Citation: Transl Psychiatry (2016) 6, €982; doi:10.1038/tp.2016.238

www.nature.com/tp

ORIGINAL ARTICLE

Cortical grey matter volume reduction in people with
schizophrenia 1s associated with neuro-inflammation

Y Zhang'?3, VS Catts"*3, D Sheedy*, T McCrossin®, JJ Kril* and C Shannon Weickert'3

Cortical grey matter volume deficits and neuro-inflammation exist in patients with schizophrenia, although it is not clear whether
elevated cytokines contribute to the cortical volume reduction. We quantified cortical and regional brain volumes in fixed
postmortem brains from people with schizophrenia and matched controls using stereology. Interleukin (IL)-6, IL-1p, IL-8 and
SERPINA3 messenger RNAs (mRNAs) were quantified in the contralateral fresh frozen orbitofrontal cortex. We found a small,

but significant reduction in cortical grey matter (1.3%; F(1,85) =4.478, P=0.037) and superior frontal gyrus (6.5%; F(1,80) =5.700,
P=0.019) volumes in individuals with schizophrenia compared with controls. Significantly reduced cortical grey matter (9.2%;
F(1,24) =8.272, P=0.008) and superior frontal gyrus (13.9%; F(1,20) =5.374, P=0.031) volumes were found in cases with
schizophrenia and ‘high inflammation’ status relative to schizophrenia cases with ‘low inflammation’ status in the prefrontal cortex.
The expression of inflammatory mRNAs in the orbitofrontal cortex was significantly correlated with those in dorsolateral prefrontal
cortex (all r>0.417, all P < 0.022), except for IL-8. Moreover, average daily and lifetime antipsychotic intake negatively correlated
with cortical grey matter and superior frontal gyrus volumes (all r < —0.362, all P < 0.05). The results suggest that the reduction in
cortical grey matter volume in people with schizophrenia is exaggerated in those who have high expression of inflammatory

cytokines. Further, antipsychotic medication intake does not appear to ameliorate the reduction in brain volume.
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INTRODUCTION

Although neuroimaging studies indicate that many individuals
with schizophrenia have reduced cortical brain volumes,'™ it is
debated whether this is due to a pathological process® or
medication effects.” In our recent clinical magnetic resonance
imaging (MRI) study, we suggested that increased expression of
peripheral blood cytokines is associated with Broca’s area volume
reduction,® leading us to speculate that neuro-inflammation
within the brain tissue may contribute to cortical volume
reduction.

Previous MRI studies have revealed widespread, and putatively
progressive, cortical thinning in some people with schizophrenia,
which appears to be related to symptoms and behavioural
abnormalities, suggesting that this reduction of cortical tissue is
functionally significant? A recent meta-analysis showed that
medicated schizophrenia patients (n=3547) had 2.6% smaller
total brain volume than controls (n=3894)." However, no direct
volume measurements of postmortem brain tissue from people
with schizophrenia were included, perhaps because only a small
number of such studies exist.””'" Although the previous studies
suggest that volume reduction is evident in brains from people
with schizophrenia after death, it is not clear to what extent it
relates to neuro-inflammation.

Our laboratory has recently identified a link between reduced
cortical volume, measured using MRI, and increased levels of
inflammatory mediators, especially interleukin (IL)-1(, and vascular
endothelial growth factor, in peripheral blood from individuals
with schizophrenia.®'? Higher concentration of pro-inflammatory
cytokines (such as IL-6, IL-8 and IL-1B) is a consistent finding in

blood,"® and in the prefrontal cortex of subsets of people with
schizophrenia."*'® We have linked neuro-inflammation to more
severe molecular and cellular neuropathology in schizophrenia,
involving exaggerated reduction in interneuron markers and
astrogliosis, in our postmortem studies.'*'”"'® This led us to ask
whether elevated inflammatory mediators within brain may also
be associated with reduced cortical volume.

As it is also possible that antipsychotic treatment is associated
with brain volume changes, we considered the potential effect of
medications in people with schizophrenia. MRI studies of
medicated individuals with schizophrenia demonstrate that
antipsychotics may reduce cortical thickness'® and volumes.?®?'
Rodent studies suggest antipsychotic treatment can induce
oxidative stress®? and reduce expression of neurotrophins®® in
brain, which may lead to cell injury or neuronal death and thereby
affect brain volume. Thus, antipsychotics intake may negatively
affect cortical volume.

The aim of this study was to quantify cortical grey matter, white
matter and regional prefrontal cortical volumes in a collection of
postmortem brains from patients with schizophrenia and matched
controls. We focused on the prefrontal cortex (PFC), because we
and others have documented evidence of neuro-inflammation in
this region,"'® and we were seeking to determine whether
inflammatory status relates to brain volume in the regions
proximal to where neuro-inflammation was identified in tissue.
We measured the inflammatory messenger RNAs (mRNAs) in the
orbitofrontal cortex (OFC) to determine whether the previously
identified dorsolateral prefrontal cortex (DLPFC)-elevated cytokine
mRNAs' extend to other prefrontal regions. Moreover, we
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determined correlations between brain volume and recorded
antipsychotic treatment. We hypothesized that schizophrenia
patients relative to matched controls would have reduced cortical
grey matter volume, particularly affecting prefrontal regions.
Furthermore, we hypothesized that people with schizophrenia in
a ‘high inflammation’ subgroup'® have reduced brain volume
compared with individuals with schizophrenia without evidence
of brain inflammation.

MATERIALS AND METHODS

Human postmortem brain section images

New South Wales Brain Tissue Resource Centre (NSWBTRC) in Sydney,
Australia, provided photographs of fixed human brain sections and
associated data for this study,®® which was approved by the Human
Research Ethics Committee at the University of New South Wales (HREC
No. 12435). Before the brains were fixed, each whole brain was weighed;
and the volume measured using fluid displacement? (volumes from three
cases are unavailable). One hemisphere of each case was randomly
selected to be fixed for 14 days in 15% buffered formalin, previously
reported to result in minimal tissue shrinkage (mean: 0.7 +0.7%).%° Fixed
tissue was then sliced at 3 mm in the coronal plane and photographed
with a scale bar. Images from 47 people with schizophrenia and 45 control
individuals were selected for analysis, with groups matched on demo-
graphic variables (Table 1). This sample size was predicted to provide 0.8
power to detect a medium effect size (d=0.5) based on variance estimates
from a previous publication.” The brains collected by the NSWBTRC
undergo a standardized neuropathological examination including screen-
ing for neurodegenerative diseases, cerebrovascular disease and micro-
scopic evidence of cerebral hypoxia.?” Cases with infectious diseases or
poor agonal status (slow death >24h, for example where death was
caused by cancer or chronic pulmonary disease) were excluded.?**”%

Regions of interest

The targets of volume measurement included cortical grey matter, white
matter and subregions of the PFC. The cortical grey matter was defined as
cerebral cortex including the hippocampus. Total white matter consisted of
all white matter including the internal capsule in the striatum. The coronal
sections containing PFC were divided into five cortical regions: frontal pole,
superior frontal gyrus (SFG), middle frontal gyrus (MFG), inferior frontal

gyrus (IFG) and OFC. The boundaries between each region of
interest (ROI) were defined by the relevant sulci (Figure 1). Generally,
the definitions of PFC and each subregion were based on previous
published boundaries, ' except for the frontal pole, which spanned
from the first anterior section to the section before the appearance of the
anterior cingulate (Figure 1). In previous publications, the definition
of frontal pole extended to the section before the appearance of the
corpus callosum.?*3°

Estimation of brain volume from images using Cavalieri’s probe

Total cortical grey and white matter areas were measured on every fifth
section (interval 5) starting with a randomly selected section within the
first five sections. For other regions of interest, the area was measured on
every section where they were evident (interval 1). A transparency with
appropriate density of cross points (36.69 mm? per cross) was randomly
overlaid on the photographic images. The number of cross points in the
target region was counted and recorded. A count was made if the point of
intersection at the right angle in the top right quadrant of the cross was
placed within the area under investigation. The counted number of cross
points was multiplied by the grid size (36.69 mm?), the section thickness
(3 mm) and the interval between sections (1 or 5). This was divided by
1000 to give the final volume of the ROI in cubic centimetres (cm?3).3031

Using one test case supplied by NSWBTRC, YZ and colleagues have
measured the cortical grey matter volume and total hemisphere volume
six times; then calculated the coefficient of error (CE) (coefficient of
error =average standard deviation/average mean). Using this protocol, the
coefficient of measurement error was estimated to be 0.019 for total
hemisphere volume and 0.018 for cortical grey matter volume. As these
coefficients of errors are both less than 0.05, our measurements are
considered adequate and reliable.>? The brain volume measurements were
performed by one investigator (YZ) who was blind to diagnostic categories
and confirmed independently on 30% of cases by a second investigator
(VSC) who was also blind to diagnostic status of the cases. Intraclass
correlation coefficient of average measures between YZ and VSC
was 0.982.

Quantitative PCR of OFC

The mRNA expression of inflammatory modulators was measured in the
OFC tissue from 38 schizophrenia and 38 control cases, which has
previously been described.?®* The OFC brain tissue collection included 36
individuals with schizophrenia and 35 controls, also included in our

Table 1. Brain volume cohort description
Controls Schizophrenia Statistics
N Mean s.d. N Mean s.d. X2 t df P

Male 31 — — 31 — — 0.090 — 1 0.764
Female 14 — — 16 — —

Fixed left hemisphere 27 — — 24 — — 0.743 — 1 0.389
Fixed right hemisphere 18 — — 23 — —

Age (years) — 52.6 13.7 — 519 13.5 — -0.242 90 0.810
PMI (h) — 28.7 12.2 — 334 16.2 — 1.569 90 0.120
Brain weight (g) — 1431 143 — 1411 152 — -0.672 90 0.503
Tissue pH — 6.4 1.0 — 6.5 0.2 — 0.535 89 0.594
DLPFC: high inflammation 2 — — 10 — — 5.458 — 1 0.024
DLPFC: low inflammation 22 — — 18 — —

Inflammation unknown? 21 — — 19 — — — — — —
Age of onset — — — — 22.8 7.0 — — — —
Duration of illness (years) — — — — 29.1 13.7 — — — —
Antipsychotics daily mean (mg) — — — 35 744 502 — — — —
Antipsychotics lifetime (g) — — — 35 8872 7903 — — — —
Smoking 19 — — 30 — — 0.089 — 1 0.105
No smoking 17 — — 12 — —

Smoking unknown? 9 — — 5 — — — — — —
Illicit drug 0 — — 11 — — 0.001 — 1 0.001
No illicit drug 20 — — 14 — —

lllicit drug unknown? 25 — — 22 — — — — — —
Abbreviations: DLPFC, dorsolateral prefrontal cortex; PMI, postmortem interval. ®Unknown cases were not entered into statistics. Antipsychotics data are
chlorpromazine equivalents.
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Figure 1.
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Photographs of 3 mm coronal sections through the prefrontal cortex (PFC) of a formalin-fixed left human brain hemisphere. Images

1 through 20 move progressively in an anterior to posterior direction. PFC starts from the first rostral coronal section, and the last included
coronal section for the PFC measurement was the one immediately before the anterior temporal lobe joins with the anterior insula area.
Anterior cingulate cortex, insula, precentral gyrus and temporal lobe were not included in the calculations of PFC volume. Frontal pole is from
the first anterior section to the section before the appearance of the anterior cingulate (images 1-6). The boundaries between each region of
interest were defined by the relevant sulci: superior frontal sulcus (between superior frontal gyrus (SFG) and middle frontal gyrus (MFG));
inferior frontal sulcus (between MFG and inferior frontal gyrus (IFG)); circular insular sulcus (between IFG and insula; and between insula and
orbitofrontal cortex (OFC)); cingulate sulcus (between OFC and cingulate; and between cingulate and SFG).

molecular studies of the DLPFC.'*** RNA isolation, preparation of
complementary DNA (cDNA) and quantitative PCR experiments were
performed as described previously.>**> All RNA integrity number (RIN)
values were greater than 6 (RIN mean is 7.59+0.83 in controls and
7.51+0.84 in schizophrenia cases).>* The transcript levels for inflammatory
mRNAs (SERPINA3, IL-6, IL-8 and IL-13) were measured by quantitative real-
time PCR in each OFC sample using an ABI Prism 7900HT Fast Real Time
PCR system with a 384-well format (Applied Biosystems, Foster City, CA,
USA) and TagMan Gene Expression Assays (Applied Biosystems). The
samples were run with a seven-point standard curve using serial dilutions
of pooled cDNA derived from a representative sample of subjects (three
controls and three patients). The no-template control did not produce a
signal in any assay. All the amplifications from each subject were
performed in triplicate and relative quantities were determined from the
standard curve. The mRNA expression levels of inflammatory genes were
measured using TagMan probe: SERPINA3 (Hs003153674_m1), IL-6
(Hs00174131_m1), IL-8 (HS00174103_m1), and IL-13 (Hs01555410_m1);
with  ACTB  (Hs99999903_m1), GAPDH  (Hs99999905_m1), TBP
(Hs00427621_m1) and UBC (Hs00824723_m1) used as normalizing

housekeeping genes. The cycling conditions and reaction amounts were
the same as for the previous DLPFC cytokine study.'*

Statistical analysis

The data analysis was performed using IBM SPSS Statistics 22 (Sydney,
NSW, Australia). Normal distributions of data were tested by the
Kolmogorov-Smirnov and the Shapiro-Wilk tests. The comparison analyses
for the volume of each ROI between any groups (diagnosis; low or high
level inflammation;' ‘yes’ or ‘no’ history of illicit drugs and smoking) were
performed by analysis of covariance. We used total hemisphere volume as
a co-variate to correct for gender differences in brain volume,® thereby
increasing our statistical power; and age was included as a co-variate,
because it is known to affect brain volume.>” Before analysis of covariance,
as total hemisphere volume was chosen as co-variate, the ROl volume was
graphed against total hemisphere volume;*® and a 95% confidence interval
boundary imposed for each diagnostic group separately to identify
measurement outliers (average n=2 outliers per region per diagnostic
group; Supplementary Figure 1).
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Analyses of cortical grey matter and superior frontal gyrus (SFG) volumes in postmortem brains from control individuals (blue) and

people with schizophrenia (red) (a). Cortical grey matter (b) and SFG (c) volumes in individuals with schizophrenia who had increased
expression of inflammatory markers (dark red) were significantly reduced compared with ‘low inflammation’ schizophrenia (pink). All volume
data were normalized to the mean of control volume; error bars denote standard error of the mean (*P < 0.05, **P < 0.01).

The DLPFC in the contralateral frozen hemisphere of a subset of the
brains in which volume were determined have been investigated
previously using molecular techniques (24 controls, 28 people with
schizophrenia, Supplementary Table 1).>* This includes measurement of
inflammatory mediator mRNA expression, which were used to identify
those brains with ‘high or low’ inflammatory levels through two-step
recursive clustering analysis." In our previous paper, we performed next-
generation sequencing on the DLPFC transcriptome (33 105 transcripts)
mapped from 20 individuals with schizophrenia and 20 controls. Ingenuity
analysis identified five networks and five biological functions that were
dysregulated in schizophrenia, in which a neuro-inflammatory pathway
reoccurred. The seven most-changed inflammatory genes were followed
up by quantitative PCR in an expanded cohort of 74 individuals in total.
Using cluster analysis, we found that in the DLPFC, four of the seven
inflammatory markers (SERPINA3, IL-6, IL-13 and IL-8 mRNA levels)
significantly predicted inflammatory cluster membership. The overall
model quality for the DLPFC cluster analysis was required to be >0.5,
with predictors removed if they did not contribute > 0.5 to the model on a
scale of 0 to 1.0. In the current OFC study, we therefore measured and
analysed SERPINA3, IL-6, IL-1(3 and IL-8 mRNA levels using quantitative PCR.
The initial non-normally distributed data were log10 (SERPINA3, IL-8, and
IL-1B) or inverse (IL-6) transformed. Similar to the DLPFC clustering, the
inflammatory subgroups based on OFC inflammatory mediators’ measure-
ments were determined using a recursive two-step cluster analysis using
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all the available values. The characteristics of this subgroup were identified
by using t-tests for normally distributed continuous variables.

Outliers in diagnostic groups were defined by Grubbs test after data
normalization and excluded from further analysis. We used analysis of
variance to investigate differences between OFC inflammatory cytokines in
the different inflammatory subgroups. The five control individuals with
high inflammation were excluded from statistical analysis owing to the
small group size. All the tests were two-tailed.

RESULTS

Stereological measures of brain volumes correlated with other
indices of hemisphere volume

In the whole cohort, the brain weight correlated positively with all
brain volumes measured (all 0.374 <r<0.675, P<0.001). The
total brain displacement volume also significantly correlated with
brain weight (r=0.978, P <0.001) and all measured ROl volumes
(all 0.376 < r<0.723, P < 0.001; Supplementary Table 2).

The effect of demographic and perimortem factors on brain
volume measures

In the whole cohort, age correlated negatively with the brain
weight (r=-0.391, P <0.001), displacement volume (r=-0.355,



P=0.001), and all the brain volumes measured in this study (all
r< —0.214, P < 0.044). The tissue pH correlated positively with the
displacement volume (r=0.220, P=0.039; Supplementary Table 2).
There was no statistically significant difference for the measured
cortical volumes between the agonal state groups®’ (all P>0.15).

In the whole cohort (Supplementary Table 3), as expected,
males had larger brain weights (F(1,89)=48.703, P < 0.001),
displacement volumes (F(1,86)=36.118, P < 0.001) and total
hemisphere volumes (F(1,89) =9.540, P=0.003) than females (co-
varied with age). When co-varied with age and total hemisphere
volume, all the measured cortical and regional volumes did not
show any differences between left and right hemispheres
(Supplementary Table 3).

Brain volumes in people with schizophrenia

The gross measures of brain volume (brain weight, displacement
volume and total hemisphere volume) did not differ between
individuals with schizophrenia and the controls (Supplementary
Table 3), likely owing to the large population variance in these
measures. However, compared with unaffected controls, the total
cortical grey matter volume was significantly reduced by 1.3% in
people with schizophrenia (F(1,85)=4.478, P=0.037; Figure 2a).
The biological variance (standard deviation divided by the group
mean) in total cortical grey matter was 14% for schizophrenia and
10% for control cases, which is considerably greater than the
measured error of ~2%. No significant differences between
individuals with schizophrenia and controls were found for
subcortical grey matter (F(1,85)=0.097, P=0.756) or white matter
(F(1,85) =3.364, P=0.070) volumes (Supplementary Table 3).

Overall, there was no significant difference in the PFC volumes
between controls and people with schizophrenia (F(1,79)=0.144,
P=0.706). For the subregions of the PFC, a significant difference in
SFG was observed, where people with schizophrenia had a 6.5%
smaller volume relative to controls (F(1,80)=5.700, P=0.019;
Figure 2a). The volumes of the frontal pole, MFG, IFG and OFC did
not differ significantly between controls and people with
schizophrenia (Supplementary Table 3).

Grey matter and SFG volume changes were related to
inflammation

Using the inflammatory cluster defined for DLFPC tissue in our
previous publication,'® we found significant effects of inflamma-
tory status on both total cortical grey matter and SFG volumes.
People with schizophrenia and ‘high inflammation’ (elevated
cytokine mRNAs) had significantly smaller (9.2%) cortical grey
matter than those with ‘low inflammation’ (F(1,24)=8.272,
P=0.008; Figure 2b). There was a significantly smaller (13.9%)
SFG volume in the ‘high inflammation’ schizophrenia group than
the ‘low inflammation’ schizophrenia group (F(1,20)=5.374,
P=0.031; Figure 2c).

The volumes of cortical grey matter and SFG were significantly
negatively correlated with IL-6 and SERPINA3 mRNAs for both
the whole cohort and the schizophrenia group only (all
—-0.700 <r< —0.341, P<0.01; Supplementary Table 4 and
Supplementary Figure 2). We also found that SFG volume was
significantly negatively correlated with IL-13 mRNA levels in the
schizophrenia group only (r=-0.563, P <0.01). However, there
were no significant correlations between the levels of IL-8 mRNA
and cortical grey matter or SFG volumes (both r < 0.149, P> 0.05).

Inflammatory mediator mRNA expressions in OFC

In the whole OFC cohort, SERPINA3 and IL-6 mRNAs were
significantly negatively correlated with age and pH (all
-0.553 <p< —0.141, 0.001T < P < 0.032) and IL-6 mRNA was also
significantly correlated with RIN (o=-0.264, P=0.022). Further-
more, in the schizophrenia group, SERPINA3 (0=0.397, P=0.016)
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Figure 3. The overlap between ‘high or low inflammation’ cases in
the orbitofrontal cortex (OFC) and dorsolateral prefrontal cortex
(DLPFC) cohorts. There are 36 schizophrenia and 35 control cases in
common between the OFC and DLPFC cohort (in the overlapping
areas between the four circles). Five control and three schizophrenia
cases are unique to either the DLPFC or OFC cohorts. Their
inflammatory statuses are indicated in the four circles (‘HIGH": high
inflammation; ‘LOW’: low inflammation). Seven schizophrenia and
two control cases were identified as ‘high inflammation’ in both the
DLPFC and OFC cohort. Twenty schizophrenia and 28 control cases
were identified as ‘low inflammation’ in both the DLPFC and OFC
cohort. However, six schizophrenia and two control cases were
identified as ‘high inflammation’ in the DLPFC but as ‘low
inflammation’ in the OFC cohort. Three schizophrenia and three
control cases were identified as ‘high inflammation’ in the OFC but
‘low inflammation’ in the DLPFC cohort. ‘Blue dot: control case; red
dot: schizophrenia case.

and IL-6 (p=0.464, P=0.004) mRNAs were significantly positively
correlated with antipsychotic (lifetime) intake. Moreover, IL-6
mRNA was also significantly correlated with antipsychotic (daily
mean) intake (p=0.399, P=0.016). All the other correlations
between OFC inflammatory markers and demographics were not
statistically significant (all —0.205 < p < 0.311, 0.065 < P < 0.962;
Supplementary Table 5).

For individuals with schizophrenia, each inflammatory mRNA in
OFC tissue was significantly correlated with its expression in the
DLPFC tissue (SERPINA3 r=0.723, P<0.001; IL-1B r=0.744,
P < 0.001; IL-6 r=0.686, P < 0.001; IL-8 r=0.417, P=0.022).

Using two-step cluster analysis, we found that 16 out of 76
individuals in the OFC cohort were defined by high IL-13 and
SERPINA3 mRNA expression in the OFC (IL-6 and IL-8 were
removed because they did not contribute >0.5 to the model). In
the OFC cohort, 29% of schizophrenia cases were determined to
have high levels of inflammatory cytokine expression; whereas
13% of controls had ‘high inflammation’. There was considerable
overlap in the identified cases with high and low levels of
inflammation between the DLPFC and OFC cohorts (Figure 3).

Inflammatory mediator mRNAs in OFC differed significantly
between low-inflammatory controls and low- and high-
inflammatory schizophrenia (except IL-8; (SERPINA3 F(2,68) =41.036,
P <0.001; IL-13 F(2,68)=45.972, P<0.001; IL-6F(2,67)=8.319,
P=0.001; IL-8F(2,68)=2.976, P=0.058); Figure 4 and Supple-
mentary Figure 3).

Translational Psychiatry (2016), 1-10



Grey matter volume deficits and neuro-inflammation
Y Zhang et al

a
o * % %
- o
< & 2000 -
N o
® £ 1500 -
E'E
s 3
€ 2 1000 -
a2
58
© o
£ 500
™ £
< @© 0 4 W el
S —
* 3
%2 '500 T T T T
»&°d fs@é q>°d q}°d
Fo &Fo & &
PP PE L
& & & & R
S &M P S N
D R VW F
c
S * %
T2 800 -
N »
)
—
EZ e004
€S
<
zE’ 400
o
EN
G
£ & 200
X &=
3 £
i 2 o —r R
£ o‘°6 ’b@d ,g-°d ’&oc\
Fo o & &
P IV P
T S & Q &R
S & S &
J V FZE P F

Figure 4.

b
8 * % %
=
e X 600 -
= o
“—
EE o
<
Z 2 201
£
« £
T 07 - —
=E
g._
E%-ZOO T T T T
32
£ o‘°d ’}oc\ @\o“\ e‘°d
& & e Lo
P LPFLE LE
T & & 8 O R &R
T NI A N
S < < O &K
D Vv B Vo
& 2
d
S
o
T 150 -
N »
® ©°
e
E € 100
€S
< .
gg' 50 - ‘
3 .
£
25 03 ==
X =
3 E
53 90 T T T T
= &° o\°d o\°d f&°°\
Fo o &S &
P LPF L P
Sl &8 & OQ & OQ

Inflammatory messenger RNA (mRNA) expressions in the orbitofrontal cortex (OFC) measured by quantitative PCR. All expression

data were normalized to low-inflammation controls (%). Data from the five control individuals with high inflammation are shown here for
illustrative purposes but were excluded from statistical analysis owing to the small group size. (a) SERPINA3 mRNA; (b) IL-1 mRNA; (c) IL-6
mMRNA; (d) IL-8 mRNA. Blue bars indicate controls and red bars are individuals with schizophrenia, error bars denote standard error of the

mean (**P < 0.01, ***P < 0.001). IL, interleukin.

Cortical grey matter and SFG volumes changes were associated
with antipsychotics intake, but not with illicit drug use or smoking
Volumes of cortical grey matter and SFG were significantly
negatively correlated with ‘chlorpromazine equivalents lifetime’
and ‘chlorpromazine equivalents daily mean’ doses (all r< —
0.362, P < 0.05; Supplementary Table 4). When partial correlations,
controlling for daily mean chlorpromazine equivalent dose, were
applied to test the robustness of the relationship between
cytokines and prefrontal cortex volume in people with schizo-
phrenia, the correlation between SFG volume and IL-6 mRNA
levels reduced from —0.700 (P < 0.001) to —0.441 (P=0.024), but
remained statistically significant. This suggests that even when
statistically controlling for the medication dose, IL-6 expression
accounts for 19.4% of the variance in grey matter volume in
people with schizophrenia.

By the analysis of covariance analysis (co-varying with age and
total hemisphere volume), there was no significant difference
of cortical grey matter volumes (F(1,21) =0.277, P=0.604) and SFG

Translational Psychiatry (2016), 1-10

(F(1,19)=0.109, P=0.745) between people with schizophrenia
who had and who did not have a history of illicit drug use.
Similarly, smoking history did not appear to affect the cortical grey
matter (F(1,38)=0.011, P=0.916) and SFG (F(1,35)=0.058,
P=0.811) volumes in people with schizophrenia in our study.

DISCUSSION

In this study, we found that cortical grey matter and SFG
volumes were significantly smaller in schizophrenia subjects than
controls, and that neuro-inflammatory status has a significant
association with cortical grey matter reduction in schizophrenia.
Moreover, this study suggests that smaller cortical volumes in
schizophrenia are associated with greater intake of antipsychotics.
Thus, this study supports the suggestion that cortical grey
matter changes may have both an inflammatory basis and a
relationship to antipsychotic exposure, and does not support that
antipsychotics can ameliorate brain volume reduction in
schizophrenia.



The postmortem human brain volume measures described here
concur with expectations. Previously published measurements in
controls of similar age to the individuals in the present study show
that the cortical grey matter volume is 54% of total hemisphere
volume,?*3! similar to our result of 56% cortical grey matter to
total hemisphere volume. Also, PFC volume of controls is about
72.2 ml*® which is close to our result of approximately 75 ml.
These similar results support the reliability of our measurements.
However, our study and the previous studies*®®' differ in the
definition of the frontal pole, resulting in our measured frontal
pole volume (3% of total hemisphere volume) being smaller than
previous reports (7.3% of total hemisphere volume).3' According
to anthropology and brain anatomy, Brodmann area 10 is the
major area in the frontal pole of human brain,*® accounting for
~1.2% of brain volume® which is close to the frontal pole
percentage estimated in the current study, and suggests that
previous definitions of frontal pole may have been overly
inclusive.

Only few postmortem volume measurements of brains from
people with schizophrenia have been published. A stereology
volume study of postmortem brains from 14 individuals with
schizophrenia and 19 unaffected controls® found a significant 12%
decrease in frontal grey matter volume in schizophrenia subjects
compared with control subjects. This is considerably greater than
the 1.3% differences in cortical grey matter volume between
diagnostic groups in the present study. Our result of a small but
significant cortical grey matter reduction in schizophrenia appears
more consistent with MRI studies finding 2.9-3.4% reduction in
patients relative to healthy controls.***' However, our study
suggests that depending on the percentage of people who have
schizophrenia and high inflammation sampled within a cohort, we
may expect quite a wide range in the brain volume loss reported
especially for small samples, as we find up to 9.2% loss in the high-
inflammation subgroup alone and if this group was oversampled,
it would lead to a higher estimate of brain tissue loss on average.
Some MRI studies also report that people with schizophrenia have
7-8% smaller SFG volumes,**** consistent with our results where
a 6.5% smaller volume of this dorsal prefrontal cortex was found in
people with schizophrenia. However, those previous MRI studies
also found other PFC subregional volumes (MFG and IFG) to be
reduced,*>** which we did not. Indeed MRI"? volumetric studies
of schizophrenia have observed smaller grey matter volumes in a
number of cortical regions, suggesting brain volume changes in
schizophrenia are likely to be global and not restricted to just
one gyrus.

However, not all brain volume studies of schizophrenia find
significant results and the percentage of brain volume reduction
are not always equivalent. One possible reason is that brain
volume reductions may be exaggerated in certain brain regions or
may be clearly present in only some people with schizophrenia
due to the heterogeneity of the disease. In support of this, we find
exaggerated volume changes in a subset (40%) of people with
schizophrenia with high levels of inflammatory mediators (‘high
inflammatory’ biotype).>'* Although this is a sizeable minority of
cases, differential sampling of this inflammatory subset within
other cohorts especially those with a limited number of subjects
might explain the variable results.

A major finding of our study is that individuals with ‘high
inflammation’ schizophrenia had smaller cortical brain volume
than individuals with ‘low inflammation’ schizophrenia, although
the underlying reasons for this association remain unclear. We also
found that IL-6, SERPINA3 and IL-1 mRNA levels had significantly
negative relationships with the volume reduction in schizophre-
nia, suggesting that increases in at least these three factors are
linked to reduced brain volumes. However, the correlation analysis
alone does not separate cause from consequence. In the brain,
IL-6 and IL-1(3 are produced by neurons, astrocytes, microglia and
oligodendrocytes.**™* These same cell types also express the IL-6
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and IL-1PB receptor and thus are capable of responding to the two
cytokines.***>*849 Although normal physiological levels of IL-6
and IL-1B appear to be important for processes such as long-term
potentiation and neurogenesis, upregulation of these cytokines in
inflammatory conditions is accompanied by oxidative stress and
neurodegenerative events.’®®' SERPINA3 (also known as alpha-1-
antichymotrypsin) is a serpin peptidase inhibitor.> In brain,
SERPINA3 expression and secretion appears to occur mainly in
response to pro-inflammatory cytokine signalling in activated
astrocytes and microglia.>®>® The increased expression of
SERPINA3 is associated with neurodegeneration,®®>” and has
consistently been observed in postmortem tissue from individuals
with schizophrenia by us ''° and others.®* Furthermore, even
though this study did not identify a significant correlation
between IL-8 and brain volume, IL-8 may still be a potential
factor contributing to brain damage. In the brain, IL-8 (also known
as CXCL8) is a chemoattractant produced by microglial cells.®
Elevated IL-8 is associated with abnormal neurodevelopment,®'
which implicates IL-8 in perinatal brain damage;®* the mechanism
of which is not known. Taken together, the present results suggest
that further study of the cellular source of the increased pro-
inflammatory mediators and potential consequence of these
increases on neuronal and glial health and the integrity of cortical
volume in the context of schizophrenia risk factors is warranted.

The previously defined ‘high inflammation’ schizophrenia group
was based on a single brain region, the DLPFC.' It was unclear
whether expression of inflammatory mediators in this one cortical
area reflects the inflammatory levels in the other regions or even
the whole brain. For practical reasons, we cannot investigate the
inflammation changes across the whole brain simultaneously as
may be more achievable with imaging techniques. In fact, by
using activated microglia as neuro-inflammatory markers, neuro-
inflammation has previously been identified across multiple brain
regions in individuals with schizophrenia using positron emission
tomography (PET) imaging,®*®* though not every study finds an
increase.®> Using the first-generation translocator protein 18 kDa
(TSPO) ligand ["'CIPK11195, Doorduin et al.®* found numerically
increased binding potentials in the frontal, occipital, temporal and
parietal lobes, although this only reached statistical significant in
the temporal lobe. However, from the data presented it is not
clear whether the same individuals have increased binding
potential across the cortex or whether different individuals
contribute to the increase in different regions. Using the
second-generation TSPO PET ligand [''CIPBR28, Bloomfield
et al® found elevated binding across the frontal and temporal
lobe, and the total grey matter. Inspection of representative
images in the Bloomfield et al. publication suggests elevated
PBR28 binding across the cortex, as opposed to discrete cortical
regions, in individuals with schizophrenia, suggesting the
inflammation is global. Given that we have previously identified
striking pathology in the OFC of individuals with schizophrenia,
including increased density of interstitial white matter neurons®>
and decreased expression of interneuron markers,'®33%¢ we
choose to extend the measurement of inflammatory cytokines
to the OFC. Similar results to those in the DLPFC were found with
increased pro-inflammatory mediators that could be used to
identify those in a ‘high inflammatory’ state. These data suggest
that cytokine changes are present across multiple brain regions in
schizophrenia. Thus, our DLPFC and OFC cytokine data may index
more widespread cortical inflammation levels.

The current study identified 29% of schizophrenia cases in the
‘high inflammation’ cluster based on elevated OFC cytokines,
which is different from our previous findings of 38% based on
DLPFC;' from 46% based on our second DLPFC study;15 and from
40% based on our mRNA analysis of peripheral blood.® Moreover,
a recently published human postmortem study identified elevated
IL-6, IL-8 and IL-13 mRNA expression levels in schizophrenia PFC
tissue from a large cohort of 62 schizophrenia cases and 62
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controls, which showed a wide distribution of cytokine levels.'®
The data presented in this independent study'® also suggests that
some, but not all individuals with schizophrenia display elevated
neuro-inflammation in the PFC; however, a high-inflammatory
subset was not determined. These studies suggest that there is a
‘high inflammation’ subgroup in people with schizophrenia, and
while the percentage of this subgroup is not yet clear the average
percentage appears to be 38%. However, cluster analysis is only
one way to demonstrate that subgroups exist in a cohort, and
clustering is sensitive to which markers are included/excluded but
it cannot identify definitive cut-offs for defining individuals to
each subgroup. Although our results suggest that at least two
subgroups exist, further work in refining the molecular markers
used to define this group and their relative importance in
determining group membership may be needed to make these
markers more generally applicable.

Our previous work in classifying inflammatory subgroups of
individuals with schizophrenia appears to be valid based on other
biological measures that distinguish individuals in these groups.
We found that high expression of inflammatory cytokines in
schizophrenia is linked to increased expression of glial fibrillary
acidic protein and hypertrophic astrocyte morphology.'” Astro-
gliosis could be a compensatory response to the process causing
the brain volume reduction, as it often occurs after neuron
damage. This suggests that neurodegenerative events can be
identified in the schizophrenia brain and that some mild form of
tissue reduction may occur and be exaggerated in, or restricted to,
a subset of people with schizophrenia.

In the last decade, antipsychotic treatment has been hypothe-
sized to be a major contributor to brain volume reduction in
schizophrenia.’®%' As MRI studies can recruit individuals with first-
episode schizophrenia pre- or post-treatment, they can more
clearly determine the effect of antipsychotics on brain volumes.>*
Although the current postmortem study does not include first-
episode cases, we still found that grey matter volumes were
significantly negatively correlated with antipsychotic intake,
suggesting that antipsychotic treatment may contribute to brain
volume reduction. Alternatively, it may indicate that brain volume
changes are associated with a more severe illness that demands
higher dose of antipsychotics treatment.

Our study suggests that both inflammatory mediators and
antipsychotic treatment could affect cortical brain volumes in
schizophrenia. In this regard, it is interesting to note that in vitro®
and in vivo®® studies find that antipsychotic treatment may
modulate levels of anti- and pro-inflammatory cytokines. This
suggests a model whereby antipsychotic treatment interacts with
a pathological process (inflammation), which affects the grey
matter volume. Although speculative, this relationship between
inflammation and antipsychotics could be further tested in animal
studies.

The study is limited in several respects, which should be taken
into consideration when interpreting findings. First, since all
analysed data came from postmortem brain, some perimortem
factors of the study samples could not be controlled. These
include the stage of illness, antipsychotic intake and comorbidities
such as smoking and metabolic syndrome. As the postmortem
cohort includes cases at multiple stages of illness, we cannot
determine when the changes (such as oxidative stress, neuro-
inflammation, interneurons damage, and so on) occur; and
different stages of illness may show different changes. Second,
the NSWBTRC has limited information on what type of illicit drug
individuals used during their life but indicated which cases have a
history of illicit drug use. We note that in the high-inflammation
schizophrenia subgroup, four individuals had a history of illicit
drugs use, but we do not know which type of drug it was.
Although it is possible that some particular type of illicit drugs
may have effects on the brain volume and neuro-inflammatory
changes, we cannot consider it in our analysis. For instance,
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cannabis can have anti-inflammatory actions,®® so future studies
could be better designed to take cannabis exposure into account.
Third, when postmortem brain tissues were prepared, one
hemisphere (formalin-fixed) was chosen for volume measurement
and the other (frozen) was for molecular investigation. The
hemispheres were randomised to fixation or freezing to minimize
the effect of hemisphere differences, but we cannot exclude an
effect of hemispheric differences on our results. A further
limitation of our study is a potential differential effect of tissue
shrinkage associated with the fixation protocol utilized. It is
possible that factors such as medication, inflammation status,
smoking or drug usage may alter the effect of formalin on brain
tissue. This could not be assessed in the current study as the pre-
fixation indices of brain volume (brain weight and displacement
volume) included the brain stem and the post-fixation indices of
brain volume (by Cavalieri’s probe on photographs) did not.
However, our measures obtained after fixation strongly correlated
with pre-fixation measures of displacement volumes, in both the
control and schizophrenia groups, indicating that a diagnosis of
schizophrenia was not associated with a differential effect of
fixation on tissue volume. Because the volume study and the
inflammatory studies were based on different but overlapping
cohorts, with only about 57% of cases with brain volume
measurements and molecular data, our study had relatively low
statistical power and meant that the high-inflammation schizo-
phrenia group for whom we had volume measures only included
10 cases and that high-inflammation control group was too small
for meaningful statistical analysis. The sample size necessitated
only examining a small number (14) of molecular correlations
rather than 100 or thousands, which would increase the risk of
type Il error. Previous studies found that illicit substance abuse
and tobacco smoking reduces cortical volumes.”®”" lllicit sub-
stance abuse and smoking are very common in patients with
schizophrenia,”? but we did not find an effect of either on cortical
volume in people with schizophrenia in our study, perhaps partly
because of low statistical power, but alternatively that the effects
of substance abuse and smoking on brain volume are not larger
than effects of schizophrenia and/or inflammation status.

In conclusion, we found that smaller cortical volume in
individuals with schizophrenia is associated with neuro-
inflammation. However, the mechanism underlying volume
reduction is still not fully elucidated, and may also involve
treatment with antipsychotics. Future studies will seek to relate
the volume deficits to other cellular and molecular factors
associated with schizophrenia neuropathology,”® to further
support the link between elevated cytokines and brain volume
reduction and to extend knowledge of the putative mechanisms
and cells involved. The present study also provides evidence at
the level of brain tissue that clinical use of anti-inflammatory
medications may preserve tissue volume of prefrontal cortex of
people with schizophrenia and suggests that structural MRI
studies could be used alongside anti-inflammatory medications
to test this possibility.
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