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A schizophrenia subgroup with elevated inflammation displays
reduced microglia, increased peripheral immune cell and
altered neurogenesis marker gene expression in the
subependymal zone
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Inflammation regulates neurogenesis, and the brains of patients with schizophrenia and bipolar disorder have reduced expression
of neurogenesis markers in the subependymal zone (SEZ), the birthplace of inhibitory interneurons. Inflammation is associated with
cortical interneuron deficits, but the relationship between inflammation and reduced neurogenesis in schizophrenia and bipolar
disorder remains unexplored. Therefore, we investigated inflammation in the SEZ by defining those with low and high levels of
inflammation using cluster analysis of IL6, IL6R, IL1R1 and SERPINA3 gene expression in 32 controls, 32 schizophrenia and 29 bipolar
disorder cases. We then determined whether mRNAs for markers of glia, immune cells and neurogenesis varied with inflammation.
A significantly greater proportion of schizophrenia (37%) and bipolar disorder cases (32%) were in high inflammation subgroups
compared to controls (10%, p < 0.05). Across the high inflammation subgroups of psychiatric disorders, mRNAs of markers for
phagocytic microglia were reduced (P2RY12, P2RY13), while mRNAs of markers for perivascular macrophages (CD163), pro-
inflammatory macrophages (CD64), monocytes (CD14), natural killer cells (FCGR3A) and adhesion molecules (ICAM1) were increased.
Specific to high inflammation schizophrenia, quiescent stem cell marker mRNA (GFAPD) was reduced, whereas neuronal progenitor
(ASCL1) and immature neuron marker mRNAs (DCX) were decreased compared to low inflammation control and schizophrenia
subgroups. Thus, a heightened state of inflammation may dampen microglial response and recruit peripheral immune cells in
psychiatric disorders. The findings elucidate differential neurogenic responses to inflammation within psychiatric disorders and
highlight that inflammation may impair neuronal differentiation in the SEZ in schizophrenia.
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INTRODUCTION
Schizophrenia and bipolar disorder are severe psychiatric dis-
orders with unknown causes affecting ~1% [1] and ~3% [2] of the
population, respectively. Both disorders have common character-
istics, such as the presence of psychosis [3], cognitive [4] and
negative symptoms [5], and overlapping genetic risk [6–8]. They
also share neuropathology of compromised inhibitory interneur-
ons [9–11] and increased inflammation in the brain and periphery
[12–15]. Evidence from epidemiological [16, 17] and genetic
studies [18] suggest a pathogenic role of inflammation in
schizophrenia and bipolar disorder. Therefore, the brain-resident
immune cells, microglia, have been investigated in psychiatric
disorders with varying results [19, 20]. Microglia density is
unaltered and various microglia-specific markers are often
decreased across brain regions in schizophrenia [21]. In bipolar
disorder, microglia density and mRNA levels of microglia markers

are unchanged in the medial frontal gyrus [22]. Regardless of
reduced microglia marker expression, the prefrontal cortex of
people with schizophrenia has increased expression of the pro-
inflammatory cytokines interleukin (IL) 6 (IL6), IL1B and CXC motif
chemokine ligand 8 (CXCL8, also IL8), and a general inflammation
marker serpin family A member 3 (SERPINA3), which is induced in
response to pro-inflammatory cytokines [23, 24]. In bipolar
disorder, cortical mRNA and protein levels of IL1β and IL1 receptor
1 (IL1R1) are elevated [25]. Cytokine levels are highly variable
within schizophrenia and bipolar disorder groups, which is further
complicated by the anti-inflammatory effects of some medicines
commonly used for treatment [26, 27]. However, pro-inflammatory
cytokines are elevated in drug-naive individuals with first episode
psychosis [28]. To account for the heterogeneous molecular profile
within psychiatric disorders, recent studies use cluster analysis to
determine subgroups within schizophrenia and bipolar disorder
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[13, 29, 30]. Subgrouping based on inflammatory marker
expression identifies 19–46% of individuals with schizophrenia
and bipolar disorder to have heightened inflammation in different
brain regions [13, 23, 31, 32]. The subgroup of people with
schizophrenia and high inflammation demonstrates increased
expression of perivascular macrophage markers in the parench-
yma [33], increased expression of astrocyte markers and
astrogliosis [34], reduced trophic factor expression and exagger-
ated deficits in inhibitory interneuron marker expression in the
cortex [23].
Inflammation regulates the production of telencephalic inhibi-

tory interneurons in the subependymal zone (SEZ, also termed
subventricular zone) [35, 36]. The SEZ adjacent to the lateral
ventricles is the largest source of inhibitory interneurons in the
human brain [37, 38], making it particularly relevant in psychiatric
diseases. Neurogenesis is implicated in the pathophysiology of
schizophrenia and bipolar disorder through post-mortem studies
and genetic and environmental risk factors [39–43]. Despite recent
controversy [44, 45], strong evidence for the persistence of adult
neurogenesis exists in the human dentate gyrus of the
hippocampus [46, 47] and the SEZ [38, 48–50]. In humans, the
SEZ is a four-layered structure with a monolayer of ependymal
cells, a hypocellular gap, an astrocytic ribbon and a transitory layer
[51]. The astrocytic ribbon harbours neural stem cells expressing
glial fibrillary acidic protein delta (GFAPD) [52] and antigen KI-67
(MKI67) when activated to proliferate [53]. Transit-amplifying
progenitor cells can become neuronal progenitor cells expressing
achaete-scute homolog 1 (ASCL1) [54] and distal-less homeobox 6
antisense RNA 1 (DLX6-AS1) [55]. When neuronal progenitor cells
become immature neurons, they express doublecortin (DCX) and
can migrate out of the SEZ [51] to become inhibitory interneurons
in various brain regions [38, 56–58].
Neural stem and neuronal progenitor cell marker mRNAs are

reduced in the SEZ in schizophrenia and bipolar disorder
compared to controls [50, 59]. RNA sequencing from the same
study suggests that increased inflammation and macrophage
infiltration may be associated with aberrant neurogenesis in
schizophrenia [50]. Maternal immune activation (MIA) models of
schizophrenia support that inflammation impacts neurogenesis, as
offspring exposed to inflammation during gestation have
decreased density of neural stem and neural progenitor cells in
the adult SEZ and behavioural deficits [36]. Thus, inflammation
during development or disease progression may alter neurogen-
esis and lead to neuropathological abnormalities in psychiatric
disorders.
Inflammation differentially regulates the various cellular devel-

opmental stages of neurogenesis depending on cytokine con-
centrations, immune cell type and activation state (for review see
[35, 60]). Cytokines are produced in the SEZ by glia, neuronal
precursors and immune cells [61, 62], but cytokines can also be
transported across the blood-brain barrier [63]. The unique SEZ
vasculature has sections devoid of integral blood-brain barrier
components, such as astrocytic end feet and pericytes, allowing
greater passive diffusion of small molecules compared to other
brain regions [64]. Compromised blood-brain barrier integrity is
also associated with easier immune cell infiltration [65]. In fact,
neural stem and neuronal progenitor cells, which express IL1R1
[66], are found in close proximity to blood vessels [64]. IL1β
signalling via IL1R1 enhances neurogenesis prenatally but reduces
proliferation and promotes glial instead of neuronal differentiation
in adulthood [67]. In addition, chronic IL1β overexpression
depletes the SEZ of DCX-expressing immature neurons [67]. The
types of cytokines released by immune cells depend on their
activation state, which can be on a continuum from M1 (pro-
inflammatory) to M2 (anti-inflammatory). Pro-inflammatory
immune cells and associated cytokines generally reduce neuro-
genesis, whereas anti-inflammatory immune cells increase cell
proliferation and promote differentiation into glia rather than

neurons [68–70]. Cluster of differentiation 163 (CD163) is a marker
for perivascular macrophages [71], which functions as a scavenger
receptor and is involved in cytokine production [72]. CD163 and
intercellular adhesion molecule 1 (ICAM1), which is responsible for
peripheral immune cell recruitment, both have increased mRNA
expression in the prefrontal cortex of the high inflammation
subgroup in schizophrenia. In contrast, microglia marker mRNA
expression (ionized calcium-binding adaptor molecule 1, IBA1) is
unchanged [33]. In the SEZ, CD163+ macrophages are found in
close proximity to neural stem and neuronal progenitor cells, and
their density is increased in schizophrenia compared to controls
and bipolar disorder [50]. However, we do not know if the
infiltration of macrophages is linked to high cytokine expression
within the neurogenic niche or if high cytokine expression and
increased macrophage density are independent.
The present study used targeted anatomical dissection of the

SEZ, gene expression measurements, cluster analysis and immu-
nohistochemistry in post-mortem brains of controls and people
who had schizophrenia and bipolar disorder. We analysed mRNA
expression of cytokines (IL6, IL1B, CXCL8), cytokine receptors (IL6R,
IL1R1) and other inflammation-associated genes (SERPINA3, IL6ST).
We determined whether the proportion of subgroups with a
heightened inflammatory state in the SEZ differs according to
diagnosis. Finally, we assessed whether gene expression of
markers for resident immune cells [IBA1, hexosaminidase subunit
beta (HEXB), CD68 molecule (CD68), purinergic receptor P2Y12
(P2RY12), purinergic receptor P2Y13 (P2RY13)], astrocytes [vimen-
tin (VIM), pan-GFAP], peripheral immune cells [CD163, CD64, CD14,
Fc fragment of IgG receptor IIIa (FCGR3A)] and neurogenesis
(GFAPD, MKI67, ASCL1, DLX6-AS1, DCX) are changed in relation to
the inflammatory status. We hypothesized that inflammation is
increased in a subgroup of cases with schizophrenia and bipolar
disorder and that a heightened inflammatory state will be
associated with increased immune cell markers and reduced
neural stem and neuronal progenitor cell markers.

MATERIALS AND METHODS
Tissue dissection, RNA extraction, cDNA synthesis and gene
expression measurements
This post-mortem cohort consists of brains from 93 individuals provided by
the Stanley Medical Research Institute (Rockville, USA), comprising
32 schizophrenia cases, 29 bipolar disorder cases and 32 unaffected
controls. Detailed demographics are reported in Weissleder et al. [50]. The
study was carried out in accordance with the Declaration of Helsinki after
review at the University of New South Wales (HREC 12435, HC 17826).
Methods for tissue processing, RNA extraction, complimentary DNA (cDNA)
synthesis and gene expression measurements were previously described
[50]. Briefly, SEZ tissue was dissected from 12 × 60 µm thick caudate
sections, cut ~1.5 mm deep to the surface of the lateral ventricle. Total RNA
was isolated using TRIzol as per the manufacturer’s protocol (Thermo
Fisher Scientific, Carlsbad, CA, USA). cDNA was synthesised from 2 µg total
RNA using the SuperScript® First-Strand Synthesis kit IV and random
hexamers (Thermo Fisher Scientific). Gene expression was measured with
quantitative polymerase chain reactions (qPCR) on the BioMarkTM HD
system (Fluidigm, South San Francisco, CA, USA) or Abi Prism 7900HT fast
real-time PCR (Applied Biosystems, Foster City, CA, USA) using TaqMan
probes (Supplementary Table S1). Gene expression was quantified using a
seven-point standard curve, and was normalised to the geometric mean of
the three housekeeper genes glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), ubiquitin C (UBC) and TATA-box binding protein (TBP). The
expression of housekeeper genes and their geometric mean did not differ
by diagnosis. No template controls were run for each target gene and did
not show any amplification.

Immunohistochemistry, image acquisition and cell counting
Immunohistochemistry and counting of CD163+ macrophages was
performed on two fresh frozen 14 μm thick sections per individual in 32
controls, 31 schizophrenia and 30 bipolar disorder cases, of which 96% of
cases overlapped with the qPCR cohort [50]. In this study, CD163+ cell
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density was analysed for group differences based on the inflammatory
subgroups.

Statistical analyses
Statistical analyses were performed using IBM SPSS Statistics Version 24
(IBM, Armonk, NY, USA) and data were graphed in GraphPad Prism Version
7.02 (GraphPad, La Jolla, CA, USA). Extreme outliers were removed if they
were more than two standard deviations (SD) from the mean of the
diagnostic groups (2–6 individuals per target gene). Data were tested for
normality using the Shapiro-Wilk test within each group. Data not fitting the
Gaussian distribution were log transformed (Supplementary Information).
The effects of sex and hemisphere on target gene expression were assessed
(Supplementary Information). Covariates were determined with Pearson’s
product-moment or Spearman’s rank correlations between each gene and
age, post-mortem interval (PMI), RNA integrity number (RIN) and brain pH
(Supplementary Table S2). Brain pH was not considered as a covariate in
statistical analyses of group differences because brain pH is reduced in
schizophrenia and bipolar disorder and associated with inflammation
[73, 74]. Between-group differences were assessed using ANOVA, Welch’s
ANOVA or ANCOVA; with Fisher’s least significant difference (LSD) post hoc
tests. Semi-partial correlations were performed to control for covariates in
analysis of ICAM1 and immune cell marker gene expression as well as
analysis of microglia and neurogenesis marker gene expression. Semi-
partial correlation coefficients (sr) were reported. The relationships of
lifetime antipsychotic dose (fluphenazine equivalent in mg), age of onset
and disease duration with inflammation gene expression were analysed
using Spearman’s rank correlations (Supplementary Table S3). t-tests or
Mann–Whitney U tests were used to determine if gene expression differed
according to history of antidepressant use (Supplementary Table S4).
Fisher’s exact tests were performed to determine differences in clinical
characteristics across inflammatory subgroups [i.e., sub-diagnoses, presence
of psychosis, cause of death being suicide (yes, no) and evidence of
peripheral inflammation (yes, no), Supplementary Information]. Since
psychotic features are confounded with control and schizophrenia case
status, where no controls and all schizophrenia cases had psychotic
features, this was not analysed by inflammatory subgroups. Results were
considered statistically significant with an α level of p ≤ 0.05.
A pilot two-step cluster analysis was performed using gene expression

data of IL6, IL1B, CXCL8, IL6R, IL1R1, IL6ST and SERPINA3. This step was
repeated removing transcripts that contributed least to the cluster until the
cluster quality was +0.60, which is considered a ‘good’ silhouette measure
of cohesion and separation [75]. The genes used in the final cluster solution
to define high and low inflammation groups across the whole cohort were
IL1R1, SERPINA3, IL6 and IL6R with the respective predictor importance of
1.0, 0.46, 0.35 and 0.34 (on a scale of 0–1.0, with 1.0 being the highest
importance). Five subjects with extreme outliers in two or more of the four
transcripts were removed from the cluster analysis (two controls, one
bipolar disorder and two schizophrenia cases). Three additional subjects
had single transcript outliers removed, and those outlier values were
replaced with SPSS-derived estimated means to avoid excluding additional
subjects prior cluster analysis. Association between inflammation cluster
group and diagnosis was assessed using Pearson’s Chi-Square test with a
post hoc Z-test. The high inflammation control group only had three
subjects and was therefore excluded from statistical analyses, but were
displayed in graphs. Demographic details for the cohort based on
inflammatory subgroups were presented in Supplementary Table S5. The
effect of inflammation on immune cell count and expression of glial,
immune cell and neurogenesis markers was examined for four pre-defined
comparisons: (1) low inflammation schizophrenia and high inflammation
schizophrenia, (2) low inflammation bipolar disorder and high inflammation
bipolar disorder, (3) low inflammation control and high inflammation
schizophrenia, and (4) low inflammation control and high inflammation
bipolar disorder. Data were presented as gene expression relative to the
mean of the control group or low inflammation control group ± standard
error of the mean.

RESULTS
Cohort characteristics of inflammatory subgroups were described
in detail in the Supplementary Information, including statistical
analyses for differences in demographic variables between groups
and the relationships between gene expression and demographic
and clinical variables. Cohort demographics by diagnosis (controls,
schizophrenia and bipolar disorder) and relationships for

macrophage and neurogenesis markers were outlined in Weissle-
der et al. [50].

Inflammatory marker expression was increased in the SEZ in a
subgroup of cases with schizophrenia and bipolar disorder
To determine the percentage of cases defined as high and low
inflammation in the SEZ in psychiatric disorders compared to
unaffected controls, we measured mRNA expression of cytokines,
their receptors and other inflammation-associated genes. IL1R1
mRNA was significantly different across diagnostic groups
[Supplementary Fig. S1, ANCOVA (RIN), F(2,84)= 4.28, p= 0.017],
with increased expression in schizophrenia (62%, p= 0.004) but
not in bipolar disorder compared to controls (p= 0.14). IL6, IL6R,
SERPINA3, IL1B, CXCL8 and IL6ST mRNAs did not significantly differ
by diagnosis (all p > 0.05) although they exhibited large hetero-
geneity within diagnostic groups (Supplementary Fig. S1). We
performed two-step cluster analysis of inflammatory gene expres-
sion. The analysis revealed two distinct groups termed ‘high
inflammation’ (n= 23) and ‘low inflammation’ (n= 65) across the
whole cohort. 37% of schizophrenia and 32% of bipolar disorder
cases were in the high inflammation group, which were
significantly greater proportions than the 10% of control cases
[Pearson’s Chi-Square test, χ2 (2)= 6.29, post hoc Z-tests p < 0.05,
Fig. 1A]. Of genes that informed the cluster, IL1R1, IL6, IL6R and
SERPINA3 expression was greater in the high inflammation
schizophrenia and bipolar disorder subgroups compared to low
inflammation subgroups (33–757%, all p < 0.05, Fig. 1B), except
that SERPINA3 mRNA was not elevated in high inflammation
bipolar disorder compared to low inflammation controls (p > 0.30).
In addition, IL1B mRNA was increased in high inflammation
schizophrenia compared to low inflammation groups (59–71%, p <
0.035) and increased in high compared to low inflammation
bipolar disorder (81%, p= 0.02). CXCL8 mRNA was increased in
high inflammation bipolar disorder compared to low inflammation
subgroups (63–78%, p < 0.025).
We next assessed whether inflammatory signatures were

consistent throughout the brain within the same individuals by
comparing this cluster analysis result with previous findings from
the dorsolateral prefrontal cortex (DLPFC) [13]. Eighty-five percent
of subjects were in the same inflammatory subgroup (high or low)
from both brain regions. Furthermore, the mRNA expression of IL6,
CXCL8, IL1B, IL1R1 and SERPINA3 were correlated between the SEZ
and the DLPFC (all rho > 0.35, all p < 0.001, data not shown).

Suppression of phagocytic microglia marker gene expression
in high inflammation subgroups in psychiatric disorders
We next examined whether mRNAs of markers for astrocytes (VIM,
pan-GFAP) and microglia (IBA1, HEXB, CD68, P2RY12, P2RY13)
differed across diagnoses and inflammatory subgroups. Gene
expression of the immature astrocyte marker VIM did not differ by
diagnosis (p= 0.15, Fig. 2A). Gene expression of the mature
astrocyte marker pan-GFAP was significantly reduced in schizo-
phrenia and bipolar disorder compared to controls [20–22%,
ANCOVA (age), F(2,83)= 4.99, p= 0.009, Fig. 2B]. Expression of the
microglia markers IBA1, HEXB, CD68 and P2RY13 showed
significant differences across diagnostic groups (Welch’s ANOVA/
ANCOVA, all F ≥ 4.08, all p ≤ 0.022, Supplementary Fig. S2). IBA1
and CD68 mRNAs were reduced in bipolar disorder compared to
both controls (17–26%, all p ≤ 0.046) and schizophrenia (21–32%,
all p ≤ 0.030). HEXB mRNA was increased in bipolar disorder
compared to schizophrenia (14%, p= 0.025) and P2RY13 mRNA
was reduced in bipolar disorder compared to controls (37%,
p= 0.003).
When analysing effects across inflammatory subgroups, VIM,

pan-GFAP, HEXB and CD68 mRNAs did not show significant
differences (all p ≥ 0.059, Fig. 2C–D, F–G). IBA1, P2RY12 and P2RY13
mRNAs differed across inflammatory subgroups [ANCOVA, all F ≥
3.60, all p ≤ 0.01, Fig. 2E, H–I]. IBA1, P2RY12 and P2RY13 mRNAs
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were all reduced in high inflammation bipolar disorder compared
to low inflammation controls (48–73%, all p ≤ 0.015). P2RY12 and
P2RY13 mRNAs were reduced in high inflammation schizophrenia
subgroup compared to low inflammation controls (37–44%, all
p ≤ 0.039). P2RY12 mRNA was also reduced in high inflammation
schizophrenia compared to low inflammation schizophrenia (39%,
p= 0.019).

Peripheral immune cell marker expression was increased in
the high inflammation subgroups in psychiatric disorders
Based on the hypothesis that changes in different immune cell
populations could lead to the heightened inflammatory status in
psychiatric conditions, we analysed the mRNA expression of

markers for macrophages (CD163 and CD64), monocytes (CD14),
natural killer cells (FCGR3A), and an adhesion molecule important
for peripheral immune cell recruitment (ICAM1). We previously
reported increases in CD163 and CD64 mRNAs in schizophrenia
compared to controls and bipolar disorder [50]; however,
expression of no other peripheral immune cell markers or ICAM1
differed across diagnosis (Supplementary Fig. S3).
When analysing effects across inflammatory subgroups, all four

peripheral immune cell markers CD163, CD64, CD14, FCGR3A and
the adhesion molecule ICAM1, were significantly increased in high
inflammation schizophrenia compared to low inflammation
schizophrenia (59–254%, Welch’s ANOVA/ANOVA/ANCOVA, all
F > 4.4, all p ≤ 0.003, all post hoc p ≤ 0.004, Fig. 3A–E) and low

Fig. 1 Large subgroups in schizophrenia and bipolar disorder displayed high inflammation. A Two-step cluster analysis of inflammatory
gene expression revealed ‘high inflammation’ (total n= 23, darker shade) and ‘low inflammation’ (total n= 65, lighter shade) subgroups across
the cohort. The proportion of cases in high or low inflammation subgroups significantly differed by diagnosis, with a greater proportion of
schizophrenia and bipolar disorder cases in the high inflammation subgroup than controls. B All genes, except IL6ST, had significantly greater
expression in high inflammation schizophrenia and bipolar disorder subgroups compared to all low inflammation subgroups. Grey box
indicates the genes used in the final cluster analysis. Data are plotted relative to the mean of the low inflammation control group (100%) ±
standard error of the mean. BPD bipolar disorder, CTRL control, High high inflammation, Low low inflammation, SCZ schizophrenia. *p < 0.05,
**p < 0.01, ***p < 0.001.
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inflammation controls (49–256%, all post hoc p ≤ 0.002). We also
found increased CD163, CD14 and ICAM1 mRNAs in high
compared to low inflammation bipolar disorder (39–104%, all
post hoc p ≤ 0.008).

High inflammation subgroup in schizophrenia drives
increased CD163+ macrophage density and ICAM1 may
promote infiltration of immune cells
We observed perivascular macrophages in the human SEZ in all
subjects examined, principally along blood vessels (Fig. 4A–F).
Qualitative assessment indicated that subjects with more macro-
phages surrounding blood vessels (Fig. 4B, D–E, black arrows)
appear to have greater macrophage numbers within the
parenchyma (Fig. 4B, D–E, red arrows), especially in both
schizophrenia subgroups and the high inflammation control
subgroup. When CD163+ cell density was analysed quantitatively

by inflammatory subgroups, macrophage density was increased in
high inflammation schizophrenia compared to low inflammation
controls [Fig. 4G, 64%, ANCOVA (PMI), F(4,78)= 3.71, p= 0.008,
post hoc p= 0.03] but did not differ significantly from low
inflammation schizophrenia (p= 0.99), which showed an inter-
mediate macrophage density compared to controls. CD163+ cell
counts did not significantly differ between high inflammation
bipolar disorder and low inflammation controls nor low inflamma-
tion bipolar disorder cases (all p > 0.73). CD163+ macrophages
were located in the parenchyma in addition to the perivascular
space indicating tissue infiltration. Therefore, we investigated the
relationships between the expression of peripheral immune cell
markers and ICAM1, one of the cell adhesion molecules that aids
their transmigration from the periphery (Fig. 4H). ICAM1 expression
significantly positively correlated with CD163, CD64, CD14 and
FCGR3AmRNAs across diagnostic groups (all sr > 0.37, all p ≤ 0.001).

Fig. 2 Glial cell marker gene expression was altered in diagnostic and inflammatory subgroups in psychiatric disorders. A–B VIM gene
expression was unchanged across diagnostic groups, while pan-GFAP gene expression was reduced in schizophrenia and bipolar disorder
compared to controls. C–D VIM and pan-GFAP mRNAs were unchanged across inflammatory subgroups. E IBA1 mRNA was reduced in high
inflammation bipolar disorder compared to low inflammation controls. F–G HEXB and CD68 mRNAs were unchanged across inflammatory
subgroups. H–I P2RY12 and P2RY13 mRNAs were reduced in high inflammation schizophrenia and bipolar disorder subgroups compared to
low inflammation controls. Data are plotted relative to the mean of the control group (A–B) or low inflammation control group (100%) ±
standard error of the mean (C–I). High inflammation controls are displayed as grey points but were not used in statistical analyses. BPD bipolar
disorder, CTRL control, High high inflammation, Low low inflammation, SCZ schizophrenia. *p < 0.05, **p < 0.01, ***p < 0.001.
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Neurogenesis marker expression primarily differed by
inflammatory state in schizophrenia
To determine whether the inflammatory state relates to neurogen-
esis marker expression in the SEZ, we compared mRNA expression
of markers for quiescent neural stem cells (GFAPD), transit-
amplifying progenitors (MKI67), neuronal progenitor cells (ASCL1,
DLX6-AS1) and immature neurons (DCX) between inflammatory
subgroups. GFAPD expression varied with inflammatory state,
exhibiting reduced expression in low compared to high inflamma-
tion schizophrenia [67%, ANOVA, F(4,77)= 3.50, p= 0.01, post hoc
p= 0.01, Fig. 5A]. MKI67 mRNA did not significantly differ by
inflammatory subgroup [ANOVA, F(4,77)= 0.90, p= 0.47,
Fig. 5B]. ASCL1 expression was significantly decreased in high
inflammation schizophrenia compared to low inflammation con-
trols [41%, ANOVA, F(4,76)= 4.98, p= 0.001, post hoc p < 0.0001,
Fig. 5C]. DLX6-AS1 expression was significantly decreased in high
inflammation schizophrenia compared to low inflammation con-
trols as well as high inflammation bipolar disorder compared to
low inflammation bipolar disorder and low inflammation controls
[49–55%, ANCOVA (RIN), F(4,78)= 6.44, p < 0.0002, all post hoc p ≤
0.011, Fig. 5D]. Changes in DCX expression across inflammatory
subgroups reached a trend level of statistical significance, with
planned contrasts showing reduced expression in high compared
to low inflammation schizophrenia [30%, ANCOVA (RIN), F(4,78)=
2.01, p= 0.10, post hoc p= 0.02] and low inflammation controls
(32%, post hoc p= 0.01, Fig. 5E).
Since phagocytic microglia can regulate neurogenesis [76–78], we

tested whether the expression of P2RY12 and P2RY13 were
correlated with neurogenesis markers across diagnostic groups.
P2RY12 and P2RY13 mRNAs both positively correlated with markers
for neuronal progenitor cells (ASCL1 and DLX6-AS1, all sr ≥ 0.23, all

p ≤ 0.032) but P2RY12 and P2RY13 mRNAs were not correlated with
any other markers for neurogenesis (GFAPD,MKI67, DCX, all p ≥ 0.16).

Relationships between clinical variables and target gene
expression in schizophrenia and bipolar disorder
The effects of psychiatric medication, age of onset and duration of
illness on gene expression were assessed (Supplementary Tables S3
and S4). In schizophrenia, IL1B and SERPINA3 mRNAs positively
correlated and P2RY12 mRNA negatively correlated with standar-
dised lifetime antipsychotic dose (all p ≤ 0.022). Based on a
dichotomous variable indicating history of antidepressant use,
schizophrenia cases that had been prescribed antidepressants had
lower expression of FCGR3A and HEXB mRNAs. In bipolar disorder
cases that had been prescribed antidepressants, there was reduced
expression of FCGR3A, IBA1 and P2RY12 mRNAs and higher
expression of HEXB mRNA. Age of onset negatively correlated with
CD14, IL6R, IL1R1, SERPINA3, pan-GFAP and VIM mRNAs in schizo-
phrenia and CD14, IL1B, SERPINA3, pan-GFAP and VIM mRNAs in
bipolar disorder. Duration of illness positively correlated with IL6,
IL6R and SERPINA3 mRNAs and negatively correlated with P2RY12
mRNA in schizophrenia. Duration of illness also negatively correlated
with CXCL8 mRNA in bipolar disorder. No other significant relation-
ships between target genes and clinical variables were detected in
either schizophrenia or bipolar disorder.

DISCUSSION
This is the first study to define substantial subgroups of people with
heightened inflammation in the largest neurogenic niche in the
human brain, the SEZ. The increased percentage of those with
psychiatric illness in a heightened inflammatory state is not unique to

Fig. 3 Peripheral immune cell marker and immune cell recruitment mRNA expression was increased in high inflammation subgroups in
psychiatric disorders. A–D Peripheral immune cell markers had increased expression in the high inflammation schizophrenia group
compared to low inflammation schizophrenia and controls. CD163 (A) and CD14 mRNAs (C) were also increased in high compared to low
inflammation bipolar disorder. E ICAM1 mRNA was increased in high compared to low inflammation groups within diagnostic groups and
compared to low inflammation controls. Data are plotted relative to the mean of the low inflammation control group (100%) ± standard error
of the mean. High inflammation controls are displayed as grey points but were not used in statistical analyses. BPD bipolar disorder, CTRL
control, High high inflammation, Low low inflammation, SCZ schizophrenia. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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the neurogenic region but also exists in the DLPFC [13, 23], midbrain
[32] and orbital frontal cortex [31]. Markers for blood-derived but not
brain-resident immune cells were increased in high inflammation
subgroups, suggesting peripheral immune cell infiltration represents
a potential source of inflammation in schizophrenia and bipolar
disorder. Supporting this, the high inflammation schizophrenia
subgroup seems to drive the diagnostic change of increased
macrophage density in schizophrenia compared to controls. Further,
more markers relevant to various cellular developmental stages of
neurogenesis differed by inflammatory subgroup in schizophrenia
than in bipolar disorder, indicating putative diagnostic differences in
the regulation of neurogenesis or response to inflammation.

Peripheral immune cells may compensate for reduced
microglia activity in subgroups of psychiatric disorders with
elevated inflammation
The cluster analysis based on inflammatory genes expressed in the
SEZ defined 32–37% of psychiatric disorder cases as high

inflammation, consistent with our five previous studies in other
brain regions [13, 23, 31, 32, 79]. The uniformity of inflammatory
biotypes across different brain regions and an 85% overlap in
inflammatory subgroup designation between the SEZ and DLPFC
[13] suggests that a large subgroup of schizophrenia and bipolar
disorder cases may have widespread brain inflammation. The
significant association between cases in the high inflammation
subgroup and evidence of peripheral inflammation corroborates
that the peripheral immune system may closely interact with the
brain [80]. This is supported by findings of increased communica-
tion between the periphery and the SEZ due to reduced blood-
brain barrier integrity [64] as well as the identification of 48% of
cases with schizophrenia displaying elevated peripheral inflam-
mation [81]. The molecules that defined the inflammatory
subgroups, IL1R1, SERPINA3, IL6 and IL6R, either potentiate pro-
inflammatory signalling cascades by activating transcription
factors, such as nuclear factor kappa B and signal transducer
and activator of transcription, or represent a state of local

Fig. 4 CD163+ macrophage density was increased in high inflammation schizophrenia and ICAM1 correlated with peripheral immune cell
marker expression. A–F Examples of CD163 immunostaining (brown) from each inflammatory subgroup with Nissl counterstaining (blue).
CD163+ macrophages surrounded blood vessels (black arrows) and were also found in the SEZ parenchyma (red arrows). The lateral ventricle
and ependymal cell layer are on the left of each image. G CD163+ macrophage numbers per mm2 were significantly increased in high
inflammation schizophrenia compared to low inflammation controls. H ICAM1 mRNA expression positively correlated with all immune cell
markers. Data are plotted relative to the mean of the low inflammation control group (100%) ± standard error of the mean. High inflammation
controls are displayed as grey points but were not used in statistical analyses. BPD bipolar disorder, CTRL control, High high inflammation, Low
low inflammation, LV lateral ventricle, SCZ schizophrenia, sr semi-partial correlation coefficient. *p < 0.05. Scale bar= 50 μm.
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inflammation (SERPINA3). These transcription factors upregulate a
variety of genes that can recruit immune cells and alter
neurogenesis [82, 83].
Unlike in schizophrenia, not all blood-derived immune cell

markers were increased in the high inflammation subgroup in
bipolar disorder. This could signify a unique inflammatory state in
bipolar disorder with potentially less pro-inflammatory macro-
phages, which is indicated by the lack of change in CD64 mRNA
expression. Further, expression of four microglia markers was
reduced in bipolar disorder, three of which were further decreased
in high inflammation bipolar disorder. This aligns with findings
from Gandal et al. [84]. indicating reduced microglia marker
expression in bipolar disorder. Our findings of unchanged
microglia marker expression in schizophrenia compared to
controls but reduced microglia marker expression in the high
inflammation schizophrenia subgroup suggests that findings of
reduced microglia markers across other brain regions in schizo-
phrenia may be exacerbated if cases were classified into
inflammatory subgroups [21]. Microglia have a unique phenotype
in the SEZ. They are smaller and have reduced P2RY12 leading to a
lack of responsiveness to ATP, which reduces phagocytosis and
facilitates survival of newly generated neurons [77]. Genes
essential for phagocytosis, P2RY12 and P2RY13, were reduced in
high inflammation subgroups, suggesting inflammation may
dampen the phagocytic phenotype in the SEZ. Despite increased
cytokines and increased peripheral immune cell marker expres-
sion, there was no indication of changes in microglia (IBA1, HEXB)
or microglia activation markers (CD68). We speculate that the
putative infiltration of peripheral immune cells may relate to both
the lack of microglia activation and suppression of mRNA levels of

markers for microglia-related phagocytosis. This hypothesis is
supported by evidence from rodents where infiltration of
peripheral immune cells can compensate for an abnormal
microglia phenotype due to experimental knockout of CSF1R in
microglia [85]. It is also supported by the positive correlations
between blood-derived immune cell markers and the adhesion
molecule ICAM1 in this study, and gene overexpression in the
diapedesis pathway in the SEZ in schizophrenia [50]. While
studying post-mortem brains with psychiatric disorders is invalu-
able, we are unable to manipulate or monitor dynamic temporal
processes such as immune cell transmigration to determine cause
and effect. Therefore, while our and other research supports the
potential transmigration of various immune cell types into the SEZ
during inflammation [86, 87], further studies are needed to
confirm this hypothesis, especially when more specific markers
can be identified by single-cell studies to differentiate between
brain-resident and blood-derived immune cells [88, 89].

Inflammation primarily relates to transcripts associated with
various stages of neurogenesis in schizophrenia
Investigating the inflammatory state of the SEZ has provided
further insight into reduced quiescent neural stem cell (GFAPD)
and neuronal progenitor cell marker expression (ASCL1, DLX6-AS1)
in psychiatric disorders [50], particularly in schizophrenia. Neuro-
genesis marker expression changes were not as pronounced with
inflammation in bipolar disorder, which may be explained by a
smaller percentage of bipolar disorder cases with high inflamma-
tion, less mRNA expression of microglia and immune cell markers,
and reduced density of CD163+ macrophages compared to
schizophrenia [50]. The overall decrease in quiescent stem cell

Fig. 5 Neurogenesis marker gene expression was predominantly altered in the high inflammation subgroup in schizophrenia. A GFAPD
mRNA was reduced in low inflammation schizophrenia compared to both high inflammation schizophrenia and low inflammation controls.
B MKI67 mRNA did not differ by inflammatory subgroup. C ASCL1 mRNA was reduced in high inflammation schizophrenia compared to low
inflammation controls. D DLX6-AS1 mRNA was decreased in high inflammation schizophrenia compared to low inflammation controls as well
as in high inflammation bipolar disorder compared to both low inflammation bipolar disorder and controls. E DCX mRNA was decreased in
high inflammation schizophrenia compared to both low inflammation schizophrenia and low inflammation controls. Data are plotted relative
to the mean of the low inflammation control group (100%) ± standard error of the mean. High inflammation controls are displayed as grey
points but were not used in statistical analyses. BPD bipolar disorder, CTRL control, High high inflammation, Low low inflammation, SCZ
schizophrenia. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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marker mRNA (GFAPD) in schizophrenia seems to be driven by the
low inflammation subgroup. In contrast, GFAPD expression in the
high inflammation subgroup is equivalent to controls, which may
serve to maintain stem cell quiescence when inflammation is
present. In the SEZ, around 20% of activated neural stem cells self-
replicate producing quiescent neural stem cells, while the other
80% undergo consuming division to produce neuronal progenitor
cells [90]. Our findings suggest that elevated inflammation may
influence the ratio of self-replication and consuming division to
favour self-replication in schizophrenia, which was initially
proposed by Kalamakis et al. [91]. investigating inflammation
during aging. They also demonstrate a causal link between
inflammation and maintenance of neural stem cell quiescence in
the rodent SEZ [91], which aligns with studies from the aging
human SEZ where increased inflammation coincides with reduced
proliferation and immature neuron marker expression [48, 92]. We
identified that prolonged stem cell quiescence in high inflamma-
tion schizophrenia may diminish the capacity to produce neuronal
progenitor cells for brain repair, which is supported by the
reduction in neuronal progenitor (ASCL1, DLX6-AS1) and immature
neuron marker expression (DCX). This interpretation is corrobo-
rated by increased neural stem cells quiescence along with
reduced neuronal progenitor and immature neuron numbers in
the rodent SEZ in response to inflammation [93, 94]. Knockout of
microglial P2RY12 leading to reduced phagocytosis decreases the
number of DCX+/BrdU+ proliferating neuroblasts in rodents [76].
Therefore, significant reductions in key phagocytosis-related
transcripts in the high inflammation subgroups may contribute
to reductions in neuronal progenitor (ASCL1, DLX6-AS1) and
immature neuron marker gene expression (DCX) in the SEZ. This
is supported by the positive correlations between transcripts
expressed by neuronal progenitor markers and P2RY12 and
P2RY13 gene expression in this study. Animals with pre- and
postnatal activation of the immune system also show decreased
density of neurogenesis-associated cell types in the adult SEZ,
reduced neuronal migration and decreased integration of SEZ-
derived differentiated neurons in the olfactory bulb [36, 95]. The
recent identification that 40% of offspring of mothers with
immune system activation can be defined as having high
inflammation in the midbrain [32] and periphery [96] in adulthood
suggests that increasing cytokines in utero can recapitulate
biological variation of patients with psychiatric disorders, thereby
setting the stage for mechanistic studies of neurogenesis after
prenatal immune activation with the possibility of stratifying
based on inflammatory status. Moreover, increased IL6 reduces
human hippocampal DCX+ immature neurons through apoptosis
in vitro [97], implying that newly generated neurons may undergo
apoptosis in the SEZ in the high inflammation subgroup of
schizophrenia. The magnitude of change in neurogenesis because
of increased inflammation and immune cells is unclear in the
human SEZ; however, studies in rodents indicate a 38% increase in
neural stem cells and 36% increase in cell proliferation when
depleting natural killer cells [87], suggesting a direct causal
relationship with neurogenesis.
Reduced DCX expression in high inflammation schizophrenia

could also represent increased migration of immature neurons out
of the SEZ, which may relate to increased interstitial white matter
neuron density in schizophrenia [98, 99]. Heightened inflamma-
tion in the DLPFC is associated with an increased density of
interstitial white matter neurons [100] and reduced expression of
inhibitory interneuron markers (glutamate decarboxylase 67,
somatostatin and parvalbumin) [23, 101]. Inhibitory interneurons
from the SEZ are proposed to migrate and functionally integrate
into both the prefrontal cortex [58] and striatum [38], two regions
where schizophrenia neuropathology is thought to underlie
symptomatology. While the relationships between impaired
neurogenesis and inhibitory interneuron deficits in the prefrontal
cortex and striatum remain to be examined, decreased ASCL1,

DLX6-AS1 and DCX gene expression in high inflammation
subgroups pinpoints altered regulation of neurogenesis in the
SEZ as a possible origin of the widely reported inhibitory
interneuron deficits in psychiatric disorders [10, 102]. This is also
supported by the reduced density of calretinin-positive interneur-
ons in the caudate nucleus in schizophrenia [103].

Relationships between clinical variables, inflammation and
neurogenesis marker expression in schizophrenia and bipolar
disorder
The effects of antipsychotics vary depending on their type and dose
[104, 105], with in vitro studies demonstrating both anti- and pro-
inflammatory effects [104]. Antipsychotics can reduce the expression
of pro-inflammatory cytokines in the periphery such as IL1β, IL6 and
TGFβ [28, 106]. However, regardless of prolonged antipsychotic
treatment, we identified both a subgroup of cases with psychiatric
disorders who displayed elevated inflammation and positive
correlations between both IL1B and SERPINA3 mRNAs and lifetime
antipsychotic dose. While chronic administration of antipsychotics in
rodents can increase microglia activation and proliferation [107],
others find that treatment of rodent microglia with antipsychotics
reduces the synthesis of pro-inflammatory cytokines and stimulus-
induced inflammatory signalling [108]. We found no association
between the marker for microglia activation, CD68, and lifetime
antipsychotic dose. However, the negative correlation between
lifetime antipsychotic dose and P2RY12 mRNA in schizophrenia
suggests that antipsychotics may relate to reduced microglia-
mediated phagocytosis in the SEZ. These results support the
possibility that antipsychotics may change the microglia phenotype
in people with schizophrenia. There are several other observations
that support the theory that elevated inflammation is not necessarily
solely the consequence of antipsychotic exposure. Firstly, higher
inflammation correlates with greater symptom severity in drug naïve
‘ultra-high risk’ schizophrenia patients [109]. Secondly, inflammatory
pathways are unchanged in the cortex of antipsychotic-exposed
monkeys [110]. Thirdly, inflammation is elevated in both medicated
and un-medicated patients prior to death [111]. Finally, a meta-
analysis shows decreased circulating IL6 levels after antipsychotic
treatment in schizophrenia patients [12]. While we cannot be certain
that increased inflammation is not a consequence of antipsychotic
treatment, the current literature implies that increased antipsychotic
doses may be a consequence of the detrimental effects of
inflammation on symptoms.
Other medications, such as antidepressants, as well as clinical

features, including mode of death, may also relate to inflammation
or neurogenesis. Antidepressant medication can have anti-
inflammatory effects [112], which aligns with our findings of
reduced mRNA levels of the natural killer cell marker FCGR3A and
the microglia markers IBA1 and P2RY12 in psychiatric disorder
cases with a history of antidepressant use. Although antidepres-
sants enhance neurogenesis in the hippocampus [113, 114], their
effects are less clear in the SEZ [115]. In this cohort, a history of
antidepressant use was not associated with changes in neurogen-
esis marker expression [50]. Despite the potentially anti-
inflammatory and pro-neurogenic effects of antidepressants on
some targets of interest, we still found elevated inflammation and
its relationship with altered neurogenesis. The increased percen-
tage of bipolar disorder cases with psychosis in the high
inflammatory subgroup aligns with research showing a relation-
ship between inflammation and positive symptoms [116], and
elevated inflammation at first episode of psychosis [117, 118]. Our
finding that the suicide status was associated with the low
inflammation subgroup adds to the already conflicting literature
showing either no relationships [119] or positive relationships
between suicide and expression of pro-inflammatory [120] and
anti-inflammatory cytokines [121]. Since inflammation may relate
to clinical outcomes, the role of inflammation in suicide warrants
further exploration in psychiatric disorders.
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CONCLUSION
High inflammation subgroups in psychiatric disorders were
associated with increased mRNAs of markers for peripheral
immune cells and increased macrophage density in schizophrenia.
Further, the correlations of immune cell markers with ICAM1
suggest potential transmigration of immune cells from the
peripheral vasculature into the SEZ. This study also discovered
that the relationship between inflammation and alterations in
transcripts associated with various cellular developmental stages
of neurogenesis is more pronounced in schizophrenia compared
to bipolar disorder. The juxtaposing relationship between
inflammation and quiescent neural stem cell marker restoration
as opposed to reductions in immature neuron markers demon-
strates a complexity that may be attributed to the balance of
immune cells and inflammatory cytokines. Our findings set the
scene for further experimental research that will be crucial to
understand the mechanisms by which inflammation and immune
cell recruitment alters neurogenesis across the course of
psychiatric disorders, which may enable us to harness the vast
potential of neurogenesis.
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