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SUMMARY
The nervous system—in particular, the brain and its cognitive abilities—is among humans’ most
distinctive and impressive attributes. How the nervous system has changed in the human lineage
and how it differs from that of closely related primates is not well understood. Here, we consider
recent comparative analyses of extant species that are uncovering new evidence for evolutionary
changes in the size and the number of neurons in the human nervous system, as well as the cellular
andmolecular reorganization of its neural circuits. We also discuss the developmental mechanisms
and underlying genetic and molecular changes that generate these structural and functional differ-
ences. As relevant new information and tools materialize at an unprecedented pace, the field is now
ripe for systematic and functionally relevant studies of the development and evolution of human
nervous system specializations.
The question of what makes us human has fascinated human-

kind throughout modern history. Today, we view the brain as

the core component of human identity, and an understanding

of this organ is consequently essential for answering why we

as a species are what we are. The remarkable abilities of the hu-

man brain are among the most obvious features that set us apart

from our taxonomically closest living relatives, the other great

apes of Africa. However, our understanding of how the nervous

system—in particular, the brain—has changed in the human line-

age remains incomplete (Bae et al., 2015; Enard, 2016; Franchini

and Pollard, 2015; Gazzaniga, 2009; Geschwind and Rakic,

2013; Herculano-Houzel, 2016; Hrvoj-Mihic et al., 2013; Lieber-

man, 2016; Lui et al., 2011; Pääbo, 2014; Passingham, 2008;

Penn et al., 2008; Preuss, 2012; Silbereis et al., 2016; Sherwood

et al., 2012; Van Schaik, 2016).

Although humans share most of their genetic, molecular, and

cellular features with other non-human primates (NHPs), there

are compelling differences in cognitive and behavioral capac-

ities between humans and NHPs. Syntactical-grammatical lan-

guage, symbolic thought, self-reflection, long-term planning

ability, autobiographical memory, the theory of mind, and the

capacity to create art are among the most distinctively human

aspects of cognition and behavior (Gazzaniga, 2009; Lieber-

man, 2016; Passingham, 2008; Penn et al., 2008). Whether

these differences represent incremental, quantitative advances
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in cognitive ability rather than a novel or qualitative leap is an

open question. Historically, some cognitive faculties present

in humans were thought to represent such a leap (Lashley,

1949; Penn et al., 2008), but there is increasingly persuasive

evidence that even potentially ‘‘special’’ mental abilities are

not restricted to humans, but rather exist in some rudimentary

form in other apes (Call and Tomasello, 2008; Premack, 2007).

For example, great apes have a more sophisticated natural

behavioral repertoire than previously thought, and some

behavioral skills are transmitted culturally, similar to how hu-

man infants learn from observing adults (Horner et al., 2006;

Whiten et al., 1999; Watson et al., 2017). This implies that

human mental abilities have gradually evolved from ancestral

forms and functions, with culture in addition to genomic infor-

mation playing a critical role in the emergence and transmis-

sion of complex behavioral skills. These observations also

suggest that a greater understanding of the evolutionary differ-

ences separating humans and NHPs will yield new insights

into human neurodevelopment, function, and disease. Impor-

tantly, as more and better-designed studies are conducted,

it is likely that further behavioral and cognitive homologies

and differences between humans and NHPs will also be iden-

tified and provide insights into how the underlying structure

and function of neural circuits have changed in the human

lineage.
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Comparative studies of the human and NHP brain have histor-

ically been difficult to accomplish in systematic and functionally

relevant manners. Most of the procedures used in experimental

biology are not, due to ethical and legal limitations, applicable to

human and NHP brains. Therefore, it is not surprising that much

of our understanding of the molecular and cellular mechanisms

governing the development and function of the primate brain is

derived from experimental studies of a handful of relatively

distantly related model organisms. While the use of these model

systems has revolutionized the biomedical sciences, extrapo-

lating from them can be problematic; the prolonged develop-

ment of the human brain, its remarkable cellular complexity

and connectivity, and the reliance of the brain on experience

for the shaping and refinement of synaptic connections all

conspire to make translating data across experimental contexts

difficult. Furthermore, the type of studies that can be accom-

plished with the human or NHP brain is also hampered by

experimental limitations, particularly those typical of in vitro

assays, imaging modalities, and tissue collected postmortem,

often only available to researchers after substantial delays. As

a result, characterizing the genome-to-structure-to-function re-

lationships in the nervous system and comparing these relation-

ships between humans and NHPs is especially complicated

(Enard, 2016; Franchini and Pollard, 2015; Reilly and Noonan,

2016; Silver, 2016).

Fortunately, recent advances in methods and tools are easing

many of these limitations. Increased tissue banking, multi-insti-

tutional and multi-disciplinary consortia, and the development

of improved protocols for tissue processing and preservation

allow greater access to high-quality developmental and adult

postmortem human and NHP tissues with reduced postmortem

intervals. The development of genomic methods and in vitro

systems, including induced pluripotent stem cells (iPSCs) and

primary human neural cells, have also expanded the range of

studies possible. Non-invasive technologies, such as diffusion

tensor imaging, that can be applied to living human and NHP

subjects are similarly allowing new avenues of research.

Together, these advances have enabled comparative studies

of cognition, behavior, neuroanatomy, neurophysiology, prote-

ome, transcriptome, and genome that have provided the neces-

sary foundation to begin a comprehensive exploration of the

mechanisms underlying human cognitive capacities.

In this Review, we summarize current advances in our under-

standing of potentially distinguishing features of the function, or-

ganization, and development of the human central nervous sys-

tem (CNS). Emphasis is given to studies on evolutionary changes

in the size and number of neurons of the human brain and the

organization of neural circuits—in particular, the long-distance

projection systems associated with language and digital dexter-

ity. We also highlight the importance of conducting comparative

studies throughout development, as some of the most distinc-

tively human aspects of cognition and behavior are apparent

as early as infancy and toddlerhood. Next, we consider the

search for the changes in genomic content and molecular pro-

cesses that make these features possible. We also provide a

perspective on the emerging experimental investigations linking

the development of human evolutionary specializations to ge-

netic changes and related molecular and cellular mechanisms.
Throughout this review, studies of the cerebral neocortex

will be highlighted because of its importance in higher-order

cognition and complex behaviors and because it has been the

focus of many comparative and developmental studies. We

concentrate on comparative studies of extant primates and

direct readers to other recent reviews on the insights into

evolution based on the fossil and archaeological record (Falk,

2014; Neubauer, 2014; Pearce et al., 2013; Wood and Baker,

2011; Zollikofer and De León, 2013). Lastly, we direct readers

to other recent reviews for in-depth information on the cognitive,

behavioral, and ecological aspects of human nervous system

evolution (Defelipe, 2011; MacLean, 2016; Mars et al., 2014;

Passingham, 2008; Penn et al., 2008; Preuss, 2012; Rilling,

2014; Schmahmann and Pandya, 2006; Sherwood et al., 2012;

Van Schaik, 2016).

Evolutionary Perspective on Human Nervous System
Structure
Humans Have the Largest Brain among Extant Primates

The overall size of the CNS has been correlated with general in-

telligence and other indicators of cognitive capacities (Jerison,

1973; Williams and Herrup, 1988), but this relationship is neither

robust nor mechanistically understood. The size of the human

brain tends to support such a relationship, as at roughly

1,400 g (Dekaban, 1978) and with only 30 g belonging to the spi-

nal cord (MacLarnon, 1996), the human CNS is about three times

larger than that of chimpanzees (Figure 1; Blinkov and Glezer,

1968; Stephan et al., 1981). Similarly, absolute brain size is a

good predictor of cognitive capabilities across primates (Deaner

et al., 2007; Reader and Laland, 2002). However, several large

mammals such as the sperm whale (�7.8 kg; Physeter macroce-

phalus; Kojima, 1951), long-finned pilot whale (�3.6 kg;Globice-

phala melas; Mortensen et al., 2014), and elephant (�4.6 kg;

Loxodonta africana; Herculano-Houzel et al., 2015) have sub-

stantially larger brains than humans do. This raises a question:

how can brain size or similar metrics sometimes, but not always,

be related to cognitive capacity?

One possibility is that larger animals have bigger brains sim-

ply as a consequence of isometric scaling. Several efforts have

been made to correct for such scaling. The most simple utilizes

a ratio between brain mass and body size, and while brain

mass is larger relative to body mass for humans than for other

great apes, this simple relative measurement is not a reliable

predictor of cognitive capacities, as smaller animals like mice

have ratios similar to that of humans (Jerison, 1973). A more

complex measurement, the encephalization quotient, was

formulated to measure how big the brain is relative to the

brains of other similarly sized animals (Jerison, 1973; Roth

and Dicke, 2005), and by this measure, humans surpass all

other primates and most, but not all, mammals that have

been assessed.

A second possibility is that the relative sizes of discrete terri-

tories in the brain differ across species. Allometric considerations,

therefore, may be essential for explaining the cognitive capacities

of different species. For example, the cerebral white matter,

which contains not only axons but around 2 billion neurons and

a large, but yet unknown, number of glia in humans (Herculano-

Houzel et al., 2015; Herculano-Houzel, 2016; Sigaard et al.,
Cell 170, July 13, 2017 227



Figure 1. Humans Are Part of the African Great Ape Clade and Have the Largest Brain among Extant Primates
The images depict adult brains of the species indicated at the leaf node. Chimpanzee and bonobo are represented with identical schematics due to their close
similarity. The estimated divergence times with respect to humans among great apes (chimpanzee [4.5–7 mya], gorilla [7–10 mya], and orangutan [12–16 mya]),
a small ape (gibbon [18–20mya]), and anOldWorldmonkey (Rhesusmacaque [25–33mya]) are based on unique gap-free sequence identity (adapted from Locke
et al. (2011), Yu et al. (2003), and Chen and Li [2001]) and recent analyses of the fossil record (Katoh et al., 2016; Almécija et al., 2013). For simplicity, only one old-
world monkey is depicted (Rhesus macaque, the most commonly studied non-human primate); the dashed line represents the approximate split time from the
other extant monkey species. �1million years ago (mya) implies approximately 1 mya or less.
2016; Silbereis et al., 2016), seems to increase disproportionately

compared to gray matter as brain size scales across species

(Hofman, 2012; Rilling and Insel, 1999; Zhang and Sejnowski,

2000). Not surprisingly, the cerebral neocortex and cerebellum,

which contain the largest amounts of white matter, tend to

make up greater proportions of larger mammalian brains (Barton

and Venditti, 2014; Finlay and Darlington, 1995; Stephan et al.,

1981). Of particular interest for cognitive research are association

areas of the cerebral neocortex, which are thought to be essential

for higher-order cognition. However, when compared to other pri-

mates, the relative size of human association areas falls within the

expected range (Sherwood et al., 2008). Likewise, the overall size
228 Cell 170, July 13, 2017
of the human frontal cortex, a region enriched for association

areas, seems no larger than expected as compared to the rest

of the brain or the cortex (Bush and Allman, 2004; Semendeferi

et al., 2002). Additional studies have provided evidence that the

prefrontal cortex or a portion of the prefrontal cortex may be

expanded in humans relative to NHPs (Schoenemann et al.,

2005; Semendeferi et al., 2011), but these results are not univer-

sally accepted for various reasons (Sherwood et al., 2008; Hollo-

way, 2002). While still a matter of considerable discussion and

study, recent evidence suggests that certain features of the hu-

man brain anatomy scale as expected for a primate (Herculano-

Houzel, 2016).



Figure 2. Variation in the Number of Cerebral Cortical Neurons

across Mammals
The shaded region represents the 95% prediction interval for the data points
excluding primate and cetacean points, highlighting that the observed number
of cortical neurons in primates does not follow the same scaling rules. What
scaling rule cetaceans adhere to is an open question that will be resolved as
more data become available. Data for this figure were taken from several
sources that used different methodologies and data reporting methods. The
numbers on cetaceans were compiled from cerebral neocortical samples by
Eriksen and Pakkenberg (2007), Walløe et al. (2010), and Mortensen et al.
(2014). Information for the chimpanzee data point was obtained from
neocortex by Collins et al. (2016). All other data were retrieved from the dataset
generated by Herculano-Houzel et al. (2015) from the entire cerebral cortex.
As the absolute size of the brain increases across taxa, some

features of the brain do not scale uniformly and should not be ex-

pected to do so. Structural and functional differences associated

with scaling the brain, including neuronal populations at the root

of functional connectivity, may therefore be among the sub-

strates susceptible to evolutionary and developmental variation

and consequently associated with the emergence of human

cognition. Consistent with this, changes in the numbers, as

well as the structural and functional properties, of both neurons

and glia have been observed in humans compared to NHPs (for

example, Bianchi et al., 2013; Elston et al., 2011; Herculano-

Houzel, 2016; Kwan et al., 2012; Oberheim et al., 2012; Sher-

wood et al., 2004). However, many of these and other character-

istics have not yet been explicitly and systematically assayed

across different NHPs or other mammalian species.

Humans Have the Most Cortical Neurons among Extant

Primates

Several attempts have been made to estimate the number and

distribution of neurons in the human CNS. The human CNS

has approximately 86 billion neurons, with a roughly equal num-

ber of glial cells, and 99.9% of these neurons are located in the

brain (i.e., the forebrain, brain stem, and cerebellum; Hercu-

lano-Houzel et al., 2015; Silbereis et al., 2016; Williams and Her-

rup, 1988).While the cerebral cortex, including whitematter, rep-

resents�82% of the mass of the CNS, only�20% of all neurons

(around 16 billion) reside within this structure (Herculano-Houzel
et al., 2015; Herculano-Houzel, 2016; Sigaard et al., 2016), with

published estimates of the number of neocortical neurons vary-

ing by as much as a factor of 2 (between 14.7–32.0 billion) (Her-

culano-Houzel et al., 2015; Herculano-Houzel, 2016; Pakken-

berg and Gundersen, 1997; Pakkenberg et al., 2003; Sigaard

et al., 2016). In contrast, the cerebellum represents �10% of

the mass of the CNS but has �80% of the neurons (69 billion),

most notably granular neurons. An additional 700million neurons

(< 1%) are present in the rest of the CNS, including as few as 20

million neurons in the spinal cord (Herculano-Houzel et al., 2015).

For comparison, there are around 400–600 million neurons in the

human enteric nervous system, the largest part of the peripheral

nervous system (Furness, 2006). Crucially, recent comparative

studies suggest that both the numbers of neurons and glia and

the ratio of these cell types to one another in the human cerebral

cortex and cerebellum likely follow general scaling rules com-

mon to non-great ape primates (Herculano-Houzel, 2016); as hu-

man brains are larger than those of other primates, this again

suggests a positive relationship between neuron number and

cognitive capacities.

However, while the human brain has more neurons than any

extant NHP several mammalian species possess more neurons

in both the CNS and the cerebral cortex, including the long-finned

pilot whale, a species of dolphin with more neurons (37.29 billion)

in the neocortex than any mammal studied to date and almost

twice as many as humans (Figure 2; Mortensen et al., 2014).

Moreover, humans affected by either congenital or acquired con-

ditions where portions of the brain are severely underdeveloped

or missing can have normal or near-normal intelligence and

cognitive skills, with examples including some severe forms of

microcephaly (Haslam and Smith, 1979; Kozma et al., 1996);

childhood hemispherectomy (i.e., disconnection or removal of

an entire cerebral hemisphere; Borgstein and Grootendorst,

2002; Devlin et al., 2003; Liégeois et al., 2010; Pulsifer et al.,

2004); a patient born with only one hemisphere (Muckli et al.,

2009); craniopagus malformation (Lansdell, 1999; Stone and

Goodrich, 2006; Todorov et al., 1974), including a pair of cranio-

pagus twins that share a brain and mind (Squair, 2012); individ-

uals with almost complete absence of the cerebellum (Glickstein,

1994; Yu et al., 2015); and a case of severe hydrocephaly (Feuillet

et al., 2007). Nevertheless, how a simple change in brain size or

neuron and/or glia number could lead to differences in cognitive

capabilities is not, at a mechanistic level, well understood.

Therefore, the key to our brain’s unique capacities may not be

simply its absolute or relative size, or even its number of neurons

and glia, but instead more nuanced components such as

increased diversity of neural cell types, molecular changes,

and expanded or more complex patterns of neuronal connectiv-

ity. One possibility is that increased cognitive abilities emerged

following the expansion of the human brain because this expan-

sion untethered large portions of association cortices from pre-

viously strong constraints imposed by molecular gradients and

neuronal activity patterns, thereby allowing new sets of cor-

tico-cortical synaptic projections, the re-wiring of ancestral cir-

cuits, and the development of new behavioral, cognitive, and

phenotypic outcomes (Buckner and Krienen, 2013). Such a pro-

cess may have also occurred in some whales, elephants, and

other species with large brains and high numbers of neurons,
Cell 170, July 13, 2017 229



but any specific changes that occurred would be independent

and consequently likely unique to a single lineage. Nevertheless,

increasing our knowledge of distant species remains important

to distinguish lineage-specific brain features from those that

can be predicted solely on the basis of increased brain size. Re-

lationships between brain size and neuron number with cognitive

ability might then be largely constant, though not strictly causal,

within taxa but less robust across more divergent species. Given

that the human brain appears to respect the same general

scaling properties observed in NHPs and that brain size and

neuron (and likely glia) number are generally predictive of cogni-

tive capacity among primates, any pursuit seeking to determine

unique features of the human brain must therefore consider the

context of primate CNS structure, physiology, and development.

Humans Have Specialized Neuronal Connections

Myriad neuronal cell types and their specific synaptic connec-

tions comprise the core components of neural circuits and net-

works, which are collectively referred to as the connectome

(van den Heuvel et al., 2016). While the immense complexity of

the human connectome has become increasingly evident over

the past decade, largely due to advances in imaging technolo-

gies, our understanding of its organization and function at the

level of long range projections, local synaptic circuits, and intra-

cellular signaling remains highly incomplete. Recent estimates

suggest there may be between several hundred trillion and well

over a quadrillion synapses in the human CNS (see Silbereis

et al., 2016), with an average of 164 trillion synapses in the

neocortex of young adult males (Tang et al., 2001). Moreover,

the cerebral white matter of young adults contains �149,000–

176,000 km of myelinated axons (Marner et al., 2003), which

may form hundreds of thousands of distinct long-range projec-

tion systems (Irimia et al., 2012). The topology and fidelity of

the connectome are central to the establishment of the dynamic

activity patterns that underlie species-specific cognition and

behavior (Markov et al., 2013; Mesulam, 2000; van den Heuvel

et al., 2016). In principle, small changes in the wiring of the con-

nectome can lead to profound and specific functional changes.

In keeping with the hypothesis presented in the previous section,

multiple lines of evidence suggest that such changes in neuronal

connectivity have occurred in the human lineage.

The allometric expansion of the human brain, in particular the

cerebral cortex, was likely accompanied by the structural reor-

ganization of the connectome, as evidenced in part by the prom-

inent changes in gyral anatomy (Hofman, 2012; Rogers et al.,

2010). However, while changes in gyrification are obvious, it is

not clear if humans have any brain structures, cell types, or neu-

ral circuits that are not present in other primates. Most of the

effort in identifying human-specific changes in cellular diversity

and connectome wiring has been dedicated to comparative

studies of the neocortex. Despite the expansion of the human

neocortex, there is no compelling evidence that any neocortical

area is unique to humans. This includes human perisylvian areas

involved in speech and language, which appear to have homo-

logs in at least some NHPs (Grefkes and Fink, 2005; Petrides

et al., 2005). Likewise, histological comparisons have not identi-

fied human-specific changes in structure, with the exception of

changes within layer 4a in the human primary visual cortex,

which is thought to contribute to differences in the cortical repre-
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sentation of the magnocellular visual pathway (Preuss and Cole-

man, 2002).

In contrast, several studies support human-specific changes

in neuronal organization and connectivity patterns. Even though

no neural cell types unique to the human brain have been

identified to date, there are changes in the morphology and

abundance of both excitatory and inhibitory neurons, as well

as glia between humans and NHPs (Bianchi et al., 2013; Elston

et al., 2011; Herculano-Houzel, 2016; Kwan et al., 2012; Ober-

heim et al., 2012; Sherwood et al., 2004). For example, human

excitatory projection neurons, also known as pyramidal cells,

are larger, have more complex dendritic arborization, and have

a higher density of spines compared to excitatory projection

neurons of NHPs (Elston et al., 2011; Sherwood et al., 2003),

suggesting that they may have an increased potential for inte-

grative connectivity. A notable example of this centers upon a

subgroup of modified pyramidal neurons, known as spindle or

von Economo neurons, characterized by a large spindle-shaped

soma mainly found in layer 5b of the fronto-insular and anterior

cingulate cortex of several primates, elephants, and cetaceans

(Nimchinsky et al., 1999; Seeley et al., 2012), which have been

shown to be larger and more numerous in humans than in other

apes (Allman et al., 2010). Along similar lines, another group of

modified pyramidal neurons, fork neurons, which feature a von

Economo neuron-related but nevertheless distinct morphology,

are intermingled with von Economo neurons in the human

fronto-insular cortex and are scattered in chimpanzees and

orangutans, but not cats (see Seeley et al., 2012 for references).

However, the extent of species differences for von Economo

and fork neurons requires further investigation before conclu-

sions about their phylogenies can be determined. There are

also several lines of evidence for species-specific differences

in the regional localization and abundance of certain sub-

classes of inhibitory neurons and axons from serotoninergic,

dopaminergic, and cholinergic neuromodulatory systems in

the neocortex of humans and NHPs (Defelipe, 2011; Raghanti

et al., 2016; Raghanti et al., 2009; Raghanti et al., 2008a, b;

Sherwood et al., 2004). Human-specific changes at the brain

tissue level, likely reflecting alterations in the molecular and

biochemical properties of neurons and glia, have also been

observed (Khaitovich et al., 2004; Oldham et al., 2006; Somel

et al., 2009; Somel et al., 2013; Zhu et al., 2014). For example,

differences in gene expression, signaling pathways, and

increased complexity in astrocyte morphology and function

have been reported between human and non-human neocor-

tical glial cells (Han et al., 2013; Oberheim et al., 2012; Spocter

et al., 2012; Zhang and Barres, 2013). Overall, it is necessary to

appreciate that these species differences may reflect an expan-

sion of the functional role of glia in synaptic modulation and

perhaps cognition in humans.

There are also compelling examples of species differences in

the organization of long-distance projection systems between

primate species. One example is the arcuate fasciculus, a tract

that connects perisylvian temporo-parietal and frontal neocor-

tical areas (Figures 3A and 3B). Alterations of the arcuate

fasciculus result in conduction aphasia, a rare audition-based

aphasia resulting in speech repetition inabilities, indicating the

importance of these fibers for human language (Anderson



Figure 3. Language-Related Pathways Are Strongly Lateralized and Modified in Humans
(A and B) Language-related pathways connecting Broca’s (B), Geschwind’s (G), and Wernicke’s (W) neocortical territories, reconstructed based on diffusion
tensor imaging data. Both hemispheres share the long direct segment and the posterior indirect segments, which connect Broca’s territory in the frontal cortex
with Geschwind’s territory in the parietal cortex and connect Geschwind’s territory with Wernicke’s territory in the temporal cortex, respectively. The direct
segment is found exclusively in the left hemisphere and connects Broca’s and Wernicke’s territories.
(C) Comparison of arcuate fasciculus projections in humans and non-human primates. In humans, projections extend far into themedial and inferior temporal gyri,
whereas projections to the chimpanzee temporal lobe are less extensive into the inferior temporal gyrus. In macaques, the projection into the inferior temporal
gyrus appears to be completely absent. PFC, prefrontal cortex; SF, Sylvian fissure; STC, superior temporal cortex. Adapted from Catani and Mesulam (2008);
Rilling et al. (2008), and Ghazanfar (2008).
et al., 1999). Diffusion tensor imaging analysis of the homolo-

gous perisylvian axonal tracts in humans, chimpanzees, and

macaques revealed that temporal projections present in hu-

mans seem to be greatly reduced in chimpanzees and absent

in macaques, especially in the left medial and inferior temporal

gyri (Figure 3C; Rilling et al., 2008), whichmay have implications

for the evolution of language. In addition, species differences in

the organization of the superior longitudinal fasciculus, the pri-

mary white matter tract connecting lateral frontal with lateral

parietal neocortical areas, have been observed between hu-

mans and chimpanzees (Hecht et al., 2015), which may have

implications for the evolution of fronto-parietal functions,

including spatial attention to observed actions, social learning,

and tool use. In addition to structurally based studies, a recent

comparative functional magnetic resonance imaging study

observed two lateralized human fronto-parietal networks in

the cortical regions displaying the greatest evolutionary expan-

sion that had neither topological nor functional monkey corre-

spondents (Mantini et al., 2013), suggesting that functions of
certain structural networks have diverged during human evolu-

tion. There is also evidence for structural and functional reorga-

nization of corticofugal neurons and their long-range axons,

such as the corticospinal projection system in primates (Heffner

and Masterton, 1983; Herculano-Houzel et al., 2016; Kuypers,

1987; Nakajima et al., 2000), which might be relevant for the

corticalization of motor control and the evolution of digital dex-

terity.

The principles of routing complexity and connectivity scaling

(Deacon, 1990; Ringo, 1991; Stevens, 1989) have been used to

suggest that there is an increase in the amount of cortical local

short-range connections, including short U-shaped fibers, in

the human cortex (Catani et al., 2012; Herbert et al., 2003; van

den Heuvel et al., 2016). These short-range connections are ex-

pected to arise from pyramidal neurons in layers 2 and 3. These

cortical layers exhibit increased thickness and neuron number in

humans compared to NHPs and other analyzedmammals (Huts-

ler et al., 2005; Marin-Padilla, 1978; Rockel et al., 1980). Cortical

short-range projections connect neighboring areas and are
Cell 170, July 13, 2017 231



hypothesized to generate more elaborate gyrification (Van Es-

sen, 1997), which is a prominent characteristic in humans as

compared to NHPs (Hofman, 2012). Another study (Spocter

et al., 2012) quantified the neuropil fraction (used as a proxy

for the total connectivity under the assumption that more neuro-

pil indicates more connectivity) of six different neocortical (pri-

mary and association) areas of human and chimpanzee brains.

Human association areas, especially in the prefrontal cortex,

contained a higher fraction of neuropil compared to primary

areas, while chimpanzee association and primary areas had

similar neuropil levels. In addition, neurons in association areas

of the frontal (Schenker et al., 2008) and temporal (Semendeferi

et al., 2011) cortices are more separated than in other areas of

the brain in humans compared to NHPs.

The human connectome also appears unique in the timing and

pattern of neocortical myelination, which may have implications

on the conduction velocity along axons (Glasser et al., 2014;

Miller et al., 2012; Olmos-Serrano et al., 2016). While its overall

myelination maps are comparable to those of chimpanzee and

macaque brains, the human brain has a larger total axon surface

that is less myelinated, representing mostly the association

areas (Glasser et al., 2014). These results reinforce the idea

that humans have reorganized long-range corticopetal, intra-

cortical, and corticofugal projection systems, especially those

associated with the prefrontal and temporal association

cortices, which are regions involved in higher-order cognitive

functions. Together, these studies suggest that both local cir-

cuits and long-range projection systems and networks have un-

dergone structural, molecular, and functional reorganization

during human evolution and that these features may have

evolved independently of brain enlargement. However, the

evidence for human-specific changes in some cases is not

conclusive due to sample size, tissue quality, and methods

used, indicating the need for further studies and the develop-

ment and implementation of new methodologies.

Interestingly, the large size and expansive connectivity of the

human brain create two problems that may also drive some as-

pects of human divergence. Generating and maintaining an

immensely complex connectome comes at a substantial meta-

bolic cost, as the human brain uses 18% of the body’s oxygen

at rest but accounts for only 2.5% of a human’s total body weight

(Kety and Schmidt, 1948). As a consequence, molecular adapta-

tions for high levels of neuronal activity, along with changes in en-

ergy allocation and diet, occurred during human evolution (Aiello

and Wheeler, 1995; Khaitovich et al., 2008; Pontzer et al., 2016;

Wrangham et al., 1999). For extended information and discussion

on the potential role of diet and energetics in the evolution of brain

size, we refer readers to Navarrete et al. (2011) and Isler and Van

Schaik (2014). In addition, the development of a large brain and

the generation of the human-specific features of the neural con-

nectome necessitate an extended developmental period relative

to NHPs and mammals with smaller brains or brains with lower

complexity in terms of connectivity.

Developmental Mechanisms Underlying the Evolution of
Human Nervous System
We have thus far reviewed phenotypic similarities and differ-

ences between gross brain features, as well as smaller struc-
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tures and cell types in human and non-human brains. These

phenotypic differences between human and NHP CNS most

likely arise during the normal brain development of each species.

But what governs the developmental occurrences that allow

these structures to arise?

Owing to its remarkable complexity, the human brain, and

most especially the association areas of the neocortex, develops

more slowly than the brains of other primates. It takes over two

decades to build a fully mature human brain, a period of time

greater than the entire lifespan of some NHPs (Silbereis et al.,

2016). As a consequence, in addition to a particularly long gesta-

tional time, humans have an extended childhood and adoles-

cence (Bogin, 1994). This prolonged developmental course

and period of dependency allows, more so than in other pri-

mates, for longer critical periods and a greater effect of environ-

mental factors on the development of cognitive, emotional, and

social capacities (Bogin, 1994; Silbereis et al., 2016; Sousa

et al., 2015).

Compared to either the macaque, one of the most commonly

studied NHPs, or other non-primate mammals whose CNS

development has been extensively studied, the developing hu-

man CNS possesses divergent and highly derived features.

Specifically, humans have expanded proliferative zones and

have diverse subtypes of neural stem and progenitor cells with

enhanced proliferative capacities that facilitate brain expansion,

especially of the neocortex (see recent reviews for details: Bae

et al., 2015; Dehay et al., 2015; Florio et al., 2015; Geschwind

and Rakic, 2013; Gulden and �Sestan, 2014; Lui et al., 2011;

Taverna et al., 2014). As the timing and duration of neurogenesis

is correlated with the size of the resulting neocortex, and as the

duration of neurogenesis in humans is protracted, more progen-

itor cells can be added to the pool that gives rise to the neocortex

(Finlay and Darlington, 1995; Geschwind and Rakic, 2013). This

is reflected in the large expansion of the subventricular zone,

particularly the outer subventricular zone, in the primate and hu-

man developing neocortex (Lui et al., 2011; Smart et al., 2002;

Taverna et al., 2014). Similarly, upper-layer neurons, which are

the last postmitotic neurons to migrate to their final position in

the laminar neocortex and might therefore be most affected by

a prolonged neurogenic period, have an extraordinary numeric

expansion in primates, especially in humans, when compared

to other mammals (Hutsler et al., 2005; Marin-Padilla, 1978;

Rockel et al., 1980).

Experimentally investigating the details of primate and human

neurogenesis is technically challenging. A study of cell-cycle ki-

netics during cortical neurogenesis in macaque embryos has re-

vealed longer cell-cycle duration in monkeys compared with ro-

dents (Dehay et al., 2015; Kornack and Rakic, 1998). Using

directed differentiation of human, chimpanzee, and macaque

iPSCs, Otani et al. (2016) recently recapitulated key features of

cortical neurogenesis in vitro. Furthermore, they reported spe-

cies differences in cell-cycle length and proliferative capacities

of neural progenitors, including changes in the timing (hetero-

chrony) of key developmental events and extended proliferation

of chimpanzee and human progenitors compared to macaque.

The complexity that defines the structural and functional pat-

terns of neural connectivity is rooted in the diversification of

developing neurons and glial cells into functionally distinct



Figure 4. Comparative Analysis of Neocortical Gene Expression between Human and Macaque Reveal Species Differences during Fetal

Development
(A) Illustration showing gradients of gene co-expression modules (M) during human neocortical development. Four gradients are shown: anterio-posterior
(10–13 pcw), ventro-medial (13–16 pcw), temporal (16–19 pcw), and perisylvian (19–24). Genes present within each co-expression module shown here are listed
in Pletikos et al. (2014). pcw: postconcepional week; MFC: medial prefrontal cortex; OFC: orbital prefrontal cortex; DFC: dorsolateral prefrontal cortex; VFC:
ventrolateral prefrontal cortex; M1C: primary motor cortex; S1C: primary somatosensory cortex; IPC: inferior parietal cortex; STC: superior temporal cortex; ITC:
inferior temporal cortex; A1C: primary auditory cortex; V1C: primary visual cortex.
(B) Quantitative real-time PCR of hub genes belonging to the coexpression modules represented in (A) show divergence between human and macaque,
particularly in the expression of CLMP and C13ORF38. Adapted from Pletikos et al. (2014).
subtypes and the formation of proper connections (Bae et al.,

2015; Lui et al., 2011; Shibata et al., 2015). While we have

made substantial progress in understanding how molecular and

cellular changes can lead to variations in the size of the mamma-

lian CNS, in particular the neocortex, we know very little about

howdevelopmental changes in neuronal complexity andconnec-

tivity arose during human evolution. Notably, a small number of

recent comparative studies of postmortem prenatal and early

postnatal human and NHP brains have provided some relevant

insights by revealing certain region and cell-type-specific devel-

opmental changes across those species (Figure 4; Bakken et al.,

2016; Florio et al., 2015; Kwan et al., 2012; Pletikos et al., 2014).

However, neural connectivity and developmental processes

cannot be easily assessed in postmortem human tissue through

imaging studies or in existing in vitro neural cell systems. As a

consequence, much of the complexity of the human brain and

the observed human-specific differences discussed so far in

this review, as well as cell-type and phenotypic specializations,

can best be studied through the genomic changes that have
occurred in the human lineage. In view of the current technolog-

ical boom in genomics, this is a welcome circumstance for inves-

tigators, as human-specific phenotypesmust ultimately be linked

to the genomic changes giving rise to that innovation.

Genetic Basis and Molecular Mechanisms Underlying
Human Brain Evolution
Given a phenotypic difference, identifying underlying genomic

changes is a challenging task. Functionally relevant sequence

variation between species must be identified from a much larger

set of variants, most of which are expected to be neutral. Once a

connection between sequence and trait variation is supported, it

is even more difficult to gain a satisfactorily mechanistic under-

standing of the relationship, even when the species of interest

are genetically tractable model organisms. The classes of

genetic changes behind human-specific traits can range from

single-base-pair substitutions to large chromosomal rearrange-

ments, which can lead to a variety of effects ranging from small

modifications of gene expression levels to the appearance or
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destruction of whole genes and regulatory regions. Human and

chimpanzee genomes differ by �35 million nucleotide substitu-

tions (1.2% of base pairs) and 5 million insertions or deletions

(indels) (Chimpanzee Sequencing and Analysis Consortium,

2005). In fact, structural variation, including indels, inversions,

and duplications, accounts for 3–4 times more sequence diver-

gence than single-base-pair mutations between human and

chimpanzee genomes (90 Mb versus 35 Mb from substitutions;

Cheng et al., 2005).

In the next section, we describe studies that have begun to

characterize genomic variation in the context of brain develop-

ment and function, with an emphasis on studies that have at-

tempted to functionally investigate variants that occurred in the

human lineage after the split with chimpanzees. The degree to

which changes in noncoding regulatory regions, particularly

cis-regulatory elements, versus changes in protein-coding re-

gions drive phenotypic evolution remains an unresolved ques-

tion. For discussion of this topic, see reviews arguing in favor

of a dominant role for cis-regulatory evolution (Carroll, 2008;

Wray, 2007), as well as reviews providing different perspectives

(Alonso and Wilkins, 2005; Hoekstra and Coyne, 2007; Wagner

and Lynch, 2008). Despite the relative contributions of different

mutation types, there are clear examples of each type driving

lineage- and species-specific differences, and both types likely

contribute to human-specific features of brain development.

Protein-Coding Mutations
While many of the genetic differences between species lie

outside of protein-coding regions, focusing on amino-acid sub-

stitutions makes it easier to identify changes that likely have a

functional consequence (for example, when an amino acid with

very different properties is substituted or a mutation leads to a

stop codon). Furthermore, comparing the ratio of nonsynony-

mous to synonymous mutations provides a straightforward

method for estimating whether a sequence has evolved at a

rate expected under neutral evolution. In the study of human

brain specializations, brain-expressed genes that show signs

of positive selection are of particular interest. If human-specific

features of brain development involved changes in the function

of many proteins, a reasonable expectation is for brain-ex-

pressed genes to display elevated rates of evolution in the hu-

man lineage. Although a few studies reported results that sup-

port this idea (Dorus et al., 2004; Yu et al., 2006), other studies

found no evidence that brain-expressed genes have evolved

faster in humans (Bustamante et al., 2005; Clark et al., 2003;

Nielsen et al., 2005; Shi et al., 2006; Wang et al., 2007). While

these studies indicate that global rates of amino-acid substitu-

tions in brain-expressed genes are not exceptional in the human

lineage, these data provide no direct information about the func-

tional consequences of the mutations that have occurred. As

such, it is important that specific genes that appear to be under

positive selection are functionally characterized.

FOXP2 is an example of a gene for which there are multiple

lines of evidence, including functional studies, that point to its

involvement in human-specific specializations of the brain.

FOXP2 is an extremely well-conserved protein, with only three

amino-acid substitutions between human and mouse orthologs

(Enard et al., 2009; Zhang et al., 2002), and was the first gene
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found to harbor mutations that cause problems in speech and

language development (Lai et al., 2001). Of these substitutions,

two occurred in the human FOXP2 after the divergence of hu-

mans and chimpanzees, and these mutations appear to be fixed

in all human populations, with one of the mutations also arising

independently in carnivores and a suborder of bat species

(Zhang et al., 2002; Li et al., 2007). The potential functional con-

sequences of these two human-specific substitutions have been

investigated by introducing the two mutations into the endoge-

nous mouse Foxp2 (Enard et al., 2009). Mice with the humanized

version of Foxp2 showed differences restricted to neural-related

phenotypes, specifically in cortico-basal ganglia circuits,

including changes in dopamine levels, striatal synaptic plasticity,

dendrite morphology, and stimulus-response learning (Figure 5;

Enard et al., 2009; Schreiweis et al., 2014). Compared to their

wild-type littermates, juvenile mice carrying the two human-spe-

cific mutations also showed differences in ultrasonic vocaliza-

tions (Enard et al., 2009), but these effects appear to be transient,

as they were not observed in adult mice carrying the two human-

specific mutations (Hammerschmidt et al., 2015).

Beyond single nucleotide substitutions, studies have begun to

explore the contribution of larger structural changes, such as du-

plications, to phenotypic differences between human and NHP

brains. Human-specific duplications of genes with neurodeve-

lopmental functions are of particular interest, as these duplica-

tions may have resulted in novel gene function that is restricted

to humans. Investigating these events generally involves accu-

rate sequencing of large-insert bacterial artificial chromosome

(BAC) libraries to fully resolve the structure and evolution of these

highly complex regions. There are more than 30 gene families

expanded specifically in humans (Sudmant et al., 2010),

including many genes involved in neurodevelopment (Fortna

et al., 2004; Goidts et al., 2006; Sudmant et al., 2010). Among hu-

man-specific gene duplicates, SRGAP2 has been one of the

most extensively studied. After the divergence of human and

chimpanzee lineages, SRGAP2 underwent a series of duplica-

tions in humans, with one duplication fixed across all human

populations studied (Dennis et al., 2012). Interestingly, experi-

ments in mouse suggest that this human-specific paralog inter-

feres with the function of the ancestral copy of SRGAP2, antag-

onizing its role in synapse regulation, maturation, and density,

resulting in protracted synapse maturation, increased synaptic

density in neocortical pyramidal neurons, and prolonged spine

maturation (Fossati et al., 2016; Charrier et al., 2012).

Another human-specific duplication with evidence for neuro-

developmental function, ARHGAP11B, resides in a �2.5 Mb

region on chromosome 15q13.3, known as one of the most un-

stable loci in the human genome, with structural variants asso-

ciated with several developmental disorders (Antonacci et al.,

2014; El-Hattab et al., 2009; Shinawi et al., 2009). Recently,

Florio and collaborators discovered that this gene is highly ex-

pressed in isolated radial glial cells, while its expression was un-

detectable in cortical neurons and cortical plate. A series of ex-

periments in mouse demonstrated that ARHGAP11B, which

was also present in Neanderthals and Denisovan (Prüfer et al.,

2014), increases basal progenitor mitosis when expressed in

the mouse neocortex at E13.5. It appears to do so by promoting

apical radial glia cells to undergo symmetric-differentiative



Figure 5. Mouse Models of Human-Specific Genomic Features
Each row presents a study that investigated a different type of human-specific change in amousemodel, with the right column highlighting a specific finding of the
study. In order, the studies are Enard et al. (2009), Florio et al. (2015), Boyd et al. (2015), Kamm et al. (2013a), and McLean et al. (2011). The darker shade in
ARHGAP11B represents a frameshift and termination that followed a deletion in the fifth exon. Pt, Pan troglodytes, common chimpanzee; Hs, Homo sapiens,
human. Note that the findings displayed, particularly for the Enard et al. (2009) and Boyd et al. (2015) studies, are not intended to serve as a summary for all the
phenotypes investigated.
divisions producing two basal progenitors in each mitosis (Flo-

rio et al., 2015). Notably, when expressed in the mouse brain,

ARHGAP11B produced folding of the neocortex in an otherwise
lissencephalic brain (Figure 5). Due to their human-specific evo-

lution at the genomic level along with their phenotypic charac-

terization in mouse, SRGAP2 and ARHGAP11B are strong
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candidates for playing an important role in producing differ-

ences in human brain development that occurred after the split

of human and chimpanzees.

Among other promising candidate genes under study in the

context of evolutionary neuroscience are BOLA2 and DUF1220

repeats, which are both linked to autism spectrum disorder (Da-

vis et al., 2014; Kumar et al., 2008).BOLA2 is contained in amod-

ern-human-specific segmental duplication in a complex region

of chromosome 16, showing 2–5 copies in almost all present-

day humans analyzed (Prüfer et al., 2014; Sudmant et al.,

2013; Nuttle et al., 2016), which is an instance of a quick fixation

after a duplication event. The DUF1220 protein domain, exten-

sively studied by Sikela and colleagues, shows the largest

expansion of protein-coding sequence in the human genome,

with an estimated addition of 28 copies every million years since

the split with chimpanzees, resulting in �270 copies in humans

compared to the 90–125 copies in great apes (Fortna et al.,

2004; O’Bleness et al., 2012a; O’Bleness et al., 2012b; Popesco

et al., 2006). These domains aremostly present in theNBPF gene

family and mainly found in chromosome 1 (1q21.1). Almost all

DUF1220 regions accumulated in humans since the split with

chimpanzee are located within a human-specific pericentro-

meric inversion. Deletions and duplications in this DUF1220-

rich locus have been implicated in microcephaly and macroce-

phaly, respectively (Brunetti-Pierri et al., 2008). There appears

to be a positive correlation between brain size and DUF1220

content in the genomewithin the human population and between

species (Keeney et al., 2014), and recent findings suggest that

DUF1220 is expressed in the ventricular zone primarily during

cortical neurogenesis in the human fetal brain and promotes pro-

liferation when expressed in vitro in neural stem cells (Keeney

et al., 2015).

All of the protein-coding changes discussed above stem from

modifications of existing genes. Human-specific protein-coding

genes created de novo from noncoding sequence are rare. Esti-

mates on the number of de novo protein-coding genes present

only in humans vary widely, with up to 60 genes proposed

(Knowles and McLysaght, 2009; McLysaght and Guerzoni,

2015; Guerzoni and McLysaght. 2016; Wu et al., 2011). These

genes are largely functionally uncharacterized but show a ten-

dency for increased expression in the brain and testes (Wu

et al., 2011; Xie et al., 2012), although a recent analysis of de

novo genes (which was not restricted to protein-coding genes)

did not find evidence for brain-enriched expression (Ruiz-Orera

et al., 2015).

Mutations to Noncoding Regulatory Regions
Many phenotypic differences between humans and NHPs,

including those involving the nervous system, may be rooted in

regulatory variation. Ameta-analysis of positive selection in cod-

ing and noncoding regions of the genome has provided support

for this idea, as neural genes are enriched for regulatory evolu-

tion (Haygood et al., 2010). In addition, comparative genomics

has facilitated the identification of putative regulatory regions

marked by exceptional change in the human lineage. Collec-

tively, genome-wide scans have revealed more than 2,000 non-

coding regions that, while highly conserved in other species,

have accumulated a remarkable number of substitutions in hu-
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mans (Bird et al., 2007; Kim and Pritchard, 2007; Lindblad-Toh

et al., 2011; Pollard et al., 2006a; Pollard et al., 2006b; Prabhakar

et al., 2006). These studies provide a set of putative regulatory

elements that, due to their pattern of sequence evolution, are

candidates for producing human-specific gene regulation, which

may ultimately lead to human-specific phenotypes, including

unique features of human neurodevelopment. Because these

human-specific regions are identified from genomic compari-

sons, additional information is needed to infer the spatiotem-

poral context in which any given sequence operates. For

example, several studies have reported that differentially ex-

pressed genes across brain regions disproportionately neighbor

conserved noncoding sequences that display human-specific

acceleration (Lambert et al., 2011; Johnson et al., 2009; Miller

et al., 2014). However, a recent study suggests that this associ-

ation is confounded by the number of conserved noncoding se-

quences that a gene neighbors (Meyer et al., 2017).

One of the accelerated regions identified, HAR1, lies within

two overlapping RNA genes, HAR1F and HAR1R. Interestingly,

HAR1F is expressed in Cajal-Retzius neurons of the developing

human cortex (Pollard et al., 2006b), but the functional role of

HAR1F and the consequences of the human-specific accelera-

tion within the gene are still unknown. Although HAR1 falls inside

RNA genes, many human-accelerated regions likely mark en-

hancers. A combined analysis of human-accelerated regions

considered a diverse set of genomic data (such as sequence

composition, transcription factor binding sites, and chromatin

state) and predicted that at least 30% of these regions act as

developmental enhancers (Capra et al., 2013). Using enhancer

assays in transgenic mice, several studies have identified cases

where a human-accelerated region, compared to the ortholo-

gous region from other species, drives a distinct pattern of

expression of a reporter gene in the developing mouse brain

(Boyd et al., 2015; Capra et al., 2013; Kammet al., 2013a; Oksen-

berg et al., 2013). Another recent study found that some rare hu-

man mutations occurring in specific human-accelerated regions

were associated with autism spectrum disorder (Doan et al.,

2016), further supporting the functional relevance for particular

accelerated sequences.

The highest density of human accelerated noncoding regions

occurs within the geneNPAS3 (Kamm et al., 2013b), a gene cod-

ing for a transcription factor involved in brain development (Brun-

skill et al., 2005). Of the 14 accelerated regions, all of which

reside in introns of NPAS3, transgenic assays in zebrafish pro-

vided evidence that 11 were capable of driving reproducible

expression of a reporter gene in the CNS. Focusing on one of

these regions, Kamm et al. found that the orthologous se-

quences from mouse and chimpanzee drove LacZ expression

in a pattern similar to endogenous NPAS3 expression in the

mouse CNS. The human-accelerated sequence, by contrast,

drove LacZ expression in an extended region that included the

developing anterior telencephalon (Figure 5; Kamm et al.,

2013a). This example is among the currently small catalog of hu-

man-specific changes in regulatory regions that likely generate

human-specific expression patterns of genes that are important

in brain development.

In a search for conserved sequences with human-specific de-

letions instead of an accelerated rate of base-pair substitutions,



McLean et al. (2011) identified over 500 noncoding regions that

are conserved in other mammals and deleted in humans. As

with accelerated sequences, transgenic enhancer assays have

provided evidence for the relevance of a human-specific deletion

in brain development. The chimpanzee and mouse versions of a

sequence that was deleted near GADD45G are able to drive

expression of a reporter gene in the subventricular zone of devel-

oping mice (Figure 5). This finding raises the possibility that a

human-specific deletion of this enhancer contributes to the

expansion of the human neocortex.

While expression assays are a useful step in linking genomic

variants to phenotypic change, only recently has a study carried

out more extensive functional characterization of a human-spe-

cific regulatory region. Boyd et al. (2015) identified a human

accelerated region that functions as an enhancer in the

neocortex during prenatal development. First, they showed

that the human enhancer drives the expression of a LacZ re-

porter more robustly and in an earlier developmental time than

the homologous chimpanzee sequence (Figure 5). Then, they

determined that the enhancer regulates its nearest gene,

FZD8, a member of the frizzled gene family, which produces re-

ceptors for the WNT proteins. The authors generated transgenic

mice with FZD8 under the control of either the human or chim-

panzee enhancer. Mice with the human enhancer had neural

progenitors with a faster cell cycle and displayed an increase

in brain size.

To date, many genome-wide scans have been performed us-

ing a wide range of methods and species to catalog human-spe-

cific sequence changes, and there are still changes that remain

to be described. For example, a recent analysis of tandem re-

peats between humans and NHPs found that genes containing

repeats show higher expression divergence between species,

including in brain samples (Bilgin Sonay et al., 2015). Repeats

that are conserved in NHPs but different in human (either fixed

across humans or polymorphic) show enrichment for neural-

development-related categories. However, while there are still

sequence-level differences to explore, particularly as technolog-

ical advances allow for investigation of complex regions of the

genome, more extended experimental work is needed to gain

a more comprehensive understanding of the role of human-spe-

cific sequences in human brain specializations.

Changes in Patterns of Developmental and Adult Gene
Expression
Transcriptome profiling of tissues provides an additional level of

information that can be used to prioritize genes for functional

studies of human-specific gene regulation during neurodevelop-

ment. Recent comprehensive analyses of gene expression

across multiple human brain regions and time points have re-

vealed that gene expression is dynamically regulated across

brain regions and time (Colantuoni et al., 2011; Johnson et al.,

2009; Kang et al., 2011; Miller et al., 2014; Pletikos et al.,

2014), most prominently during early and mid-fetal development

(Johnson et al., 2009; Miller et al., 2014; Pletikos et al., 2014), a

crucial time in the formation of neural circuits. Within the mid-

fetal neocortex, robust inter-regional and areal transcriptional

differences were observed at the level of individual genes, as

well as groups of highly co-expressed genes (modules), and
included specific patterns of expression demarcating prospec-

tive prefrontal and perisylvian areas, which are involved in

some of the most distinctly human aspects of cognition and

behavior (Figure 4A) (Johnson et al., 2009; Kwan et al., 2012;

Miller et al., 2014; Pletikos et al., 2014). Moreover, these studies

have also revealed differences among humans, NHPs, and ro-

dents in the expression of certain genes and proteins previously

implicated in neurodevelopment (Figure 4B). Together, these re-

sults suggest that early andmid fetal periods are key to exploring

the development of human brain specializations and that human-

specific, and likely transient, changes in the spatiotemporal

expression of certain genes during these periods may play a

role in the unique features of human neural circuit development.

Most studies comparing gene expression between humans

and NHPs have analyzed transcriptional differences in adult

samples. This is largely due to the lack of high-quality prenatal

and early postnatal tissues, especially from great apes. Given

the difficulty of interpreting adult studies in the context of brain

development, we will only briefly summarize these adult studies.

Some of these comparative analyses have reported that there

are more genes upregulated in the human brain compared to

NHP brain, but not in other examined tissues (Cáceres et al.,

2003; Gu and Gu, 2003; Khaitovich et al., 2004). However, these

findings were not corroborated by other studies, which have re-

ported that gene expression in the human brain is not more

divergent (Hsieh et al., 2003) and that there is no bias for upregu-

lated expression in the human brain (Uddin et al., 2004). Other

works reported several interesting findings on human-specific

differences in the expression of genes involved in aerobic meta-

bolism (Babbitt et al., 2011; Uddin et al., 2008) and on genes that

are organized into modules of co-expression that are specific to

humans (Konopka et al., 2012; Oldham et al., 2006), as well as a

surprising conservation of noncoding RNAs among the analyzed

species (Babbitt et al., 2010).

Although it is nearly impossible to comprehensively study

gene expression variation among developing primates, espe-

cially the great apes, several studies have made progress in

identifying human-specific differences. These studies high-

lighted groups of genes with developmental time-shifts and

focused on neotenic features (Somel et al., 2009), miRNA regu-

lation (Hu et al., 2011; Somel et al., 2011), RNA editing (Li

et al., 2013), and transcription factor regulation (Liu et al.,

2012) of groups of co-expressed genes. Inter-species expres-

sion differences were found to be more pronounced in the hu-

man prefrontal cortex than in the cerebellum. Though intriguing,

this finding is difficult to interpret because no other neocortical

areas were examined and because the analyses were limited

to postnatal development (except Liu et al. [2012], which in-

cludes prenatal macaque samples). According to Kang et al.

(2011) and Pletikos et al. (2014), human neocortical areas are

more similar in terms of expression during postnatal develop-

ment, suggesting that the difference observed between the cer-

ebellum and prefrontal cortex might not be specific to the pre-

frontal cortex. Extending transcriptional evolution studies to

prenatal stages, when neocortical regions are most distinct

from each other in terms of gene expression, will likely be essen-

tial for capturing the transcriptional differences that are impor-

tant for unique features of human neurodevelopment.
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Beyond a global characterization of spatiotemporal gene

expression differences across species, these studies are useful

for selecting promising genes for future functional studies. Alone,

it is difficult to interpret gene-expression differences between

species for a given gene because these differences may be

due to variation in environment or tissue quality, among other

confounding variables. Furthermore, even if the difference in

expression is biological, it may not have an effect on a pheno-

typic outcome. However, despite these limitations, genome-

wide expression profiling provides a valuable snapshot that

can be used to generate hypotheses and steer functional

studies. One such candidate is the gene coding the transcription

factor MEF2A, which appears to regulate a module of co-ex-

pressed genes involved in synaptogenesis (Liu et al., 2012), high-

lighting the fact that alteration of the expression time course of a

single transcription factor may drive differences in crucial devel-

opmental processes. Genes in this module are expressed later in

human development than in other NHPs, concurrent with the

expression of MEF2A. These expression changes match the

delay of synaptogenesis observed in humans (Petanjek et al.,

2011). Interestingly, the comparison of the human, Neanderthal,

chimpanzee, andmacaqueMEF2A locus has shown that there is

an excess of SNPs in the human lineage in an upstream region to

the gene, indicating that this region is under positive selection in

the human lineage (Liu et al., 2012). Given these findings,MEF2A

is an interesting candidate for functional characterization that le-

verages mouse genetics.

Changes in Patterns of Developmental and Adult
Regulatory Marks
In addition to transcriptome data, several contemporary tech-

niques provide valuable information for comparing gene regula-

tion across species. Chromatin immunoprecipitation sequencing

(ChIP-seq) enables a genome-wide survey of genetic marks that

signal regulatory activity of putative promoter and enhancers (Re-

illy and Noonan, 2016). Recent studies have compared promoter

and/or enhancer activity in the brain of humans and closely

related species: one capturing differences during the time of cor-

ticogenesis in human, macaque, and mouse brains (Reilly et al.,

2015); one examining numerous brain regions from adult human,

chimpanzee, and macaque samples (Vermunt et al., 2016); and

a third assessing cell-type-specific promoter landscapes in pre-

frontal cortex of human, chimpanzee, and macaque brains

(Shulha et al., 2012). These inter-species comparisons of active

regulatory elements in different tissues have so far demonstrated

that promoters and enhancers are largely conserved between hu-

mans and primates with respect to position in spite of sequence

divergence (Cotney et al., 2013; Prescott et al., 2015; Vermunt

et al., 2016) and that a subset of positionally conserved marks

appear to be either tissue-specific, species-specific, or both in

terms of activity, as marks for these enhancers (and to a lesser

extent promoters) have been observed in disparate tissues and

among different brain areas from one species to another (Cotney

et al., 2013; Vermunt et al., 2016). Conserved epigenetic marks

can also be cell type specific, as neuronal epigenomes in pre-

frontal cortex are more similar across human and NHP (chim-

panzee and macaque) species than they are to non-neuronal epi-

genomes within the same species (Shulha et al., 2012). These
238 Cell 170, July 13, 2017
studies emphasize the need to include a closely related species

to identify human-specific gain or loss of enhancer and promoter

activity. While �1400 enhancers and �90 promoters are specif-

ically enriched in humans when comparing adult human and

macaques, only 139 enhancers and 7 promoters remain as

human-specific gains when introducing chimpanzee in the com-

parison (Vermunt et al., 2016). This classification cannot be per-

formed in the embryonic enhancer catalog because data from

chimpanzees are absent, and thus, prenatal human-specific

enhancer activity is yet to be uncovered. Nevertheless, those

embryonic enhancers and promoters either specifically active

or absent in the human samples involve genes in co-expression

modules associated with neuronal proliferation and differentia-

tion (Reilly et al., 2015). In these studies, human-accelerated

sequence overlapped with some human-specific enhancers,

but an overall enrichment was not observed. These new cata-

logs of putative human-specific enhancers active at specific

stages of development and in different brain regions open a

novel research space for testing hypotheses linking genes to hu-

man-acquired brain differences.

Promoters, enhancers, and other regulatory elements are

subject to dynamic regulation in part through the methylation

of the �1 billion cytosines in the human genome, most notably

the�28 million CpG sites (Feng et al., 2005; Spiers et al., 2015).

This methylation, driven by the differential expression of DNA

methyltransferases, can result in species-, tissue-, and cell-

type-specific patterns of gene expression (Hernando-Herraez

et al., 2015). For example, methylation in the brain is particu-

larly pronounced in adult neurons as compared to non-

neuronal populations (Kozlenkov et al., 2014; Lister et al.,

2013). Promoter methylation is also associated with reduced

gene expression, and comparison of human and chimpanzee

liver, heart, and kidney tissues suggests that 12%–18% of

the differential gene expression between these two species

can be explained by differences in promoter methylation (Pai

et al., 2011).

A comparison of methylation at putative regulatory regions of

36 genes found that CpG sites appear to be more methylated in

the human brain than in the chimpanzee brain (Enard et al.,

2004). On the other hand, promoter regions of several genes

were shown to be significantly less methylated in the human

brain than in the chimpanzee brain (Zeng et al., 2012). Although

no obvious global differences were found, it was reported that

humans and NHPs have different methylation states at both

DNA (Farcas et al., 2009; Schneider et al., 2014; Schneider

et al., 2012) and histone levels (Shulha et al., 2012) for specific

genes involved in neuronal function. CNTNAP2, a transcriptional

target of FOXP2 implicated in neurological and psychiatric disor-

ders, including language impairments (Graham and Fisher, 2013;

Rodenas-Cuadrado et al., 2014), is an example of a neurodeve-

lopmental gene where methylation differences between human

and chimpanzees have been studied in detail. Like FOXP2,

CNTNAP2 contains strong signals of recent positive selection

in various human populations (Ayub et al., 2013). CNTNAP2

was found to be differentially expressed between humans and

chimpanzees, largely due to changes in one CNTNAP2 isoform,

which were accompanied by widespread gene methylation dif-

ferences (Schneider et al., 2014).



Functional Modeling of Human Brain Development and
Evolution
There are a number of methods available for investigating these

findings in experimental systems, many of which have been dis-

cussed above. The most time-efficient method is in vitro char-

acterization, but the separation of the cellular system from a

realistic biological context, especially when it comes to the

modeling of specific neural circuits, makes the results difficult

to interpret (for example, see Heissig et al., 2005; Shim et al.,

2012). Genome editing and transgenesis in mice, on the other

hand, allow for evolutionary hypotheses to be tested in the

context of the whole organism using a wide range of genetic

tools. Species- and lineage-specific gene variants or regulatory

regions can be added or replace endogenous sequences in a

model organism (so far mainly mice), allowing for in vivo charac-

terization of the feature (for example, see Boyd et al., 2015; Cot-

ney et al., 2013; Enard et al., 2009; Kwan et al., 2012; Shim

et al., 2012).

Developments in iPSC research provide another method for

evolutionary and functional analyses (Gallego Romero et al.,

2015; Hrvoj-Mihic et al., 2014; Wunderlich et al., 2014). Methods

for generating iPSCs and directing their differentiation into spe-

cific human neural cell types and cell culture systems, including

organoids, have provided much-needed tools for comparative

studies of neurodevelopment in humans and NHPs (Gallego Ro-

mero et al., 2015; Hrvoj-Mihic et al., 2014; Otani et al., 2016; Pre-

scott et al., 2015; Wunderlich et al., 2014). Recently, Prescott

et al. (2015) differentiated cranial neural crest cells from iPSCs

derived from human and chimpanzee fibroblasts to study the

evolution of human craniofacial morphology. The authors

compared genome-wide enhancer and promoter activity and

identified a novel motif enriched in regions with species-biased

activity. This study provides a prime example of ‘‘cellular anthro-

pology’’ (Prescott et al., 2015) and highlights newfound methods

for the identification of putatively relevant genomic changes be-

tween species during development.

The functional studies discussed above are encouraging at-

tempts to provide experimental evidence of the molecular mech-

anisms involved in human brain evolution and underscore

the challenges of experimentally testing such evolutionary hy-

potheses. While mouse models provide the most powerful tools

for genomic manipulation in mammals, lineages leading to hu-

mans and mice diverged 75 million years ago (Mouse Genome

Sequencing Consortium et al., 2002). This difference in genetic

background complicates the interpretation of functional studies,

as genes evolve in concert with the rest of the genome and an

alteration or loss of function can be due the absence of any num-

ber of unknown players. Thus, while a positive experimental result

provides support for a given interpretation, a negative result is

ambiguous. Aside from the difficulties of interpreting the results

of mouse models specifically, demonstrating that a mutation

has a functional consequence that may have been evolutionarily

selected is a necessary step to supporting adaptive evolution,

but by itself does not provide strong evidence that the mutation

was selected in the context hypothesized (Nielsen, 2009). There-

fore, these experimental studies, while far from conclusive,

should be viewed as sources of information that serve to either in-

crease or decrease the probability of a given hypothesis.
Conclusions and Future Directions
Multiple lines of evidence show that key aspects of human

brain organization and development scale as expected, while

cognition does not. Even though the way our brain is built is

not exceptional, we differ by a unique combination of mental

abilities, combined with higher general intelligence. While higher

general intelligence compared to NHPsmay likely be the product

of increased relative and absolute neuron number, especially in

the neocortex, our superiority in specific cognitive abilities is

likely the result of mosaic structural rewiring and molecular reor-

ganization of specific neural circuits and cell types. These obser-

vations, as well as the study of brain size and organization in

extinct primates (Falk, 2014; Neubauer, 2014; Pearce et al.,

2013; Wood and Baker, 2011; Zollikofer and De León, 2013),

suggest that many independent changes rather than one single

defining event have occurred across the nervous system in the

human lineage. It is also likely that these changes have affected

many, if not all, brain structures and levels of organization.

Advancements in high-throughput molecular biology and

biochemistry technologies have enabled unprecedented identifi-

cation of human-specific features that may contribute to unique

aspects of human brain development. For example, several

recent studies have mapped gene expression to specific cell

types during brain development, using various single-cell

sequencing approaches (Johnson et al., 2015; Lui et al., 2014;

Onorati et al., 2016; Pollen et al., 2015). The cellular-level resolu-

tion of differential expression possible through these ap-

proaches, both among neural progenitor cells and subsequent

postmitotic populations, allows a better understanding of the

myriad fine-tuned processes governing early brain development.

High-throughput techniques also permit, to some degree, the

systematization of key aspects of the functional characterization

of human specific genomic elements. This is the case for the

massively parallel reporter assays, which enable simultaneous

testing of the regulatory activity of hundreds of thousands of

putative regulatory elements (Shlyueva et al., 2014). Continued

efforts are both important and critical in many areas, including

characterizing the extent of human diversity, expanding high-

quality annotations of NHP genomes, and increasing the

coverage of gene expression profiles across more tissues and

time points. Therefore, within the context of human CNS devel-

opment and evolution, it will be valuable to profile transcriptional

dynamics in developmental NHP samples from an extended

number of CNS regions. Most of the recent efforts have focused

on a few regions of the forebrain and cerebellum, while almost no

data are available on the majority of other regions of the human

or NHP CNS.

Furthermore, there is an obvious lack of comparative studies

on diverse types of neuronal and glial cells across primates. So

far, most of the effort has been largely focused on neocortical

neurons. However, astrocytes, oligodendrocytes, and microglia

are relevant in many aspects of CNS function and represent half

of the cellular composition of the nervous system. It is thus a

promising and almost uncharted field that must be explored to

generate a more complete and integrated picture of the human

CNS specializations.

In addition to NHP comparisons, advances in the acquisition

and processing of genomic material from archaic humans
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(Neanderthals and Denisovans) can improve temporal resolution

of human-specific sequence change. Initial comparisons of

high-quality modern human and Neanderthal/Denisovan ge-

nomes identified �31,000 single nucleotide changes and

�4,000 indels present and fixed in Homo sapiens but absent

from the genomes of the other two human species. These

changes gave rise to only 87 proteins containing amino-acid

substitutions. Of note, the expression of these proteins was

found to be enriched in the ventricular zone during cortical devel-

opment (Prüfer et al., 2014). In addition, around 3,000 of the

changes, including both single nucleotide changes and indels,

exclusively found and fixed in Homo sapiens were predicted to

have an effect on gene regulation. Although Neanderthals and

Denisovans carry the derived state for the great majority of the

substitution events within human accelerated regions, around

8% of them retain the ancestral state in the archaic genomes

(Burbano et al., 2012; Hubisz and Pollard 2014). Some of

them, for instance, are found in an intronic HAR of AUTS2, a

gene associated with several neurological phenotypes, in a re-

gion also showing strong evidence of a selective sweep that

occurred in modern humans after the split with Neanderthals

(Green et al., 2010; Oksenberg et al., 2013). Other genes

involved in cognition and behavior, such as DYRK1A, NRG3,

and CADPS2, were also likely subject to such selective sweeps.

Recent studies offer other intriguing observations, such as the

fact that genes expressed in developing cortex and adult stria-

tum are significantly depleted in introgressed archaic genetic

material (Vernot et al., 2016). One of these regions of introgres-

sion deserts includes FOXP2.

Finally, the emerging field of imaging genetics, which allows

the identification of genetic loci explaining variation in brain

structures and functions among extant humans (Hibar et al.,

2015), might offer new candidate genetic elements for gener-

ating evolutionary hypotheses about how and when human-spe-

cific neurodevelopmental events took place. Furthermore, it will

be necessary to develop in vitro cellular systems that are able to

model the complexities of human neurodevelopment more

accurately. Building on work that has characterized human-spe-

cific changes atmultiple levels, it will be important for future work

to integrate this information and shift focus to detailed experi-

mental studies in order to gain a better understanding of the

mechanisms underlying the development and evolutionary spe-

cializations of the human nervous system.
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of human accelerated DNA regions using archaic hominin genomes. PLoS

ONE 7, e32877.

Bush, E.C., and Allman, J.M. (2004). The scaling of frontal cortex in primates

and carnivores. Proc. Natl. Acad. Sci. USA 101, 3962–3966.

Bustamante, C.D., Fledel-Alon, A., Williamson, S., Nielsen, R., Hubisz, M.T.,

Glanowski, S., Tanenbaum, D.M., White, T.J., Sninsky, J.J., Hernandez,

R.D., et al. (2005). Natural selection on protein-coding genes in the human

genome. Nature 437, 1153–1157.
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wide comparison of recent chimpanzee and human segmental duplications.

Nature 437, 88–93.

Chimpanzee Sequencing and Analysis Consortium (2005). Initial sequence of

the chimpanzee genome and comparison with the human genome. Nature

437, 69–87.

Clark, A.G., Glanowski, S., Nielsen, R., Thomas, P.D., Kejariwal, A., Todd,

M.A., Tanenbaum, D.M., Civello, D., Lu, F., Murphy, B., et al. (2003). Inferring

nonneutral evolution from human-chimp-mouse orthologous gene trios. Sci-

ence 302, 1960–1963.

Colantuoni, C., Lipska, B.K., Ye, T., Hyde, T.M., Tao, R., Leek, J.T., Colantuoni,

E.A., Elkahloun, A.G., Herman, M.M., Weinberger, D.R., and Kleinman, J.E.

(2011). Temporal dynamics and genetic control of transcription in the human

prefrontal cortex. Nature 478, 519–523.

Collins, C.E., Turner, E.C., Sawyer, E.K., Reed, J.L., Young, N.A., Flaherty,

D.K., and Kaas, J.H. (2016). Cortical cell and neuron density estimates in

one chimpanzee hemisphere. Proc. Natl. Acad. Sci. USA 113, 740–745.

Cotney, J., Leng, J., Yin, J., Reilly, S.K., DeMare, L.E., Emera, D., Ayoub, A.E.,

Rakic, P., and Noonan, J.P. (2013). The evolution of lineage-specific regulatory

activities in the human embryonic limb. Cell 154, 185–196.
Davis, J.M., Searles, V.B., Anderson, N., Keeney, J., Dumas, L., and Sikela,

J.M. (2014). DUF1220 dosage is linearly associated with increasing severity

of the three primary symptoms of autism. PLoS Genet. 10, e1004241.

Deacon, T.W. (1990). Rethinking mammalian brain evolution. Am. Zool. 30,

629–705.

Deaner, R.O., Isler, K., Burkart, J., and van Schaik, C. (2007). Overall brain size,

and not encephalization quotient, best predicts cognitive ability across non-

human primates. Brain Behav. Evol. 70, 115–124.

Defelipe, J. (2011). The evolution of the brain, the human nature of cortical cir-

cuits, and intellectual creativity. Front. Neuroanat. 5, 29.

Dehay, C., Kennedy, H., and Kosik, K.S. (2015). The outer subventricular zone

and primate-specific cortical complexification. Neuron 85, 683–694.

Dekaban, A.S. (1978). Changes in brain weights during the span of human life:

relation of brain weights to body heights and body weights. Ann. Neurol. 4,

345–356.

Dennis, M.Y., Nuttle, X., Sudmant, P.H., Antonacci, F., Graves, T.A., Nefedov,

M., Rosenfeld, J.A., Sajjadian, S., Malig, M., Kotkiewicz, H., et al. (2012). Evo-

lution of human-specific neural SRGAP2 genes by incomplete segmental

duplication. Cell 149, 912–922.

Devlin, A.M., Cross, J.H., Harkness, W., Chong, W.K., Harding, B., Vargha-

Khadem, F., and Neville, B.G. (2003). Clinical outcomes of hemispherectomy

for epilepsy in childhood and adolescence. Brain 126, 556–566.

Doan, R.N., Bae, B.I., Cubelos, B., Chang, C., Hossain, A.A., Al-Saad, S., Mu-

kaddes, N.M., Oner, O., Al-Saffar, M., Balkhy, S., et al.; Homozygosity Map-

ping Consortium for Autism (2016). Mutations in human accelerated regions

disrupt cognition and social behavior. Cell 167, 341–354.e12.

Dorus, S., Vallender, E.J., Evans, P.D., Anderson, J.R., Gilbert, S.L., Maho-

wald, M., Wyckoff, G.J., Malcom, C.M., and Lahn, B.T. (2004). Accelerated

evolution of nervous system genes in the origin of Homo sapiens. Cell 119,

1027–1040.

El-Hattab, A.W., Smolarek, T.A., Walker, M.E., Schorry, E.K., Immken, L.L.,

Patel, G., Abbott, M.-A., Lanpher, B.C., Ou, Z., Kang, S.-H.L., et al. (2009). Re-

defined genomic architecture in 15q24 directed by patient deletion/duplication

breakpoint mapping. Hum. Genet. 126, 589–602.

Elston, G.N., Benavides-Piccione, R., Elston, A., Manger, P.R., and Defelipe, J.

(2011). Pyramidal cells in prefrontal cortex of primates: marked differences in

neuronal structure among species. Front. Neuroanat. 5, 2.

Enard, W. (2016). The molecular basis of human brain evolution. Curr. Biol. 26,

R1109–R1117.

Enard, W., Fassbender, A., Model, F., Adorján, P., Pääbo, S., and Olek, A.
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