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Abstract The molecular basis of complex neuropsychi-

atric disorders most likely involves many genes. In recent

years, specific genetic variations influencing risk for

schizophrenia and other neuropsychiatric disorders have

been reported. We have used custom DNA microarrays and

qPCR to investigate the expression of putative schizo-

phrenia susceptibility genes and related genes of interest in

the normal human brain. Expression of 31 genes was

measured in Brodmann’s area 10 (BA10) in the prefrontal

cortex of 72 postmortem brain samples spanning half a

century of human aging (18–67 years), each without history

of neuropsychiatric illness, neurological disease, or drug

abuse. Examination of expression across age allowed the

identification of genes whose expression patterns correlate

with age, as well as genes that share common expression

patterns and that possibly participate in common cellular

mechanisms related to the emergence of schizophrenia in

early adult life. The expression of GRM3 and RGS4

decreased across the entire age range surveyed, while that of

PRODH and DARPP-32 was shown to increase with age.

NRG1, ERBB3, and NGFR show expression changes dur-

ing the years of greatest risk for the development of

schizophrenia. Expression of FEZ1, GAD1, and RGS4

showed especially high correlation with one another, in

addition to the strongest mean levels of absolute correlation

with all other genes studied here. All microarray data are

available at http://www.ncbi.nlm.nih.gov/geo/ (accession #:

TBA).
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Introduction

Strong evidence for a genetic basis of schizophrenia was

first provided by the Danish adoption studies (Kety et al.

1976) and was further verified by studies of the relative

concordance rates among monozygotic versus dizygotic

twin pairs (Cardno and Gottesman 2000; Sullivan et al.

2003). It is assumed that for most individuals with this

disorder, the genetic liability for schizophrenia is due to

the interaction of risk alleles for multiple genes, rather

than a single genetic defect (Gottesman and Shields 1967).

Two recent meta-analyses of genome-wide scans have

identified multiple loci of particular significance (Badner

and Gershon 2002; Lewis et al. 2003). In recent years, a

number of genetic polymorphisms have been identified

that impact cognition and risk for neuropsychiatric illness.

Genes that have been implicated in schizophrenia include

catechol-O-methyl transferase (COMT: Li et al. 1996;

Kunugi et al. 1997; Li et al. 1999; Egan et al. 2001;

Shifman et al. 2002; Chen et al. 2004), neuregulin I

(NRG1: Stefansson et al. 2002, 2003; Yang et al. 2003;
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Tang et al. 2004; Corvin et al. 2004), regulator of

G-protein signaling 4 (RGS4: Mirnics et al. 2001;

Chowdari et al. 2002, Williams et al. 2004; Morris et al.

2004), dysbindin (DTNBP1: Straub et al. 2002; Schwab

et al. 2003; Numakawa et al. 2004), G72 (Chumakov et al.

2002; Korostishevsky et al. 2004; Schumacher et al. 2004;

Korostishevsky et al. 2005; Zou et al. 2005), disrupted-in-

schizophrenia 1 (DISC1: St Clair et al. 1990; Hennah et al.

2003; Callicott et al. 2005; Millar et al. 2005), and

metabotropic glutamate receptor-3 (GRM3: Marti et al.

2002; Fujii et al. 2003; Egan et al. 2004; Chen et al.

2005). A number of other genes are also under active

investigation, and the total number of potential suscepti-

bility genes continues to rise (Harrison and Weinberger

2005). While genetic association has opened the door to

characterizing genetic causation of diseases like schizo-

phrenia, the mechanisms of these associations are

uncertain and will require biologic experiments to under-

stand the relationship of variation in gene function with

disease pathogenesis.

Using custom DNA microarrays in addition to qPCR,

we have measured the expression of many genes

potentially involved in schizophrenia in 72 frontal cor-

tical samples (BA10) from normal postmortem human

controls spanning approximately a half century of human

aging. We chose to interrogate gene expression patterns

in the prefrontal cortex, due to its role in schizophrenia,

and also because it is one of the last areas of the brain

to fully mature (Paus et al. 1999; Barnea-Goraly et al.

2005).

Our first aim here was the identification of genes

whose expression patterns correlate with age. The distinct

age of onset associated with schizophrenia (Hafner and an

der Heiden 1997; Alda et al. 1996; DeLisi 1992; Jayaswal

et al. 1988) as well as differences in this age of onset

across sex (Leung and Chue 2000; Tamminga 1997;

Larsen et al. 1996; Angermeyer and Kuhn 1988) have

long been thought to be clues to the molecular etiology of

schizophrenia (Weinberger 1987). Hence, we took par-

ticular interest in expression changes occurring during the

years of schizophrenia disease onset. We also investigated

correlations between all the expression patterns studied

here to identify genes that share common expression

patterns, and hence possible functional connections with

one another. This is designed as a first step in investi-

gating possible interactions by which these genes may

confer risk for schizophrenia. While enabling insight into

the expression patterns of these genes involved in neu-

ropsychiatric illness, how these patterns relate to one

another, and how they relate to age, this study design

does not provide an approach for adding new genes to the

list of those involved in neuropsychiatric illness, as a

whole genome expression study might.

Materials and methods

Schizophrenia susceptibility gene list

The list of schizophrenia susceptibility genes was con-

structed based on a review of the relevant literature and

most current research (Harrison and Weinberger 2005).

Table 1 lists the 31 genes we selected for investigation in

this study.

Human postmortem tissue collection and dissection

Brain tissue was obtained from normal control subjects at

autopsy from the Offices of the Chief Medical Examiner of

Washington DC and of Northern Virginia (Clinical Brain

Disorders Branch, IRP, NIMH collection). All the tissues

were donated with informed consent from the next-of-kin

(NIMH IRB approved protocol # 90-M-0142), and col-

lection of the tissue conformed to research guidelines of the

National Institutes of Health. The demographics for the

research cohort are given in Table 2. It was of concern that

many of the susceptibility genes under study here had been

identified in primarily Caucasian populations (references

in Table 1), while 60% of subjects in this study are of

African–American descent (Table 2). To investigate the

possibility that ethnicity had an impact on gene expression

in this study, we calculated expression changes across

ethnicity for all the 31 genes studied here, and compared

these to both a theoretical and empirically derived (per-

mutation-based) null distribution of expression changes.

The distribution of observed expression changes across

ethnicity did not significantly exceed either of these null

distributions.

Ascertainment of normal control status was established

by two psychiatrists conducting independent review of the

medical records and with information from family inter-

views, applying DSM-IV criteria. The cohort consisted of

individuals without any history of neurological disease, or

psychiatric illness or treatment (including psychotropic

medication). Samples showing evidence of intoxication

with illicit drugs (including cannabinoids, phencyclidine,

amphetamine, cocaine, ketamine, and opiates), or [0.06%

blood ethanol levels were excluded. The latter was

confirmed by serum and brain toxicology screening.

Legal psychotropic drugs including benzodiazepines and

barbiturates were also included in toxicological screens.

Subjects positive for over-the-counter medications, medi-

cations associated with common chronic disease such as

diabetes or hypertension, or medications commonly used in

the resuscitation of patients were not excluded from this

study. The next-of-kin for all subjects were interviewed to

gather a history of psychological care, psychiatric admis-

sions, detoxification or drug treatment for the donor, as
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Table 1 Thirty-one schizophrenia susceptibility genes and the correlation of their expression levels with age

Gene

symbol

Alternate

gene

symbols

Gene name RefSeq

transcripts in

probe design

Chromosome

location

References Pearson’s

r
P
value

1* AKT1 RAC, PKB v-akt Murine thymoma

viral oncogene homolog

1

NM_005163 14q32.32 Emamian et al. 2004;

Ikeda et al. 2004;

Schwab et al. 2005

0.09 4.7E-

01

2* BDNF Brain-derived

neurotrophic factor

NM_001709,

NM_170731,

NM_170732,

NM_170733,

NM_170734,

NM_170735

11p13 Hariri et al. 2003;

Egan et al. 2003

-0.14 2.3E-

01

3* CHRNA7 NACHRA7 Cholinergic receptor,

nicotinic, alpha

polypeptide 7

NM_000746 15q14 Freedman et al. 2001; Xu

et al. 2001

-0.25 3.3E-

02

4 COMT Catechol-O-

methyltransferase

NM_000754 22q11.21 Many—see text 0.02 8.4E-

01

5 DAOA G72 D-amino acid oxidase

activator

NM_172370 13q34 Many—see text -0.02 8.5E-

01

6* DISC1 KIAA0457 Disrupted in schizophrenia

1

NM_018662 1q42.1 Many—see text -0.06 5.9E-

01

7 DLG4 PSD95,

SAP90

Discs, large homolog 4 NM_001365 17p13.1 Binds to ERBB’s. NRG1

binds DLG4 promoter

0.03 8.0E-

01

8* DTNBP1 Dysbindin Dystrobrevin binding

protein 1

NM_183041 6p22.3 Many—see text 0.00 9.9E-

01

9 ERBB2 HER2 v-erb-b2 Erythroblastic

leukemia viral oncogene

homolog 2

NM_004448 17q21.1 NRG1 receptor. Corfas

et al. 2004

0.23 5.6E-

02

10 ERBB3 HER3 v-erb-b2 Erythroblastic

leukemia viral oncogene

homolog 3

NM_001982 12q13 NRG1 receptor.

Corfas et al. 2004

0.20 8.5E-

02

11 ERBB4 HER4 v-erb-a Erythroblastic

leukemia viral oncogene

homolog 4

NM_005235 2q33.3-q34 NRG1 receptor. Corfas

et al. 2004;

Norton et al. 2005

0.03 8.1E-

01

12 ESR1 ESRA Estrogen receptor 1 NM_000125 6q25.1 Perlman et al. 2005 -0.08 5.0E-

01

13 FEZ1 Zygin 1 Fasciculation and

elongation protein

zeta 1

NM_022549 11q24.2 Binds to DISC1. Miyoshi

et al. 2003;

Yamada et al. 2004

-0.09 4.7E-

01

14* GAD1 GAD,

GAD67

Glutamate decarboxylase

1 (brain, 67 kDa)

NM_013445,

NM_000817

2q31 Addington et al. 2005 -0.12 3.1E-

01

15* GRM3 MGLUR3,
GLUR3

Glutamate receptor,
metabotropic 3

NM_000840 7q21.1-q21.2 Many—see text -0.34 4.0E-
03

16 MUTED MU Muted homolog NM_201280 6p25.1-p24.3 Binds to DTNBP1. Li et al.

2003; Starcevic and

Dell’Angelica 2004

0.22 6.2E-

02

17 NDEL1 NUDEL NudE nuclear distribution

gene E homolog like 1

NM_030808 17p13.1 Binds to DISC1.

Morris et al. 2003;

Ozeki et al. 2003;

Brandon et al. 2004

-0.08 5.3E-

01

18 NGFR P75(NTR) Nerve growth factor

receptor (TNFR

superfamily,

member 16)

NM_002507 17q21-q22 Neurotrophin receptor 0.05 7.0E-

01

19* NOS1AP CAPON Nitric oxide synthase 1

(neuronal) adaptor

protein

NM_014697 1q23.3 Brzustowicz et al. 2004;

Zheng et al. 2005

0.05 7.0E-

01
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well as for a history of chronic medical conditions such as

hypertension, diabetes, strokes, seizures, and other neuro-

logical conditions. Based on these interviews, subjects with

prolonged severe medical illnesses likely to impact neu-

ronal function were not included in the study. Further detail

on cohort selection has been reported previously (Lipska

et al. 2006).

Additionally, all the brains were subjected to macro-

scopic and microscopic neuropathological evaluations by a

neuropathologist, examining multiple cortical areas with

hematoxylin–eosin stain and the Bielschowsky’s silver

impregnation method adapted for paraffin-embedded tissue

(modified from Mallory 1961; Prophet et al. 1992). Any

subjects with significant neuropathological abnormalities

Table 1 continued

Gene

symbol

Alternate

gene

symbols

Gene name RefSeq

transcripts in

probe design

Chromosome

location

References Pearson’s

r
P
value

20* NRG1 ARIA,

HRG,

SMDF,

GGF,

NDF

Neuregulin 1 NM_004495,

NM_013957,

NM_013958,

NM_013959,

NM_013960

8p21-p12 Many—see text -0.08 5.1E-

01

21 NTRK1 TRKA Neurotrophic tyrosine

kinase, receptor,

type 1

NM_002529 1q21-q22 Neurotrophin receptor 0.11 3.5E-

01

22 NTRK2 TRKB Neurotrophic tyrosine

kinase, receptor,

type 2

NM_006180 9q22.1 Neurotrophin receptor.

BDNF receptor

-0.14 2.5E-

01

23 NTRK3 TRKC Neurotrophic tyrosine

kinase, receptor,

type 3

NM_002530 15q25 Neurotrophin receptor -0.04 7.4E-

01

24* OFCC1 MRDS1 Orofacial cleft 1

candidate 1

NM_153003 6p24.3 See reviews referenced

in text

-0.09 4.7E-

01

25 PLDN Pallidin homolog NM_016081 4q32.3 Binds to DTNBP1.

Li et al. 2003; Starcevic

and Dell’Angelica 2004

0.23 5.3E-

02

26* PPP1R1B DARPP-32 Protein phosphatase 1,
regulatory (inhibitor)
subunit 1B (dopamine
and cAMP regulated
phosphoprotein)

NM_032192,
NM_181505

17q12 Albert et al. 2002 0.41 3.8E-
04

27* PPP3CC CALNA3 Protein phosphatase 3

(formerly 2B), catalytic

subunit, gamma isoform

(calcineurin A gamma)

NM_005605 8p21.3 Gerber et al. 2003 -0.06 6.0E-

01

28 PRODH PIG6 Proline dehydrogenase
(oxidase) 1

NM_016335 22q11.21 Hoogendoorn et al. 2004;

Li et al. 2004

0.52 3.3E-
06

29* RGS4 RGP4 Regulator of G-protein
signalling 4

NM_005613 1q23.3 Many—see text -0.32 6.8E-
03

30 SLC1A2 EAAT2,

GLT-1

Solute carrier family 1

(glial high affinity

glutamate transporter),

member 2

NM_004171 11p13-p12 Ohnuma et al. 1998;

Ohnuma et al. 2000;

Smith et al. 2001;

Lauriat et al. 2005

0.02 8.8E-

01

31 SLC6A4 5HTT,

SERT

Solute carrier family 6

(neurotransmitter

transporter, serotonin),

member 4

NM_001045 17q11.1-q12 Dubertret et al. 2005 0.02 9.0E-

01

This list of genes that have been implicated in the molecular pathology of schizophrenia was assembled through comprehensive review of

literature and current research. Two microarray probes were designed for each gene on the list not marked with an asterisk (*). An asterisk
indicates genes for which two probes were designed for each exon of the gene. Italicized rows indicate genes depicted in Fig. 2. P values are not

corrected for multiple comparisons
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were excluded from the study. Records of general autopsy

findings were also reviewed.

Postmortem cortical tissue samples from 92 normal

controls that fulfilled the above criteria were assembled

from the Clinical Brain Disorders Branch, NIMH col-

lection. A total of 72 of these eventually passed all

tissue, RNA, and microarray data quality criteria (14

samples were excluded secondary to not qualifying as

normals, including positive toxicological results, and a

further 6 were dropped in the RNA/microarray quality

control steps, see below). Two cortical regions were

selected for their involvement in higher cognition and

particularly in neuropsychiatric disorders: BA10 and

BA9/46.

Cortical gray matter was identified on a frozen coronal

slab from the superior aspect of the frontal pole and

dissected using a dental drill as previously described

(Lipska et al. 2006; drill: Cat# UP500-UG33, Brasseler,

USA). Briefly, each slab was removed from the freezer

and placed on a frozen plastic cutting board. Using the

hand-held dental drill the arachnoid-pia was shaved off

and the cortical ribbon was removed from the slab and

underlying white matter rapidly without thawing either

the slab or the dissected specimen. Each dissection took

less than 1 min. The RIN from each specimen shows that

this method does not excessively damage or degrade the

RNA.

Anatomically, BA10 specimens were taken from the

mid-point of the frontal pole, conforming to the macro-

scopic delineations from anatomical analyses of this

brain region (Brodmann 1909 as depicted in ‘‘The

Human Nervous System’’ edited by Paxinos, and

Semendeferi et al. 2001). For the BA9/46 (dorsolateral

prefrontal cortex, DLPFC) dissections, grey matter tissue

from the crown of the middle frontal gyrus was obtained

from the coronal slab corresponding to the middle one-

third immediately anterior to the genu of the corpus

callosum (Brodmann 1909 as depicted in ‘‘The Human

Nervous System’’ edited by Paxinos, and Rajkowska

et al. 1995).

A portion of data in Fig. 4 were obtained using an

independent cohort subjected to the same exclusion

criteria as described above for the primary cohort (labeled

as ‘‘new cohort’’ in Fig. 4). This second cohort con-

tained samples from 16 subjects (mean ± SD): age

40.7 years ± 16.0 (range 18–63), PMI 34.1 ± 14.9 h, pH

6.60 ± 0.23, 19% female, 56% African–American, and

39% Caucasian.

RNA extraction and quality assessment

All the tissues were pulverized and stored at 80�C. Total

RNA was extracted using TRIZOL Reagent (Life

Technologies Inc., Grand Island, NY, USA). RNA

quality was assessed using the Agilent Bioanalyzer 2100

(Agilent Technologies, Palo Alto, CA, USA). Approxi-

mately 700 ng RNA was applied to a RNA 6000 Nano

LabChip without prior heating. RNA integrity number

(RIN) was obtained from the Agilent software and was

used as a measure of RNA quality. RINs are generated

using not only the quantification of ribosomal RNA

bands, but the entire electrophoretic trace—including

potential degradation products. Further information can

be found at http://www.chem.agilent.com/temp/rad19E63/

00047692.pdf. No RNA samples with RIN values \5.4

were included in this study.

Microarray design

A custom microarray (Illumina Sentrix Array Matrix or

SAM) was designed and constructed to interrogate the

expression of the selected genes (Table 1) in addition to

many other genes relevant to neural function. The total

number of unique probes included in the microarray was

1,379. The arrays consist of randomly assembled arrays of

3-micron bead features, each coated with a 50-nucleotide

DNA probe. All the features are quality controlled by a

sequential hybridization process called array decoding.

Two unique probes were designed for each target sequence,

and each probe was included on the array an average of 30

times.

Each target sequence for which probes were to be syn-

thesized was subjected to a filtering process that masked

regions unsuitable for probe design, based on complexity

and cross-homology thresholds, as determined by DUST

and BLAST (Altschul et al. 1990) algorithms, respectively.

All the possible 50-mer probes were identified within

unmasked regions, and were ranked by a formula that takes

into account distance from the 30 end of the transcript,

Table 2 Cohort demographic and RNA quality information

Cohort details (N = 72) Mean ± SD

Age (range: 18–67 years) 43.4 ± 14.5

Ethnicity: African–American (%) 60

Ethnicity: Caucasian (%) 35

Ethnicity: Hispanic (%) 4

Ethnicity: Asian (%) 1

Sex: female (%) 32

Postmortem interval (h) 29.8 ± 14.3

Brain pH 6.60 ± 0.23

RNA integrity number (RIN) 7.45 ± 0.79

Information is expressed as mean ± SD. Total cohort N = 72
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melting temperature, and self-complementarity. The two

highest scoring probes were then linked to 23-nucleotide

identifier sequences by use of a sequence-matching pro-

gram that minimizes the probability of interactions

between the probe and identifier sequence and prevents the

creation of junction sequences with cross-homology to the

genome in question.

Microarray probe design approaches to transcriptional

complexity

To limit the number of statistical comparisons performed

here, we analyzed only data for each gene averaged over

all probes for that gene, not probe-by-probe, or probe

combination data. For this study, we attempted to design

two probes for each of 18 genes in addition to two

probes per exon of an additional 13 genes that we found

to be of particular interest in neuropsychiatry, i.e., those

marked with an asterisk (*) in Table 1. Given the

requirements of the massively parallel hybridization

events that microarrays entail, it was not always possible

to design two distinct probes for every exon of these

genes. The primary limitation in this respect was finding

sequences in small exons that were sufficiently specific

such that no cross-hybridization would occur with other

DNA species. The figures of this report contain data

from 7 of the 31 genes in Table 1. Of these, two had

two probes designed to measure their expression

(PRODH, and TRKC). The attempt was made to design

probes to each individual exon in the five additional

genes: for DARPP-32: 10 probes were designed in 8 of 8

exons, NRG1: 22 probes in 13 of 25 exons, RGS4: 7

probes in 4 or 5 exons, GRM3: 12 probes in 6 of

6 exons, BDNF: 15 probes in 8 of 8 exons. It should

be kept in mind when considering the data presented

here, that all the data reported are the average of all

probes designed for an individual gene. The exact

sequence of all gene- or exon-specific probe(s) is avail-

able along with all expression data from this microarray

experiment at http://www.ncbi.nlm.nih.gov/geo/ (acces-

sion #: TBA).

Microarray use

Experiments were carried out on a 96-array matrix system

(SAM) that requires 100 ng of total RNA per sample and

used standard microtiter plates to process samples in par-

allel. In this manner all the samples analyzed in this study

could be labeled, hybridized and quantified in parallel.

Sample labeling consisted of a modification of a previously

reported technique (Eberwine et al. 1992). mRNA was

reverse transcribed into cDNA followed by an

amplification and labeling step mediated by T7 DNA

polymerase. Labeling and amplification of the total RNA

samples were performed according to the MessageAmp

aRNA kit (Ambion Cat. #1750) using oligo-dT as the

primer and bio-16-UTP (Roche Cat. #1388908) as the

label. This protocol was modified for use in a 96-well

microtiter plate.

All the steps of hybridization, washing, blocking and

signal generation were performed by sequential transfer

of a SAM from one microtiter plate (ThermoLab Sys-

tems, Cat. #95040000) to the next with the wells of each

step containing 40 lL of the appropriate solution. All

incubations were carried out without agitation and, with

the exception of the hybridization, at room temperature.

Amplified, biotin-labeled RNA samples were prepared in

a solution of Hyb E1 buffer (Illumina, Part #11166381)

and 25% (v/v) formamide at a final concentration of

25 ng/lL. An array matrix was then mated to the

hybridization plate using a sealed alignment fixture.

Hybridization proceeded at 55�C, for 16–20 h. After

hybridization, the array matrix was washed by a 5-min

incubation in Illumina Wash E1 buffer, followed by a

10-min wash in fresh Wash E1 buffer (Illumina, Part

#11165898). Arrays were then blocked for 5 min in 1%

(w/v) casein-PBS, Hammerstein grade (Pierce, Cat.

#37528). Array signal was developed by a 10-min

incubation in a 1 lg/mL solution of Streptavidin-Cy3

(Amersham, Cat. #PA43001) in 1% casein-PBS blocking

solution. The array matrix was washed a final time for

5 min in Wash E1 buffer and then dried. Arrays were

scanned on an Illumina BeadArray reader—a confocal

imaging system with *0.8 lm resolution. Bead signals

were computed with weighted averages of pixel inten-

sities and local background subtraction.

This system is optimized for specific and sensitive

analysis of mammalian RNA and has the following per-

formance details: specificity of 1:250,000 in mammalian

poly(A+) mRNA; limit of detection 0.13 pM; dynamic

range 3.2 logs; and sufficient precision to detect 1.3-fold

differences with 95% confidence within this dynamic

range. Additional details on array design, construction, and

use are available (Kuhn et al. 2004).

Microarray data processing

All the data processing was performed using the R statis-

tical language (http://www.r-project.org). Following local

background correction upon scanning, microarray data

were transformed into the log base 2 scale. Log2 intensities

for all genes were converted to log2 ratios relative to the

grand mean for each gene across all arrays. These log2

ratios were then normalized to the local mean log2 ratio

across expression level within each array using the loess
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function in R (Colantuoni et al. 2002). The local variance

correction described in this reference was not necessary for

the Illumina array data presented here. Instead, a global

standard deviation calculated across log2 ratios within each

array was used to generate the final gene expression Z-

scores used in this analysis. As described above, there exist

multiple probes for individual genes on the Illumina arrays.

All gene expression measures reported here reflect within-

gene mean-centered and Z-transformed data averaged from

all probes within each gene.

Data quality control took place at all steps of microarray

data normalization and processing. The distribution of gene

expression intensities obtained from each sample was

inspected via density plots and box plots. Similarly, the

distributions of log2 ratios were examined with density

plots, box plots, and intensity versus ratio to grand mean

scatter plots. The variance of these within-array log2 ratios

to the grand mean was also systematically inspected, as

were the correlations of the intensities form each sample to

the grand mean. Dimension reduction algorithms, includ-

ing MDS and principal components analysis (PCA) were

applied to identify possible outliers.

Of primary interest in this report is the association

between gene expression and age. In an attempt to remove

unwanted artifacts from the data, all gene expression

measures (microarray and qPCR), as well as age, were

adjusted for PMI, brain pH, and RIN using multiple linear

regression. That is, effects of these covariates on expres-

sion were removed from the data so that the effects of age

would be more clearly observable. Ethnicity and sex were

the factors not included in this model as they did not appear

to have an impact on gene expression when assessed via T

tests and permutation testing: the distribution of observed

statistics did not differ from the distribution obtained with

permuted covariate data.

The residuals from these models represent adjusted

measures of gene expression and age. While unadjusted

metrics are used in the plotting of all data in this report to

visualize data across actual age in years, all Pearson’s

product moment correlation coefficients along with the

associated P values were calculated from adjusted mea-

sures of gene expression and age. All statistics and P values

reported here have not been corrected for multiple com-

parisons. The exact number of subjects in data reported for

each assay varies slightly due to the failure of individual

assays and/or problems with individual samples.

In Fig. 5, linear spline regression models were used to

quantify the linear association between gene expression

and age separately during early (18–30) and late ([30–67)

adulthood. Specifically, the models estimate one slope (i.e.,

change in gene expression per year of life) during early

adulthood, and a separate slope during late adulthood.

Wald tests were used to test the equality of these two

slopes. An age of 30 was used as an a priori turning point

because of its clinical significance as the end of the period

of most disease onset in schizophrenia. These models were

also adjusted for covariates using multiple linear regression

as described above.

In Fig. 6, a multidimensional scaling (MDS) algorithm

was used to visualize the expression patterns of each of the

31 genes under study across all subjects in two-dimensional

space. The MDS algorithm takes a matrix of pair-wise

distances between all genes as its starting point. The

distance metric used for this was derived from the absolute

value of the pair-wise Pearson correlation coefficients:

1 - ABS(r).

Quantitative real-time PCR (qPCR)

A total of 4 lg of total RNA was used in a 50 lL reverse

transcription reaction to synthesize cDNA for use in qPCR

(SuperScript First-Strand Synthesis kit, Invitrogen, Carls-

bad, CA, USA). The ABI Prism 7900 sequence detection

system in combination with TaqMan probes and primers

(Applied Biosystems, Foster City, CA, USA) were used to

carry out qPCR on sample cDNAs. ABI Assays-on-Demand

were used for the majority of genes: b-actin (ABI cat.#

Hs99999903), porphobilinogen deaminase (PBGD;

Hs00609297), b-2-microglobulin (B2 M; Hs99999907)

and b-glucuronidase (GUSB; Hs99999908), RGS4

(Hs00194501), DARPP-32 (1) assay designed to measure all

transcripts and which spans the final 2 exons of the gene:

Hs00938415, and (2) assay spanning the exon2–3 junction,

designed to measure only one of the known RefSeq transcripts

NM_181505: (Hs00938416), PRODH (Hs01574357). Cus-

tom primers and probe were used to measure GRM3 levels:

Forward primer ACACACAGACTGCACCTCAACAG,

reverse primer TGCACACCGTTGGCACAT, probe CTCT

CAGTCCTCTGCAAG (spans the junction of exons

5 and 6).

Each 20 lL reaction contained 900 nM of primer,

250 nM of probe and Taqman Universal PCR Mastermix

(Applied Biosystems) containing Hot Goldstar DNA

Polymerase, dNTPs with dUTP, uracil-N-glycosylase,

passive reference and 200 ng of cDNA template. PCR

cycle parameters were 50�C for 2 min, 95�C for 10 min, 40

cycles of 95�C for 15 s, and 59�C or 60�C for 1 min.

qPCR data were acquired from the Sequence Detector

Software (SDS version 2.0, Applied Biosystems) and

quantified by a standard curve method using serial dilutions

of pooled cDNA derived from RNA obtained from many

brain regions from many normal control subjects. In each

experiment the R2 value of the curve was more than 0.97,

the slope was between 3.2 and 3.5 (amplification efficiency

96–101%) and controls comprising no-template cDNA

resulted in no detectable signal. All the measurements were
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performed in triplicate and gene expression levels calcu-

lated as the average of the log2 of the three measurements.

Following mean centering, target gene expression levels

were normalized to the mean level of all control genes

measured in each sample, and then expressed as within-

gene Z-scores. Multiple linear regression was used to

correct for effects of covariates as described above in the

‘‘Microarray data processing’’ section. All P value calcu-

lation in Figs. 3 and 4 were conducted using a one-sided

alternative hypothesis, as these data represented confir-

mations of effects already observed in Fig. 2.

Results

DNA microarray analysis of 31 schizophrenia

susceptibility genes in BA10

The expression of a group of 31 genes (Table 1: schizo-

phrenia susceptibility genes as well as other genes

implicated by physical interaction with these) was mea-

sured in a cohort of 72 normal control postmortem human

frontal cortex (BA10) RNA samples (Table 2) using a

custom Illumina DNA microarray (see ‘‘Materials and

methods’’).

The overall impact of age on gene expression in this

study was assessed by calculating the correlation of each

gene’s expression with age (Table 1, columns at right) and

subsequent analysis of the distribution of these correla-

tions. Figure 1 depicts the distribution of age to expression

correlations (solid line) as compared to the distribution of

correlations obtained when age information is permuted

across subjects (dashed line). It is clear that the observed

distribution of correlations contains more extreme values

(both positive and negative) than would be expected

by chance (as estimated by the permuted data). Other

covariate data were also investigated for effects on gene

expression. While postmortem interval (PMI), brain pH

levels, and RNA integrity number (RIN) all showed effects

on gene expression, all of these effects were of a magnitude

less than that of the age effect. Sex and ethnicity showed no

effect on expression when assessed via T tests and similar

permutation analysis. Therefore, in calculating statistics

and P values throughout this report we use data adjusted

for PMI, brain pH, and RIN, but not sex and ethnicity (see

‘‘Gene expression data processing’’ section in ‘‘Materials

and methods’’ for details).

Of the 31 genes interrogated, 4 showed a statistically

significant correlation with age (Fig. 2, and highlighted

genes in Table 1). The expression of two genes decreased

with age: RGS4 and GRM3. The expression of two genes

increased with age: DARPP-32 and PRODH. Each of these

genes’ expression shows even, gradual change across the

entire age range examined in this study (18–67 years). The

correlation of CHRNA7 expression with age reached an

alpha value of P \ 0.05 (Table 1), however, we considered

this effect too modest for follow-up in the context of an

investigation of 31 genes (P value calculations do not

include multiple testing correction).

qPCR in BA10

Using the same RNA resources generated for the micro-

array analysis, qPCR was performed to specifically verify

the expression pattern of all 4 genes whose expression was

found to be correlated with age in BA10. Figure 3 shows

the qPCR verification of the microarray data in Fig. 2. In

both microarray and qPCR data, the expression of RGS4,

GRM3, DARPP-32, and PRODH all showed a significant

correlation with age. The correlation of DARPP-32

expression with age was only observed when using an ABI

Taqman assay spanning exons 2 and 3, targeting tran-

script(s) which include adjacent exons #2 and #3 (RefSeq

transcript NM_181505). No correlation was observed when

using an ABI Taqman assay targeting all known tran-

scripts, i.e., transcripts which include the final 2 adjacent

exons of the gene.

Fig. 1 Density estimate of the distribution of expression to age

correlations (Pearson’s r’s). The observed correlations (solid line,

N = 31 genes from Table 1, also shown as individual points along the

bottom of the density plot) are shown along with correlations obtained

from many permutations of the ages of subjects (dashed line,

N = 1,379,000). The observed distribution of correlations contains

more extreme values than would be expected by chance. The four

genes focused on in Figs. 2 and 3 are the two most extreme points on

either side of the distribution
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qPCR in BA9/46

To examine these age-related expression changes in

another cortical area especially relevant to neuropsychiatric

disorders, RNA was isolated from BA9/46 (DLPFC) of the

same subjects used in the BA10 studies detailed above.

qPCR in BA9/46 revealed that, as observed in BA10

(Figs. 2, 3), GRM3 gene expression was negatively cor-

related with age and DARPP-32 expression was positively

correlated with age (Fig. 4). As in BA10, correlation of

DARPP-32 expression with age in the BA9/46 was

observed only when qPCR assays spanned exons 2 and 3

(RefSeq transcript NM_181505).

To assess if such expression changes over age are bio-

logically replicable in new cases, the expression of GRM3

was measured via qPCR in BA9/46 in a novel cohort of 16

subjects (see ‘‘Materials and methods’’ for cohort details).

The decrease in expression of GRM3 with age was clearly

found in this new cohort (Fig. 4 ‘‘new cohort’’).

Expression differences during the ages of schizophrenia

disease onset

Late neurodevelopmental processes occurring in early

adulthood are of particular interest in schizophrenia research

as disease onset occurs primarily during these years. In this

analysis, we attempted to identify genes among the 31 under

study in the BA10 microarray dataset whose expression

pattern across age during early adulthood differs from that

during late adulthood. Here, we defined early adulthood as

ages 18–30 years, and late adulthood as[30–67 years. This

analysis was conducted by comparing the slope of a linear fit

of gene expression across age during early adulthood to that

during late adulthood. Only three genes showed a pattern in

which the change in gene expression across age in early

adulthood was significantly different than that in late adult-

hood: ERBB3, NRG1, and NGFR (Fig. 5). Expression of

both ERBB3 and NRG1 (a receptor–ligand pair) decreases

from age 18 to 30 years, and then remains constant or

increases over the remainder of the lifespan. NGFR shows

the opposite pattern, increasing from 18 to 30 years and

remaining essentially unchanged during the rest of life. See

‘‘Discussion’’ for additional information.

We also analyzed the expression of these three genes

separately in females and males because the age of

schizophrenia onset is often different across gender (Leung

and Chue 2000; Tamminga 1997; Larsen et al. 1996;

Angermeyer and Kuhn 1988). No statistically significant

gender differences were observed: decreasing expression

during early adulthood was observed in both females and

Fig. 2 DNA microarray data in

BA10. Expression of 4 of the 31

genes interrogated showed

significant correlation with age:

RGS4, GRM3, DARPP-32, and

PRODH. Mean-centered gene

expression measures in the log

base 2 scale are on the y-axis

and age is on the x-axis. The

solid line depicts a linear fit

through the data. Pearson’s

correlation coefficients (r) and

associated P values (P)

calculated from adjusted data

(see ‘‘Materials and methods’’)

are listed on each plot
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males for all three of these genes. Perhaps most notably,

there were no observable expression differences later in life

when females often show a perimenopausal increase in

disease onset.

Gene subgroups showing similarity in expression

patterns

To examine known and possibly novel relationships

between the 31 genes under study here, we inspected pair-

wise correlations between all expression profiles. Among

the genes investigated here are several that are known to

physically interact: DISC1 binds to FEZ1 (Miyoshi et al.

2003) and NUDEL (Ozeki et al. 2003), DTNBP1 binds to

muted and pallidin (Falcon-Perez et al. 2002; Starcevic and

Dell’Angelica 2004), and BDNF binds to its receptors

TRKB and TRKC. Together this produces eight pair-wise

interactions. Only two of these eight pairs showed signifi-

cant positive correlation between expression patterns:

FEZ1 and NUDEL: r = 0.32, P = 0.007, and BDNF and

TRKC: r = 0.32, P = 0.006. In addition to these two

strong positive correlations, several modest negative cor-

relations in this group of eight result in the modest

proximity of these binding partners in Fig. 6, where each

gene is visualized as a single point in two-dimensional

space. The distance between each pair of genes in the plot

was derived from the absolute level of correlation between

their expression profiles [distance = 1 - ABS(r), where r

is the Pearson’s correlation coefficient]: greater positive

OR negative correlation = lesser distance. A multidimen-

sional scaling (MDS) algorithm was used to represent each

of these pair-wise distances in Fig. 6. Just under 86% of

100,000 groups of 8 random gene pairs drawn from the list

of 31 genes yielded lesser summed correlations than the

8 gene pairs that are known to interact (empirical

P = 0.14082). Hence, although it is clear that binding

partners in this dataset are more highly correlated with one

another than randomly selected genes, this effect is neither

statistically significant, nor sufficient to identify novel pairs

of interacting proteins.

We also inspected correlations among genes whose

expression was identified to change across age in Figs. 2,

3,and 4. Not surprisingly, the two genes which showed

positive correlation with age (Figs. 2, 3: DARPP-32 and

PRODH) showed highly correlated expression patterns:

r = 0.62, P = 4.6e9. Similarly, the two genes showing

negative correlation with age (Figs. 2, 3: RGS4 and

GRM3) were also correlated with one another: r = 0.49,

Fig. 3 qPCR measurement of

gene expression in BA10. qPCR

results on identical RNA

samples reproduced correlations

of gene expression with age as

seen in the microarray data

(Fig. 2). The solid line depicts a

linear fit of gene expression

across age. Pearson’s

correlation coefficient (r) and

associated P value (P)

calculated from adjusted data

(see ‘‘Materials and methods’’)

are listed in each plot
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P = 1.4e-05. However, by far the most highly correlated

subgroup of genes among the 31 investigated, consisted of

3 genes that share no obvious molecular interactions with

one another: FEZ1, GAD1, and RGS4: mean pair-wise

r = 0.66. The functional biological meaning of this high

level of similarity in expression patterns is unclear.

Another interesting characteristic of this group of three

genes was revealed when the absolute values of the Pearson

correlation coefficients were examined. In using the absolute

value of the correlation coefficients, any correlation between

expression profiles, either positive or negative, is considered

to be an indication of functional relation. These 3 genes

showed the strongest average absolute correlations across all

the genes investigated here: mean absolute correlation across

all 31 genes for FEZ1, GAD1, and RGS4 = 0.24. This group

of three genes is highlighted in Fig. 6.

The high mean absolute correlation across all 31 genes

observed for FEZ1, GAD1, and RGS4 demonstrates a high

overall level of interconnectedness (whether reflected by a

positive or negative correlation) to all other genes in this

network. This is apparent in Fig. 6 where each gene is

visualized as a single point in two-dimensional space, and

where absolute correlation determines distance. FEZ1,

GAD1, and RGS4 lie near the center of the plot. GRM3 is

also highly correlated with this gene group, while TRKC is

strongly negatively correlated with the group (hence both

lie proximal to this group of three genes). This central

position is a result of the MDS algorithm attempting to

minimize the distance of all the other diverse gene

expression patterns to this group of genes that share the

highest correlation (positive or negative) across all genes.

To assess the statistical significance of (1) the high cor-

relation between the expression patterns of the FEZ1, GAD1,

and RGS4 genes (mean pair-wise correlation amongst this

group = 0.66), and (2) their high mean absolute correlation

genes across the other 28 susceptibility genes (mean absolute

correlation of these genes across the other 28 = 0.24), we

conducted the following sampling scheme: we investigated

the correlation structure of 100,000 randomly sampled

groups of 31 probes from the 1,379 unique probes included

on the custom microarray (as there are 31 susceptibility

genes investigated in this report—see ‘‘Materials and

methods’’ for additional details). For each of the 100,000

groups of 31 random probes we calculated, (1) the mean pair-

wise correlation amongst the three most highly positive

correlated probes, for comparison to our observed pair-wise

correlation of 0.66, (2) the mean absolute correlation for the

three probes that showed the highest absolute correlations

across all 31 random probes, for comparison to our observed

mean absolute correlation of 0.24, and (3) how many times

Fig. 4 qPCR measurement of

gene expression in BA9/46.

Similar to the BA10 microarray

data (Fig. 2) and qPCR in BA10

(Fig. 3), qPCR in BA9/46

(DLPFC) revealed a negative

correlation of GRM3 expression

with age and a positive

correlation of DARPP-32

expression with age. In addition,

the GRM3 finding was also

replicated in an independent

cohort of 18 new subjects (‘‘new

cohort’’). The solid line depicts

a linear fit of gene expression

across age. Pearson’s

correlation coefficient (r) and

associated P value (P) are listed

in the plot
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the three probes yielding the highest positive pair-wise cor-

relation (point #1 above) were the same probes as those

which yielded the highest mean absolute correlation across

all 31 randomly selected genes (point #2 above)—as was the

case in our observations here (FEZ1, GAD1, and RGS4

fulfilled both of these criteria). In only 2,083 of the 100,000

sets of 31 randomly selected probes were all 3 of the fol-

lowing criteria met. Hence, we can assign an empirical P

value of 0.02083 to this collection of observations involving

FEZ1, GAD1, and RGS4.

Discussion

Differential expression of schizophrenia susceptibility

genes across age

Here we have investigated the expression of several

schizophrenia-related genes across adulthood in the normal

human cerebral cortex. The expression of several of these

genes showed strong correlation with age across the entire

age range investigated (18–67 years): RGS4 and GRM3

decreased with age, while DARPP-32 and PRODH increased

with age (Figs. 2, 3, 4). Because the qPCR data for DARPP-

32 in both BA10 and BA9/46 only showed correlation with

age when probes specific for transcripts including adjacent

exons 2 and 3, it is likely that this effect of age on expression

is specific to DARPP-32 transcript NM_181505. This col-

lection of expression changes was demonstrated in a large

cohort, with some findings across multiple cortical regions

(GRM3 and DARPP-32) and multiple cohorts (GRM3).

Given the gradual expression changes over lifespan, these

genes are likely involved in what we would consider the

normal molecular aging of the human brain.

In addition, a group of genes showed differential

expression change with age before and after age 30 years:

ERBB3, NRG1, and NGFR (Fig. 5). Unlike the genes

identified in Figs. 2, 3, 4, it is clear that the expression pat-

terns here do not represent part of the gradual, directly

progressive molecular aging process. It is interesting that

ERBB3 and NRG1, a receptor–ligand pair (Buonanno and

Fischbach 2001 for review) show a similar expression pat-

tern across age: decreasing during early adulthood and

increasing or flat thereafter. It is surprising, however, that

Fig. 5 Differential gene expression during the years of schizophrenia

disease onset. Expression of ERBB3 and NRG1 decreases during

early adulthood (18–30 years) followed by constant or increasing

expression across late adulthood ([30–67 years). NGFR expression

shows the opposite pattern. The solid line depicts the average linear fit

of gene expression across age before and after the age of 30 years

(averaged over the subject covariates, see ‘‘Materials and methods’’

for details). The P value (P) listed in each plot corresponds to the

comparison of the slopes of these two lines. All panels depict

microarray data from BA10

c
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correlation between the expression of these two genes is

slightly negative when assessed directly (r = -0.14, N.S.).

In addition to the genetic implication of NRG1 in the

pathology of schizophrenia (see ‘‘Introduction’’ for refer-

ences), ERBB3 expression has been shown to be decreased

in the frontal cortex of schizophrenic patients (Hakak et al.

2001; Tkachev et al. 2003). These decreases in ERBB3

expression were observed along with decreases in the

expression of many myelin-related genes. Along with the

known role of NRG1 and ERBB3 in myelin development

(Corfas et al. 2004 for review), this decrease in the expres-

sion of these genes during early adulthood may represent the

conclusion or slowing of late neurodevelopmental processes

involving myelination, which could be involved in the

molecular etiology of schizophrenia. These data are consis-

tent with a commonly proposed neurodevelopmental model

of schizophrenia in which late neurodevelopmental pro-

cesses in the cortex, possibly including synapse pruning and

myelination, are disrupted (Woo and Crowell 2005 for

review).

NGFR showed a different pattern of expression, increas-

ing prior to age 30 years and leveling off after this age.

Disruption of NGF signaling in the developing rodent frontal

cortex has been shown to result in dopaminergic hyperre-

sponsivity, impaired prepulse inhibition, and impaired social

behavior (all measures that have previously been associated

with schizophrenic pathology) in adult animals (Rajakumar

et al. 2004; Lazar et al. 2008).

It must be kept in mind here that although expression

changes during the ages of disease onset may be of interest

in the etiology of schizophrenia, expression changes prior

to this period (conception—18 years of age) are not

investigated here, and may be important. Further studies

including RNA from brains of younger subjects are

required to investigate this important time period in brain

growth and maturation.

Functionally interacting networks of genes

In the analysis of correlation between gene expression

patterns, several subgroups of genes were shown to share

expression patterns that are highly similar to one another.

Although intriguing, it is unclear whether this high level of

similarity in expression is indicative of common tran-

scriptional control mechanisms, involvement in common

cellular pathways, expression in a common cell type, or

some other molecular commonality, including mechanisms

connected to perimortem factors. Further investigation is

required to shed light on molecular mechanisms that con-

nect these various gene subgroups. It is also important to

note that ligand–receptor pairs and proteins known to

interact with one another do not, in general, show greater

positive correlation at the expression profile level. Only

when absolute correlations are considered do these genes

show modestly elevated correlations with one another.

Expression levels of FEZ1, GAD1, and RGS4 showed

especially high levels of correlation with one another. In

addition, when absolute correlations were averaged across

all genes studied here, it was found that these same three

genes also showed the highest mean absolute correlations.

GRM3 expression was also highly correlated with this gene

group. The precise meaning of this high expression corre-

lation is not clear and requires additional study. Given this

finding, it is particularly interesting that RGS4, GAD1,

GRM3, and DISC1 (also proximal to this gene group in

Fig. 6, and a binding partner of FEZ1) have all been found

to be in epistasis with another gene: COMT (Nicodemus

et al. 2006; Straub et al. 2007). FEZ1 was not tested for

epistasis in this study. Additionally, differential expression

of RGS4 has been associated with genetic polymorphism in

COMT (Lipska et al. 2006). While its expression does not

correlate with that of these other genes, genetic variants of

the COMT gene could be driving the observed correlation

of expression in this gene group.

Conclusion

While it is not surprising that many genes involved in

neural function, cognition, and mental illness change their

expression over the human lifespan, it is important to

Fig. 6 Expression profiles of 31 schizophrenia susceptibility genes.

Using an MDS algorithm, the expression pattern of each gene across

all subjects is depicted as a single point in two-dimensional space.

One minus the absolute value of the Pearson’s correlation coefficient

[1 ABS(r)] is used as a distance metric. Hence, genes with highly

similar or dissimilar expression patterns lie proximal to one another.

RGS4, GAD1, and FEZ1 are highlighted. See text for details
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describe which genes these are, their expression patterns

across age, and what other genes they may be functioning

in concert with in order to produce a common disease

phenotype. These are the questions we begin to address

here. Further molecular investigation is required to eluci-

date the functional details of the molecular pathways that

these expression findings begin to outline, as well as their

role in the neuropathology of schizophrenia.
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