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Abstract
We have previously identified differential effects of age on global brain gene expression profiles
in subjects with schizophrenia compared to normal controls. Here, we have focused on age-related
effects of genes associated with the arachidonic acid-related inflammation pathway. Linear
correlation analysis of published microarray expression data reveal strong age- and cell-type
specific-effects on the expression of genes related to the arachidonic acid signaling pathway,
which differed in control subjects compared to those with schizophrenia. Using real-time qPCR
analysis, we validated age- and disease-effects of arachidonic acid-related genes in a large cohort
of subjects with schizophrenia and matched controls (n=76 subjects in total). We found that levels
of prostaglandin-endoperoxide synthase 1 (PTGS1; aka COX-1) and prostaglandin-endoperoxide
receptor 3 (PTGER3) mRNA are increased, and levels of prostaglandin-endoperoxide synthase 2
(PTGS2; aka COX-2) mRNA are decreased, in older subjects with schizophrenia (>40 years of
age) compared to matched normal controls or younger subjects with schizophrenia (<40 years of
age). These findings contribute to the accumulating evidence suggesting that inflammatory
processes in the CNS contribute to pathophysiology of schizophrenia and further suggest that age
may be an important factor in the potential use of anti-inflammatory therapies.
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1. Introduction
Arachidonic acid (AA) released from membrane phospholipids can be converted to a variety
of biologically active metabolites, which are collectively referred to as eicosanoids, through
the concerted reactions of phospholipase A2 (PLA2), prostaglandin-endoperoxide synthase
(PTGS), lipooxygenase (ALOX) and cytochrome P450 family member (CYP) enzymes
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(Figure 1). Eicosanoids can mediate several pathophysiological processes, including
regulation of nerve conduction, neurotransmitter release, inflammation, pain, immune
responses and apoptosis (Phillis et al., 2006). In particular, the prostaglandin E2, (PGE2),
which is generated by the actions of COX-1 and COX-2 enzymes, is an important
component of the proinflammatory cascade. In addition to its actions via interactions with
PGE2 receptors (PTGER1-4) to cause inflammation responses, PGE2 can stimulate the
production of pro-inflammatory cytokines, such as IL-6 (Stolina et al., 2000).

Emerging data provide evidence that inflammatory processes in the brain contribute to the
pathogenesis of schizophrenia (Yolken and Torrey, 1995; Strous and Shoenfeld, 2006;
Potvin et al., 2008; Muller and Dursun, 2010; Dean, 2011). In particular, there is substantial
data demonstrating abnormalities in AA and phospholipase A2 (PLA2) function in
schizophrenia. Several studies have demonstrated marked depletions of AA in membranes
of red blood cells, fibroblasts, and brain tissue in patients with schizophrenia, including
those never-medicated (Yao et al., 2000; Arvindakshan et al., 2003; Skosnik and Yao, 2003;
Reddy et al., 2004; Kemperman et al., 2006). These effects may be related to alterations in
the activity of the enzyme PLA2, which is responsible for AA incorporation into and release
from phospholipid membranes. Accordingly, elevations in the activity of PLA2 have been
demonstrated in the serum and cortex of schizophrenic patients (Gattaz et al., 1987; Ross et
al., 1997; Ross et al., 1999). Levels of prostaglandins in CNS of subjects with schizophrenia
has not been studied, although, altered levels of PGE2 have been reported in the plasma of
patients with schizophrenia (Kaiya et al., 1989).

In attempts to understand the molecular basis for altered AA, and subsequent PGE2,
signaling in schizophrenia, we investigated disease-, age-, and cell-type specific- effects on
the expression of genes related to the AA signaling pathway in schizophrenia. We
interrogated previously published microarray data from our group (Narayan et al., 2008;
Torkamani et al., 2010) followed by real-time qPCR analysis of selected genes in post-
mortem cortical samples from n=76 subjects. We found significant disease and age effects
for prostaglandin-endoperoxide synthase 1 (PTGS1; aka COX-1), prostaglandin-
endoperoxide synthase 2 (PTGS2; aka COX-2), and prostaglandin-endoperoxide receptor 3
(PTGER3) in subjects with schizophrenia compared to normal controls. Further, we found
that the expression of PTGS1 correlates with the expression of several microglial markers
suggesting that microglia are the predominant cell type expressing PTGS1 in the brain.

2. Methods
2.1 Subjects

Approval was obtained from both the Ethics Committee of the Victorian Institute of
Forensic Medicine and the Mental Health Research and Ethics Committee of Melbourne
Health with all tissue being acquired from the Victorian Brain Bank Network. Prefrontal
cortex, [Brodmann area (BA) 46], a region of the brain previously implicated in the
pathology of schizophrenia (Goldman-Rakic and Seleman, 1997), was obtained at post-
mortem from a large group of subjects: 38 subjects with schizophrenia and 38 subjects with
no history of psychiatric illness, closely matched for gender, age, post-mortem interval
(PMI) and tissue pH (Suppl Table 1). All schizophrenia subjects had prior history of
treatment with a range of antipsychotic medications (see Suppl Table 1).

2.2 Linear correlation analysis
Microarray data generated in our previous study [see (Narayan et al., 2008)] and freely
available on the NCBI GEO database (accession # GSE21138) were mined for expression
differences due to schizophrenia. These data were generated using post-mortem human
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dorsolateral prefrontal cortex (Brodmann Area [BA] 46) from 29 people with schizophrenia
(23M:6F) and 30 people with no history of psychiatric disorders (controls; 24M:6F) ranging
from 19 to 81 years of age, using the Affymetrix Human Genome U133 platform.

Pearson Product Moment correlations were performed measuring linear relationships
between age and the Log2 gene expression values for each subject as described previously
(Tang et al., 2009). Before the Pearson’s correlations were run, the expression datasets were
tested for a Gaussian distribution using the Kolmogorov-Smirnov method, which revealed
that the expression data was normally distributed for all but two genes, in which cases
Spearman correlation analyses were performed. Additional covariate analyses were
performed to assess the effects of sample parameters (pH and PMI) on gene expression
values in all subjects, and the effects of antipsychotic drug dose (in chlorpromazine
equivalents) on gene expression in all subjects with schizophrenia. No significant effects of
tissue pH or PMI or recorded drug doses on gene expression were found.

2.3 QPCR analysis
Real-time PCR experiments were performed on cDNA templates generated from 1 µg total
RNA isolated from BA46 of all subjects. Real-time PCR assays were carried out as
described previously (Desplats et al., 2006), using specific primers for each sequence of
interest and against the housekeeping genes β-2-microglobulin (B2M) for human samples
and hypoxanthine-guanine phosphoribosyltransferase (Hprt) for mouse samples (Suppl.
Table 2). Our previous studies have shown that B2M gives the least variation in threshold
cycle (Ct) among all samples and showed no significant differences in expression between
control and schizophrenic subjects (Narayan et al., 2008). The amount of cDNA in each
sample was calculated using SDS2.1 software by the comparative Ct method and expressed
as 2exp(Ct). Significant differences in gene expression were determined using Student’s t
test, unpaired, one-tailed (Prism GraphPad, San Diego, CA).

2.4 Mouse drug treatments
Adult male mice (C57black/6J; 2–4 months of age) were individually housed in a
temperature controlled environment and maintained on a normal 12-h light/dark cycle with
lights on at 06:00 am. Food and water were available ad libitum. Groups of mice (n=4–6 per
drug treatment and controls) received either haloperidol (4 mg/kg/day) or vehicle (0.1%
acetic acid) for 4 weeks in solutions that replace drinking water as described previously
(Narayan et al., 2006). 0.5% sucrose was added to haloperidol to enhance taste. New drug
was given every 2–3 days. All procedures were in strict accordance with the National
Institutes of Health Guidelines for the Care and Use of Laboratory Animals. At the end of
the 1 month period mice were sacrificed and brains removed for gene expression analysis.

3. Results
3.1 Age effects on expression of inflammation-related genes

We have previously used two approaches to identify age-related effects on gene expression
in schizophrenia using microarray data generated by our own group (Narayan et al., 2008),
freely available on the NCBI GEO database (accession # GSE21138), and microarray data
from the Harvard Brain Tissue Resource Center (www.brainbank.mclean.org) (Torkamani et
al., 2010). Our approach was to identify age-related effects on gene expression (Tang et al.,
2009) using Pearson’s correlation analysis and gene coexpression analysis using age as a
specific covariate (Torkamani et al., 2010). Here, we characterized age-related genes from
these previous studies using Ingenuity Pathways Analysis. Functional categorizing of age-
related genes revealed highly significant associations of age to “inflammatory disease”,
which encompasses several disease annotations, in controls subjects and those with
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schizophrenia (p=7.56E-10 to 4.47E-3; Table 1). Canonical pathways analysis demonstrated
several distinct immune/inflammation-related pathways associated with age in control
subjects, including IL-1 signaling, CXCR4 signaling and chemokine signaling (Suppl. Table
3). In subjects with schizophrenia, the Toll-like receptor signaling pathways was most
significantly associated with age, in addition to IL-8 signaling, B cell receptor signaling and
the AA signaling pathway (Suppl. Table 3).

We next focused on genes in the AA signaling pathway in light of previous associations
between AA and schizophrenia (Yao et al., 2000; Arvindakshan et al., 2003; Skosnik and
Yao, 2003; Reddy et al., 2004; Kemperman et al., 2006) and the potential of this pathway
for therapeutic intervention. Figure 2 shows linear correlations of the individual genes found
to be altered with aging from these analyses in case and control subjects. Interestingly, we
found that some genes are associated with age only in control subjects and some only in
subjects with schizophrenia (Figure 2). Significant negative correlations in the expression of
PTGS2, CYP4Z1, CYP1B1, CYP19A1, PLA2G5, PLA2G6 and PLA2G12A and a positive
correlation in the expression of ALOX5 with age were detected in subjects with
schizophrenia (Figure 2, Table 2). In contrast, significant negative correlations in the
expression of PTGS1, PTGER3, CYP4A11, PLA2G12A and PLA2G4C, were detected with
age in control subjects (Figure 2, Table 2).

3.2 Disease effects on expression of prostaglandin-related genes
We next determined expression differences of genes related to the COX1/2 pathway, given
their prominent role in generating pro-inflammatory prostaglandins (Figure 2). We
performed real-time qPCR analysis to determine levels of mRNA for four genes, PTGS1
(COX-1), PTGS2 (COX-2), PTGER3 and CYP4Z1 in tissue from subjects with
schizophrenia and age-matched controls. When subjects of all ages (18–81 years) were
analyzed together, no significant differences in the expression of these genes were detected.
However, when subjects were separated into younger (<40 yrs) and older (>40 yrs) groups,
significant differences in gene expression emerged. Increases in the expression levels of
PTGS1 and PTGER3 in were detected in older subjects with schizophrenia compared to
their age-matched controls (Figure 3), while no significant differences were detected in
younger subjects with the disease, although a trend towards a decrease was detected for
PTGER3. In contrast, a decreased expression of PTGS2 was detected in older subjects with
schizophrenia compared to matched controls and a trend towards an increase in younger
affected subjects (Figure 3). No changes in the expression of CYP4Z1 were detected in
affected subjects at any age (Figure 3).

3.3 Antipsychotic drug effects
A confounding factor in post-mortem research on schizophrenia is the unknown effect of
antipsychotic drugs, which are known to alter gene expression [25]. Given that older
subjects with chronic schizophrenia were associated with a longer lifetime exposure to
antipsychotic drugs, we tested whether their expression levels of PTGS1, PTGS2 and
PTGER3 were altered in the brains of mice that were treated with haloperidol (2 mg/kg; 4
weeks), the main drug with which most of the subjects with schizophrenia were treated. No
changes in expression of any genes were found in response to drug treatment (Suppl. Figure
1). Additionally, we did not find a correlation between the recorded drug doses and the
expression of any gene in the subjects with schizophrenia. These findings suggest that
antipsychotic drug exposure does not significantly contribute to our observed gene
expression changes, although this possibility cannot be completely excluded.
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3.4 CNS cell-type correlations
Our gene expression data was generated from prefrontal cortex, which represents a
heterogeneous collection of different cell types. Hence, we attempted to identify cell-type
associations to gene expression by comparing the expression levels of AA-related genes to
those genes encoding a panel of markers that distinguish neurons and the three types of glial
cells, astrocytes, oligodendrocytes and microglia (all from microarray data NCBI GEO
database accession # GSE21138). We first correlated the expression levels of all markers for
a given cell type to ascertain the ability of the chosen markers to correlate to each other. We
found excellent correlation in the expression of markers within an individual cell type in
both normal subjects and those with schizophrenia (Suppl. Figure 2). The correlation among
oligodendrocyte markers was the highest, with the expression of all markers correlating to
one another with an average Pearson’s r value = 0.887 for controls and 0.875 for
schizophrenia (both P<0.0001). The correlation in expression among the microglia markers
was the lowest with an average correlation r value of 0.388 in normal subjects; however, the
average r value increased to 0.555 in subjects with schizophrenia. As many of these markers
are specific for activated microglia, this finding could implicate microglial activation in
schizophrenia on a molecular level. We next correlated the expression levels of selected
genes with all cell-type specific markers. We found that the expression levels of PTGS1 and
ALOX5 were significantly correlated with 5 of the 7 microglia markers tested in subjects
with schizophrenia, but not in control subjects (Table 3). This suggests that PTGS1 and
ALOX5 expression in schizophrenia occur is microglial driven. The expression levels of the
other genes did not show significant correlation with any single cell-specific marker,
suggesting that these genes are expressed in multiple CNS cell types.

4. Discussion
In this study, we report significant differences in the effects of age on the expression of AA
and prostaglandin-related genes in subjects with schizophrenia compared to normal controls.
Notably, PTGS2 expression levels showed a decreased correlation with age in subjects with
schizophrenia, but not control subjects, while PTGS1 and PTGER3 expression levels were
significantly decreased with age in controls subjects but not those with schizophrenia. These
differential aging effects likely contribute to the expression differences observed for these
genes in our real-time qPCR studies when subjects with schizophrenia were compared to
their age-matched controls (see Figure 3). The expression of genes encoding ALOX, PLA2
and CYP enzyme variants also showed differential age correlations in control versus
affected subjects. These changes imply that different branches of eicosanoid signaling play
different roles in the pathology of schizophrenia depending on the age of patient.

The study of prostaglandin production in schizophrenia has high relevance given that anti-
inflammatory therapy has been suggested to have beneficial effects in schizophrenia. In
particular, recent studies have explored the use of COX-2 inhibitors as a possible adjunctive
therapeutic approach, along with antipsychotic drugs for treatment of schizophrenia
(Chakraborti et al.; Muller et al., 2002; Muller et al., 2004; Rapaport et al., 2005; Riedel et
al., 2005; Akhondzadeh et al., 2007). COX-2 inhibitors prevent the production of
prostaglandins (Figure 1); however they have also been reported to rebalance Th1 and Th2
T-cell responses (Muller et al., 1999), regulate cytokine production (Nakanishi et al.; Riedel
et al., 2005), and down-regulate NMDA receptor-mediated neurotoxicity (Nogawa et al.,
1997; Yermakova and O'Banion, 2000). In two clinical trials, it was reported that the
addition of the COX-2 inhibitor, Celecoxib, to risperidone-treatment had a significant effect
on the mean improvement in total positive and negative syndrome scale (PANSS) score, as
compared to risperidone monotherapy (Muller et al., 2004; Akhondzadeh et al., 2007).
Additional studies found that beneficial effects of Celecoxib were observed only in patients
with recent onset schizophrenia (>7 years) (Muller et al., 2004; Riedel et al., 2005).
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Consistent with this finding, was another report that Celecoxib adjunct therapy did not show
clinical improvement in chronically ill patients (Rapaport et al., 2005). Our data showing
that PTGS2 expression decreases with age in schizophrenia is highly relevant in light of
these clinical results. That is, COX-2 inhibitors are likely to have the most benefit early in
illness, when the PTGS2 expression levels, and presumed COX-2 enzyme activity, are the
highest. However, if PTGS2 expression levels are already low in chronic illness or in elderly
patients, inhibition of the enzyme levels by a COX-2 inhibitor would be unlikely to show
further benefit. In addition, we found that subjects with schizophrenia do not show a normal
decrease in the expression of PTGS1 with age, thereby leading to abnormally high
expression levels of this gene in patients with chronic schizophrenia. This could potentially
suggest the therapeutic targeting of COX-1 in chronic illness.

While schizophrenia is not typically considered to be a neurodegenerative disorder, the
neuropathology of schizophrenia has recently been reported to be associated with microglial
activation (Monji et al., 2009), which is commonly seen in neurodegenerative disorders,
such as Parkinson's disease and Alzheimer's disease (Block and Hong, 2005). Despite the
fact that microglia comprise <10% of the total brain cells, microglia respond rapidly to even
minor pathological changes in the brain and may contribute directly to the neuronal
degeneration by producing various pro-inflammatory cytokines and free radicals. Prolonged
microglial hyperactivity can lead to neuronal apoptosis and brain damage. Several studies
have reported altered expression of microglia-related surface markers in schizophrenia, at
least in subpopulations of individuals with schizophrenia (Bayer et al., 1999; Radewicz et
al., 2000; Steiner et al., 2006). More recent approaches to measure microglial activation in
vivo using (R)-[11C]PK11195 and positron emission tomography have reported increased
microglial activation in the gray matter of patients with schizophrenia (van Berckel et al.,
2008). On a gene expression level, our studies showed increased correlation in the
expression of microglial markers with one another in subjects with schizophrenia. As many
of these markers are specific for activated microglia, this finding could implicate microglial
activation in schizophrenia on a molecular level. Given the caveat of antipsychotic drug
exposure in subjects with schizophrenia, it is possible that antipsychotic medications affect
the expression of microglial genes. However, it has been reported that most antipsychotic
drugs reduce microglial inflammatory reactions (Monji et al., 2009), hence it is more likely
to reflect an ongoing pathology in schizophrenia. Hence, our findings suggest that
microglialcells are the primary source of PTGS1 and ALOX5 expression in schizophrenic
subjects.

Overall, our results support the hypothesis that inflammatory mechanisms contribute to the
pathophysiology of schizophrenia, but that different aspects of eicosanoid signaling,
especially prostaglandins, are active in young versus old patients. With regards to adjunct
treatment with anti-inflammatory medications in schizophrenia, our data suggest that the age
of the patient be considered.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of depiction of arachidonic acid signaling pathway highlighting genes measured
in this study. PTGS1, prostaglandin-endoperoxide synthase 1; PTGS2, prostaglandin-
endoperoxide synthase 2; PLA2, phospholipase A2; CYPx, cytochrome P450 family
member; ALOX5, arachidonate 5-lipoxygenase; ALOX12, arachidonate 12-lipoxygenase;
ALOX15, arachidonate 15-lipoxygenase; TBXA2R, thromboxane A2 (TXA2) receptor;
PTGIR, prostaglandin I2 (PGI2) receptor; PTGDR, prostaglandin D2 (PGD2) receptor;
PTGFR, prostaglandin F2 (PGF2) receptor; PTGER1-4, prostaglandin E2 (PGE2) receptors
1–4.
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Figure 2.
Correlated expression of the indicated genes with age in subjects with schizophrenia (Scz)
and normal controls. Microarray expression data from individual subjects was plotted
according to age in each group and subjected to Pearson correlation analysis. Each point
represents a single subject. Asterisks indicated those genes showing a significant correlation
with age in either controls subjects or those with schizophrenia. Linear correlation r values
and p-values for these correlations are shown in Table 2.
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Figure 3.
Real-time PCR analysis on the indicated genes in subjects with schizophrenia and age- and
sex-matched controls. Real-time PCR data reflect expression levels from n=38 subjects with
schizophrenia and n=38 age-matched controls. The relative abundance of each gene
expression was normalized by beta-2 microglobulin (B2M). Asterisks denote significant
decreases in expression using Student’s t test, *, p<0.05; +, p<0.07.
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Table 1

Inflammation-related categories associated with age in affected and unaffected individuals. as determined by
Ingenuity Systems Pathways Analysis.

Normal aging

Category: Functional Annotation: p-Vatue: # Genes:

Inflammatory Disease inflammatory disorder 7.56E-10 444

Inflammatory Disease rheumatoid arthritis 8.48E-09 238

Inflammatory Disease arthritis 1.83E-07 257

Inflammatory Disease rheumatic disease 2.72E-07 264

Inflammatory Disease Crohn's disease 1.34E-06 166

Inflammatory Disease inflammatory bowel disease 1.27E-05 171

Inflammatory Disease inflammatory demyelinating disease 3.59E-03 35

Inflammatory Disease Kawasaki's disease 3.85E-03 4

Inflammatory Disease enterocolitis 4.47E-03 6

Aging in schizophrenia

Category: Functional Annotation: p-Value: # Genes:

Inflammatory Disease inflammatory disorder 4.52E-05 359

Inflammatory Disease Crohn's disease 7.61E-04 132

Inflammatory Disease inflammatory bowel disease 2.44E-03 137

Inflammatory Disease dermatitis of organ 2.50E-03 5

Inflammatory Disease rheumatic disease 3.17E-03 205

Inflammatory Disease arthritis 3.50E-03 198

Inflammatory Disease arthritis of mice 4.37E-03 22

Inflammatory Disease onset of experimental autoimmune encephalomyelitis of mice 4.60E-03 3
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Table 2

Correlation of the expression levels of genes associated with arachidonic acid signaling with age in control
subjects and those with schizophrenia.

CONTROL

Gene: r-value: P-value: Significance:

PTGER3 −0.4351 0.0183 *

PTGS1 −0.4109 0.0268 *

PTGS2 0.08788 0.6503 ns

CYP4A11 −0.4165 0.0246 *

CYP4Z1 0.1564 0.4179 ns

ALOX5 −0.1104 0.5686 ns

CYP1B1 0.172 0.372 ns

CYP19A1 −0.167 0.385 ns

CYP2D6 0.159 0.409 ns

PLA2G12A −0.542 0.002 **

PLA2G4C 0.397 0.032 *

PLA2G5 −0.096 0.619 ns

PLA2G6 −0.056 0.771 ns

SCHIZOPHRENIA

Gene: r-value: P-value: Significance:

PTGER3 0.06449 0.7349 ns

PTGS1 0.1084 0.5684 ns

PTGS2 −0.5373 0.0092 **

CYP4A11 0.2902 0.1198 ns

CYP4Z1 −0.5155 0.0036 **

ALOX5 0.4281 0.0183 *

CYP1B1 −0.383 0.036 *

CYP19A1 −0.429 0.019 *

CYP2D6 −0.319 0.085 ns

PLA2G12A 0.048 0.799 ns

PLA2G4C 0.468 0.009 **

PLA2G5 −0.427 0.018 *

PLA2G6 0.419 0.022 *

Pearson or Spearman R values are shown along with the p-values for significance.
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