLPFC dorsolateral prefrontal cortex, OFC orbital frontal cortex, SD standard deviation, PMI postmortem
interval, RIN RNA integrity number, F female, M male, R right, L left, mg milligrams
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For 3,3-Diaminobenzidine immunohistochemistry, tissue
sections were fixed in 4% paraformaldehyde (Sigma-
Aldrich) for 10 min at 4 °C and submerged in 3:1
100% methanol in 3% H2O2 for 20 min to block endogen-
ous peroxidases. Anti-CD163 primary antibody was applied
overnight at 4 °C. The next day, slides were washed and
incubated with horse anti-mouse IgG biotinylated secondary
antibody for 1 h. Slides were washed and incubated with
avidin-biotin-peroxidase complex (Vectastain ABC kit;
Vector Laboratories) for 1 h, treated with 3,3-Diamino-
benzidine for ~4 min (Sigma, Castle Hill, NSW, Australia),
washed, counterstained with Nissl and coverslipped.

Images were captured using a Nikon Eclipse 90i laser-
scanning microscope (Nikon D-Eclipse C1, Nikon Australia,
Rhodes, NSW, AUS) and a Zeiss Axio Imager 2 microscope
(Zeiss Australia, Lonsdale, SA, AUS). Immunoreactivity
was assessed by microscopically scanning an entire bank of
the gyrus rectus at ×40 magnification. The researcher was
blind to diagnosis and inflammatory status, which was a
priori determined based on cytokine and SERPINA3 mRNA
levels using clustering [15]. Images were processed using
ImageJ (v1.50e, NIH, Bethesda, MD, USA).

Human endothelial cell culture

hCMEC/D3 is an immortalised human brain microvascular
endothelial cell line derived from human temporal lobe
microvessels isolated during surgery. These cells have been
extensively characterised as a model for human endothelial
cells of the BBB [39]. Vials of cells at passage 28 were kindly
supplied by Dr. P.O. Couraud (INSERM, Paris, France). Cells
were grown and maintained in complete media at 37 °C and
5% CO2 and used between passages 29–35.

Confluent cells were treated with 0.02 ng/ml, 0.2 ng/ml,
2 ng/ml or 20 ng/ml recombinant human IL- 1β (Thermo
Fisher) for 48 h and harvested for RNA extraction, followed
by cDNA synthesis. In separate experiments, 1.2 µM clo-
zapine (Abcam, Cambridge, UK), 26.6 nM haloperidol
(Abcam) and 0.974 µM risperidone (Abcam) (based on
typical therapeutic serum ranges) were used to treat the
confluent culture for 48 h before harvesting the cells. This
time point was chosen to avoid an immediate (acute)
response to antipsychotic treatment. ICAM1, ABCG2,
CDH5, OCLN and IFITM mRNA expression was measured
by qPCR (supplementary information).

sICAM1 protein in a living patient cohort

The recruitment and assessment of participants and analysis
of their blood samples for this study was approved by the
South Eastern Sydney and Illawara Area Health Services
(HREC 07/259) and the University of New South Wales
Human Research Ethics Committees (HREC 07121 and

HREC 09187). Written informed consent was obtained
from participants prior to participation. Plasma was col-
lected from 78 chronically ill patients with schizophrenia or
schizoaffective disorder and 73 healthy controls from the
baseline time point of a previous study [40] and stored at
−80 °C. Demographic information is available in Supple-
mentary Table 3.

sICAM protein assay

sICAM1 protein was measured with a Luminex Magpix-
based assay (Luminex corporation, Austin, TX, USA) using
a human magnetic luminex kit (R&D Systems, Minneapo-
lis, MN, USA) according to manufacturer’s instruction
(supplementary information). Briefly, plasma samples were
thawed at 4 °C and centrifuged at 1400×g for 5 min.
Supernatant was diluted at 1:8 in assay buffer and samples
were assayed in duplicates. A 7-point standard curve with
serial dilutions of 1:3 was used. Measurements were gen-
erated using the Millipore Analyst Software (Merck Milli-
pore, Billerica, MA), using a 5 perimeter logistic standard
curve corrected by blank background readings.

Statistical analysis

Statistical analyses were performed using SPSS statistics
(version 22; IBM, Armonk, NY, USA). DLPFC gene
expressions were first analysed by diagnosis and then by
inflammatory status. For diagnostic analysis, non-normally
distributed data were transformed (log10: ABCB1, ABCG2,
ICAM1, OCLN, CDH5, IFITM, CD14, CD16 and CD163
mRNAs). Group outliers defined as values greater than two
standard deviations ± from the group mean were removed
(0–4 per group) prior to analysis. Two-way ANOVAs were
used to identify any effect of brain hemisphere or sex on
mRNA transcripts. Demographic variables (age, PMI and
RIN) were first tested to determine if they correlated with
the expression of the gene of interest. If so, the demographic
variable(s) were used as covariates in ANCOVA analyses of
differential gene expression between diagnostic groups.

The postmortem cohort was previously defined as “high
inflammation” schizophrenia (n= 14), “low inflammation”
schizophrenia (n= 23) and “low inflammation” controls
(n= 33) [14]. “High inflammation” controls were excluded
from statistical analysis due to low sample size number
(n= 4). The remaining three subgroups were not statisti-
cally significantly different in terms of age, sex distribution,
brain hemisphere (left vs. right), PMI, or in terms of
documented inflammatory symptoms in the week leading
up to their death [14]. The three groups differed in tissue
pH (F(2,67)= 7.563, p < 0.001) and therefore pH was
not used as a covariate. For inflammatory subgroup
analysis, non-normally distributed data were transformed
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(log10: ABCB1, ABCG2, OCLN, CDH5, IFITM, CD14,
CD16 and CD163 mRNAs). ANCOVAs followed by
Fisher’s least significant differences post-hoc tests were
used to analyse differences due to diagnosis and inflam-
matory status. Welch’s ANOVA was used to confirm results
for groups that did not meet the assumption of homogeneity
of variance (Supplementary Table 4).

Cell culture experiments were analysed by one-way
ANOVAs followed by Fisher’s least significant differences
post-hoc tests. Frequencies of immunohistochemistry
observations between diagnosis and by inflammatory groups
were analysed by Chi square and Fisher’s exact test. In the
living cohort of patients and healthy controls, sICAM1 was
log transformed to achieve normality and an independent
t-test was used to identify diagnostic group differences.

Results

Correlations of brain endothelial cell and immune cell marker
mRNAs with age, PMI, pH, RIN, antipsychotic dose, and
illness duration and onset are presented in Supplementary
Table 5. IFITM mRNA was significantly higher in the right
hemisphere (F(1,65)= 6.39, p= 0.014). There was no sig-
nificant effect of sex on any of the brain endothelial or
immune cell transcripts (all F-values < 2.409, p > 0.25).

Diagnostic differences in brain endothelial cell
mRNAs

The expression levels of several brain endothelial cell
transcripts were statistically different between cases and
controls in the DLPFC (Fig. 1a–h). We found a 68%
increase in ICAM1 mRNA in the schizophrenia group
relative to controls, (ANCOVA: RIN F(1,68)= 6.295, p=
0.014) and a 29% increase in CDH5 mRNA in schizo-
phrenia subjects compared to controls (ANCOVA: RIN F
(1,67)= 4.803, p= 0.032). In contrast, ABCG2 mRNA was
17% lower in schizophrenia subjects compared to controls,
(ANCOVA: age F(1,68)= 5.836, p= 0.018). There was no
significant diagnostic difference between ABCB1, ABCC1,
IFITM, OCLN, or VCAM1 mRNA levels.

More brain endothelial transcripts are altered in the
subgroup of individuals with schizophrenia who
have elevated cytokines

Following analysis of subgroups based on elevated cytokine
levels, we found additional transcripts that were differen-
tially expressed in the DLPFC (Fig. 2a–h). IFITM expres-
sion was significantly increased in the “high inflammation”
schizophrenia subgroup as compared to both the “low
inflammation” schizophrenia subgroup (116% increase) and

the “low inflammation” control subgroup (109% increase,
ANCOVA: RIN, age (F(2,61)= 14.915, p < 0.001).

The “high inflammation” schizophrenia subgroup also
had increased expression of ICAM1 (ANCOVA: RIN F
(2,63)= 12.128, p < 0.001) and decreased expression of
ABCG2 (ANCOVA: age F(2,62)= 10.935, p < 0.001)
mRNA as compared to both the “low inflammation” schi-
zophrenia subgroup (118% increase in ICAM1 and 22%
decrease in ABCG2) and “low inflammation” control sub-
group (166% increase in ICAM1 and 34% decrease in
ABCG2). CDH5 (ANCOVA: RIN F(2,62)= 5.783, p=
0.005) and OCLN (F(2,64)= 4.552, p= 0.014) mRNA
expression levels in the “high inflammation schizophrenia”
subgroup were significantly increased relative to the “low
inflammation schizophrenia” subgroup (CDH5: 49%;
OCLN: 63%) and the “low inflammation” control subgroup
(CDH5: 69%; OCLN: 27%). We did not detect significant
differences in levels of ABCB1, ABCC1, or VCAM1 on the
basis of the high and low inflammation subgroups.

ICAM1 expression is also elevated and associated
with inflammatory status in the OFC

In the OFC, there was a 117% increase in ICAM1 mRNA in
people with schizophrenia compared to controls
(ANCOVA: PMI F(1,67)= 9.838, p= 0.03). ICAM1
expression in the OFC and DLPFC strongly and positively
correlated across both patients and controls (r= 0.74, p <
0.001, df= 67). Following clustering by inflammatory
markers, we confirmed that the “high inflammation” schi-
zophrenia subgroup had greater ICAM1 mRNA expression
compared to the “low inflammation” schizophrenia sub-
group and “low inflammation” control subgroup in the OFC
(F(2,55)= 12.432, p < 0.001). This replicates our findings
from the DLPFC in the OFC.

Vascular and extravascular ICAM1 immunoreactivity

In human brain tissue, ICAM1 protein (green in Fig. 3a) co-
localised with collagen IV to the brain vasculature (red in
Fig. 3a). Additionally, there was extravascular ICAM1
immunoreactivity at cells with astrocyte-like morphology,
cell processes and putative astrocytic endfeet found along
blood vessels (Fig. 3a). GFAP double labelling with
ICAM1 confirmed an overlap between ICAM1+ cells and
some GFAP+ astrocytes (Fig. 3c).

Vascular associated ICAM1 immunoreactivity was more
frequently observed compared to extravascular ICAM1
across all groups (Fig. 3b). The frequency of extravascular
or vascular ICAM1 distribution did not differ between
diagnoses or among “high inflammation” and “low
inflammation” subgroups (Fig. 3b). However, extravascular
ICAM1 was more prevalent in subjects older than 55 years
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(χ(1)= 4.987, p= 0.026), with only two cases under the age
of 55 observed to have extravascular ICAM1 immunor-
eactivity. There were no age-dependent changes in vascular
ICAM1, with vascular ICAM1 observed in 50% of cases
under the age of 55 and 52% of cases over the age of 55.

ICAM1 correlated with expression of an astrocyte
but not a microglia marker

We assessed previously published GFAP mRNA data in
this cohort [41] and found that ICAM1 and GFAP mRNA

transcripts correlated in DLPFC from controls (r= 0.40,
p= 0.04) but not from people with schizophrenia (r=
0.26, p= 0.16). As ICAM1 has also been reported to be
highly expressed in microglia [42], we measured the
expression of the prototypical microglia marker, IBA1
and found ICAM1 was not correlated with IBA1 mRNA
in controls (r= 0.20, p= 0.30) or schizophrenia (r=
0.13, p= 0.51). Further, there was no change in IBA1
expression by diagnosis (t(65)= 0.711, p= 0.48; Fig. 1i)
nor by inflammatory subgroups (F(2,64)= 0.401, p=
0.67; Fig. 2i).

Fig. 1 mRNA expression measured with qPCR in the DLPFC from
schizophrenia and control brains of (a–h) brain endothelial cell genes

and (i) IBA1. Note that IFITM, ABCG2, ABCB1, ICAM1, CDH5 and
OCLN are on log scales. *p < 0.05
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Effects of IL-1β and antipsychotic treatment on
brain endothelial transcript expression

In cultured human brain endothelial cells, ICAM1 mRNA
was up-regulated in a dose-dependent manner following
48 h of IL-1β incubation (F(4, 10)= 16.11, p < 0.001;
Fig. 4a). In contrast, we found that when endothelial cells
were incubated with therapeutic doses of various anti-
psychotics for the same time period, expressions of
ICAM1, CDH5, OCLN, ABCG2 or IFITM were unchanged
(Fig. 4b–f).

Immune cell marker mRNAs are elevated in high
inflammation schizophrenia cases

Transcript levels of the three immune cell markers (CD14,
CD16 and CD163) were not significantly different between
schizophrenia and controls (all t < 1.816, all p > 0. 074).
However, stratifying by inflammatory subgroups revealed
significant elevations in mRNAs of white blood cell markers
in the “high inflammation” schizophrenia subgroup com-
pared to the “low inflammation” schizophrenia and “low
inflammation” control subgroups: CD163 (ANCOVA: PMI

Fig. 2 mRNA expression measured with qPCR in the DLPFC of (a–h)
brain endothelial cell genes and (i) IBA1 grouped according to low
inflammation control, low inflammation schizophrenia and high
inflammation schizophrenia subgroups based on cortical inflammatory

marker expression. Data from high inflammation controls are shown in
dark blue for illustrative purposes, but were excluded from statistical
analysis due to the small group size. Note that IFITM, ABCG2,
ABCB1, CDH5 and OCLN are on log scales. *p < 0.05, **p < 0.01
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F(2,61)= 6.288, p= 0.003), CD16 (ANCOVA: PMI F
(2,62)= 4.219, p= 0.019) and CD14 (ANCOVA: RIN F
(2,63)= 4.99, p= 0.01) (Fig. 5a).

CD163+ perivascular macrophages in schizophrenia
and control brains

Screening the gyrus rectus of the ventral medial prefrontal
cortex for CD163 immunoreactive cells, we found these
cells were predominately localised to blood vessels in every
schizophrenia and control case examined (n= 76). Immu-
nofluorescence double labelling confirmed CD163+ cells in
both the vasculature and perivascular space (Fig. 5b).
CD163+ cells were present in the perivascular space and
the parenchymal side of the vasculature (Fig. 5c, d). We
found CD163+ macrophages present in the parenchyma in
close association with neurons and not associated with any
blood vessels in 1 of 4 high inflammation controls (25%), 2
of 33 low inflammation controls (6%), 2 of 23 (9%) low

inflammation schizophrenia cases and importantly in 6 of
14 (43%) high inflammation schizophrenia cases (p=
0.0096, Fisher’s exact test). Further, ICAM1 transcript
levels were correlated with CD163 mRNA in the whole
cohort (r= 0.42, p= 0.001) and also in the schizophrenia
(r= 0.37, p= 0.036) and control (r= 0.40, p= 0.022)
groups.

sICAM1 is elevated in the plasma of living
schizophrenia patients

sICAM1 was not correlated with age (r= 0.16, p= 0.07)
nor was there a significant difference in sICAM1 between
sexes (F(1,138)= 3, p= 0.09). There was a weak, trend
level association between mean daily chlorpromazine
equivalent dose and sICAM1 (rho= 0.22, p= 0. 054).
sICAM1 was significantly upregulated in plasma of patients
with schizophrenia relative to healthy controls (t(140)=
3.988, p= 0.0001; Fig. 6).

Fig. 3 Distribution of ICAM1 immunostaining. a ICAM1 (green)
and collagen IV (red) IHC staining was qualitatively assessed.
Representative images illustrating ICAM1 distribution based on their
localisation to vessels or astrocyte-like cells. Vascular ICAM1 was
classified as having immunoreactivity situated in the lumen of the
blood vessels surrounding endothelial cells (yellow arrow) or in a
more diffuse pattern across the entire vessel (white arrows). Extra-
vascular ICAM1 was classfied when ICAM1 immunoreactivity was
observed in astrocyte-like cells (star-shaped, white arrowheads), in
processes proximal to vessels or in processes that appear to be astro-
cytic endfeet attached to the vessels. We did not observe ICAM1

immunoreactivity near nuclei/cells indentifable as neuronal or
microglia-like. Collagen-IV was used to label blood vessels as indi-
cated by white arrows. ICAM1 attached to the lumen of the vessel is
shown by the yellow arrow. White filled arrowheads indicate
astrocyte-like cell. Scale bars are 20 µm. b There were no group
differences in the frequency of vascular and extravascular ICAM1
immunoreactivity. c ICAM1 immunoreactivity (green in top
right panel) with astrocyte like morphology (white arrowheads)
co-localised with GFAP immunoreactivity (red intop left panel). DAPI
stain in blue (bottom left panel) and merged image in bottom right
panel. Scale bar is 20 µm

768 H. Q. Cai et al.



Discussion

By measuring molecules enriched in brain endothelial cells
involved in both the physical and functional properties of
the BBB, we provide evidence supporting an altered BBB
in people with schizophrenia. We find the greatest

diagnostic change in ICAM1 mRNA, which we confirmed
to be localised to the lumen of human brain blood vessels
and to be upregulated by cytokines but not antipsychotics in
human brain endothelial cells in culture. We have also
identified exaggerated transcriptional changes in ABCG2,
IFITM, ICAM1, OCLN, CDH5, CD163, CD14, and CD16

Fig. 4 hCMEC/D3 cells treated
with IL-1β and antipsychotics.
a We found a dose-dependent
increase in ICAM1 mRNA
expression following 48 h
incubations with IL-1β (n= 3
per treatment). *p < 0.05
compared to control (5% FBS),
**p < 0.01 compared to control
(5% FBS). b–f Antipsychotic
treatment did not alter
expression of brain endothelial
cell genes in hCMEC/D3 cells
(n= 8 per treatment). Data
presented as mean ± SEM
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mRNAs in the “high inflammatory” subgroup of schizo-
phrenia, demonstrating that some people with schizophrenia
have greater molecular changes in the brain endothelial and

white blood cell markers compared to others with
schizophrenia.

While we focus on the inflammatory effects of cytokines
related to the BBB, cytokines can have other neuromodu-
latory roles. Consistent with this, we have previously pub-
lished that this “high inflammation” schizophrenia subgroup
has greater neuropathology in the DLPFC, such as
decreased brain derived neurotrophic factor mRNA,
decreased interneuron markers, and evidence for astro-
gliosis, compared to the “low inflammation” schizophrenia
subgroup [14, 41]. Inflammatory clustering was also con-
ducted in the OFC of this cohort with similar overlap,
showing neuroinflammation is not necessarily limited to the
DLPFC and it is also associated with decreased cortical grey
matter and superior frontal gyrus volume [15]. Living
people with schizophrenia classified in the “high inflam-
mation” biotype defined using blood-based inflammatory
markers have reduced verbal fluency and reduced Broca’s

Fig. 5 Markers of perivascular
macrophages (CD163), activated
monocytes (CD14) and
monocytes/natural killer cells
(CD16) are elevated in “high
inflammation” schizophrenia.
a Immune cell marker mRNAs
were elevated in "high
inflammation" schizophrenia
compared to "low inflammation"
schizophrenia and controls. Data
presented as mean ± SEM, *p <
0.05. b Double-label
immunofluorescence with
CD163 (green) and collagen-IV
(red) localised CD163+ cells
inside the endothelium (red) and
in the perivascular space (inset).
c CD163+ cells were
predominately found to be
vascular (white arrows) with
positive staining in all cases.
d CD163+ cells could be found
in the perivascular space and the
parenchyma side of the blood
vessel (white triangle). e A "high
inflammation" schizophrenia
case with a CD163+
macrophage found putatively in
the parenchyma (inset) not
associated with a blood vessel
(white arrow). f Not all vessels
have consistent CD163+
staining (white arrows
demarcating a blood vessel).
Neurons are marked by yellow
triangles. Scale bars are 20 µm

Fig. 6 sICAM1 expression in plasma. sICAM1 protein was elevated in
plasma from people with schizophrenia. Note that sICAM1 protein is
on a log scale. **p < 0.01
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area volume [13]. The mechanisms by which these estab-
lished inflammatory genes contribute to these pathologies or
vice versa remain unclear. A recent clinical trial using an IL-
6 receptor antibody failed to demonstrate attenuated schi-
zophrenia symptoms, potentially due to the lack of adequate
antibody penetration into the brain [43]. However, there are
many other reasons why this relatively small study was not
able to demonstrate a beneficial effect, including low sta-
tistical power, dosing and time course issues, and the lack of
stratifying patients based on inflammatory status prior to
administering treatment, which may be necessary to achieve
maximum benefit. Assessing neuroinflammation status may
be a critical way to stratify people with schizophrenia who
display a distinct or exaggerated neuropathology.

One of the most robust changes in this study was an
increase in ICAM1 mRNA in schizophrenia compared to
controls. Further, the “high inflammation” schizophrenia
subgroup had an even greater increase in ICAM1 mRNA
consistent with our own and other experimental results
showing that IL-1β up-regulates ICAM1 mRNA in cultured
endothelial cells [44, 45]. ICAM1 has a role in the attach-
ment of white blood cells to the luminal wall of blood
vessels. We confirmed that brain endothelial cells are a
cellular source of ICAM1 in the normal adult human brain
and in the brains of people with schizophrenia. Infrequent
failure to observe ICAM1 signal in the human cortex may
be due to low sensitivity of the immunohistochemistry
assay and because ICAM1 is normally expressed at low
levels and is actively cleaved. ICAM1 also co-localises with
astrocytes, an observation more frequent in brains from
older individuals. Previous studies found increased extra-
vascular ICAM1 with aging [46, 47], and that GFAP
mRNA and protein also increase with age [41, 48, 49].
While ICAM1 can also be expressed in microglia, we did
not find ICAM1 to be localised to microglial cells based on
morphology. Further, there was no correlation between
ICAM1 and IBA1 mRNA. IBA1 mRNA was not changed in
our cohort and postmortem studies quantifying microglia
density using IBA1 in schizophrenia find no differences
[50, 51], though increased microglia density have been
observed when using other markers [14]. Our results sug-
gest that beyond endothelial cells, astrocytes and not
microglia are the main cellular source of ICAM1 in brain
tissue.

Conflicting findings exist as to whether or not peripheral
sICAM1 levels are increased, decreased or not changed in
schizophrenia relative to controls. Our finding of elevated
plasma sICAM1 in chronically ill people with schizophrenia
supports studies showing elevated peripheral sICAM1
levels in patients receiving antipsychotic medication [31],
and patients with schizophrenia who have a putative dis-
ruption of the BBB [28]. While most previous studies have
investigated serum, a study in plasma also finds elevated

sICAM1 in chronically ill schizophrenia patients [32],
consistent with our measures in plasma from chronically ill
patients. However, others have reported decreased serum
sICAM1 levels in medicated and un-medicated patients
with schizophrenia compared to controls [28, 29]. There is
also evidence that sICAM1 may vary according to clinical
features; for example, lower sICAM1 is linked to better
treatment outcomes [30] supporting the hypothesis that
higher sICAM1 may be deleterious to brain function.

Reduced sICAM1 was also found in schizophrenia
patients after switching to second generation antipsychotics
[52]. In our study, we found that peripheral sICAM levels
are positively correlated with antipsychotic dose levels at a
borderline level of significance. Thus, a higher dose of
antipsychotics may elicit an increase in sICAM1, or con-
versely, elevated sICAM1 (putatively indicative of greater
leucocyte extravasation into brain tissue) may require
increased doses of antipsychotics. Our experimental results
in cultured cells derived from human brain endothelium
suggest that antipsychotic drugs may not directly increase
ICAM1 expression, but further experiments are needed to
determine how they may influence the production and
cleavage of the soluble form of ICAM1 in these cells. In
summary, the results from studies of sICAM1 in schizo-
phrenia are divergent and may reflect a number of factors.
The influence of antipsychotic treatment is unclear and a
more systematic approach to research on this topic is
required. Our findings support that schizophrenia may have
an underlying inflammatory component, but not everyone
with schizophrenia is in a high inflammatory state or has
clear changes in their brain vasculature or in circulating
inflammatory factors like sICAM1.

Membrane bound ICAM1 interacts with lymphocyte
function-associated antigen-1 (LFA1) and macrophage
associated antigen-1 (MAC1) receptors expressed on leu-
cocytes to promote immune cell infiltration during tissue
inflammation [53]. Elevated sICAM1 in the plasma of
people with schizophrenia may reflect enhanced cleavage of
membrane bound ICAM1 on the endothelium following
recruitment of immune cells into the tissue. sICAM1 also
interacts with LFA1 and MAC1, thereby interfering with
the ability of leucocytes to bind to membrane bound
ICAM1. As such, sICAM1 may contribute to the increased
circulation of activated monocytes reported in schizo-
phrenia [54, 55] and promote release of pro-inflammatory
cytokines from immune cells, further contributing to the
inflammatory state.

CD3+ T lymphocytes and CD20+ B lymphocytes have
been observed in the hippocampus in a small number of
schizophrenia brains [33] and in a broader investigation
in the hippocampus, frontal cortex, thalamus, medial tem-
poral lobe and cingulate gyrus in schizophrenia [34].
Inflammation related genes including S100A8, S100A9 and
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CHI3L1 are elevated in the hippocampus in schizophrenia
and perivascular macrophages (CD163+) have been
identified in the lumen of blood vessels and surrounding
the endothelial cells in at least one schizophrenia hippo-
campus [21].

In our study, transcript levels of CD16, a marker of
natural killer cells and activated macrophages/monocytes,
CD163 a marker of perivascular macrophages and CD14, a
marker of monocytes were all elevated in schizophrenia
cases with high inflammation. CD163+ macrophages were
detected in the brain vasculature in all cases irrespective of
diagnosis and inflammation. Our study now confirms that
monocytes can also be found in the prefrontal cortex of
individuals with schizophrenia and for the first time, iden-
tifies brain tissue macrophages proximal to neurons in over
40% of individuals with schizophrenia who are in a high
inflammatory state.

Our anatomical scope of analysis is restricted as we used
14 µm tissue sections and sampled only a small part (rostro-
caudally) of the gyrus rectus microscopically and thus, we
cannot comment on the total number of CD163+ cells in
the brains of people with schizophrenia. Determining the
actual number of cells would require counting using ste-
reological principles, having an entire known volume of the
brain area of interest available and systematic sampling of
multiple tissue sections. This would require resources (both
time and space) that are not currently tractable with the
limited amount of human brain tissue typically available for
study. We found CD163+ macrophages in the brain par-
enchyma away from any obvious blood vessels, suggesting
that they are capable of infiltrating brain tissue and inter-
acting directly with neurons. Breakdown of the BBB is not
a prerequisite for leucocyte infiltration and bone marrow-
derived monocytes can access the (rodent) brain without
changes to BBB permeability [56]. Therefore, our findings
do not necessarily suggest a breakdown or leakiness of the
BBB, but rather more potential for circulating immune
cells to adhere to the blood vessel endothelium. The pre-
sence of immune cells in brain tissue can produce inflam-
matory factors to further drive the inflammatory cascade
by signalling to microglia, astrocytes and back to the
endothelium.

Tight junction proteins such as CDH5 and OCLN that
contribute to BBB integrity were found to be elevated in
relation to inflammation in postmortem tissue in schizo-
phrenia. While this may suggest a tightening of the BBB, it
could also be a compensatory response to prevent excessive
entry of leucocytes into the perivascular space under
inflammatory conditions, or greater utilisation and turnover
of these molecules leading to the need for higher synthesis
of tight junction proteins in inflammatory states. In addition
to cytokine measures, C-reactive protein is a peripheral
inflammation marker that could be used to determine

inflammatory status and it may be informative for future
studies to collect blood for peripheral measures of inflam-
mation along with the brain at time of death. As BBB
integrity can be indirectly measured in vivo using novel
MRI technology [57], we suggest that MRI could be used
with blood cytokine and C-reactive protein measures to
determine whether changes in BBB integrity or function
and elevated inflammatory status co-exist in living indivi-
duals with schizophrenia.

A limitation of our study is that all individuals with
schizophrenia were prescribed antipsychotics and were
chronically ill. Chlorpromazine equivalent dose positively
correlated with ICAM1, IFITM and CDH5 mRNA levels in
the postmortem sample, and there was a weak, positive
correlation of mean daily chlorpromazine equivalent dose
with sICAM1 at a trend level in the living sample. How-
ever, exposing cultured endothelial cells to three different
antipsychotics did not alter the expression of any genes of
interest. Furthermore, all patients were receiving anti-
psychotics and several mRNAs including ICAM1, IFITM
and CDH5 differed significantly between the two inflam-
matory patient groups. We suggest that antipsychotics alone
may not be a primary factor in regulating gene expression of
brain endothelial cell transcripts.

Another limitation of our study is the use of tissue
homogenates for mRNA experiments, which does not pro-
vide cell-specific data. Consulting the Human Protein Atlas
indicates that the expressions of brain endothelial markers
of interest are predominately found in endothelial cells of
the human brain [58]. A previous study using laser micro-
dissection to examine the brain microvasculature finds a
down-regulation in inflammation related genes in schizo-
phrenia compared to controls [17] and is in apparent con-
tradiction to our study utilising brain homogenates.
However, the status of cytokine or inflammatory mRNAs
within the blood endothelial cells was not provided in this
previous study and it may be that cytokines are also or
alternatively elevated in neuronal or glial cells.

The stress from a lifetime of mental illness may con-
tribute to inflammation in the brain in our chronically ill
cohort. While peripheral cortisol levels can be elevated in
schizophrenia [59], glucocorticoid receptor mRNA levels
are also dysregulated in the brains of people with schizo-
phrenia [60, 61]. When using changes in cortical gluco-
corticoid and immune pathways to stratify subgroups, we
find an overlap in the population of people with schizo-
phrenia in an elevated inflammatory state and in the sample
of people with schizophrenia in an elevated stress state [10].
Further research is required to disentangle the reciprocal
role of inflammation and stress in the neuropathology of
schizophrenia.

In contrast to previous studies [4, 16, 21, 62], we did
not detect any diagnostic differences in IFITM mRNA
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expression in people with schizophrenia compared to con-
trols. This is possibly because our pan-probe measured
IFITM1, IFITM2, and IFITM3 transcripts. In contrast, using
qPCR Siegel et al [62]. found an increase in IFITM1
expression and with a pan-probe in IFITM2 and IFITM3
expression in schizophrenia. This group also found that
IFITM2 mRNA is predominantly expressed in the brain
vasculature by in situ hybridisation. IFITM expression can
be induced by inflammatory cytokines, IL-1β [63] and IL-6
[64], the same cytokines used to define inflammatory status
in our cohort [14]. In support of these findings, we found a
significant increase in IFITM expression in the “high
inflammation” schizophrenia subgroup compared to the
“low inflammation” schizophrenia subgroup.

We are the first to report changes in efflux transporters
mRNAs in the brains of people with schizophrenia com-
pared to controls, with greatest decreases in cases with
“high inflammation”. The exacerbated decrease in ABCG2
in the “high inflammation” schizophrenia subgroup is
consistent with evidence showing that treatment with IL-1β,
IL-6 and TNFα reduces both mRNA and protein expression
of endothelial ABCG2 in vitro [65]. We did not detect a
change in either ABCB1 or ABCC1 expression in people
with schizophrenia nor in the context of high inflammation,
which is in keeping with the fact that ABCB1 expression is
only slightly reduced by IL-6 and increased by TNFα [65].
ABCG2 interacts with substrates in the cell cytoplasm [66]
allowing substrates not initially filtered by ABCB1 to be
removed. Lower levels of ABCG2 especially in the context
of elevated inflammation may result in less capacity to filter
out and remove unwanted molecules in the prefrontal cortex
for some people with schizophrenia. This dysfunction may
delay the brain’s capacity to resolve inflammation and/or
could exacerbate existing damage.

In conclusion, we are the first to report molecular
alterations in brain endothelial cells and in monocyte/mac-
rophage markers in the PFC from people with schizophrenia
that are exaggerated when other signs of inflammation are
present. Elevated ICAM1 does not necessarily prove that the
BBB is more leaky in individuals with schizophrenia, but
instead supports the hypothesis that luminal walls of blood
vessels have more potential for increased capture of
immune cells in the disease state. Further, we have identi-
fied CD163+ macrophages in the parenchyma of some
schizophrenia brains. Multiple studies have shown sub-
stantial proportions of patients with schizophrenia have
peripheral immune system changes and our study supports
that these are not necessarily independent of neural changes,
but rather that the two are inter-related. Further character-
isation of these individuals utilising measurements in both
brain and blood will contribute to our understanding of how
elevated neuroinflammation contributes to the heterogeneity
and pathophysiology of schizophrenia.
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