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Extension of cortical synaptic development
distinguishes humans from chimpanzees and macaques
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®Max Delbriick Center for Molecular Medicine, Berlin Institute for Medical Systems Biology, 13092 Berlin-Buch, Germany; “Max Planck
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Over the course of ontogenesis, the human brain and human cognitive abilities develop in parallel, resulting in a phe-
notype strikingly distinct from that of other primates. Here, we used microarrays and RNA-sequencing to examine
human-specific gene expression changes taking place during postnatal brain development in the prefrontal cortex and
cerebellum of humans, chimpanzees, and rhesus macaques. We show that the most prominent human-specific expression
change affects genes associated with synaptic functions and represents an extreme shift in the timing of synaptic de-
velopment in the prefrontal cortex, but not the cerebellum. Consequently, peak expression of synaptic genes in the
prefrontal cortex is shifted from <l yr in chimpanzees and macaques to 5 yr in humans. This result was supported by
protein expression profiles of synaptic density markers and by direct observation of synaptic density by electron mi-
croscopy. Mechanistically, the human-specific change in timing of synaptic development involves the MEF2A-mediated
activity-dependent regulatory pathway. Evolutionarily, this change may have taken place after the split of the human and

the Neanderthal lineages.

[Supplemental material is available for this article.]

Cognitive differences between humans and chimpanzees are striking
(Povinelli and Preuss 1995). However, humans and chimpanzees
differ by only about 1.2% in their primary DNA sequences, repre-
senting the divergence of the two species over the last 4-6 million
yr (Chen and Li 2001; Ebersberger et al. 2002). The major question
is, therefore, how has human cognition evolved within such a
short evolutionary time?

Simple alterations in developmental processes, such as shifts
in the timing of events, can result in dramatically novel pheno-
types (Gould 1977; McNamara 1997). Cognitive abilities are no
exception, and variations in neurodevelopmental timing can sig-
nificantly affect cognitive function (Johnson 2001; Langer 2006).
It was therefore hypothesized that the remodeling of brain de-
velopment, and specifically changes in gene expression levels
during human neurodevelopment, could underlie the evolution of
human-specific cognitive abilities (King and Wilson 1975; Gould
1977). Indeed, it is possible that cognitive features characteristic of
human postnatal development might be mirrored by human-
specific changes in anatomical and functional brain development.
These changes, in turn, would be both regulated by, as well as
reflected by, human-specific gene expression changes over the
course of human brain development and maturation.
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In support of this hypothesis, it was recently shown that some,
but not all, gene expression changes taking place during human
postnatal prefrontal cortex (PFC) development showed timing dif-
ferences relative to chimpanzees and macaques (Somel et al. 2009).
Although no specific mechanism associated with cognitive devel-
opment was identified in that study, it reported that genes showing
human-specific delays tended to be neuron-associated. This finding
might be linked to earlier observations from stereological studies
showing that synaptic density in the PFC peaks around 4-5 yr of age
in humans but within the first months in macaques (Rakic et al.
1986; Huttenlocher and Dabholkar 1997). Whether or not delayed
frontal cortex synaptogenesis is human-specific or is shared with
chimpanzees remained unknown.

Human-specific timing changes in brain development could
potentially be related to novel patterns of cognitive maturation in
humans. Human cognition and the human brain develop in syn-
chrony during postnatal ontogenesis. For example, the infant hu-
man brain grows at a pace unmatched by the chimpanzee during
the first few years of life (Leigh 2004). This is also the period when
assimilation of cultural knowledge from conspecifics is an essential
part of cognitive development in human infants. Differences be-
tween humans and nonhuman primates in their ability to assimi-
late such knowledge are already apparent by 2.5 yr of age (Tomasello
2008). Another notable fact is that human children, in contrast to
offspring of other primates, remain dependent on others after
weaning, between 3 and 7 yr of age. This ontogenic period, during
which the infant brain remains highly plastic, has been hypothe-
sized to be unique to humans (Bogin 1997).

Here, to gain a deeper understanding of the evolution of hu-
man cognition, we studied the function and regulation of human-
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specific expression changes during brain development by using
multiple large-scale gene expression data sets. By using both micro-
array and sequencing platforms, we compared postnatal brain on-
togenesis in humans, chimpanzees, and rhesus macaques in two
functionally and evolutionary distinct brain regions: the dorsolateral
PFC and lateral cerebellar cortex (CBC).

Results

Gene expression profiles specific to human brain development

We analyzed mRNA expression levels measured in the PFC and the
CBC of humans, chimpanzees, and rhesus macaques using Affy-
metrix Gene 1.0ST microarrays, in 12-26 individuals per species,
with both brain regions derived from the same individual in almost
all cases (PFC/CBC: 23/22 humans, 12/12 chimpanzees, 26/24
macaques) (Somel et al. 2011). The samples span the bulk of each
species’ lifespan, with a particular focus on the first years of life
(humans, 0-98 yr; chimpanzees, 0-44 yr; rhesus macaques, 0-28 yr)
(Fig. 1A; Supplemental Table S1).

By using microarray probes matching all three genomes per-
fectly, we reliably detected expression from more than 12,000
genes (PFC, 12,447; CBC, 12,853) (Supplemental Table S2). By
using polynomial regression analysis, we identified ~8000 genes
that show significantly changed expression levels with age in at
least one brain region of at least one species (PFC, 8613; CBC, 7988;
F-test P < 0.01; permutation-based false-discovery rate [FDR]<0.10)
(Fig. 1B; Supplemental Table S3). Among these genes, we identified
species-specific age-related expression changes using analysis of
covariance. For instance, genes were classified as having human-
specific expression patterns if their pattern of expression change
during ontogenesis differed significantly between humans and
chimpanzees, as well as between humans and macaques, but did
not differ between chimpanzees and macaques. We ignored ex-
pression differences between species that were constant across
lifespan (Supplemental Fig. S1A), since constant expression dif-
ferences predominantly follow neutral divergence patterns and
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Figure 1. Age-related gene expression change in the PFC and CBC. (A)
Age distribution of samples used in this study. Each point represents an
individual, with technical replicates shown as a second point below the
first. Only one of the two replicates was used in the main analysis. The
colors indicate brain regions (red, PFC; gray, CBC). The x-axis represents
individual age in fourth root (age'/*) scale. Numbers of age-related genes
(B) and genes with species-specific expression profiles (C) identified in the
PFC (red) or CBC (gray). The red arrows highlight excess human-specific
expression changes in the PFC.

tend to affect multiple tissues (Somel et al. 2011). They are,
therefore, less likely to be related to cognitive development. Fur-
thermore, constant expression differences are more likely to be
caused by technical and environmental artifacts (Gilad et al. 2006;
Khaitovich et al. 2006).

In the CBC, we found 260 genes with human-specific ex-
pression profiles and 82 genes with chimpanzee-specific expres-
sion profiles. In the PFC, 702 genes had human-specific expression
profiles and S5 genes had chimpanzee-specific expression profiles
(Fig. 1C). Thus, there is a threefold excess of genes showing hu-
man-specific expression changes in the CBC and a 12-fold excess
in the PFC. This was not caused by differences in sample numbers,
in the age distributions of samples, or in maturation rates among
species, as quantitatively similar results were obtained using sub-
sets of 10 individuals per species where age distributions were
matched with regard to chronological age or to age normalized to
the species’ lifespan (Supplemental Fig. S1C,D; Supplemental Table
S4). Notably, we have also detected an excess of human-specific
developmental changes in the PFC using a different statistical
procedure, as reported recently (Somel et al. 2011). Finally, there
was no difference in quality of the PFC and CBC data sets, as the
total numbers of age-related changes identified in the two brain
regions in all three species were comparable (Fig. 1B; Supplemental
Fig. S1B).

The excess of human-specific developmental changes, com-
pared with chimpanzee-specific ones, observed in the two brain
regions is intriguing, as is the fact that the excess is greater in the
PFC. Both of these brain regions have been previously implicated
in complex and possibly human-specific cognitive functions: the
PFC in processes such as social behavior, abstract thinking, and
reasoning (Clark et al. 2001; Wood and Grafman 2003; Rilling
2006; Barbey et al. 2009) and the CBC with language and manual
abilities (Rilling 2006). Our results, however, suggest that biological
and/or functional remodeling of the human PFC since divergence
from chimpanzees has been more extensive than that of the CBC.
To investigate this further, we checked whether genes with human-
specific developmental expression profiles form discrete coex-
pressed modules that might share functional and regulatory char-
acteristics. By using nonsupervised hierarchical clustering, we in-
deed found five such modules in the PFC and two in the CBC (Fig.
2A; Supplemental S2A,B; Supplemental Table SS5). Importantly,
genes showing human-specific patterns had similar probe numbers
and probe location distributions across gene regions such as coding
sequences (CDS), 5’ UTR, and 3’ UTR as did other genes expressed in
the brain (Supplemental Fig. S3; Supplemental Table S6).

To test the validity of these results and the reproducibility of
the module expression profiles, we measured mRNA expression in
the PFC and CBC in human, chimpanzee, and rhesus macaque
newborns and adults (data set 1) and in the PFC of 14 humans, 14
chimpanzees, and 15 rhesus macaques (data set 2), using high-
throughput RNA sequencing (RNA-seq) (Supplemental Tables S1
and S7). Age-related expression changes measured by microarrays
and RNA-seq correlated strongly and positively on a gene-by-gene
basis (Supplemental Fig. S4). Furthermore, all human-specific ex-
pression patterns found in the PFC and CBC were reproduced in
the RNA-seq data sets (Fig. 2B,C; Supplemental Fig. S2C,D).

Timing of human-specific expression patterns

In many of the identified modules, human developmental trajec-
tories differed drastically from the chimpanzee and macaque tra-
jectories. For instance, in modules 1 and 3, gene expression increased
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Figure 2. Patterns and functions of genes with human-specific expression in PFC. (A) Five major human-specific gene expression modules found in the
PFC. Expression profile of PFC modules measured using RNA-seq data set 1 (B) and data set 2 (C). In Athrough C, each point represents an individual (red,
human; blue, chimpanzee; green, macaque), the lines in A and C show cubic spline curves. (Error bars) SD across genes in a module. (x-axis) Age in log,
scale. Expression levels of all genes were standardized to mean = 0 and SD = 1 before averaging. The titles on top of each panel show module information;
numbers in A show number of genes in each module and in Band C show the number of module member genes expressed in RNA-seq. (D) Three KEGG
pathways (Kanehisa et al. 2008) significantly enriched in module 1 genes: neuroactive ligand-receptor interaction, calcium signaling, and long-term
potentiation. Proteins or protein complexes containing module 1 genes are shown in red, containing module 1-like genes in light red, showing expressed
genes in gray, and without expressed genes as empty circles. Genes with Pearson correlation r> 0.5 between their expression change with age, and the
module T mean expression change with age in all three species was classified as module 1-like genes. (Blue) Three neurotransmitters (glutamate [Glu],
aspartate [Asp], and GABA) associated with the pathways and showing human-specific profiles. (Arrows) Interactions based on the KEGG pathway
annotation. (£) Concentration profiles of the three human-specific neurotransmitters: glutamate, aspartate, and GABA, in the PFC of the three species (red,
human; blue, chimpanzee; green, macaque). To reduce individual variation, individuals with similar ages were combined in four age groups, separated by
a gray dashed line. The distribution of neurotransmitters’ concentrations from samples within each age group is shown in a boxplot. In the youngest age
group (0-1 mo), the neurotransmitters’ concentrations in humans were lower than in chimpanzees and macaques. Significance of the difference between
human-macaque or human-chimpanzee comparisons is shown by the long or short lines above the youngest age group (one-sided z-test: ***P < 0.001;
°P < 0.1; Supplemental Methods).
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after birth in humans, followed by a decrease starting at ~5 yr of brain growth curves, among the three species (Fig. 3B,C; Supple-

age for the module 1 genes and at ~1 yr for module 3 genes. In mental Fig. S5B,C). In contrast, the time-shift in PFC modules 1, 2,
contrast, in both chimpanzees and macaques, gene expression and 5, but not in PFC modules 3 and 4, was significantly greater
started decreasing soon after birth (Fig. 2A). Do these species dif- than both the transcriptome-wide delay and the delay expected
ferences represent developmental patterns that are uniquely from life history differences among species (permutation test,
evolved in humans, as has been reported for a number of mor- P < 0.01). Expression profiles of module 1, 2, and 5 genes did not

phological and life history characteristics (Penin et al. 2002; Bogin show an equivalent time-shift in the CBC (Supplemental Fig. S5D).
2009)? Or do they represent a shift in timing of the pre-existing Thus, the human-specific delay in the PFC modules 1, 2, and 5
patterns? To distinguish between these two possibilities, we ex- cannot be explained by the developmental rate differences among
tended the macaque expression patterns into the prenatal stage by species and is not shared between the PFC and CBC.

measuring PFC expression in six fetal samples at ~70 to ~30 d be-

fore birth and in six newborn macaque samples with ages between . - R

0.5 d and 3 yr (Supplemental Table S1). This revealed that both Regulation of human-specific expression patterns

module 1 and module 3 genes follow the same developmental tra- Synchronized expression of genes within each module implies
jectories in humans and macaques, separated by a temporal delay in coregulation by shared mechanisms, such as transcription factors
humans (Fig. 3A; Supplemental Fig. S5A). The expression profiles of (TFs). To test this we estimated enrichment of conserved TF bind-
genes in the other PFC modules also follow similar developmental ing sites (TFBSs) in the promoter regions of genes within each
trajectories in humans and macaques, with different degrees of de- module. We observed a significant excess of TFBSs in the PFC
lay in humans. modules 1 and 2 (permutation test, P < 0.05) and a marginally sig-

Humans, chimpanzees, and macaques are known to develop nificant one in modules 3 and 5 (Fig. 4A; Supplemental Fig. S6A).
and mature at different rates. For instance, humans reach sexual In addition, the expression profiles of TFs with TFBS enrichment

maturity at 13-14 yr of age, chimpanzees at 8-9 yr, and rhesus within modules showed a significantly better correlation with their
macaques at 3.5-4.5 yr (Gavan 1969; Gould 1977; de Magalhaes targets in the respective modules (Wilcoxon test, P < 0.05) than
2006). To test whether these developmental differences explain expected by chance (permutation test, P = 0.011) (Fig. 4B). Thus,

the observed human-specific expression profiles, we quantified the human-specific changes represented by the coexpressed gene
extent of developmental delay, or time-shift, between humans and modules could be at least partly driven by a limited number of TFs.
the other two species by aligning the species’ expression curves Among the five PFC modules, associations between TFs and
using a method based on a modified dynamic time warping algo- their predicted target genes were particularly pronounced in module
rithm (Yuan et al. 2011) (Supplemental Methods). This algorithm 1. Specifically, four TFs showed both TFBS enrichment and positive
finds the optimal alignment between two time series and estimates correlation with module 1 genes, while less than one would be
both amplitude and significance of time-shift at every time point. expected by chance (permutation test, P < 0.05) (Fig. 4B,C). Nota-
By analyzing the expression patterns of all 8613 age-related genes, bly, all four TFs, myocyte enhancer factor-2 (MEF2A) and three
we found that the transcriptome-wide developmental delay be- early growth response proteins (EGR1, EGR2, and EGR3), are in-
tween humans and chimpanzees or macaques closely followed the volved in the regulation of neuronal functions, including neuronal
time-shift trajectories, based either on life history landmarks or on survival, synaptogenesis, synaptic transmission, and long-term
A B (¢
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Figure 3. Time-shift in expression of module 1 genes among species. (A) Module 1 gene expression including the fetal rhesus macaque samples. Points
indicate individuals (red, human; blue, chimpanzee; green, macaque), lines show cubic spline curves. (Error bars) SD across genes in a module. (B)
Difference in developmental timing between humans and chimpanzees for PFC module 1 genes (red) and for all age-related genes in the PFC (tran-
scriptome average; blue). The x- and y-axes show human and chimpanzee age in years from estimated conception event. H, C, and M axis marks show the
time of birth for human, chimpanzee, and macaque, respectively. The curves show at what age human expression levels correspond to those of chim-
panzee, estimated by aligning the chimpanzee and human expression profiles using the dynamic time warping algorithm. The light red and blue areas
show variation in the module 1 time-shift estimate and the transcriptome average’s time-shift estimate, respectively, obtained by bootstrapping module 1
genes or random assignments of PFC age-related genes to module 1, 1000 times. The other lines and symbols show timing of life history landmarks: Lower
and upper black dashed lines show the diagonal line passing through the origin and the maximum lifespan point, respectively. Empty gray circles represent
the timing of human brain growth relative to that of chimpanzees, using the dynamic time warping algorithm (data from Leigh 2004). The symbols
represent the following life history landmarks: maximum lifespan (orange), female sexual maturity (green), and eruption of first deciduous and last
permanent dentition (dark and light purple, respectively) (data from Smith et al. 1994; de Magalhdes and Costa 2009). Note that the transcriptome
average (dark blue curve) being above the diagonal indicates that humans reach the same expression levels at a later age than chimpanzees. Further, this
developmental delay is significantly greater for module 1 (red curve) than for the transcriptome average. (C) The boxplot shows the distribution of ages at
which expression of PFC module 1 genes reaches its maximum (red, human; blue, chimpanzee; green, macaque). The left and right y-axes show ages in
years from birth for humans and from estimated conception time, respectively. H, C, and M indicate birth age for humans, chimpanzees, and macaques,
respectively.
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Figure 4. Regulation of human-specific expression patterns by TFs. (A) Number of TFs with TFBSs

enriched among genes within each of the five human-specific expression modules in the PFC. The
streaked bars represent the mean number of enriched TFs expected by chance, calculated by 1000
random assignments of the PFC age-related genes to the five modules. The numbers and symbols above
each bar show numbers of TFs with enriched TFBSs among module genes (one-sided hypergeometric
test, P < 0.05), as well as the significance of the number of TFs based on the 1000 permutations (**P <
0.01, *P < 0.05). (B) Number of TFs with TFBSs enriched and correlated with the targets in the same
modules. The streaked bars represent the mean number of correlated TFs expected by chance, calcu-
lated by 1000 random assignments of the PFC age-related genes to the five modules. The numbers and
symbols above each bar show numbers of correlated TFs among module genes (one-sided Wilcoxon
test, P< 0.05), as well as the significance of the number of correlated TFs based on the 1000 permutations
(**P<0.01, *P < 0.05). (C) Expression profile of the four TFs showing significant positive correlation with
their target gene expression profiles in all species in module 1. Points indicate individuals (red, human;
blue, chimpanzee; green, macaque); lines show cubic spline curves. Note that MEF2A is a module 1
member, whereas EGR1-3 failed by a small margin to be classified as human-specific based on our

ted in this experiment, three (glutamate,
gamma-aminobutyric acid [GABA] and
aspartate) showed human-specific con-
centration profiles across development.
This proportion is significantly greater
than expected by chance, given the num-
ber of human-specific metabolites (one-
sided hypergeometric test, P=0.019, odd’s
ratio = 9.2). Importantly, concentration
profiles of all three neurotransmitters cor-
related positively with expression profiles
of the module 1 genes in the human PFC
(Pearson rmedian > 0.90). Specifically, lower
concentrations of glutamate and aspartate
were observed in human infants com-
pared with chimpanzees and macaques of
the same age (one-sided z-test, P < 0.001),
with GABA showing the same trend (Fig.
2E). The positive correlation between
concentration profiles of the three neu-
rotransmitters and module 1 expression
profiles could not be explained by differ-
ences in brain growth trajectories among
species (Supplemental Fig. S7; Supplemen-
tal Table S9). Furthermore, genes directly
associated with the three neurotransmit-
ters were significantly overrepresented in
module 1 (one-sided hypergeometric test,
P =0.02, odds ratio = 3.5). The associa-

criteria.

potentiation (Davis et al. 2003; Flavell et al. 2006; Shalizi et al.
2006; Li et al. 2007), raising the possibility that module 1 genes
have roles in synaptic development and neuronal functions.

Module 1 genes are enriched in genes related
to neuronal activity

To test whether module 1 genes are enriched in specific biological
functions, we compared them to all age-related genes, using Gene
Ontology (GO) term and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway annotations (Ashburner et al. 2000; Kanehisa et al.
2008). The result was robust when using all expressed genes as a
background. Module 1 genes (N = 184) were significantly enriched in
the KEGG pathway “neuroactive ligand-receptor interaction,” “cal-
cium signaling pathway,” and “long-term potentiation,” as well as 21
GO terms, all related to synaptic transmission, signal transduction,
ion transport, and cell-cell communication (Bonferroni-corrected
one-sided hypergeometric test, P < 0.05) (Supplemental Table S8).
The three KEGG pathways enriched in module 1 genes, “neu-
roactive ligand-receptor interaction,” “calcium signaling pathway,”
and “long-term potentiation,” form a network associated with key
cognitive functions, such as memory and learning (Fig. 2D; Bliss and
Collingridge 1993; Lynch 2004; Malenka and Bear 2004; Cooke and
Bliss 2006). Notably, besides genes, this network includes a number
of neurotransmitters. To test whether human-specific changes
identified at the mRNA expression level are reflected at the neuro-
transmitter level, we used a published time-series where metabolite
concentrations were measured in the PFC of 50 humans, 12 chim-
panzees, and 49 rhesus macaques by gas chromatography and mass
spectrometry (Fu et al. 2011). Among six neurotransmitters detec-

tion between gene expression changes

and neurotransmitter-level changes both

supports the authenticity of human-spe-
cific changes observed at the mRNA level and also suggests the in-
fluence of these changes on human brain functionality.

Module 1 overlaps with MEF2A-mediated pathways and
reflects a human-specific delay in cortical synaptogenesis

Functional enrichment of module 1 genes in genes associated with
synaptic function fits well with the known involvement of its
putative regulators, MEF2A, EGR1, EGR2, and EGR3, in synapto-
genesis and synaptic transmission regulation. Among the four TFs,
MEF2A is an upstream regulator of the other three (Flavell et al.
2008) and might, therefore, be one of the main regulators of module
1 genes. Supporting this notion, expression profiles of predicted
MEEF?2 target genes and MEF2 target genes identified experimen-
tally in rat hippocampal neurons (Flavell et al. 2008) correlated sig-
nificantly with module 1 expression profiles (Supplemental Fig. S8).
Furthermore, experimentally identified MEF2 target genes were
overrepresented among module 1 genes (one-sided hypergeometric
test, P=0.043, odd’s ratio = 2.7). Notably, among MEF2A targets
showing correlated expression with module 1 genes, are ARC,
SYNGAPI, and NR4A1 (also known as NUR7?7), previously shown
to inhibit synapse formation and morphogenesis in response to
MEF2A and MEF2D activation (Fig. 5A,B; Flavell et al. 2006; Shalizi
et al. 2006). Furthermore, expression patterns of two known
MEF2A activators, brain-derived neurotrophic factor (BDNF), which
is linked to neuronal survival (Liu et al. 2003; Shalizi et al. 2003), as
well as PPP3CB (also known as calcineurin A beta), which is in-
volved in calcium influx-dependent dephosphorylation of MEF2A
(McKinsey et al. 2002; Shalizi et al. 2006), showed human-specific
delays consistent with the MEF2A expression profile and the average
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Figure 5. Expression delay in MEF2A-associated pathway in human PFC development. (A) Schematic

representation of MEF2A-associated pathway in cortical neurons. MEF2A can be activated by BDNF,
which is also a target of MEF2A (Liu et al. 2003; Shalizi et al. 2003; Flavell et al. 2008), or calcium-
dependent calcineurin (Flavell et al. 2006). Activity-dependent regulation of MEF2A transcription
promotes the expression of target genes, such as ARC (activity-regulated cytoskeletal associated protein)
and SYNGAPT (synaptic localized Ras GAP), to promote elimination of excitatory synapses (Flavell et al.
2006). Activity-dependent regulation of MEF2A can also promote the transcription of target genes, such
as NR4A1, to inhibit the postsynaptic differentiation (Shalizi et al. 2006). SYP and DLG4 are the marker
genes for presynapse and postsynapse (Masliah et al. 1990; Hunt et al. 1996). (B) Expression profiles of
genes shown on panel A during human, chimpanzee, and macaque PFC development. Points represent
individuals (red, human; blue, chimpanzee; green, macaque), lines show cubic spline curves. MEF2A,
the activators of MEF2A (PPP3CB and BDNF), and the postsynaptic marker gene (DLG4) belong to
module 1. Target genes of MEF2A (e.g., EGR), the presynaptic marker (SYP), and three neurotransmitters
(glutamate [Glu], aspartate [Asp], and GABA) show human-specific expression delay resembling closely
the module 1 profile.

under Bic and KCI stimuli compared with
controls (one-sided t-test, P < 0.05, fold-
change > 2). In agreement with our pre-
diction, module 1 genes showed signifi-
cant overlap with genes up-regulated by
both types of neuronal activation (one-
sided hypergeometric test, P = 0.00008 un-
der Bic stimulus; P = 0.01 under KCI stim-
ulus) (Supplemental Fig. S9; Supplemental
Table S10). Among the module 1 genes
up-regulated by neuronal activation were
several known synaptic genes, including
BDNF and two neurotransmitter recep-
tors, GABRG1 and GABRG2 (Supplemental
Table S11).

Taken together, these results indi-
cate that module 1 expression profiles re-
flect a human-specific change in timing
of an activity-dependent synaptic devel-
opment program. Supporting this notion,
expression profiles of 724 synapse-related
genes annotated by GO and expressed in
the PFC, correlated positively and signif-
icantly with module 1 expression pro-
files (Supplemental Fig. S8; Supplemen-
tal Table S12). In contrast, profiles of
other neuronal genes did not display
such a correlation.

A shift in timing of expression of
synaptic genes should be reflected by a
corresponding shift in timing of synapto-
genesis. Previous studies have shown that
synaptic density in the human PFC peaks
between 3.5 and 10 yr of age (Huttenlocher
and Dabholkar 1997; Glantz et al. 2007). In
contrast, in macaques, maximal synap-
tic density in the PFC is reached shortly
after birth (Rakic et al. 1986). This sug-
gests that timing of cortical synaptogenesis
in human infants is delayed compared
with that in macaques (Huttenlocher and
Dabholkar 1997). Our expression data
agree with these reports. Importantly, our
observations indicate that this delay is
specific to humans, with both chimpan-

expression profile of the module 1 genes (Fig. 5B). Additionally,
concentrations of glutamate, the main neurotransmitter acti-
vating the calcineurin-mediated signaling pathway, also showed
age-dependent changes consistent with the module 1 expression
profile (Fig. 2E). Thus, the expression profile of MEF2A during hu-
man development is consistent with the developmental profiles of
known MEF2A activity-dependent regulators.

Since MEF2 is known to be involved in activity-dependent
regulation of synaptic development and plasticity (Flavell et al.
2006; Shalizi et al. 2006), we hypothesized that module 1 might
also be enriched in genes affected by neuronal activation. To test
this, we exposed cortical neurons harvested from embryonic day
15 mice to bicuculline (Bic), which leads to calcium influx through
NMDA receptors (Hardingham et al. 2002), or to potassium chlo-
ride (KCI), which leads to membrane depolarization (Didier et al.
1989). Using Agilent mouse genome oligo microarrays (4x44K), we
identified 336 and 947 genes, respectively, that were up-regulated

zees and macaques developing at a faster rate. If extension of syn-
aptic development is indeed specific to human infants, it might be
associated with evolution of human-specific cognitive abilities.
Knowing the timing of cortical synaptogenesis in chimpan-
zees is critical for evaluating this hypothesis, but has not been
reported previously. Thus, to test whether delay in timing of cor-
tical synaptogenesis is specific to humans, we measured synaptic
density changes in the three species using two approaches. First,
we quantified expression levels of two known synaptic density
markers: the presynaptic marker SYP (also known as synaptophy-
sin) and the postsynaptic marker DLG4 (also known as PSD95)
(Masliah et al. 1990; Hunt et al. 1996). mRNA expression profiles of
both genes coincided with module 1 profiles (Fig. 5B). Notably, in
the CBC, mRNA expression profiles of both DLG4 and SYP shown
were nearly synchronous in humans and chimpanzees. Further-
more, DLG4 and SYP expression in both species was equally delayed
with respect to the macaques (Supplemental Fig. S10). This result
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indicates that human-specific profiles of these genes in the PFC are
not caused by methodological problems, and also confirms that
the human-specific delay in synaptogenesis is not observed in the
CBC. We further measured protein expression of the two markers
in the PFC of the three species by Western blot and by use of label-
free proteomics time-series data measured in the PFC of 12 hu-
mans, 12 chimpanzees, and 12 rhesus macaques (Fig. 6; Fu et al.
2011). Both the Western blot and proteomic results showed that
expression levels of the two synaptic marker proteins peaked at 4-8
yr of age in the human PFC and within the first year of life in the
chimpanzee and macaque PFC. These results are in full agreement
with previously reported synaptic density profiles measured in
human and macaque cortex by electron microscopy (Rakic et al.
1986; Huttenlocher and Dabholkar 1997), as well as with levels of
SYP and DLG4 proteins previously measured in human PFC by
Western blot (Glantz et al. 2007). More importantly, these results
show that both the mRNA and protein expression levels of the two
synaptic density markers follow the human-specific profile char-
acteristic to module 1 genes.

In a second set of experiments, we directly evaluated synaptic
density in the PFC of the three species by counting the number of
synapses in 12 humans, six chimpanzees, and nine macaques us-
ing transmission electron microscopy (Fig. 7A). From a total of
2700 electron micrographs analyzed independently by two inves-
tigators (X Jiang and A Oleksiak, unpubl.), 7801-9168 synapses
were identified. Based on these data, we observed that synaptic
density peaks at ~4 yr in humans, and shortly after birth in
macaques (Fig. 7B, Supplemental Fig. S11A). These observations are

in line with previous studies (Fig. 7C; Rakic et al. 1986; Huttenlocher
and Dabholkar 1997). In the chimpanzee PFC, due to uneven age
distribution and lower histological integrity of the samples, synapse
numbers could only be quantified reliably over the first year of life.
Even based on this limited sample set, a sharp increase in synapse
numbers could be observed in the chimpanzee PFC shortly after
birth. This increase mirrored closely the one observed in the macaque
PFC and differed significantly from a much smaller increase in syn-
aptic density found in the human PFC (one-sided Wilcoxon test, P <
0.05) (Fig. 7D; Supplemental Fig. S11B). This result further supports
our notion of delayed synaptogenesis in the human PFC compared
with that of both chimpanzees and macaques.

Indication of recent positive selection for delayed
synaptic development

Taken together, our results indicate that the module 1 expression
profiles reflect a human-specific shift in the timing of cortical syn-
aptogenesis, which coincides with a shift in the synaptic de-
velopment program mediated by MEF2A. The large magnitude of this
timing difference, as well as its association with neural development,
a process generally known for its evolutionary conservation (Finlay
and Darlington 1995; Reichert 2009), suggests an extraordinary
change during the last few million years of human evolution.
While gene expression divergence among species might be
caused by relaxation of evolutionary constraint, the human-specific
shift in timing of module 1 genes is not caused by a lack of con-
servation in humans: Module 1 genes are highly conserved among
mammals, and their promoters contain
fewer human single nucleotide poly-

A PR 1 g E SYP (PFC) morphisms (Hinds et al. 2005) than do
TUBE3 [ 3 L2 the promoters of all 8613 age-related genes

human SYP prp— // \ L (P =0.0002) (Supplemental Fig. S6B-D).

- g o d .
5D od P b © RS RS W © If delayed synaptic development re-
TUBES S Mk g . 2 = sulted in a beneficial phenotypic trait,
chimpanzee «® e . \ LJ such as improved cognitive abilities, the
SYP ou ° SRR ° v corresponding genomic changes would
AR AP 33 13 o 3 P @ = have been positively selected on the hu-
macaque TUBB3 D] = IR L man evolutionary lineage. Signatures of
SYP s e ASAER 4D {1}6 N 6 recent positive selection can be identified
in the human polymorphism data sur-
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ACTE g | C AP Py~ B MEF2A, we identified a significant excess

Figure 6. DLG4 and SYP expression during PFC development. (A,C) Western blots conducted, re-
spectively, using SYP- and DLG4-specific antibodies in PFC samples of individuals of different age in the
three species. The age of each individual is shown above the lanes (m, months; d, days; y, years). DLG4
and SYP bands were observed at the predicted molecular weight of 95 kDa and 38 kDa. An equal
amount of protein was loaded to each lane. ACTB (also known as beta actin) and TUBB3 (also known as
Tubulin beta-IIl) were used as loading controls (bands at the predicted weight of 42 kDa and 55 kDa).
(B,D) Protein expression level of SYP and DLG4 in PFC development measured as the integrated optical
density (I0D) from the Western blots bands (gray bars) and measured using published mass-spec-
trometry-based protein time-series (red lines) (Fu et al. 2011), as well as mRNA expression levels
measured using microarrays in this study (blue line). The y-axes show the expression values across
samples. The axis’ colors correspond to the measurements: gray, Western blot; red, mass spectrometry;

and blue, microarrays.

of high-frequency human-derived SNPs
in the upstream region of MEF2A (Fig.
8B,C). Assuming that the positive selection
signature is associated with the human-
specific MEF2A ontogenetic expression
profile, this result suggests that the human-
specific delay in cortical synaptogenesis
had a beneficial effect on human fitness
and took place after the separation of the
human and the Neanderthal evolution-
ary lineages.
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Figure 7. Synaptic density changes during human, chimpanzee, and macaque PFC development. (A4)
Example of synapses viewed by electron microscopy (red arrows), in the PFC of a 32-d-old chimpanzee.
(B) Mean synaptic density per 100 wm? measured in the PFC of humans (red), chimpanzees (blue), and
rhesus macaques (green) at different ages. (Error bars) 95% confidence intervals obtained by boot-
strapping synaptic density values within samples 1000 times. Independent assessment of synaptic
density by another investigator is plotted on Supplemental Figure S11. (C) Mean synaptic density in
macaque per 100 um? and in human per 100 wm?® measured in previous studies (Rakic et al. 1986;
Huttenlocher and Dabholkar 1997). (D) Statistical analysis of synaptic density in three age groups. The
distribution of mean synaptic density from samples within each age group is shown in a boxplot. Within
the age range of 0-2 mo, PFC synaptic density in humans is significantly lower than in both chimpanzees
and macaques (one-sided Wilcoxon test, P=0.016 in human-chimpanzee comparison and P=0.018 in
human-macaque comparison), while there was no significant synaptic density difference between
chimpanzees and macaques (P > 0.1). Sample numbers were not sufficient to estimate statistical sig-

pattern of the human-specific changes
observed in PFC. The expression pattern
of module 1 differs strikingly between
humans and the other two species, with
expression peaking at 5 yr of age in the
humans and shortly after birth in the
chimpanzees and macaques.

Functionally, module 1 genes are in-
volved in pathways associated with syn-
aptic transmission. Although the number
of module 1 genes is relatively small, it
reflects a general trend: The average ex-
pression pattern of all 724 genes associ-
ated with synapses and synaptic functions
resembles closely the expression of mod-
ule 1 genes (Supplemental Fig. S8A). This
human-specific delay in synaptic devel-
opment is supported by our analysis of
the mRNA and protein levels of the pre-
and postsynaptic density markers, SYP
and DLG4, as well as by direct quantifi-
cation of synaptic density in the human,
chimpanzee, and rhesus macaque PFC
with electron microscopy.

nificance in the other two age intervals.

Discussion

The emergence of the fascinatingly complex human cognitive
phenotype within a time period restricted to several million years,
or even less, has been one of the major conundrums of evolu-
tionary biology (Carroll 2003). Our study provides an insight into
potential evolutionary and functional mechanisms underlying
this evolutionary innovation.

Our results, based on microarray data and RNA-seq, confirm
that developmental expression patterns in the PFC and cerebellum
have undergone excessive developmental remodeling since the
separation of the human and the chimpanzee evolutionary line-
ages. This remodeling is particularly pronounced in the PFC: There
are 12 times more developmental gene expression changes in
humans than in chimpanzees. Here, we focused on one group of
184 coexpressed genes (module 1) representing the most prominent

The majority of the human-specific
expression changes found in the PFC have
similar developmental trajectories in the
three species but exhibit a temporal delay in humans. Focusing on
module 1 specifically, gene expression increase in human infants
during the first 5 yr of postnatal development is mirrored by a sim-
ilar increase in macaques during the last months of fetal devel-
opment. Importantly, we find that delay in the peak expression of
module 1 genes in the PFC extends far beyond the one expected
from life history differences among the three species and reflects
previously reported differences in timing of cortical synaptogenesis
between humans and macaques (Rakic et al. 1986; Huttenlocher
and Dabholkar 1997). Most importantly, our results demonstrate
that this delay is not observed in chimpanzees. Thus, extension of
human cortical synaptogenesis took place after the separation of the
human and the chimpanzee lineages and may therefore be associ-
ated with the emergence of human-specific cognitive traits.

The coordinated delay in expression of module 1 genes in the
human PFC could be linked to a similar delay in the expression of
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known regulators of activity-dependent synaptic development pro-
grams, such as MEF2A (Lyons et al. 1995; Flavell et al. 2006; Shalizi
et al. 2006). MEF2A plays multiple roles in neuronal development,
including neuronal survival (Mao et al. 1999; Shalizi et al. 2003),
dendritic differentiation (Shalizi et al. 2006), synaptic density of
hippocampal neurons (Flavell et al. 2006; Barbosa et al. 2008),
spine density in nucleus accumbens (Pulipparacharuvil et al. 2008),
and both synapse weakening/elimination and synaptic strength-
ening (Flavell et al. 2008). In our data, expression profiles that
correlated with MEF2A include predicted reported MEF2A target
genes associated with both synaptic weakening (e.g., ARC, SYNGAP1,
and NR4A1) and synaptic strengthening (e.g., BDNF, LGI1). This
may imply that in human cortical ontogenesis, the timing of syn-
aptogenesis and/or subsequent synaptic differentiation and prun-
ing differs from that in other primates. Although MEF2A activity
depends on phosphorylation (Shalizi et al. 2006), its activity during
synaptic development may also be transcriptionally regulated.
Supporting this possibility, we have shown that the MEF2A ex-
pression profile is tightly correlated with its downstream targets
(see above). Furthermore, the MEF2A promoter region contains an
MEF2A binding site, suggesting autoregulation. Further work fo-
cusing on phosphorylation and the dynamics of the cellular lo-
calization of MEF2A will be necessary to understand its exact roles
in the regulation of primate cortex development.

While developmental profile differences between humans
and other primates are particularly prominent in the first years of
life, they persist throughout adulthood. Specifically, during adult-
hood, the expression trajectories of both module 1 genes, as well as
all synapse-related genes, decline in parallel across the three species.
Intriguingly, however, the average expression levels of these genes
are consistently higher in humans than in chimpanzees or ma-
caques during adulthood (Supplemental Fig. S2C). Similarly, throm-
bospondin 4 (THBS4), previously shown to be associated with syn-
aptic functions and synapse formation (Caceres et al. 2003, 2007),
also shows significantly higher expression in the human PFC com-
pared with PFCs of the other two species throughout adulthood. This
implies that humans might sustain higher levels of synaptogenesis
or synaptic activity throughout adult life.

What could be the functional role of such a timing shift?
Humans are born in an altricial state and undergo both rapid and
extended brain growth compared with that of macaques and
chimpanzees (Leigh 2004). A related view is that human ontog-
eny has acquired a novel phase, between 3 and 7 yr of age, when
human infants are not being breast-fed but are still highly de-
pendent on adults (Bogin 1997). It has been proposed that this
ontogenic extension/inclusion allows a longer period of inter-
action between human infants and their social environment and
forms the main basis of human intelligence (Gould 1977; Johnson
2001; Langer 2006). Notably, 5-7 yr of age also appears to corre-
spond to a shift in cognitive maturity, such as increased self-reg-
ulation (Bogin 1997). Our data suggest that the timing of synaptic
development in the human PFC has undergone a parallel exten-
sion. This extension might be connected with the roles of the
PFC in high-level processes such as abstract thinking and social
behavior (Clark et al. 2001; Wood and Grafman 2003; Rilling
2006; Barbey et al. 2009). Further, it is appealing to speculate that
shift in timing of cortical synaptogenesis in human children may
have resulted in major cognitive differences between human and
chimpanzee adults, as well as contributed to maintenance of
healthy cognitive activity over the entire duration of human life-
span. If true, this could be an example of a mechanistic connection
between two major life history changes in humans: the prolonged

growth period and greater longevity (Hawkes et al. 1998; Kaplan
et al. 2000).

Studies of early massive brain damage and microcephaly have
demonstrated that brain size alone cannot explain the full spec-
trum of cognitive differences between humans and apes (Mochida
and Walsh 2001). Our results suggest that delay in cortical syn-
aptogenesis, extending the period of synapse formation to over 5
yr in humans from a few months in chimpanzees and macaques,
could be a potential mechanism contributing to the emergence of
human-specific cognitive skills. Notably, we also find that this
delay could have happened after the separation of the human and
the Neanderthal lineages. While Neanderthal brains were on av-
erage 100 mL larger than brains of anatomically modern humans
(Stringer and Gamble 1993), our results raise the possibility that
cortical synaptic development in Neanderthals may have been
faster. Such a notion is concordant with reports that dental mat-
uration and cranial development in Neanderthals was more similar
to apes than to modern humans (Smith et al. 2010). Additional
work to identify the exact genetic basis of the human-specific de-
velopmental delay with subsequent comparison to the genomes of
Neanderthals (Green et al. 2010) and Denisovans (Reich et al.
2010) is needed to verify this notion.

We note that the study presented here is far from being
comprehensive: We focused on one major developmental pattern
change specific to the human PFC, leaving another four PFC pat-
terns and two CBC patterns unexplored. Most of these patterns are
enriched in genes directly associated with neural functions. For
instance, human-specific CBC module 2 displays a developmental
pattern similar to that of the PFC module 1 and contains genes
enriched in the GO category “regulation of synaptic transmission”
(Supplemental Table S8). Although these genes do not overlap
significantly with genes in the PFC module 1 (one-sided hyper-
geometric test, P = 0.32), functional similarity between two pat-
terns indicates parallel functional changes in the two brain regions.
Thus, the human cerebellum may also have undergone evolu-
tionary changes in the process of synaptogenesis and/or synaptic
functionality, but to a more limited extent compared with the PFC.
As the CBC and the PFC are functionally interconnected (Rilling
2006), it is plausible that rapid functional evolution in the PFC
required corresponding adaptations in other brain regions by means
of developmental heterochrony, as well as remodeling of neural
connections (Ramnani 2006; Semendeferi et al. 2010). Further work
is needed to obtain a comprehensive view of mechanisms and
functional consequences of extensive developmental remodeling
found in the human brain.

Methods

A complete detailed description of methods is provided in the
Supplemental Information.

RNA microarray and sequencing

Samples were obtained from frozen postmortem tissue from
healthy individuals. All subjects had suffered sudden deaths. PFC
dissections were made from the frontal part of the superior frontal
gyrus. All samples had good RNA quality. For microarray experi-
ments, for each sample, total RNA was extracted from 100 mg
tissue, and 2 pg of isolated RNA was hybridized to an Affymetrix
Human Gene 1.0 ST array. Samples were processed in five batches
per brain region. In the pooled sample RNA-seq experiments, we
used three human samples (newborn, young, old), two chimpanzee
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samples (newborn, young), and two macaque samples (newborn,
young), prepared by pooling total RNA from five individuals
(Supplemental Table S1). Sequencing libraries were prepared ac-
cording to the Illumina paired-end sample preparation protocol.
Each sample was sequenced in a separate lane in the Illumina
Genome Analyzer II system, using the 75-bp paired-end sequenc-
ing protocol. In the second RNA-seq experiments, sequencing
libraries were prepared according to Illumina strand-specific RNA-
seq library preparation procedure for humans and Illumina non-
strand specific RNA-seq library preparation procedure for chim-
panzees and macaques. Each library was sequenced in a separate
lane using the Illumina Genome Analyzer II system to a length of
100 bp. For testing age and species difference in expression levels,
we used polynomial regression models and analysis of covariance,
following the method described by Faraway (2002).

Estimating time-shift by dynamic time warping

We used a modified dynamic time warping algorithm, DTW-Sig-
nificance (DTW-S) algorithm, to estimate the time-shifts between
the time series expression curves of two species (R package “TimeShift”
for DTW-S is available at http://www.picb.ac.cn/Comparative/
data.html) (Yuan et al. 2011). A detailed explanation of DTW-S is
provided in the Supplemental Information. Briefly, for each gene,
we aligned expression-age trajectories from a pair of species. For
this, we interpolated cubic spline curves (degrees of freedom, 3)
using estimated conception age for each individual. The resulting
curves ranged from rhesus macaque birth age to each species’ maxi-
mum lifespan. We matched points in one time series to the other
time series, keeping the age order of individuals, and calculated the
distance between the resulting curves. By searching the space of
all possible alignments, we chose one with the minimal distance
between curves.

Identifying response genes upon neuronal activation

The culture of cortical neurons, RNA isolation, hybridization to
microarrays, data preprocessing, and analysis were performed
according to the method described by Flavell et al. (2008). Cortical
neurons isolated from 15-d-old embryo mouse were cultured in
vitro for 12 d. Neurons were then exposed with extracellular Bic or
KCl or without stimulus. We measured gene expression profiles of
cultured neurons under either stimulus or no stimulus, using Agi-
lent whole-mouse genome oligo microarrays (4x44k). Three bi-
ological replicates were performed for each group. To identify the
probes that show different expression profiles between stimuli and
control, probes with a greater than two times fold-change and a P <
0.05 by t-test were selected.

Western blot analysis

Western blots were performed according to the method described
by Glantz et al. (2007). The integrated optical density (I0D) of each
band was measured by the Gel-Pro Analyzer.

Electron microscopy

Sample preparation for electron microscopy followed the method
described by Huttenlocher and Dabholkar (1997). Briefly, samples
<1 mm? per sample were fixed using 2.5% glutaraldehyde in 0.1 M
PBS buffer for >2 h. Samples were then washed in PBS buffer and
dehydrated in graded ethanol (50%-90%) and propanol (90%-
100%). Next, samples were embedded in 100% samacetone and
solidified in an oven. Seventy-nanometer sections were cut and
double stained with 3% uranyl acetate and lead citrate and were

observed under a JEM-1230 transmission electron microscope and
photographed under 20,000 magnification. For each sample, 100
images were taken at randomly chosen positions with good sample
quality. Within each image, synapses were identified where a thin
continuous presynaptic line plus a thicker, parallel postsynaptic
band could be observed according to the method described by
Huttenlocher and Dabholkar (1997). Synapses were counted in-
dependently by two investigators, blind to the age and species in-
formation of individuals.

Data access

The mRNA expression data have been submitted to the NCBI Gene
Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo)
under accession numbers GSE22570/GSE29138/GSE29139. The
RNA-seq data have been submitted to the NCBI Sequence Read
Archive (SRA) (http://trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi)
under accession numbers SRPO05169/SRP009336. Processed RNA-
seq data sets and the electron microscopy images are available at
http://www.picb.ac.cn/Comparative/data_ms_age_divergence_2010.
html.
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