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Abstract

Background—Impairments in certain cognitive processes (e.g., working memory) are typically
most pronounced in schizophrenia (SZ), intermediate in bipolar disorder (BP) and least in major
depressive disorder (MDD). Given that working memory depends, in part, on neural circuitry that
includes pyramidal cells in layer 3 (L3) and layer 5 (L5) of the dorsolateral prefrontal cortex
(DLPFC), we sought to determine if transcriptome alterations in these neurons were shared or
distinctive for each diagnosis.

Methods—Pools of L3 and L5 pyramidal cells in the DLPFC were individually captured by
laser-microdissection from 19 matched tetrads of unaffected comparison, SZ, BP and MDD
subjects and the mMRNA was subjected to transcriptome profiling by microarray.

Results—In DLPFC L3 and L5 pyramidal cells, transcriptome alterations were numerous in SZ
subjects, but rare in BP and MDD subjects. The leading molecular pathways altered in SZ subjects
involved mitochondrial energy production and the regulation of protein translation. In addition, we
did not find any significant transcriptome signatures related to psychosis or suicide.

Conclusions—In concert, these findings suggest that molecular alterations in DLPFC L3 and L5
pyramidal cells might be characteristic of the disease process(es) operative in individuals
diagnosed with SZ and thus might contribute to the circuitry alterations underlying cognitive
dysfunction in individuals with this disorder.
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Introduction

Dysfunction of the dorsolateral prefrontal cortex (DLPFC) appears to be a core element of
the disease process of schizophrenia (SZ) (1). This dysfunction is manifest as certain types
of cognitive deficits, such as impairments in working memory (2). However, working
memory deficits are also present in individuals with bipolar disorder (BP) or major
depressive disorder (MDD) (3-5). The severity of these impairments typically differs across
diagnoses, with impairments most pronounced in SZ, intermediate in BP and least in MDD
(6, 7). These findings, in concert with evidence that certain genetic(8) and environmental
risk factors (9) are shared among psychotic and mood disorders, suggest that these diagnoses
might represent different points on a spectrum of disease in contrast to the long-standing
view that they are distinct kinds of illnesses (10).

This spectrum of disease hypothesis can be tested, in part, by determining if alterations in
the neurobiological substrate for working memory are shared among individuals with SZ,
BP and MDD. In monkeys, working memory depends on task-specific patterns of activity in
pyramidal cells (PCs) located in DLPFC layer 3 (L3) and layer 5 (L5) (11, 12). In the
DLPFC of individuals with SZ, PCs in these layers exhibit morphological alterations such as
smaller somal size, lower spine density and/or truncated dendritic trees (13-18). A lower
density of dendritic spines on DLPFC L3 PCs was also detected in BP subjects (19) but not
in those with MDD (16), although the latter did have smaller dendritic trees. At the
molecular level, relative to unaffected comparison (UC) subjects, SZ subjects exhibited
transcriptome alterations in DLPFC L3 and/or L5 PCs (20, 21) that were not detected in
total grey matter samples, suggesting that cell type-specific analyses might reveal diagnosis-
related patterns of molecular pathology not detected in transcriptome studies of cortical grey
matter (22).

In this study we assessed gene expression profiles in DLPFC L3 and L5 PCs obtained from
matched tetrads of SZ, BP, MDD and UC subjects to address two questions: 1) Relative to
UC subjects, what transcriptome alterations are present in DLPFC L3 and L5 PCs from
subjects with each diagnosis? 2) Are these alterations shared or distinctive for each
diagnosis?

Methods and Materials

Human subjects

Brain specimens (n=76) were obtained during autopsies conducted at the Allegheny County
Office of the Medical Examiner (Pittsburgh, PA) after consent was obtained from the next-
of-kin. An independent committee of research clinicians made consensus DSM-1V
diagnoses using information obtained from medical records and structured diagnostic
interviews conducted with the decedent's family members (16). The same approach was
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used to confirm the absence of psychiatric diagnoses in the UC subjects. Subjects with SZ
(n=19; 6 had schizoaffective disorder), BP (n=19; all had bipolar 1 disorder) or MDD (n=19)
and UC subjects (n=19) were matched as tetrads for sex and as closely as possible for age
(Table 1; subject details in Supplementary Table 1). All procedures were approved by the
University of Pittsburgh's Committee for the Oversight of Research and Clinical Training
Involving the Dead and Institutional Review Board for Biomedical Research.

Laser microdissection

Microarray

Brain tissue was prepared and pyramidal cell bodies were dissected as described previously
(21). Sample collection is described in Supplementary Methods. Given the limited RNA
quantity obtained from each pool of microdissected neurons, RIN values were not assessed
in the samples of neurons used for microarray profiling. However, we have previously
demonstrated that the Nissl staining and laser microdissection approach used here results in
RIN >7 in all samples, values nearly identical to those obtained in tissue homogenates from
the same subjects (21).

For each sample, RNA was extracted using the QIAGEN® RNeasy Plus Micro kit
(QIAGEN, Valencia). All RNA samples from the same tetrad were processed together.
CDNA was synthesized and amplified using the Ovation Pico WTA System (Nugen, San
Carlos), labeled using the Encore Biotin module (Nugen) and loaded on an Affymetrix
GeneChip® U219 (Affymetrix, Santa Clara) which contains ~49,000 probesets designed to
assess the expression level of more than 20,000 transcripts in the human genome. Replicate
samples were synthesized and loaded on microarrays independently, with the loading order
randomized. No batch correction was performed as PCA did not detect any variance
attributable to plate. Samples from two SZ subjects (see Supplementary Table 1) did not pass
quality control following array processing; the reported data are from the remaining 17
subjects. For each of the 74 unique subject samples in each layer, expression intensities were
extracted from Affymetrix Expression Console and normalized using Robust Multi-array
Average Express (23). The data were deposited in GEO (GSE87610). The correlations
between replicates were high (0.80<r<0.95), and thus the expression values of the replicate
samples from each layer were averaged for data analysis.

Statistical analysis

Data filtering and detection of differentially-expressed transcripts within each
diagnostic group—The Affymetrix control probesets were removed, as they have no
biological relevance. In order to eliminate low expressing and non-informative probesets, we
used a modification of a previously described filtering procedure based on a threshold
determined by the contrast in expression levels of Y-chromosome genes (see Supplementary
Methods, Supplementary Figure 1 and Supplementary Table 2) between male and female
subjects (24). To detect differentially-expressed transcripts, we followed a previously
reported procedure (21) to fit a random intercept model (25) for each diagnosis separately
(Supplementary Methods) in order to account for the matched design and the potential
impact of covariates including sex, age, RIN, brain pH, PMI, death by suicide, presence of
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psychosis, presence of mood diagnosis, use of antidepressant, antipsychotic, or
benzodiazepines and/or anticonvulsant medications at time of death, and tobacco use at time
of death (Supplementary Methods). The best model was determined through the Bayesian
Information Criterion (BIC) and the p-value of diagnosis effect was assessed via likelihood
ratio test. We randomly permutated samples 500 times to correct the p-value due to bias
from model selection. The corrected p-value was adjusted for multiple comparisons using
the Storey procedure (26).

Effects of clinical covariates—To explore the effects of suicide or psychosis, we used a
linear regression model with suicide or psychosis as the main effect and diagnosis as a
covariate (Supplementary Methods).

Pathway analysis—We used INGENUITY® Pathway Analysis software, treating all
filtered probesets as background. Only pathways containing 15-300 genes, of which >10%
were differentially expressed, were included. A right-tailed Fisher's exact test was applied to
determine pathway enrichment.

Differentially-expressed transcripts within each diagnostic group

Using paired or unpaired analysis, similar numbers of DEPs were found (Table 2). A Rank-
Rank Hypergenomic Overlap (RRHO) plot (27) using all filtered probesets ranked by q
value also indicated that paired and unpaired analysis generated very similar findings
(Supplementary Figure 2).

At 20% FDR, the number of DEPs in PCs from SZ subjects was similar to that found
previously with a 5% FDR in a larger sample (21). Therefore, given the smaller sample size
for each diagnostic group, we chose to identify DEPs by using a previously developed
random intercept model with covariate selection and a 20% FDR as described in
Supplementary Methods. This approach revealed numerous DEPs in L3 (n=1,339) and L5
(n=1,309) PCs in all three diagnostic groups relative to matched UC subjects (Table 2). All
of these DEPs were from SZ subjects (Figure 1), with the exception of 2 DEPs in L3 PCs
from BP subjects. Even using a 50% FDR, the number of DEPs for BP and MDD subjects
was extremely low (Table 2). The majority of DEPS were under-expressed in SZ subjects
(63% and 57% in L3 and L5 PCs, respectively), and most DEPs differed across layers; only
13.3% and 13.6% of DEPs in L3 and L5 PCs, respectively, were also differentially expressed
in the other layer. For BP, the 2 DEPs in L3 PCs were under-expressed and were not shared
by SZ subjects.

Effects of clinical covariates—Among the SZ subjects, 29% (388/1337) and 31%
(401/1309) of the DEPs in L3 and PCs, respectively, showed a significantly different effect
in subjects with schizoaffective disorder (SA) relative to those with “pure” SZ. This
transcriptome difference between SZ and SA subjects was quite similar to our prior findings
(21). Statistical correction for the SA effect resulted in the SA subjects clustering more
tightly with “pure” SZ subjects by PCA analysis (Supplementary Figure 3). However,
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possibly due to the small size of the subgroup, we did not detect any significant
transcriptome signatures specific to SA subjects.

Because psychosis was present in a subset of BP (n=11) and MDD (n=5) subjects, we
determined if these 16 subjects had a transcriptome signature that differed from the other 22
mood disorder subjects. After controlling for effects of diagnostic group, no psychosis-
related DEPs were detected in either L3 or L5 PCs from the mood disorder subjects, even
when the FDR was relaxed to 30%.

Because death by suicide was shared among a subset of subjects across diagnostic groups (6
SZ, 8 BP and 7 MDD subjects), we determined if these 21 subjects had a transcriptome
signature that differed from the remaining psychiatric subjects. After controlling for the
effects of diagnostic group, only 16 DEPs in L3 PCs and none in L5 PCs were significantly
related to suicide (q<0.05). After relaxing the FDR to 10%, 53 DEPs related to suicide were
detected in L3 PCs (Supplementary Table 3), but these DEPs did not cluster in any known
molecular pathways.

Validation of microarray results—Given that DEPs were almost exclusively found in
SZ subjects, we focused on validating those findings. Microarray studies have traditionally
been validated by assessing a small set of transcripts using gPCR, with recent studies
typically demonstrating very high validation rates (28). Consistent with this high reliability
of microarray findings, in our recent microarray study of DLPFC L3 and L5 PCs in SZ (21),
16 of 18 transcripts tested were correlated between microarray and gPCR results. Here we
sought to validate the results of the current study by comparisons to our previous study of
DLPFC L3 and L5 PCs that used a largely different cohort of SZ and UC subjects (only 4
pairs in common) and a different Affymetrix microarray platform. Of the top 25
differentially-expressed genes (DEGS) (ranked by g-value) found in L3 or L5 PCs here, the
majority (63.6% and 78.6% in L3 and L5, respectively) of those represented on the prior
array platform were also differentially expressed in that study. Similar results were found for
the top 100 DEGs (56.4% and 81% of DEGs in L3 and L5, respectively, were also DEGs in
the previous study). In addition, of the DEPs detected at 20% FDR in L3 and L5 PCs in the
present study that were also represented on the prior array platform, the direction of the
disease effect was significantly correlated (L3 PCs: R=0.61, p<0.0001; L5 PCs: R=0.59,
p<0.0001) across studies, with 79.3%-92.5% of the DEPs down- or up-regulated in a given
layer in the current study changed in the same direction in that layer in the prior study. These
similarities across different microarray platforms in largely separate subject cohorts
demonstrate the technical and biological reliability of the findings.

Pathway analysis—The DEPs in SZ were then identified as a smaller set of differentially-
expressed genes (DEGs; 1,090 and 1,053 DEGs in L3 and L5 PCs, respectively) and
subjected to Ingenuity Pathway Analysis. In both layers, the two gene pathways that were
most altered (defined by level of statistical significance) involved oxidative phosphorylation
and mitochondrial dysfunction (Table 3). The percentage of genes altered in both pathways,
and the statistical significance of the pathway finding, was larger in L3 than in L5 PCs,
consistent with our previous study showing a greater oxphos-mitochondrial signature in L3
than L5 PCs in SZ (21). The EIF2 (Eukaryotic Initiation Factor 2) regulation pathway and
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the p70S6K (p70 S6 kinase) signaling and mTOR (mechanistic target of rapamycin)
signaling pathways were also significant in both layers, suggesting that SZ is associated with
alterations in protein synthesis and stress-related regulation of translation initiation in
DLPFC PCs. In MDD and BP subjects, no biological pathways reached statistical
significance.

Discussion

Consistent with our prior study (21), we found that SZ is associated with multiple
transcriptome alterations in pools of individually-dissected DLPFC L3 and L5 PCs. The
leading molecular pathways altered in SZ, which were conserved across L3 and L5 PCs,
involved mitochondrial energy production and the regulation of protein translation. In
contrast, even at relaxed FDR, very few DEPs were found, and no pathways were altered, in
BP or MDD. In addition, no transcriptome signatures related to psychosis or suicide were
found. Together, these findings suggest that molecular alterations in DLPFC PCs might be
characteristic of the disease process(es) operative in individuals diagnosed with SZ.

Transcriptome alterations in DLPFC L3 and L5 PCs are more pronounced in SZ than mood

disorders

Transcriptome alterations in DLPFC PCs were almost exclusively found in SZ subjects, with
a greater magnitude and statistical significance of gene pathway alterations in L3 than in L5
PCs. These findings suggest that 1) gene expression alterations in DLPFC PCs are
characteristic of SZ relative to mood disorders and 2) DLPFC L3 PCs are especially affected
in schizophrenia. This interpretation is consistent with previous reports that alterations in
soma size (17) and dendritic spine density (18) in SZ are more pronounced in L3 than L5
PCs.

The expression alterations detected in SZ here are in agreement with our previous findings
in a mostly separate and larger SZ cohort where DLPFC L3 and L5 PC transcriptomes were
determined using a different microarray platform (21). Despite these differences, 89.3% of
DEPs detected in L3 PCs from SZ subjects showed concordant differences across studies
relative to UC subjects. Furthermore, in both studies, the most significant transcript
alterations involved lower expression of nuclear genes involved in mitochondria and
oxidative phosphorylation pathways required for energy production. We cannot ascertain
whether these transcriptome alterations predict alterations in the levels of function of the
cognate proteins. However, both mitochondria activity and oxidative phosphorylation are
tightly controlled processes (29) and even limited alterations in their function are likely to
affect cell function.

The much greater number of transcripts altered in the SZ relative to the other subject groups
suggests that cell type-specific patterns of gene expression alterations may differentiate SZ
from mood disorders. Consistent with this interpretation, relative to BP or MDD subjects,
SZ subjects had a greater number of gene expression alterations in the thalamic mediodorsal
nucleus and the expression deficits in SZ were related to proteasome and translation
initiation, similar to some of those reported here (30). Similarly, mitochondria-related gene
expression alterations were detected in hippocampal dentate granule neurons from SZ but
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not from BP or MDD subjects (31). Furthermore, in other studies the number of genes with
shared patterns of altered expression across diagnoses was modest and far smaller than the
number of genes selectively altered in each disorder (30, 32, 33). These differences in gene
expression alterations across diagnoses appear to be similar to findings from genome wide
association studies; although certain risk loci have been associated with both SZ and BP,
most risk loci associated with one diagnosis were not significantly associated with the other
diagnosis (8, 34-36).

Gene expression alterations are related to diagnosis and not to psychosis, antipsychotic
medications or suicide

Psychosis, a core element of current diagnostic formulations of SZ, is present in some
individuals with BP or MDD. Furthermore, at least some psychotic features are thought to
emerge from cognitive disturbances that are shared, albeit to different degrees, across all
three diagnoses (3-5, 37). The idea that psychosis might have a conserved molecular
substrate across diagnoses is supported by previous reports of certain transcripts that were
altered in SZ and psychotic BP subjects but not BP subjects without psychosis (38), or that
were altered in SZ and showed more pronounced alterations in mood disorder subjects with,
than without, psychatic features (39). However, here we did not find any significant mRNA
expression alterations in L3 or L5 PCs in subjects with psychosis after controlling for effects
of diagnosis.

Because many subjects with psychotic BP or MDD were treated with antipsychotic
medications, these findings suggest that the gene expression alterations in SZ are not due to
antipsychotic medications. This interpretation is consistent with evidence in antipsychotic-
exposed monkeys that these medications did not mimic gene expression changes observed in
DLPFC L3 or L5 PCs in SZ (20, 21). However, we cannot definitely exclude the possibility
that antipsychotic medications account for some of our findings.

Suicide has been reported to be associated with various gene expression alterations (40-43).
We uncovered a small number of DEPs significantly related to suicide, mainly in L3 PCs,
but these results did not reveal any molecular pathways associated with suicide independent
of diagnosis.

It should be noted that we cannot exclude the possibility that our study is underpowered to
uncover transcriptome signatures associated with psychosis, antipsychotic medications or
suicide in DLPFC PCs.

Functional and diagnostic significance

The transcriptome differences in DLPFC L3 and L5 PCs detected here have implications for
our understanding of both disease processes and diagnostic approaches in psychiatry. From
the perspective of disease processes, the prominence in SZ of alterations in the expression of
nuclear gene products that mitochondria need to make energy is consistent with long-
standing observations that individuals with SZ are not fully able to activate the requisite
DLPFC circuitry when faced with cognitive demands (44). The presence of more marked
alterations of mitochondrial-related gene expression in L3 than in L5 PCs is consistent with
the hypothesis that energy production is down-regulated in L3 PCs secondary to lower
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excitatory drive to these neurons due to their deficits in dendritic spines (21, 45). Although
DLPFC L5 PCs appear to have a normal complement of dendritic spines in SZ (18), the fact
that they receive excitatory inputs from hypoactive L3 PCs would be expected to result in a
down-regulation of mitochondrial energy production but to a lower degree than in L3 PCs
(46), consistent with the findings of the present study. Furthermore, the interpretation that
spine deficits lead to lower mitochondrial-related gene expression rather than vice versa is
supported by recent findings that leading risk genes for SZ may cause a complement-
mediated loss of dendritic spines (47) or encode for proteins that regulate the actin
cytoskeleton required for spine formation and maintenance (48, 49). In contrast, our findings
suggest that cortical circuits involving DLPFC L3 and L5 PCs are less affected in mood
disorders.

From the perspective of diagnosis, additional studies are needed to determine the
implications of our findings for psychiatric nosology. It is possible that our findings of more
gene expression alterations in SZ than mood disorders is indexing severity of illness.
However, given that diagnostic differences remained significant after accounting for the
effects of measures of disease severity such as psychosis and suicide suggests that our
findings are more likely to reflect diagnosis-associated differences in fundamental disease
processes. Molecular profiling of additional cell types in other brain circuits across
diagnostic categories may help to distinguish between these alternatives.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Layer 3 Layer 5

Figure 1.
Heat maps representing all DEPs for SZ subjects in L3 PCs (A) and L5 PCs (B) compared to

UC subjects. Heat maps were built using the expression values for each DEP in each subject
after adjusting for covariate effects. Each row represents a probe set ordered by hierarchical
clustering results; each column represents a subject ordered by tetrad number.
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Table 1
Summary of subject characteristics.
Subject Groups***
uc Sz BP MDD
Number 19 19 19 19
Sex 10M,9F 10M,9F 10M,9F 10M,9F
Race 18wW,1B 13W,6B 19w 18wW,1B
Age (years) 47.8(10.4) 451(85) 46.3(95) 45.2(10.1)
PMI (hours) 193(5.3) 20.1(6.9) 21.3(6.6) 20.1(6.0)
Brain pH 6.6(0.2) 66(0.3) 66(02 66(0.2)
RIN (frontal pole) 80(06) 7.9(07) 80(04) 8.0(05)
Storage time (months at -80°C) 110 (43) 111 (27) 128 (26) 126 (29)
Tobacco ™ 6 12 13** 7
Antidepressants * 0 10 12 7
Benzodiazepines/Anticonvulsants * 0 8 11 4
Antipsychotics * 0 16 7 2

Values are Mean (SD)

PMI: Post-Mortem Interval

RIN: RNA Integrity Number; obtained from a tissue block near the location of the tissue sections used for PC capture

*
Number of subjects with known use at time of death

Aok

Page 13

In 4 BP subjects, tobacco use at time of death was unknown; however, given the high frequency of smoking BP subjects, they were included as

smokers in all analyses.

HokA

Subject groups did not differ in mean age, postmortem interval (PMI), brain pH, RNA integrity number (RIN) or tissue storage time at -80°C
(all t71< 2.30; all p>0.14) or in race (X2<3.2; p>0.07).
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