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Lateralization is an important aspect of the functional brain architecture for language and

other cognitive faculties. The molecular genetic basis of human brain lateralization is

unknown, and recent studies have suggested that gene expression in the cerebral cortex is

bilaterally symmetrical. Here we have re-analyzed two transcriptomic datasets derived

from post mortem human cerebral cortex, with a specific focus on superior temporal and

auditory language cortex in adults. We applied an empirical Bayes approach to model

differential left-right expression, together with gene ontology (GO) analysis and meta-

analysis. There was robust and reproducible lateralization of individual genes and GO

groups that are likely to fine-tune the electrophysiological and neurotransmission prop-

erties of cortical circuits, most notably synaptic transmission, nervous system develop-

ment and glutamate receptor activity. Our findings anchor the cerebral biology of language

to the molecular genetic level. Future research in model systems may determine how these

molecular signatures of neurophysiological lateralization effect fine-tuning of cerebral

cortical function, differently in the two hemispheres.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Lateralization is an important organizing principle of the

vertebrate brain, and has been elaborated in our species

(Rogers, Vallortigara, & Andrew, 2012). One prominently lat-

eralized functional network underlies the human ability to

speak and understand language, and critically involves the

Superior Temporal Gyrus (STG) and the auditory cortex of

Heschl's Gyrus (HG), both of which show anatomical asym-

metry (Agcaoglu, Miller, Mayer, Hugdahl, & Calhoun, 2014;

Dikker, Silbert, Hasson, & Zevin, 2014; Lyttelton et al., 2009;
e for Psycholinguistics, W
Francks).

rved.
Mazoyer et al., 2014; Menenti, Gierhan, Segaert, & Hagoort,

2011; Willems, Van der Haegen, Fisher, & Francks, 2014).

These regions have also shown microanatomical (Hutsler,

2003) and neurophysiological (Morillon et al., 2010) laterali-

zation; left-sided neural oscillatory frequencies reportedly

correspond to syllabic speech rhythms (Morillon et al., 2010).

We hypothesized that functional lateralization would

additionally be reflected at the molecular genetic level. How-

ever, two recent studies used microarrays to obtain gene

mRNA expression profiles from numerous regions of the post

mortem human brain, which failed to find hemispheric dif-

ferences of expression, in any cortical region (Hawrylycz et al.,
undtlaan 1, 6525 XD Nijmegen, The Netherlands.
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2012; Pletikos et al., 2014), using paired sample t-tests to assess

left-right differences for individual genes. The dataset of Ple-

tikos et al. (Kang et al., 2011; Pletikos et al., 2014) included 57

brains across the human lifespan, from embryo to old age,

with one tissue sample excised from each brain region that

was defined. For analyzing lateralized expression they

grouped the brains within each set of four consecutive ages.

The dataset of Hawrylycz et al. (Hawrylycz et al., 2012)

comprised brains from only two adult donors, but with mul-

tiple samples excised from each brain region.

We have re-analyzed and meta-analyzed the two datasets,

specifically focusing on STG and HG in all available adults

aged 18e55 years. Functional lateralization of the language

network is robust across this age range (Agcaoglu et al., 2014),

and we excluded data from outside this range in order to

reduce variance associated with neurodevelopment or

advanced age. In order to further maximise sensitivity for the

analysis, we then applied several approaches that have not

previously been used in examining lateralization of gene

expression in these datasets. Firstly, we used an empirical

Bayesmethodwhich uses data from all probes on the array for

an improved estimation of gene expression variances (Smyth,

2004). This method can increase power to detect differential

expression when the number of samples is small. Secondly,

we reasoned that subtle lateralization at the level of individual

genes may translate to more robust lateralization when

assessed within functional gene groups, and we therefore

carried out gene set enrichment analysis (GSEA) with respect

to GO sets (Hahne, 2008). Thirdly, we performedmeta-analysis

over the two datasets.
2. Materials and methods

2.1. Subjects and neuroanatomical regions

The dataset of Pletikos et al. (Pletikos et al., 2014) was previ-

ously published by Kang et al. (Kang et al., 2011) who sub-

mitted it to the Gene Expression Omnibus (GEO accession

GSE25219) (Barrett et al., 2013). The dataset of Hawlyrycz et al.

(Hawrylycz et al., 2012) is available via the Allen Human Brain

Atlas website (http://human.brain-map.org/). Data for healthy

adults in the range 18e55 years were downloaded from these

two sites. Data in this age range were available from Pletikos

et al. (Pletikos et al., 2014) for 13 healthy donors aged 18, 19, 21,

22, 23, 30, 36, 37, 37, 40, 40, 42 and 55 years. The donors aged 19,

21, 30, 37 and one of those aged 40 years were female, the rest

male. The dataset of Hawlyrycz et al. (Hawrylycz et al., 2012)

was based on two healthy males aged 24 and 39, but with

multiple tissue excisions per brain region (see below).

We aimed to select data from the two source datasets

which represented comparable neuroanatomical regions

across the studies. Exact matching between studies was not

possible because somewhat different neuroanatomical

criteria and sub-divisions had been used. For the dataset of

Pletikos et al., histological verification of excisions with

reference to cytoarchitectonic maps and Brodmann areas was

used (Kang et al., 2011). For the dataset of Hawlyrycz et al.,

histological staining was used to confirm structure identifi-

cation, but it was not reported that reference was made to
cytoarchitectonic maps. We therefore relied on the neuroan-

atomical regional assignments within the two datasets to

identify comparable regions across datasets, based on the

information given. The consistency across the datasets of

lateralized gene expression that we identified (see below)

supports the validity of this approach, albeit that imperfect

anatomic matching across studies probably reduced this

consistency. In addition, the studies described different ap-

proaches to tissue excision from within each defined cortical

region. For the dataset of Pletikos et al., a small amount of

white matter was included in excisions from beneath cortical

layer 6, corresponding to roughly the depth of layer 6 (Kang

et al., 2011). For the dataset of Hawlyrycz et al., the excisions

extended perpendicularly from the pial surface to the white

matter, but it was not stated that white matter was deliber-

ately included. Again, the consistency of lateralized gene

expression thatwe found across datasets (see below) indicates

that this possible difference had a limited impact on compa-

rability across datasets.

2.1.1. STG
For the dataset of Pletikos et al. (Kang et al., 2011; Pletikos

et al., 2014) we downloaded microarray data (22 arrays; 13

left, 9 right) for what was defined as ‘superior temporal cor-

tex’. The sampleswere described as being excised fromwithin

the posterior third of the STG, and corresponding to Brod-

mann Area 22 (Kang et al., 2011).

For the dataset of Hawlyrycz et al. (Hawrylycz et al., 2012)

we downloadedmicroarray data (25 arrays, 14 left, 11 right) for

tissue samples that were excised fromwithin a region defined

as ‘STG, inferior bank of gyrus’ (http://human.brain-map.org/

), avoiding the anterior end of the gyrus. We excluded data

from the ‘STG, lateral bank of gyrus’, because that region was

represented by only 8 samples which did not include each

donor and hemisphere.

2.1.2. HG
For the dataset of Pletikos et al. (Kang et al., 2011; Pletikos

et al., 2014) we downloaded microarray data (23 arrays; 13

left, 10 right) for tissue samples that were excised fromwithin

what was defined as ‘primary auditory cortex (A1C)’. This was

described as corresponding to Brodmann area 41 (Kang et al.,

2011), and hence constitutes a close match to HG.

For the dataset of Hawlyrycz et al. (Hawrylycz et al., 2012)

we downloaded microarray data (11 arrays, 5 left, 6 right) for

samples excised from within what was defined as “HG”.

2.2. Microarray data pre-processing

For the dataset of Pletikos et al. (Pletikos et al., 2014), expres-

sion data for Affymetrix Human Exon 1.0 ST arrays had been

preprocessed with Robust Multi-array Averaging (RMA)

(Hahne, 2008), and were downloaded with the corresponding

metadata. In order to map probes to genes, we downloaded

the Human Exon Array annotation table from the Affymetrix

website (www.affymetrix.com), and used it for mapping

Affymetrix probes to HGNC symbols, the unique symbols

assigned by the HUGO Gene Nomenclature Committee.

For the dataset of Hawlyrycz et al. (Hawrylycz et al., 2012),

raw data from Agilent 4x44 Whole Human Genome arrays for
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donors H0351.2001 and H0351.2002 were downloaded (these

were the only donors with data from both hemispheres). We

preprocessed the data using ‘agilp’ in Bioconductor package

version 2.0, 2012-06-10 (Chain et al., 2010), with the default

configuration and pipeline of that package, which constructs a

local linear regression model for a baseline (mean) of all the

arrays and subtracts it from each array. The HGNC gene

identity mappings and metadata were obtained from the

Allen Human Brain Atlas website (http://human.brain-map.

org/): we downloaded the annotation table and used it for

mapping Agilent probes to HGNC symbols.

2.3. Generation of lateralization statistics for individual
genes

Separately in each dataset and for each cortical region (STG

and HG), a linear model with two predictors, for hemisphere

and donor, was fitted to the expression levels of each gene

using the limma Bioconductor package (Hahne, 2008), fol-

lowed by limma's empirical Bayes smoothing (Smyth, 2004) to

improve gene variance estimates. The t-statistics and two-

sided p-values were obtained with respect to the hemisphere

predictor. The predictor for donor, as an individual-level pre-

dictor for each brain, controlled for brain-specific technical

and biological effects. Further predictors (for example for sex

in the dataset of Pletikos et al.) could not be added to the

model due to the relatively small number of arrays (23 in

Pletikos et al.). However we investigated the possible effect of

sex within the results of multidimensional scaling (MDS)

analysis (see below).

2.4. GSEA

GO annotations were obtained using the annotation file

c5.all.v4.0.symbols.gmt from the C5 collection of the Broad

Institute's Molecular Signatures Database (Subramanian et al.,

2005). We used all three types of GO sets, based on: Molecular

Functions, Cellular Components, and Biological Processes. GO

sets that contained 10 genes or less were removed. Separately

in each dataset and for each brain structure (STG and HG), and

according to the approach described in this reference (Hahne,

2008), the t-statistics of the genes in each GO class were

summed and divided by the square root of the number of

genes in that class, and the result was compared to the stan-

dard normal distribution in order to obtain a p-value.

In order to validate the GSEA approach, we simulated

microarray data with an identical sample size to the Pletikos

et al. dataset (Pletikos et al., 2014), and in which any laterali-

zation of individual genes was random. The distribution of

statistics over GO sets was the same as for the real data, but

without significant GO sets after false discovery rate (FDR)

adjustment, which further supports the lateralization we saw

in the real data as being a true feature of the data. By then

grouping together differentially expressed genes with signifi-

cant lateralization t-statistics in the simulated data, to

construct artificial GO terms, FDR significant terms were

created. Thus the approach was powered to detect laterali-

zation at the level of GO terms, in which subtle lateralization

of individual genes within those terms would combine to

reveal set-level lateralization. Note that the power in the
analysis of the real data was then further increased through

meta-analysis over the two datasets.

2.5. Meta-analysis

Fisher's method (Fisher, 1932) was applied to integrate the

nominal p-values obtained in the two datasets, for each in-

dividual gene, and for each GO term, separately for each re-

gion (STG or HG). The sum �2$ðlnðpPletikosÞ þ lnðpHawrylyczÞÞ was

compared to the Chi-squared distribution with four degrees of

freedom, where ppletikos and pHawrylycz were the p-values ob-

tained within the datasets of Pletikos et al. (Pletikos et al.,

2014) and Hawrylycz et al. (Hawrylycz et al., 2012), respec-

tively. Benjamini-Hochberg (Benjamini & Hochberg, 1995)

correction was then applied for obtaining the FDR separately

for the two cortical regions, and separately for the individual

gene analysis and the GO term analysis. Thus four separate

FDRs were estimated.

2.6. MDS

For the most significant GO set in the STG meta-analysis (see

below), we produced a vector of expression values per sample

of the Pletikos et al. (Pletikos et al., 2014) dataset with a

number of entries equal to the number of genes in the set.

These vectors were then mapped into 2-dimensional space

using Bioconductor's limma (Hahne, 2008), resulting in a 2-

dimensional vector for each sample. This would help visualize

how the samples clustered together, in terms of their overall

similarity as measured by gene expression levels within the

most significant GO set. Again for the most significant set

(synaptic transmission, see below), as an additional verifica-

tion of lateralized expression, we applied the non-parametric

Cramer test (Baringhaus & Franz, 2004) for which the null

hypothesis was that samples from left and right were drawn

from the same two-dimensional distribution. We also used

this test to assess whether sex influenced the sample simi-

larities of gene expression within the set ‘synaptic trans-

mission’, within the dataset of Pletikos et al. (which contained

data from both males and females).
3. Results

Seven individual genes showed STG lateralization with

FDR<.01 in meta-analysis, including Regulator of G-protein

Signaling 8 (RGS8; FDR .00058) and Glycine Receptor Subunit

Alpha-2 (GLRA2; FDR .0015) (Supplementary Table 1,

Supplementary Figure 1). Striking STG lateralization was

observed at the level of gene sets in meta-analysis, including

two sets with corrected FDR < 1E-07; synaptic transmission

FDR 6.25E-09; signal transduction FDR 3.02E-08, while other

sets with corrected FDR < 1E-06 were glutamate receptor ac-

tivity, nervous system development, system development,

transmission of nerve impulse, multicellular organismal

development (respective FDRs 1.33E-07, 1.33E-07, 1.33E-07,

3.97E-07, 5.39E-07) (Fig. 1, Supplementary Figure 2;

Supplementary Table 2). These signals were consistent across

the two contributing datasets (Fig. 1, Supplementary Table 2):

All of the top seven gene sets showed lateralization p
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Fig. 1 e Box plots of STG lateralization t-statistics, for genes within the four most significantly lateralized gene sets in meta-

analysis, and an additional non-lateralized gene set (metallopeptidase activity) for comparison. Negative values correspond

to higher expression in the left hemisphere, and vice versa. Frame a shows data from Pletikos et al. (Pletikos et al., 2014) and

frame b from Hawrylycz et al. (Hawrylycz et al., 2012).

Fig. 2 e Multidimensional scaling (MDS) of Pletikos et al.

(Pletikos et al., 2014) STG samples from the left (turquoise)

and right (red) hemispheres, based on genes in the set

‘synaptic transmission’. Samples from male donors are

labeled ‘M’, and those from female donors ‘F’.

c o r t e x 6 7 ( 2 0 1 5 ) 3 0e3 6 33
values < .01 in both datasets. Other gene sets that were among

the most significantly lateralized in both datasets, and sig-

nificant in meta-analysis, included ‘cell surface receptor

linked to signal transduction’, ‘G-protein coupled receptor

protein signaling pathway’, and ‘calcium ion binding’

(Supplementary Table 2).

For HG, no individual genes showed significant lateraliza-

tion. Gene sets showing lateralization in meta-analysis with

corrected FDR<.01 included again ‘G-protein coupled receptor

protein signaling pathway’ (FDR .0023), as well as various gene

sets containing voltage gated channel genes: voltage gated

channel activity (FDR .0028), voltage gated cation channel

activity (FDR .0028), monovalent inorganic cation transport

(FDR .0034), voltage gated potassium channel activity (FDR

.0046) (Supplementary Table 3; Supplementary Figure 3). Gene

sets coding more generally for membrane-bound proteins

were also lateralized with FDR <.01 (Supplementary Table 3).

Multi-dimensional scaling analysis of the Pletikos et al.

STG data, for which distance between samples was defined by

the similarity of genes' expression within the set ‘synaptic

transmission’ (i.e., the most significantly lateralized gene set

in STG meta-analysis) showed that samples taken from the

left and right cortices formed different distributions with

respect to the genes in this set (Fig. 2). An additional confir-

matory analysis using the Cramer test showed that the null

hypothesis of left and right samples belonging to the same

two-dimensional distributionwas rejected (p¼ .0014).We also

applied the Cramer test to assesswhether the sexes differed in

their two-dimensional distribution, but no evidence for a sex

difference was detected (p ¼ .82, see Fig. 2). Lateralization

statistics for individual genes, for the set ‘synaptic trans-

mission’, are shown in Supplementary Table 4. Among the

most strongly left-lateralized mRNAs were those coding for

the dopamine receptor DRD2, the serotonin receptor subunits
HTR3B and HTR2C, and the glutamate receptor subunits

GRM1, GRIK1, GRIA1 and GRIA2 (Supplementary Table 4).
4. Discussion

Pletikos et al. and Hawlyrycz et al., whose data we re-

analyzed and meta-analyzed for the present study,

concluded that gene expression in the cerebral cortex is

bilaterally symmetrical and that the source hemisphere of

samples made no quantitative difference that needed to be

considered in data analysis. In contrast, we have detected

robust and reproducible lateralization of gene expression in

the STG and HG in these datasets. The contrasting results

http://dx.doi.org/10.1016/j.cortex.2015.03.003
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have likely arisen from several aspects of our design and

analysis. Firstly we specifically targeted the STG and HG as

candidate regions of interest, out of all cortical and other

brain regions that were sampled in these datasets. Our choice

was motivated by previous literature on superior temporal

lateralization in terms of function, structure, neurophysi-

ology and microanatomy (see Introduction). There was

therefore strong evidence a priori to expect genetic laterali-

zation in these particular cortical regions. We then applied

several approaches that were designed to maximise the

power to detect subtle lateralization of gene expression,

which included pooling data from all adults within the age

range 18e55 years into a single analysis of the Pletikos et al.

dataset, Bayesian modeling of gene expression variance,

GO set analysis, and meta-analysis over the two datasets.

Lateralization of gene expression was most significant for GO

sets rather than at the level of individual genes, although the

meta-analysis of individual genes also identified significant

lateralization in the STG.

Lateralization of individual genes and GO sets was strik-

ingly concordant across the two datasets, despite differences

in the neuroanatomical regional definitions and cortical

sampling procedures between the two studies. Lateralization

of gene expression was therefore robust to these major sour-

ces of experimental variation. An issue with the source data-

sets may be imperfect anatomic matching for tissue excision

between the homologous regions of the left and right hemi-

spheres. The genetic lateralization that we detected can only

be interpreted at the level of anatomical resolution defined in

the source datasets. Future studies of transcriptomic lateral-

ization may benefit from higher-resolution anatomical defi-

nitions, including defining left-right homologous excisions by

cytoarchitecture as was done for the dataset of Pletikos et al.,

since relatively broad regions such as primary auditory cortex

are known to contain various microstructurally distinct sub-

regions (Fullerton & Pandya, 2007). However, attempting to

define perfectly matching left-right excisions at the micro-

anatomical level may prove impossible, given the well known

lateralizations of function and neurophysiology for STG

and HG.

Importantly, our analysis did not depend on precise left-

right matching within any given subject. Rather, the lateral-

ization that we detected was an average property of all left

excisions versus all right excisions, while we also added a

predictor variable for ‘subject’ to improve the accuracy of the

model as regards possible subject-specific biological and

technical variation. Our findings therefore depend on

appropriate anatomic matching of left-right homologous re-

gions over all excisions, on average, and not at the individual

subject level. Although detailed information on the precise

location of excisions was not available for both of the source

studies, both had performed analysis of gene expression

lateralization with their data, which indicates that the au-

thors regarded the left and right excisions as being suffi-

ciently comparable to support this approach. The

concordance of lateralization over both studies, for specific

gene sets, indicates that our findings are relatively robust to

the precise locations of excisions.

That lateralization of gene expression was not detected

by Pletikos et al. and Hawlyrycz et al., whereas they did
detect substantial differences between cortical regions ipsi-

laterally, indicates the relatively subtle nature of lateralized

gene expression in the cerebral cortex. This is also consis-

tent with data from human embryonic and fetal material,

where little evidence for lateralization has been detected in

four post mortem studies, with the possible exception of a

small number of genes in the first trimester of gestation

(Johnson et al., 2009; Lambert et al., 2011; Pletikos et al.,

2014; Sun, Collura, Ruvolo, & Walsh, 2006). However, those

embryonic data may also benefit from the kinds of analyses

that we have applied here, and the results could then be

compared to the adult genetic lateralization that we have

identified.

It is striking that many of the lateralized gene sets that we

detected, including those that were most strongly lateralized,

have clear neuronal functions likely to affect signaling,

learning and information-processing properties of circuitry

differently on the two sides. Lateralized gene sets included

those involved in synaptic transmission (STG), glutamate re-

ceptor activity (STG), voltage gated cation channels (HG), and

the G-protein coupled receptor protein signaling pathway

(STG and HG). These findings occurred despite our having

tested all GO sets without reference to their neuronal rele-

vance, while performing correction for multiple testing

(~1,000 sets, after excluding sets with fewer than ten member

genes). Our findings of gene mRNA lateralization may com-

plement studies of receptor mapping within the cerebral

cortex, at the protein level (Zilles, Bacha-Trams, Palomero-

Gallagher, Amunts, & Friederici, 2015). Interestingly, laterali-

zation within gene sets that are defined for their develop-

mental roles was also detected, including ‘nervous system

development’ (STG). This indicates that transcriptional fac-

tors and other developmentally important proteins continue

to have important roles in maintaining lateralized function in

the adult brain.

Given the diversity of gene sets that showed evidence for

lateralization, it is not obvious how to interpret our findings in

terms of specific implications for lateralized neurophysiology,

or regarding the differences of lateralization found between

STG and HG. These topics must be subjects for future

research. Our data indicate a robust, lateralized fine-tuning of

gene expression at the genomic-level, which may have wide-

ranging but unpredictable implications for diverse neuro-

physiological mechanisms and properties. It is likely that the

combinatorial effects of small quantitative differences over

many genes determine neurophysiological outcomes that

underlie lateralized function in the superior temporal and

auditory cortex. The future modeling of these effects in cell

and animal models may require the simultaneous manipula-

tion of many genes, which will probably depend on im-

provements in technology for carrying out these studies.

Lateralization of gene expression will also need to be studied

at the level of individual neuronal and glial subtypes, andwith

respect to both grey and white matter. Although we under-

stand that the focus of both source studies was to collect

cortical tissue, at least one of the studies also included a small

proportion of whitematter in excisions (see section 2.1 above).

However, there is no reason to suspect that either study sys-

tematically includedmore white matter in excisions from one

hemisphere than the other, which could have affected the

http://dx.doi.org/10.1016/j.cortex.2015.03.003
http://dx.doi.org/10.1016/j.cortex.2015.03.003


c o r t e x 6 7 ( 2 0 1 5 ) 3 0e3 6 35
transcriptional lateralization that we detected. Again, because

our findings stem from averages over all samples, they should

be relatively robust to random sample heterogeneities of

composition.

A common limitation of post mortem studies is small

sample sizes, and this applies also to the source datasets that

we have analyzed here. We took several steps to mitigate this,

including the pooled analysis of all available adults aged

18e55 years in the dataset of Pletikos et al., the use of Bayesian

smoothing, and meta-analysis over two datasets. Reassur-

ingly, our QQ plots (Supplementary Figures 2 and 3) indicated

no general deviation of p values from the null expectations

throughout the bulk of the distribution of results, with only a

deviation at the tails, as would be expected if a minority of

gene sets are significantly lateralized. The lateralized gene

sets include both relatively small sets (e.g., glutamate receptor

activity, 20 genes) and relatively large sets (e.g., signal trans-

duction, 1572 genes).

An important question arising from our study is whether

genes showing lateralized expression in STG and HG also

contain polymorphisms that are associated with quantitative

variation in structural and functional measures of laterali-

zation within these regions. This question may be

approached using gene-set enrichment analysis and poly-

genic risk scores, in brain imaging genetics datasets pro-

duced for genome-wide association scanning (Cai et al., 2014;

Guadalupe et al., 2015; Hibar et al., 2015; Thompson et al.,

2014). Genetic association studies of individual candidate

genes, that were not so far motivated by data on lateralized

gene expression, have indicated that measures of language-

related functional lateralization may associate with com-

mon genetic variants (Ocklenburg et al., 2013; Pinel et al.,

2012).

In summary, we have detected transcriptional differences

between the cerebral hemispheres in the superior temporal

cortex and auditory cortex of human adults, particularly for

genes that are crucially involved in neuronal electrophysi-

ology and neurotransmission, and which were reproducible

across two datasets. These findings anchor the cerebral

biology of language to the molecular level. Future research in

model systems may determine how these molecular signa-

tures of neurophysiological lateralization effect fine-tuning of

cerebral cortical function, differently in the two hemispheres.

Polymorphisms within these gene sets may also combine to

influence language-related cognitive variability and

disorders.
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