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Objectives: Human brain development follows a unique pattern characterized by a prolonged period of postnatal
growth and reorganization, and a postnatal peak in glucose utilization. The molecular processes underlying these de-
velopmental changes are poorly characterized. The objectives of this study were to determine developmental trajecto-
ries of gene expression and to examine the evolutionary history of genes differentially expressed as a function of age.

Methods: We used microarrays to determine age-related patterns of mRNA expression in human cerebral cortical
samples ranging from infancy to adulthood. In contrast to previous developmental gene expression studies of human
neocortex that relied on postmortem tissue, we measured mRNA expression from the nondiseased margins of surgically
resected tissue. We used regression models designed to identify transcripts that followed significant linear or curvilin-
ear functions of age and used population genetics techniques to examine the evolution of these genes.

Results: We identified 40 transcripts with significant age-related trajectories in expression. Ten genes have docu-
mented roles in nervous system development and energy metabolism, others are novel candidates in brain develop-
ment. Sixteen transcripts showed similar patterns of expression, characterized by decreasing expression during
childhood. Comparative genomic analyses revealed that the regulatory regions of three genes have evidence of adaptive
evolution in recent human evolution.

Conclusions: These findings provide evidence that a subset of genes expressed in the human cerebral cortex
broadly mirror developmental patterns of cortical glucose consumption. Whether there is a causal relationship between
gene expression and glucose utilization remains to be determined. Am. J. Hum. Biol. 25:418-430, 2013. © 2013 Wiley

Periodicals, Inc.

INTRODUCTION

Understanding the evolutionary origins of the enlarged
human brain and human cognition is a topic of long-
standing interest (Darwin, 1871; Holloway, 1968; Jerison,
1973). In comparison to other primates, the human brain
is exceptionally large relative to body size (Gajdos et al.,
2010; Jerison, 1973) and consumes more than 20% of the
body’s total energy (Choi et al., 2009; Holliday, 1986;
Leonard et al., 2007). The intensive energetic demands of
the human brain are highest during childhood (see Fig. 1;
Chugani, 1998; Chugani et al., 1987), a pattern not
observed in nonhuman primates (Jacobs et al., 1995).
This period of enhanced energy metabolism likely reflects
underlying molecular and cellular processes that require
greater energy during childhood, including prolonged syn-
apse proliferation (Glantz et al., 2007; Huttenlocher and
Dabholkar, 1997) and neuronal plasticity (Galvan, 2010;
Johnston, 2009). Anthropologists have long explored the
evolutionary implications of this distinct pattern of brain
development (Leigh, 2004), focusing on human-specific
patterns of brain energy metabolism. For example, stud-
ies have explored the relationships between maternal
energy availability and brain size (Martin, 1981; Ojeda
et al.,, 2010), diet and brain metabolism (Aiello and
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Wheeler, 1995; Leonard and Robertson, 1992), body com-
position and brain metabolism (Kuzawa, 1998; Steinhoff
and Vingron, 2006), and the relationship between adrenal
steroids, cortical glucose utilization and brain develop-
ment (Campbell, 2011).

To understand the complex developmental processes
that underlie human brain development at a molecular
level it is important to first identify which genes are tran-
scriptionally active in the cerebral cortex during postnatal
development and to characterize how expression of these
genes changes during this dynamic period. These genes
may play important roles in postnatal brain development
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Fig. 1. Ontogenetic changes in cerebral glucose consumption.
Schematic view of developmental changes in glucose uptake (cortex)
in humans and macaque monkeys. Shown are human ICMRglu tra-
jectories in human frontal cortex from (Chugani et al., 1987) and mac-
aque neocortex from (Jacobs et al., 1995). The y-axis shows cerebral
glucose uptake as a percentage of adult levels and the x-axis shows
age as a percentage of mature age.

and can help highlight biological pathways and molecular
processes active in the brain during this time. In compari-
son to nonhuman primates, the neocortex of adult
humans is characterized by more pronounced upregula-
tion of genes involved in energy metabolism and neuronal
activity (Caceres et al., 2003; Nowick et al., 2009; Oldham
et al., 2006; Uddin et al., 2004). In addition, the human
prefrontal cortex has an excess of changes in metabolite
concentration profiles when compared with chimpanzee
and rhesus monkey (Fu et al., 2011). Metabolites with
human-specific concentration profiles are associated with
long-term potentiation, neuroactive ligand-receptor inter-
action, alanine, aspartate, and glutamate metabolism and
B-alanine metabolism (Fu et al., 2011).

Human brain tissues also show unique developmental
patterns of gene expression. In the human prefrontal cor-
tex, genes involved in energy metabolism, along with
genes that code for proteins involved in protein and lipid
synthesis, have a peak in expression during late adoles-
cence (Harris et al., 2009). During adolescence, there is
decreased expression of genes involved in glutamate and
neuropeptide signaling and neuronal development (Har-
ris et al., 2009). Most recently, Kang et al. (2011) reported
extensive spatiotemporal heterogeneity in gene expres-
sion in a large number of regional brain samples selected
from individuals spanning prenatal to adult development.
There is also a postnatal delay in the expression of a sub-
set of genes involved in neural development and neuronal
activity in the human prefrontal cortex when compared
with other primates, indicating that transcriptional neo-
teny may have played a role in human brain growth and
development (Liu et al., 2012; Somel et al., 2009, 2011).

Although these studies have provided important
insights into developmental changes in gene expression,
all past work in this area has measured expression levels
of mRNA derived from postmortem tissue. While these
studies provide valuable insight, gene expression studies
that utilize postmortem tissue may be more subject to
biases associated with death (Gary et al., 2000) and post-
mortem mRNA degradation (Catts et al., 2005; Ferrer
et al., 2008). In this study we examine changes in gene
expression using brain tissue derived from living patients
rather than tissues collected postmortem. By exploring
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age-related changes in mRNA expression in cerebral corti-
cal tissue that was excised during surgery and immedi-
ately flash-frozen, we are able to evaluate and extend
prior findings. We hypothesized that a subset of genes
would follow age-related changes in expression and that
these loci would follow trends consistent with ontogenetic
changes in energy metabolism, synaptogenesis, and neu-
ronal and synaptic plasticity observed at these ages. We
examined these questions using samples from 32 individ-
uals spanning in age from 10 months to 18 years, and
revealed genes that follow expression trajectories that
vary significantly with age.

MATERIALS AND METHODS
Sample information

Samples were collected from surgically resected tissue.
The majority of the samples originated from surgeries
performed to alleviate symptoms of epilepsy poorly con-
trolled by medication. We specifically targeted tissue from
the margin of the resection because this region showed
normal electrophysiological activity in patients with epi-
lepsy. Tissue samples were taken primarily from the tem-
poral lobe (Supporting Information Table S1). All tissue
samples were flash frozen in liquid nitrogen and stored at
—70°C at the time of surgery. This research was reviewed
and approved by the Human Investigation Committee
(HIC) at Wayne State University (HIC# 071608MP4X).
Supporting Information Table S1 includes sample infor-
mation (e.g., cortical region) and patient demographic
data (e.g., age, race/ethnicity, sex).

RNA extraction and microarray analysis

Tissue samples were homogenized in TRI Reagent
(Applied Biosytems/Ambion, Austin, TX). RNA was
extracted from the tissues using the MagMax-96 for
Microarray kit (Applied Biosystems/Ambion) or the TRI-
zol protocol (Invitrogen, Carlsbad, CA) following the man-
ufacturers’ instructions. The RNA isolation was further
purified with either the TURBO DNase treatment
(Applied Biosytems/Ambion) or the RNeasy kit in conjunc-
tion with the RNase-Free DNase Set (Qiagen, Valencia,
CA) according to the manufacturer’s recommendations.
Use of RNA of sufficient quality and quantity is key to
successfully performing a microarray experiment. The
concentration and quality of the DNA-free RNA isolations
were determined using the Nanodrop 1000 (Thermo Sci-
entific, Wilmington, DE) and the Agilent Bioanalyzer
2100 (Santa Clara, CA) respectively. As is customary, only
samples with ABS 260/280 ratios (used as a measure of
RNA purity) above 1.7 were selected for analysis (Ryan
et al., 2004). Microarray analyses were conducted by the
Applied Genomics Technology Center (AGTC; Wayne
State University, Detroit, MI). AGTC followed Illumina’s
protocol in the TotalPrep-96 RNA Amplification Kit
(Applied Biosytems/Ambion, Austin, TX) for labeling and
the Whole-Genome Gene Expression with IntelliHyb Seal
for the hybridization, wash and stain (Illumina, San
Diego, CA), as previously described (Sterner et al., 2012).

Data preprocessing

All samples were arrayed using the Illumina BeadChip
platform (Illumina, San Diego, CA). Before data analysis,
a number of preprocessing and normalization procedures
were performed to control and correct for experimental
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variation that may lead to false interpretations of the
data (Steinhoff and Vingron, 2006). Illumina BeadStudio
(V.3) was used to process the array images and obtain
background corrected intensity values for all 48,803
probes in 40 arrays (corresponding to 37 unique brain
samples [32 patients aged <18 years used in this study
and 5 patients aged over 18 used in additional studies
(Sterner et al., 2012)]) as well as the probe detection P val-
ues. A filtering step was used to retain only probes with a
detection P value <0.1 in at least 16 of the total number of
unique patient samples. There were 20,678 microarray
probes left after this filtering step. These 20,678 probes
were used in all subsequent analyses. To enable log trans-
formation of the data, all values in the expression matrix
were offset by adding a constant so that the smallest in-
tensity value became 1.0. These expression values were
then logs-transformed and quantile-normalized (Bolstad
et al., 2003). Finally, the expression values for each of the
two replicates for each sample were averaged.

Microarray image files collected for this research are
MIAME compliant (Minimum Information about a
Microarray Experiment (Brazma et al., 2001)) and are de-
posited in the National Center for Biotechnology Informa-
tion’s Gene Expression Omnibus (GEO) data repository
under the series accession number GSE37721.

Differential expression analysis

In order to focus on age-related changes that occur
before adulthood, we reduced our dataset to include only
samples derived from patients 18 years old or younger
(n = 32). To test the association between gene expression
levels and covariates (e.g., age), we fit linear models
(MCCullagh and Nelder, 1989). Linear models are the pre-
ferred way to analyze microarray experiments (Kerr,
2003; Smyth, 2005). The normalized and log transformed
expression levels of each probe were fit using a second-
degree polynomial function of age while adjusting for sex
and developmental delay of the patients (see equation
below). This model assumes a quadratic relationship
between gene expression levels (on log scale) and age (Liu
et al., 2005). We chose this model as a compromise
between the need to fit nonlinear trends and the need to
keep the number of parameters in the model low to ensure
adequate power.

]/,‘Z{Il()"r‘{)ll -AGE,--i—az -AGEl-z+a3 . SEX1+Q4 . Di+€i

In the equation above, i denotes the ith of the 32 sam-
ples used for these analyses, AGE represents the age of
the patient in years, SEX is a dichotomous variable coding
for sex (0 =females, 1 =males), and D is a dichotomous
variable coding for developmental delay (0 =no develop-
mental delay, 1= developmental delay). The D variable
was used to characterize seven individuals in our dataset
for whom “delay” was noted by their clinician. The exact
nature of this delay (fine motor, gross motor, language,
cognitive, social) was not given.

A P value based on an F-test was calculated for each
probe representing the probability that both coefficients
related to age (a; and as) are null (Smyth, 2005). The
nominal P values quantify the evidence of the association
between the probe expression level and the age while
adjusting for sex and developmental delay. The False Dis-
covery Rate (Benjamini and Hochberg, 1995) was then
calculated from the P values. Probes were sorted as a
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function of the nominal P values and those with pFDR-
values <0.25 were retained as significantly related to age.
The use of more relaxed thresholds (larger than 0.05) is
not uncommon in the field (Dorval et al., 2012; Levula
et al., 2012; Mittal et al., 2011).

The quadratic models that we used identify a range of
distinct profile types depending on the sign and magni-
tude of the age coefficients for each probe. To help visual-
ize the expression patterns, each probe was assigned to
one of eight the profile classes based on the overall quad-
ratic fit of their expression as a function of time (Support-
ing Information Table S2).

To rule out the possibility of a confounding effect
between our primary variable of interest (age) and patient
neuropathology, a linear model was used to test the asso-
ciation between the age of the patients and patient medi-
cation or neuropathology while adjusting for the sex of the
patient and potential developmental delay. This was done
using dummy variables coding 1 when a particular medi-
cation type or neuropathology was present in a patient
and 0 when it was not present.

Absolute expression level gene classification

In order to examine gene expression levels, we identi-
fied which probes have higher or lower absolute expres-
sion levels (across all ages) when compared with other
probes on the array. Probes were classified as a function of
their median expression in all available samples and
sorted into one of four expression level categories corre-
sponding to the quartiles in the distribution: expressed
(MIN <y < @1), moderate expression (@1 <y < @), high
expression (@2 <y < ®3) and very high expression
(Qs <y < MAX), where MIN =5.99, @, =6.35, Q3 =7.28,
R3=28.91, and MAX = 15.7.

Enrichment analyses of sets of genes

In addition to analyzing data on a gene-by-gene basis,
we conducted ‘self-contained’ tests (Wang et al., 2010) of
24 sets of a priori candidate genes (Supporting Informa-
tion Table S3) implicated in synapse organization and
function or energy metabolism. These analyses allowed us
to analyze expression patterns of groups of genes that
may otherwise go undetected. We also tested for enrich-
ment by expression level, age-association, and gene
expression profile pattern. Details of these tests are
described in the Supporting Information.

Adaptive evolution of cis-regulatory regions

Given the high degree of protein-coding sequence simi-
larity between humans and chimpanzees, King and Wil-
son (1975) suggested that cis-regulatory mutations might
account for much of the phenotypic differences between
these species. There is indeed increasing evidence of the
central role that regulatory regions have played in human
evolution (Torgerson et al., 2009). We investigated
whether our observed developmental patterns of gene
expression might be related to divergent evolution in non-
coding DNA sequences between humans and our close ape
relatives. We first downloaded sequences of noncoding
regions of protein-coding genes identified as differentially
expressed by our microarray study (n = 36). Sequences
were compiled from 21 recently sequenced human
genomes, including the human reference genome (hg19),
20 genomes available from the 1000 Genomes Project
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(The 1000 Genomes Project Consortium, 2010), and for
comparison, the Pan troglodytes reference genome (pan-
Tro3). We substituted the Gorilla gorilla reference ge-
nome (gorGor3.1) for a gene when the chimpanzee
sequences were missing or homology was unclear. We
were unable to investigate two genes (HYDIN and
ZNF525) due to ambiguity in homology with both Pan
and Gorilla.

We first performed standard McDonald-Krietman (MK)
tests (McDonald and Kreitman, 1991) to test for adaptive
evolution on coding regions of differentially expressed
genes. MK tests compare the number of synonymous sites
that are polymorphic between species or fixed between
species with fixed/polymorphic nonsynonymous sites.
Each class of sites (synonymous vs. nonsynonymous; poly-
morphic vs. fixed) was statistically evaluated using a 2 X
2 contingency table and the y? statistic. We then used an
extension of the MK test that compares neighboring cod-
ing and noncoding sequences to examine adaptive evolu-
tion (Andolfatto, 2005) in four distinct regions that
usually contain cis-regulatory elements: 5-UTRs, 3’-
UTRs, first introns, and promoter regions (defined here as
sequences within 1,000 bp upstream from the transcrip-
tion start site). In some cases (such as bidirectional pro-
moters), we defined promoters as regions <1,000 bp
between the transcription start site and coding sequence
of a neighboring gene. Modified MK tests use fourfold
degenerate sites of neighboring genes to estimate the neu-
tral rate of evolution and compares these with the neigh-
boring putatively nonneutral, noncoding regions. As in a
standard MK test, each class of sites (neutral vs. nonneu-
tral; polymorphic vs. divergent) is statistically evaluated
using a 2 X 2 contingency table and the »? statistic. If
P <0.05, then the “nonneutral” region was inferred to
have diverged from an expectation of neutrality. Addition-
ally, this test generates the neutrality index (NI), defined
as the ratio of polymorphic nonneutral sites to polymor-
phic neutral sites over the ratio of divergent nonneutral
sites to divergent neutral sites. An NI >1 is interpreted as
having more within-species variation than between-spe-
cies variation and negative selection is inferred (Rand and
Kann, 1996). If NI <1 then positive selection was inferred.
In some situations, the neutrality index could not be
defined due to the absence of neutral polymorphic sites;
therefore, positive selection was inferred if nonneutral di-
vergent sites were greater than non-neutral polymorphic
sites. We performed all MK tests using the web applica-
tion http:/mkt.uab.es (Egea et al., 2008).

RESULTS

Genes with expression patterns significantly associated with
age

A total of 40 probes met our criteria for being considered
significantly associated with age (pFDR < 0.25), indicat-
ing that these transcripts are differentially expressed dur-
ing human development. Of these, 36 are annotated genes
(with one gene represented by two probe sets), two are
undefined transcribed loci and one is a long noncoding
(Inc) RNA (Table 1; see also Supporting Information Table
S2 and Dataset S1; all datasets are deposited in the Dryad
repository and can be found at http://dx.doi.org/10.5061/
dryad.fj8dm). None of the 40 probes found to be signifi-
cantly associated with age were also significantly related
to sex or maturational delay. In addition, there were no
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significant associations between age and patient medica-
tion or neuropathology (Dataset S2), increasing our confi-
dence that the genes identified are genuinely associated
with age. Patient race was also included in an initial ana-
lytic model but was found not to be a significant factor.

Within the 36 identified genes, the most overrepresented
biological process was nervous system development (Gene
Ontology biological process GO:0007399 pFDR = 0.015;
Dataset S3). Therefore, this set of loci includes more genes
with known roles in nervous system development than one
would expect given random chance. The genes differentially
expressed by age and involved in nervous system develop-
ment are myosin XVI (MYO16), neuroglycan C (CSPG5),
dihydropyrimidinase-like 3 (DPYSL3), SRY (sex-determin-
ing region Y)-box 11 (SOXI1), glutamate receptor iono-
tropic N-methyl-D-aspartate 3A (GRIN3A), vang-like 2
(VANGLZ2), fibroblast growth factor 11 (FGF11), and double-
cortin (DCX). Expression of each of these eight genes
decreased from birth to early adolescence, at which point
levels were maintained (Fig. 2; average inflection 13 + 1.26
years). Eight additional genes showed this same expression
pattern, identifying them as additional candidates involved
in nervous system development (Supporting Information
Table S2 and Fig. S1).

Synapse- and energy metabolism-related gene enrichment

Fifteen (62.5%) of the 24 sets of a priori candidate genes
implicated in synapse organization and function and
energy metabolism (Supporting Information Table S3)
had median expression levels significantly higher
(pFDR < 0.05) than the remaining genes on the array
(Fig. 3A and Dataset S4). For example, genes involved
with mitochondrial ATP synthesis coupled electron trans-
port (biological process GO:0042775) had median expres-
sion level approximately ninefold higher (pFDR = 0) than
all other genes on the array not belonging to this GO
term. The only group of genes from the a priori sets to
show significantly lower expression than other genes on
the array are those involved in neurotransmitter binding
(molecular function GO:0042165; 40% lower expression
pFDR = 0.03).

Five of the 24 sets of a priori candidate genes also
included genes with age-related patterns of gene expression
(Fig. 3B and Dataset S4; i.e., the median P value from the
age association analysis was significantly lower than the
median P values of all other genes on the array). As a
group, genes that function in synapse organization
(GO:0050808) exhibited a gene expression profile that more
often showed decreased expression with increasing age
than when compared with the remainder of the genes on
the array [pFDR (age) = 0.02; pFDR (profile) = 0.18; odds
ratio = 2.26]. Genes involved in oxidative phosphorylation
[GO:0006119; pFDR (age) = 0.02; pFDR (profile) = 0.0002;
odds ratio = 3.80] and mitochondrial ATP synthesis-coupled
electron transport [GO:0042775; pFDR (age) = 0.04; pFDR
(profile) = 0.002, odds ratio=4.81] more often showed
increased expression with increasing age. Genes involved
in energy reserve metabolic process (GO:0006112) and glyco-
gen metabolic process (GO:0005977) more often had a “u
shape” (higher in youngest and oldest individuals, but
lower in between) expression pattern [pFDR (age) = 0.002;
pFDR (profile) = 0.004, odds ratio=6.64; and pFDR
(age) = 0.002; pFDR (profile)=0.01, odds ratio=6.33,
respectively].
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TABLE 1. Genes differentially expressed by age

Gene symbol Gene name Fold change Expression level P value pFDR
S100A 5100 calcium binding protein Al 2.8011 Very high 1.2e-05 0.0724
NQOI NAD(P)H dehydrogenase, quinone 1 4.0935 Very high 0.0002 0.1836
C13o0rf16 Testis expressed 29 (TEX29) 2.8631 Moderate 3.2e-05 0.0724
CYB5D1 Cytochrome b5 domain containing 1 1.5423 High 0.0001 0.1525
DDRGKI1 DDRGK domain containing 1 1.6678 Very high 0.0002 0.1836
ZNF365 Zinc finger protein 365 1.9122 Very high 0.0005 0.2469
An unspliced putative IncRNA; EST support; shares 1.4509 Moderate 1.9e-05 0.0724
a bidirectional promoter with the gene ARPC2
DCUNI1D4 DCNI1, defective in cullin neddylation 1, domain 1.8737 Moderate 0.0003 0.1836
containing 4 (Saccharomyces cerevisiae)
STAT4 Signal transducer and activator of transcription 4 3.6449 High 1.7e-05 0.0724
TPD52L1 Tumor protein D52-like 1 3.7254 High 3.7e-05 0.0763
MED7 Mediator complex subunit 7 1.4786 High 0.0001 0.1525
TPD52L1 Tumor protein D52-like 1 3.8301 High 0.0004 0.2334
MYO16 Myosin XVI 2.9766 Very high 2.3e-05 0.0724
FARPI FERM, RhoGEF (ARHGEF) and pleckstrin domain 1.6419 Very high 5.6e-05 0.1048
protein 1 (chondrocyte-derived)
CSPG5 Chondroitin sulfate proteoglycan 5 (neuroglycan C) 2.1078 Very high 0.0001 0.1525
DPYSL3 Dihydropyrimidinase-like 3 2.0387 Very high 0.0003 0.1836
CX3CL1 Fractalkine or chemokine (C-X3-C motif) ligand 1 1.7777 Very high 0.0003 0.1939
AUTS2 Autism susceptibility candidate 2 1.6693 Very high 0.0003 0.1939
FAM57B Family with sequence similarity 57, member B 1.7776 Very high 0.0003 0.1939
MPP3 Membrane protein, palmitoylated 3 (MAGUK p55 1.7316 Moderate 0.0003 0.1836
subfamily member 3)
SOX11 SRY (sex determining region Y)-box 11 4.6756 High 3.1e-07 0.0048
GRIN3A Glutamate receptor, ionotropic, N-methyl-D-aspar- 2.4637 High 2.9e-05 0.0724
tate 3A
VANGL2 Vang-like 2 (van gogh, Drosophila) 1.6925 High 6.5e-05 0.1120
FGF11 Fibroblast growth factor 11 2.1011 High 8.7e-05 0.1390
DCX Doublecortin 1.9803 High 0.0002 0.1836
EMID1 EMI domain containing 1 2.4357 High 0.0003 0.1939
SH3RF3 SH3 domain containing ring finger 3 1.7010 High 0.0004 0.2349
GSK3B Glycogen synthase kinase 3 beta 1.7666 Expressed 2.7e-05 0.0724
BCAN Brevican 1.9912 Very high 0.0001 0.1525
ANKRD57 Ankyrin repeat domain 57 2.0884 High 4.7e-07 0.0048
TMEM108 Transmembrane protein 108 1.8238 High 0.0001 0.1525
IGSF1 Immunoglobulin superfamily, member 1 2.4555 High 0.0001 0.1525
CPLX3 Complexin 3 2.7477 High 0.0004 0.2349
TNNI3 Troponin I type 3 (cardiac) 2.0872 Expressed 0.0002 0.1836
L1M2 repeat on X chr (UniGene Hs.546135) 1.7425 Expressed 0.0002 0.1836
Transcribed locus on chr 5 (UniGene Hs.339163) 1.4981 Expressed 0.0003 0.1836
PLIN4 Perilipin 4 1.8706 Moderate 0.0003 0.2060
HYDIN Axonemal central pair apparatus protein 1.7998 Expressed 0.0002 0.1525
ZNF525 Zinc finger protein 525 1.5949 Expressed 0.0004 0.2334
RNH1 Ribonuclease/angiogenin inhibitor 1 1.7229 High 0.0002 0.1525

Validation of microarray data using gPCR

We carried out quantitative reverse transcriptase real-
time PCR (qPCR) validation for six genes of interest that
demonstrated distinctive expression profile classes (Fig. 4
and Supporting Information Fig. S2). We chose for valida-
tion six probes annotated to genes with expression profile
classes concordant with ontogenetic changes in glucose
utilization (n shape; NQO1, S100A, C130rf16 and up then
flat; DDRGK1, MED7, DCUN1D4). The qPCR results for
NQOI, S100A, DDRGK1, and MED7 agreed with the
microarray findings in terms of the shape of the expres-
sion profile and significance assessed using the same
methods and significance thresholds as used in the micro-
array analysis (Fig. S2). For MED7 however, we observed
a poor correlation between microarray and qPCR expres-
sion levels in the subset of samples profiled using both
platforms (Fig. 4). Details of the qPCR validation process
are described in the Supplementary Methods.

Adaptive evolution of cis-regulatory regions

We found evidence suggestive of adaptive evolution in
the human lineage in cis-regulatory regions of three of the

differentially expressed genes (Supporting Information Ta-
ble S4). Two of these genes (BCAN and GRIN3A) showed
evidence of positive selection in their promoter regions
(BCAN, 7*=4.739, df =1, P=0.029; GRIN3A, ;*>=7.866,
df=1, P=0.005). GRIN3A showed evidence of positive
selection in the 5 and 8 UTR regions (5UTR, %= 7.510,
df=1, P=0.006; 3'UTR, z2=6.639, df=1, P =0.009), and
BCAN showed evidence of positive selection in its 3'UTR
and first intron (3’'UTR, 42 = 6.572, df = 1, P = 0.010; intron,
> =6.898, df=1, P=0.008). BCAN and GRIN3A show
human-specific expression changes in the prefrontal cortex
when compared with chimpanzee and rhesus macaque,
which is consistent with our findings (Liu et al., 2012).
Human-specific expression changes may also be explained
by trans-factors (e.g., transcription factors or microRNAs)
(Somel et al.,, 2011). The promoter region of ANKRD57
showed statistically significant evidence of negative selec-
tion (y2=6.239, df =1, P=0.012), as evidenced by a high
neutrality index (NI=15.3). This implies evolutionary pres-
sure for conservation at ANKRD57 between humans and
chimpanzees. In addition, one gene, STAT4, shows evidence
of positive selection (42 = 5.176, df = 1, P = 0.022) in its cod-
ing sequence in the human lineage.
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Fig. 2. Expression plots for differentially expressed genes annotated to nervous system development. The logs transformed and normalized
mRNA expression levels as a function of age for genes annotated to the Gene Ontology (GO) term nervous system development. The black curve
represents a quadratic fit of the expression levels on age. The y-axis shows log2 normalized gene expression signal intensities and the x-axis
shows age in years. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Intersection of differentially expressed genes with knock out
mouse data

Sixteen of our 36 genes have associated phenotype data
derived from knock out or knock down experiments in
mice (Austin et al., 2004). Disruption of 11 of these 16
genes resulted in abnormal phenotypes assigned to the
following broad categories: nervous system (MP:0003631)
or behavior/neurological (MP:0005386) [Mammalian Ge-
nome Informatics (Blake et al., 2009)], suggesting they
are important for nervous system development and func-
tion in mice (Dataset S5). These genes included: BCAN
(Brakebusch et al., 2002), CPLX3 (Reim et al., 2009; Xue
et al., 2008), CSPG5 (Juttner et al., 2005), CX3CLI
(Soriano et al., 2002), DCX (Kappeler et al., 2006; Nosten-
Bertrand et al., 2008; Tuy et al., 2008), GRIN3A (Brody
et al.,, 2005; Das et al.,, 1998; Larsen et al., 2011;
Nakanishi et al., 2009; Roberts et al., 2009), GSK3/ (Kapf-
hamer et al., 2010; Kim et al., 2006), HYDIN (Davy and
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Robinson, 2003), SOX11 (Lin et al., 2011; Potzner et al.,
2010; Thein et al., 2010), S100A (Ackermann et al., 2006)
and VANGL2 (Kibar et al., 2001; Torban et al., 2007).
Future work will be necessary to understand whether the
function of these genes in the human brain is comparable
to their function in the mouse brain.

DISCUSSION
Gene expression in the context of energy metabolism

In light of the size and energetic costs of the human
brain, energy metabolism genes might be important in
human neocortical development. Indeed, previous studies
have shown that genes coding for proteins involved in bio-
logical processes that supply the brain with energy dis-
play evidence of adaptive evolution in primates (Adkins
and Honeycutt, 1994; Adkins et al., 1996; Andrews et al.,
1998; Doan et al., 2004; Grossman et al., 2001, 2004;
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A Significant difference in expression level.
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Fig. 3. Synapse- and energy metabolism-related gene enrichment. GO terms associated with synapse and energy metabolism related func-
tions and modified gene lists derived from the Genes to Cognition Database http://www.genes2cognition.org/cgi-bin/GeneListView. Further in-
formation about GO Terms and Gene Lists can be found in Supporting Information Table S3. (a) As a group, these sets of genes have
significantly (pFDR < 0.05) higher median expression level than all other probes called present on the array. *Mitochondrial ATP synthesis-
coupled electron transport (GO:00042775) has been abbreviated as “electron transport.” (b) These sets of genes show enrichment in genes more
likely to be associated with age (pFDR < 0.05). Oxidative phosphorylation (GO:0006119) and energy reserve metabolic process (GO:0006112) are
not shown because they are the parent terms of mitochondrial ATP synthesis coupled electron transport (GO:00042775) and glycogen metabolic
process (GO:0005977), respectively. The gene expression profile classes most enriched in these gene lists are given with pFDR values and odds

ratios.

Schmidt et al., 2002; Uddin et al., 2008a,b). Additionally,
more pronounced upregulation of genes involved in
energy metabolism and neuronal activity has been found
in human neocortical tissue compared with nonhuman
primates (Caceres et al., 2003; Fu et al., 2011; Nowick
et al., 2009; Oldham et al., 2006; Uddin et al., 2004). We
hypothesized that expression of genes involved in the pro-
cess of energy metabolism would increase or decrease
with developmental changes in energy consumption in
the brain. Surprisingly, many genes that encode proteins
known to play a role in energy metabolism (e.g., compo-
nents of NADH dehydrogenase) did not show age-related
patterns of gene expression, but instead had higher
expression levels across all samples compared with the
expression levels of the remaining genes on the
microarray.

Of the 36 genes found to be differentially expressed by
age, only two are known to encode proteins with functions
related to energy metabolism: NQO1 and GSK3p. Glyco-
gen synthase kinease-33 (GSK3f), a serine-threonine
kinase involved in glucose homeostasis (Buller et al.,
2008; Hoshi et al., 1996; Plyte et al., 1992) and numerous

other functions, showed overall low expression that
decreased during childhood. NAD(P)H dehydrogenase
[quinone] 1 is an enzyme that functions in antioxidant
defense by limiting production of reactive oxygen species
(Ross et al., 2000) and has electron carrier activity (molec-
ular function GO:0009055). NQO1 expression more closely
mirrored known patterns of glucose consumption (Chugani
et al., 1987) and had overall expression levels in the upper
quartile. Disruption of NQO1 in mice led to decreased circu-
lating glucose levels (Gaikwad et al., 2001).

When we analyzed energy metabolism genes as a group
(designated by such gene ontology terms as oxidative
phosphorylation and mitochondrial ATP synthesis-
coupled electron transport) we found this group to be
enriched with genes that showed increased expression
with age (Fig. 3B). This finding suggests that some of
these transcripts may also be developmentally regulated
but failed to meet the strict criteria of our differential
expression analyses described above. These genes as a
whole showed a trend of increased expression until adult-
hood, rather than a peak in expression earlier in develop-
ment, as is the case with cortical glucose uptake. The
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difference between the expression profile we predicted
and the profile we observed may be attributed in part to
(1) the fact that glucose is not just an energy substrate,
but during growth can also be diverted into biochemical
pathways that promote nucleotide and lipid biosyntheses
(McKenna et al., 2006); (2) the possibility that glucose me-
tabolism efficiency increases with age; (3) the observation
that the majority of glucose is used to maintain resting
membrane potentials, and with the increase in synaptic
pruning during adolescence energy requirements dimin-
ish; and/or (4) the fact that mitochondria use ATP for axo-
nal transport, which should use more energy in the adult
than the neonate, and for Ca buffering, whose needs
should increase with the number of active synapses.

Developmentally regulated genes

Although aerobic energy metabolism-related genes
were not overrepresented in our dataset of differentially
expressed genes, we did identify a subset of the genome
that is developmentally regulated in the brain during
approximately the first two decades of life and therefore
may be critical for postnatal brain development. In this
section we discuss some of the major patterns observed in
our dataset and highlight potential candidate genes for
future studies.

Genes involved in nervous system development, general
developmental processes, and biological regulation were
overrepresented in our dataset (Dataset S3). The majority
of our differentially expressed genes (n=28) showed
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greater than median expression. In addition, of the eight
profile classifications we used (Supporting Information
Table S2), more transcripts fit the “down then flat” profile
than the other seven profiles. Genes annotated to nervous
system development in particular, all showed this pattern
of expression (i.e., highest at birth with decreasing
expression until adolescence). This finding is consistent
with previous studies of postmortem human cortex tissue
that have found that genes associated with axon guid-
ance, long-term synaptic depression, regulation of tran-
scription, and cell division show a continually declining
pattern of expression over the course of postnatal develop-
ment (Somel et al., 2009). Many of these genes have well
described roles in the nervous system and our findings are
consistent with studies that highlight their importance
during development (e.g., GRIN3A encodes a subunit of a
glutamate receptor which plays a critical role in synaptic
plasticity (Traynelis et al., 2010)). In addition, some of
these genes have been associated with disorders of the
nervous system. For example, reduced expression of
DPYSL3, neuroglycan C (encoded by CSPG5), and DCX
early in development has been shown to correlate with
Down syndrome (Weitzdoerfer et al., 2001), fetal growth
retardation in rodents (Saito et al., 2009), and abnormal
neural growth and differentiation (Qin et al., 2000a,b),
respectively. Our findings suggest that these genes also
alter their expression levels as a normal part of postnatal
life.

Of the remaining 28 differentially expressed genes,
another eight (FARP1, CX3CL1, AUTS2, FAM57B, MPP3,
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EMID1, SH3RF3, and GSK3f) showed an expression pat-
tern similar to that seen for the genes specifically anno-
tated to nervous system development, suggesting they may
be equally important for the developing brain and are can-
didates for further study. GSK3/, as discussed above, is
involved in glucose homeostasis and disruption of GSKf}3
in mice resulted in abnormal behavior/neurological pheno-
types. FARPI, fractalkine (CX3CLI), and MPP3 are all
annotated to biological regulation and therefore may regu-
late biological process, quality or function during postnatal
brain development. Autism susceptibility candidate 2
(AUTS?2) has been associated with autism (Sultana et al.,
2002) and mental retardation (Kalscheuer et al., 2007).
Although the precise function of AUTS2 is currently
unknown, recent evidence suggests that in mice it may be
important for neuronal development (Bedogni et al., 2010).
Our study suggests that this gene is developmentally regu-
lated in humans. Less is known about the function of
FAM57B, EMID1, and SH3RF3 in the brain. In addition,
there is much less information about the functions of the
majority of the genes with expression trajectories that fit
the remaining 7 profile classifications (Supporting Infor-
mation Table S2). Although some of these genes have been
described in other tissues (e.g., troponin I type 3 in the
heart, TNNI3), their role in the brain is unknown. Our
study suggests these genes are differentially expressed in
the human brain during childhood and adolescence and
may make interesting candidates for further study.

Gene expression in the context of human DNA sequence
evolution

There is increasing evidence that cis-regulatory
changes can have large effects on gene expression pat-
terns, and thus morphological and behavioral differences,
between closely-related species (Wray, 2007). One key dif-
ference between humans and nonhuman primates is that
humans have a longer period of postnatal development
(Leigh, 2001; Leigh and Park, 1998) during which there is
extensive brain growth and reorganization and elevated
levels of glucose consumption. We found evidence of genes
that likely play important roles in brain development dur-
ing this time period. Although we do not currently have
directly comparable expression data for nonhuman pri-
mate species, we were able test the regulatory regions of
our candidate genes for evidence of adaptive evolution in
humans. We found evidence for adaptive evolution in the
cis-regulatory regions of three differentially expressed
genes identified in this study. Two of the genes (BCAN
and GRIN3A) showed evidence of positive selection in the
human lineage since the last common ancestor shared
with the chimpanzee. BCAN is a gene implicated in long-
term potentiation and stabilization of synapses during
postnatal brain development (Dityatev and Schachner,
2003). GRINS3A is part of the NMDA receptor and directly
involved in synaptic transmission and plasticity (Trayne-
lis et al., 2010). Adaptive evolution or divergence of the
coding region of GRIN3A between humans and chimpan-
zees has been implicated in other studies (Goto et al.,
2009; Toll-Riera et al., 2011). Significant human diver-
gence in the cis-regulatory regions of these genes suggests
that age-related expression patterns may have also
diverged greatly between humans and chimpanzees. In
support of our findings, BCAN and GRIN3A show human-
specific expression changes in the prefrontal cortex when
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compared with nonhuman primates (Liu et al., 2012).
More experimental work is needed to determine if the cis-
regulatory changes we identify here drive changes
observed in the expression of these genes. In contrast,
ANKRD57 shows evidence of strong purifying selection,
and may show evidence of a retained expression pattern
in this gene. One gene, STAT4, shows evidence of positive
selection in the coding sequence. STAT4 is a transcription
factor involved in immune function and cell proliferation;
its role in the brain development is unclear although it
shows human-specific expression changes in the prefron-
tal cortex as well (Liu et al., 2012).

Potential limitations

Our study includes four potential limitations. First, our
study is more targeted and conservative than previous
studies, which may result in fewer detected differentially
expressed transcripts. Second, our study design is cross-
sectional, not longitudinal. The ideal study would sample
human individuals multiple times during development,
but current technology does not enable this approach
given the invasive nature of tissue collection and other
ethical considerations. Third, our samples were opportun-
istically collected and are derived from patients with
known neuropathologies (e.g., epilepsy); and therefore,
some gene expression levels may be representative of neu-
ropathology. Fourth, gene expression patterns may not
mirror patterns of protein expression. The following sec-
tion discusses these potential limitations in the context of
our findings.

Our study is more conservative than previously pub-
lished studies. Recently, a developmental human tran-
scriptome dataset was published that included over 1,500
microarray experiments sampling individuals from prena-
tal to adult life from eleven neocortical regions (Kang
et al., 2011). The study demonstrated that nearly 24% of
well-annotated genes are differentially expressed within a
particular brain region in at least 1 of 15 age class bins.
This result suggests many more genes are differentially
expressed than we report here. One reason for this dis-
crepancy is that our analytical approach is quite different
from that taken by Kang et al. (2011). We calculated quad-
ratic regressions, which require differential expression
values at many developmental time points in order for sig-
nificance to be achieved. In that sense, our study is much
more conservative. However, our goal was to find genes
that showed age-related patterns of expression difference
that parallel previously published glucose utilization
curves (Chugani et al., 1987), and underlying processes of
synaptogenesis (Glantz et al., 2007; Huttenlocher and
Dabholkar, 1997), whereas Kang et al. (2011) focused on
characterizing gene expression patterns across brain
regions and developmental stages. As such, the two stud-
ies are not directly comparable. Despite these differences
some results from the two studies are similar. For exam-
ple, we corroborate the finding that doublecortin (DCX)
shows higher expression in children than in adults.

In addition, the stringency of our multiple comparisons
criteria made our regression analyses conservative; there-
fore, many transcripts that follow developmental trends
but are not strong correlates of age did not pass the signif-
icance threshold in our analyses. Although the stringency
of our methods gives us confidence that we have identified
the genes with the strongest developmental trajectories,
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it is likely that additional gene transcripts are involved in
cortical development.

The present study design is cross-sectional, which
requires that we infer developmental changes from sam-
ples obtained from different individuals varying in age.
Although this could lead us to conflate individual differen-
ces with age-related changes, the statistical methods that
we used only identified relatively consistent trends across
the full set of samples and included rigorous adjustment
for multiple hypothesis testing, thus reducing the likeli-
hood of individual data points having large effects on the
findings.

In order to avoid potential biases associated with utiliz-
ing tissue samples derived postmortem (see above), we
utilized tissue derived mainly from patients undergoing
surgery to treat epilepsy. As part of these procedures, a
small amount of healthy tissue is often removed to ensure
full excision of the lesion. We used this healthy (i.e., elec-
trophysiologically inactive) tissue as in previous studies
that demonstrate gene expression differences in nonepi-
leptic (electrophysiologically inactive) vs. epileptic (elec-
trophysiologically active) tissue (Rakhade et al., 2005).
Furthermore, brain glucose metabolism in epileptic
infants, children, and adults was found to follow a similar
developmental curve to patients without epilepsy
(Chugani et al., 1987) despite partial epilepsy and patient
treatment with anti-epileptic medication (Bentourkia
et al., 1998). Unfortunately we did not have patient infor-
mation about duration of disease, although all surgical
candidates shared the characteristic of having epilepsy
that was unresponsive to standard medications at the
time the tissue was collected. Although inferring normal
developmental patterns of gene expression from surgi-
cally resected tissue derived from patients with neurologi-
cal pathologies (e.g., epilepsy) is not ideal, use of the
healthy surrounding tissue provides invaluable informa-
tion about differential gene expression in human neocorti-
cal tissue during ontogeny. We have found some
correspondence between postmortem and resected gene
expression patterns (this study and Sterner et al., 2012).
In addition, we note that some of the genes [e.g., GRIN3A
(Choi et al., 2009; Harris et al., 2009; Henson et al., 2008)
and BCAN (Gary et al., 2000)] included in our study have
also been shown to be developmentally regulated in other
studies that measure mRNA levels in tissues collected
postmortem from individuals without epilepsy.

Pubertal stage may serve as a better indicator of age
for some individuals in our study. It would also be inter-
esting to explore gene expression changes associated
with the onset of puberty (Ojeda et al., 2010) and exam-
ine the relationship between hormone production and
the developmental changes we describe here (Campbell,
2011). Unfortunately we were unable to consider
pubertal stage for the individuals included in this study;
however, only a few individuals included in our analyses
were taken from individuals at or around the time of
puberty onset.

In this study we determined age-related patters of
mRNA expression in human cerebral cortical samples.
Studies suggest that mRNA levels may only partly corre-
spond to protein concentrations (Plotkin, 2010). It will be
interesting to determine if genes involved in energy me-
tabolism are developmentally regulated at the protein
level and if there is correspondence between mRNA and
protein levels in our brain samples.
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CONCLUSIONS AND FUTURE PROSPECTS

In sum, our investigation of patterns of gene transcrip-
tion in human cortical samples representing individuals
from 10 months to 18 years of age identified 40 transcripts
(38 unique genes) that followed distinct developmental
changes in expression that are similar to glucose utiliza-
tion curves (Chugani et al., 1987) and processes of syn-
apse formation (Glantz et al., 2007; Huttenlocher and
Dabholkar, 1997). Among genes following significant de-
velopmental/ontogenetic trajectories, those involved in
nervous system development were significantly overre-
presented. We found comparatively little evidence for
developmental trajectories in genes annotated to function
in synapse or energy metabolism related processes.
Instead, many of these genes were found to have high
expression levels at all ages when compared with expres-
sion levels of the remaining genes on the microarray.
Analyses of cis-regulatory sequence changes provides evi-
dence of adaptive evolution in three of the 36 age-specific
differentially expressed genes identified in this study. Two
of these genes (BCAN and GRIN3A) showed evidence of
positive selection in the human lineage since the last com-
mon ancestor shared with the chimpanzee, while
ANKRD57 showed evidence of strong purifying selection
in this same lineage. Closer examination of how the 40
transcripts described here, in particular those with evi-
dence suggesting positive selection in humans (e.g.,
BCAN and GRIN3A), are regulated in nonhuman prima-
tes and other large brained mammals will help determine
more precisely whether the developmental patterns of
gene expression we observed are evolutionarily derived in
humans or conserved among other primates.
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