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Human evolution has been marked by a striking increase in total brain volume relative to body size. While a
prominent and characteristic feature of this volumetric shift has been the disproportionate expansion of
association cortex across our evolutionary lineage, descent with modification is apparent throughout all
neural systems in both human and nonhuman primates. However, despite evidence for the ubiquitous and
complex influence of evolutionary forces on brain biology, within the psychological sciences the vast
majority of the literature on human brain evolution is entirely corticocentric. This selective focus has
contributed to a flawed theoretical framework in which the evolution of association cortex is viewed as an
isolated process, removed from the rest of the brain. Here, we review our current understanding of how
evolutionary pressures have acted across anatomically and functionally coupled networks, highlighting the
diverse set of rules and principles that govern human brain development. In doing so we challenge the
systemic mischaracterization of human cognition and behavior as a competition that pits phylogenetically
recent cortical territories against evolutionarily ancient subcortical and cerebellar systems. Rather, we
propose a comprehensive view of human brain evolution with critical importance for the use of animal
models, theory development, and network-focused approaches in the study of behavior across health and

disease.
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The Evolution of the Human Brain

The human cerebral cortex is widely viewed as the “crowning
development of the neomammalian brain” (MacLean, 1972),
vastly expanded relative to other nonhuman primates and dispro-
portionately occupied by distributed networks of association re-
gions that support our more complex and elaborated mental
processes (Rakic, 2009; Reardon et al., 2018). Consistent with
this conceptual bias, our modern understanding of human cogni-
tion within the psychological sciences is largely built upon a
corticocentric literature that exclusively focuses on the evolution-
ary forces that underlie the emergence of additional cortical areas
and associated regional expansion (Felleman & Van Essen, 1991;
Preuss & Goldman-Rakic, 1991; Rakic, 2000, 2009; Sherwood
et al., 2008). Conversely, subcortical and cerebellar structures are
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commonly seen as evolutionarily stagnant, isolated from the
“higher” functions of the brain, responsible for base instinctual
desires, and subservient to cortical regulation through a rigid top-
down hierarchy (Parvizi, 2009). As a consequence of this frag-
mented understanding of brain evolution, our field biases the
interpretation of cross-species work fundamental to progress in
the brain sciences and engages in theory development that is often
removed from scientific evidence.

The view that psychological processes and brain biology reflect
a rigid evolutionary hierarchy with prefrontal executive functions
at the “top” has infested both the empirical literature and associated
theory development in psychology and neuroscience. Here, we
challenge this scalar conceptualization of human evolution, which
places aspects of the brain on discrete points that ascend
along some sort of one-dimensional anthropocentric axis
(see Appendix). In doing so, we review the current scientific
consensus on how evolutionary processes have influenced the
anatomical and functional systems that make up the human brain,
discussing associated biological constraints and providing select
examples within cortical, subcortical, and cerebellar systems.
Critically, the purpose of this paper is not to provide exhaustive
or complete coverage of the voluminous literature on brain evolu-
tion in vertebrate mammals, as thorough treatments of this topic are
available elsewhere (Butler & Hodos, 2005; Shepherd, 2017;
Striedter, 2005). Rather, from our perspective as psychologists
and neuroscientists, we seek to provide organizing principles for
framing and synthesizing this diverse and active area of research,
so that theoretical development can be facilitated for the study of
human behavior across both health and disease.
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2 CHIN, CHANG, AND HOLMES

Man’s (Cortex’s) Place in Nature

The oldest known primate fossils are approximately 55 million
years of age, with our earliest primate ancestors potentially diverg-
ing from other placental mammals during the Cretaceous period,
over 80 million years ago (Tavaré et al., 2002). The brains of
vertebrate mammals contain many specialized systems, each with its
own dissociable, but partially interlinked, evolutionary history. As
primates evolved, the hominin lineage has experienced multiple
events that have increased brain size, culminating in a rapid
volumetric expansion across the “25 million years that separate
us from macaques and the "6 million years since our divergence
from chimpanzees and bonobos, our closet living primate relatives
(Hill et al., 2010; Kaas, 2008). Among animals, absolute brain and
body sizes characteristically share a predicable allometric relation-
ship (Jerison, 1955). In modern humans, however, the brain is about
fivefold larger than would be expected in a typical vertebrate
mammal. Although all primates exhibit a disproportional enlarge-
ment of neocortex, relative to absolute brain volume, this evolu-
tionary expansion is most evident in the increased surface area of the
cerebral cortex in humans (Finlay & Darlington, 1995; Hill et al.,
2010; Kaas, 2004; Wei et al., 2019). Notably, this scaling is not
uniformly distributed throughout the cortical sheet (Finlay &
Darlington, 1995). Although the basic organization of the primary
sensory and motor areas that comprise unimodal cortex emerged
early in the course of vertebrate evolution (Suryanarayana et al.,
2020), as brain sizes have increased in primates the evolutionary
enlargement of the cortical mantle has been preferentially localized
within spatially distributed aspects of the prefrontal, temporal, and
parietal cortices that fall between the primary and secondary sensory
systems (Figure 1A, B; Buckner & Krienen, 2013; Krubitzer &
Kahn, 2003). Of note, these expanded cortical territories occupy the
“association centers” that Paul Flechsig theorized to underpin higher
cortical functions and complex associative processing (Flechsig,
1896). In contrast to unimodal sensory areas, which possess a more
serial, hierarchical pattern of feedforward/feedback connectivity
(Felleman & Van Essen, 1991), association cortex is marked by
a complex noncanonical circuit organization (Goldman-Rakic,
1988). The expansion of this form of circuit across hominin evolu-
tion is hypothesized to support the parallel and reentrant processing
necessary for the formation of complex network relationships. For
instance, allowing for certain networks to bias the function of other
networks in hierarchical (Badre & D’Esposito, 2009), interacting
(Spreng et al., 2013), and time varying (Reinen et al., 2018)
configurations. The extent to which this neocortical expansion
may be expected under allometric brain growth patterns common
to primates or is reflective of an extraordinary feature of human
evolution remains unresolved (Finlay, 2019; Herculano-Houzel,
2012; Marino, 2006; Semendeferi et al., 2002). As one example,
while the rapid enlargement of cortical association networks has
been an important locus of genetic changes in human evolution (Wei
et al.,, 2019), recent evidence suggests the presence of shared
mechanisms for size-dependent patterning of the cortical sheet
within species of primates. This includes spatial convergence of
cortical remodeling and areal scaling throughout evolution, devel-
opment, and across individuals within a species as a function of
population-level variability in brain size (Reardon et al., 2018).

Critically, the expansion of the human brain does not proceed
without limit, rather it is held in check by a interrelated set of

biological bounds including the energetic and metabolic costs
necessary to support brain functions (Roth & Dicke, 2005), wiring
costs (Assaf et al.,, 2020; Zhang & Sejnowski, 2000), and the
restricted space available in the human skull (Striedter, 2006).
The necessary compactness of brain circuitry is, in part, enabled
by cortical folding patterns (Mota & Herculano-Houzel, 2012; Zilles
etal., 2013) theorized to arise from mechanical tension along axons,
dendrites, and glial processes over the course of development
(Tallinen et al., 2016; Van Essen, 1997). These biological limits
are balanced against the adaptive benefits of an increase in brain size
and associated shifts in cognitive capacity, which can facilitate
flexible responses to buffer individuals against environmental stres-
sors (Sol et al., 2007) and support complex, multiindividual, social
interactions (Dunbar & Shultz, 2007). Beyond these broad shifts in
cortical anatomy, a host of other specializations have occurred in the
make-up of human brain tissue throughout the evolution of our
species, including the presence of novel cell populations, altered
molecular cascades, developmental stages, and wiring paths
(Krienen et al., 2019; Rakic, 2009; Sherwood et al., 2012; Somel
et al.,, 2013). Even within brain structures whose volumes are
relatively conserved across species, these evolutionary innovations
can have profound functional consequences (Herculano-Houzel,
2012; Katz & Harris-Warrick, 1999; Kim et al., 2017), a critical
facet of neurobiology we highlight in subsequent sections.

The Coordinated Structure of Brain Evolution

The corticocentric view of human brain functions has a long
intellectual history, in part motivated by the widespread belief that
evolution consists of a linearly progressive pattern, from fish and
amphibians, through reptiles, birds, and then mammals. This incor-
rect evolutionary model echoes the hierarchical ranking of animals
based on an Aristotelian notion of an approach toward a perfect
form, with humans at the top (Figure 2A). In the late nineteenth and
early twentieth centuries neuroanatomists extended these “Scala
Naturae” arguments to anatomical structures within a species,
proposing that neocortex reflects a recent evolutionary innovation
in mammals that is layered on top of a phylogenetically primitive
ancestral brain (Butler & Hodos, 2005). At this time, luminaries like
Ludwig Edinger posited that cerebral subdivisions are distributed in
a manner that reflects their progressive ascension from lower order
primitive processing capabilities to higher order cognitive functions
(Edinger & Rand, 1908). Within this framework, the evolved and
“rational” cortex sits astride the brain with subcortical systems
playing a subservient role in cognition and behavior (7). A view
point that was perhaps most famously popularized by Paul MacLean
when he theorized the presence of a triune brain in primates, which
he speculated emerged along three core evolutionary patterns
(reptilian, paleomammalian, and neomammalian; MacLean,
1990). Here, the striatal complex was thought to reflect a major
aspect of the reptilian forebrain, often referred to as the “lizard
brain” in popular culture, while the limbic system was paleomam-
malian in origin. Conversely, the frontal lobes were believed to
represent the pinnacle of brain evolution as they emerge from the
telencephalon, which at the time was thought to be the most
phylogenetically recent aspect of the neuroaxis (but see Briscoe &
Ragsdale, 2019).

The triune brain and similar scalar theories regarding primate
brain evolution, mirror many of the historic arguments centered
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Figure 1
Linked Evolutionary Regularities Are Evident Throughout the Mammalian Brain

(A) Evolutionary cortical surface expansion Linked regularities throughout the mamalian brain
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Note. (A) Extant primates possess a greater percentage of the cortical mantle that falls between primary and secondary sensory systems relative to other
placental mammals. Here, primates are displayed relative to rodents and the theorized organization of cortical fields in the common ancestor of placental
mammalians (adapted from “Nature versus nurture revisited: An old idea with a new twist,” by L. Krubitzer and D. M. Kahn, 2003, Progress in Neurobiology,
70(1), pp. 33-52. https://dx.doi.org/10.1016/S0301-0082(03)00088-1). Brains are not drawn to scale. Dark blue, primary visual area; light blue, secondary
visual area; green, middle temporal visual area; yellow, primary auditory area; red, primary somatosensory area; orange, secondary somatosensory area.
(B) Association cortex territories are disproportionately expanded in humans relative to nonhuman primates. Estimated evolutionary cortical expansion between
an adult macaque and the average human adult is displayed on the lateral and medial cortical surfaces (data from Hill et al., 2010). Colors reflect the scaling value
required to match the size in the human brain. For macaques, a continuous surface estimate of expansion was derived from 23 distributed landmarks. (C) Linked
regularities are present throughout the evolution of mammalian brains. Sizes of 10 brain subdivisions from 131 species plotted as a function of total brain sizes.
Orange squares, simians; green circles, prosimians; red circles, insectivores; blue squares, bats. Sizes are plotted as a function of total brain size on natural
logarithmic scales. Arbitrary constants are used to visually separate the plots are listed in parentheses following each subdivision (adapted from “Linked
regularities in the development and evolution of mammalian brains,” by B. L. Finlay and R. B. Darlington, 1995, Science, 268(5217), pp. 1578-1584. https://dx
.doi.org/10.1126/science.7777856; see also, Reep et al., 2007). (D) Volumetric evolution in primates is correlated across functionally related brain structures.
Contrasts in the volume of each structure in the left column were regressed on volumes of structures in the top row (data from Barton & Harvey, 2000). Values in
each cell reflect standardized regression coefficients (top), z-values (bottom). Significant results suggest joint evolution of the two structures in question,
independent of change across the other structures in the same row. Predicted relationships are indicated by the bold boxes. Scale bar reflects standardized
regression coefficients. CM = centromedial complex; CBL = cortico-basolateral complex; entorhinal cortex includes subiculum.
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Figure 2
Aristotelian Scalar and Darwinian Coral Views of Evolution

(A) Linear/Scaler evolution (B) Coral evolution
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Note. (A) The incorrect linear/scalar view of evolution. Reminiscent of
Aristotle’s “Scala Naturae” and subsequent “Great Chain of Being” models
for organizing the natural world. Here, species are ranked within fixed
positions, with those higher along the chain considered to be evolutionarily
advanced relative to the species below. (B) Darwin’s initial sketch of an
evolutionary tree, from his First Notebook on Transmutation of Species
(1837). Diverging lines reflect branching descent producing new varieties as
species diverge from one or more common ancestors through the continued
action of evolutionary forces along each branch. Reproduced by kind
permission of the Syndics of Cambridge University Library. (C) Incorrect
linear/scalar view of brain evolution in humans. In this case, it is assumed that
as new vertebrate species arose, evolutionarily novel brain structures were
simply laid on top of existing phylogenetically ancient systems.

around speciation through natural selection, or the process through
which populations evolve to become distinct species. While a
substantial portion of his contemporaries viewed evolution as a
progressive scalar process, Darwin understood that speciation does
not produce linear scales, rather it results in family trees, bushes, or
corals due to the continued action of evolutionary forces on each
distinct branch (Figure 2B; Darwin & Barrett, 1987; Striedter,
2006). Yet, while scalar arguments are now antiquated amongst
evolutionary biologists, these same biases still remain pervasive in
within some sectors of psychology and neuroscience. For example,
the first amniotes evolved from amphibian ancestors ~340 million
years ago. However, despite clear evidence indicating that the
synapsid ancestors of mammals diverged at the beginnings of
amniote life, evolving separately from sauropsid forebearers of
reptiles and birds (Shedlock & Edwards, 2009), the erroneous
idea that primate cortex consists of a new layer stacked atop an
ancestral reptilian brain is still widely held by many modern
psychologists (Figure 2C). Even independent of MacLean’s theory,
the unilinear/scalar view of evolution is often applied unevenly
throughout the brain, with cortical systems miscast as phylogeneti-
cally recent and simply enveloping evolutionarily conserved

subcortical territories. While much of the foundational work in
this area is from a period when scientific methods were limited to
gross volumetric estimates, largely relying on endocasts of extinct
species, there is now ample evidence for progressive differentiation
across all brain systems throughout our evolutionary lineage
(Striedter, 2005).

The preferential expansion of prefrontal cortices and associated
cognitive functions, for example “higher-order” executive, cultural,
or social capacities in humans (Donald, 1991; Dunbar & Shultz,
2007), are often viewed as being directly/specifically selected for
through natural selection. As eloquently worded by Stephen Jay
Gould in 1979, through this view “an organism is atomized into
‘traits’ and these traits are explained as structures optimally designed
by natural selection for their functions” (Gould & Lewontin, 1979).
However, it is not sensible to argue that all of biological variation
can be explained solely in terms of Darwin’s law of natural selection
down to the individual component parts that make up a living whole,
independent of associated developmental and functional constraints
(Montgomery et al., 2016). Core to our understanding of brain
evolution is the degree to which the evolutionary adaptation of one
brain system, for instance a circumscribed aspect of association
cortex, might occur in isolation. This reflects part of a broader
historical debate in evolutionary biology regarding the extent that
evolution through natural selection can freely influence the form of a
given species. Indeed, one of the most puzzling questions across the
neurosciences is how novel cortical territories emerge through
evolutionary pressures to become integrated with and impinge
upon the brain’s existing network architecture. During prenatal
brain development, for instance, mammals produce an overabun-
dance of cells, of which only a subset eventually survive to reach a
mature stage (Rakic, 2009). The determination of which neurons
will persist is a competitive process where immature cells vie for
appropriate innervation targets and supplies of trophic factors (Yuan &
Yankner, 2000). This process of neuronal overpopulation and
subsequent elimination optimizes brain connectivity as neurons
that are not fully integrated within local circuits are pruned to
help to ensure stable network function (Pfisterer & Khodosevich,
2017). Consistent with these regional circuit-level relationships,
perhaps the most striking feature of brain evolution is the presence
of strong volumetric associations within developmentally linked and
functionally coupled systems, and the general absence of such tight
bonds between systems (Barton & Harvey, 2000; Finlay et al.,
2001). How such relationships emerge remains an open question
and several hypotheses have been put forth regarding the cause of
allometric scaling among brain components. By one view, these
linked regularities arise through general constraints imposed by the
action of evolutionary processes on shared developmental pro-
grams, a process termed “concerted” evolution (Finlay &
Darlington, 1995). An alternate, but not mutually exclusive, possi-
bility is that the brain evolves in a “mosaic” manner, or the
hypothesis that natural selection may act on individual behaviors,
selectively impacting associated brain systems in a manner that
maintains functional correspondence (Barton & Harvey, 2000; see
also, Striedter, 2006).

As with other complex biological systems, brains are organized
and modified through coordinated interactions across multiple
scales, from genes and molecules through cells, circuits, networks,
and behavior that unfold in a dynamic manner across development.
Given these constraints, it should be expected that brains will
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change, at least in part, as a covarying whole and subcortical
structures will reflect the changes in the cortical areas with which
they share connections according to conserved scaling relationships.
In line with these assumptions, the theory of concerted evolution
posits that conserved patterns of brain scaling across structures
evolve through global alterations to the duration of neurogenesis,
with any evolutionary change in brain anatomy or function linking
with coordinated changes across the entire system (Finlay &
Darlington, 1995; Finlay & Uchiyama, 2015). This model hypothe-
sizes that allometric relationships between brain components, even
functionally unrelated ones, emerge as the end result of the highly
preserved order of neurogenesis across species (Workman et al.,
2013), which is most evident in the disproportionate expansion of
late developing structures like association cortex in humans. How-
ever, while neocortex exhibits the steepest slope of expansion,
distinct allometric scaling profiles are apparent for each brain
structure (Figure 1C; Finlay & Darlington, 1995). These data
indicate continuity of brain structure sizes across both orders
(insectivores, bats, primates) and suborders (simians and prosi-
mians). Indeed, with the exception of the olfactory bulb which is
uniformly smaller in primates relative extant nonprimate mammals
(Heritage, 2014), the presence of such linked regularities can by
leveraged across species with remarkable precision to predict the
size of individual structures relative to total brain size (Finlay &
Darlington, 1995). As such interregional correlations should be
impossible if brains were to evolve through a purely mosaic manner,
it is highly likely that developmental cascades constrain evolution-
ary changes in neural systems.

A contrary, but not wholly incompatible theory focuses on
region-to-region mosaicism, or the presence of complex interdigi-
tated patterns that change at the level of the functional systems
(Barton & Harvey, 2000). This is idea that natural selection and
associated evolutionary pressures can differentially influence the
size, cellular composition, or molecular processes of distinct brain
systems, independent of evolutionary change in other structures.
Indeed, the patterns of covariance among components of mamma-
lian brains closely correspond to their anatomical and functional
connectivity (Barton & Harvey, 2000; Whiting & Barton, 2003).
This is evident when considering gross volumetric estimates across
avian and mammalian species (Barton & Harvey, 2000; Iwaniuk
et al., 2004), as well as when examining subnuclei (Barton, 2007;
Whiting & Barton, 2003), genetic influences on cortical structure
(Grasby et al., 2020), the relations linking anatomical projections
and connectivity patterns on cell transcriptomes (Kim et al., 2020),
and spatial variation in cellular composition or profiles of gene
transcription (Anderson et al., 2018, 2020). While these data suggest
that functional, and not just developmental constraints, could drive
allometric scaling between brain components, the mosaic hypothe-
sis does not rule out the possible influence of developmental
cascades. Rather, proponents of this theory hold that when observed,
developmental integration will reflect the product of selection to
maintain functional correspondences (Montgomery et al., 2016).

A commonly held misconception of the mosaic hypothesis is that
it explains only unique adaptations in discrete structures, for exam-
ple the residual variation in the volume of a given brain region that
persists after accounting for overall brain size. If this were the case,
in this strict form it might be misperceived to be consistent with
traditional scalar views of brain evolution. However, the hypothesis
is not that mosaic evolution simply acts upon individual components

of the brain in a fully isolated manner, but rather that it shapes
functionally connected systems as a coordinated whole (Figure 1D).
Structures linked by important functional and anatomical connec-
tions covary in size, even after accounting for the effects of size
change in other brain systems (the neocortex, diencephalon,
mesencephalon, cerebellum, and medulla). Mosaic evolution is
detectable even at this anatomically crude level, as structurally
and functionally linked systems show significantly correlated volu-
metric evolution (Barton & Harvey, 2000). This is evident, for
example, in the relationship between association cortex and the
dorsal thalamus in primates, where coevolution is hypothesized to
have resulted in disproportionate cortical expansion and associated
functional specialization of novel thalamic subfields (Halley &
Krubitzer, 2019), reflecting the presence of both concerted and
mosaic processes. Additional support has emerged from studies of
primate cortico-cerebellar systems where the neocortex, cerebellum,
and intermediate nuclei display strongly correlated structural me-
trics ranging from increased neuron quantities through changes in
overall volume (Barton & Harvey, 2000; Smaers et al., 2018;
Whiting & Barton, 2003). Thus, it is reasonable to assume that
the process of human brain evolution was not restricted to isolated
patches of neocortex, but rather concerted functions mediated by
more distributed brain networks, supporting the view that spatially
distributed processes should serve as the target of empirical study
and focus for theory development (Barton & Venditti, 2013; Hanson
et al., 2014).

Brains evolved under a host of functional and structural con-
straints, having to accommodate multiple, often opposing require-
ments. Importantly, neither the proponents of concerted or mosaic
evolution advocate for pure forms of their theories and it is widely
acknowledged that both developmental and functional constraints
influence the evolution of neural systems. Accordingly, it is perhaps
best to consider mosaic evolution as occurring within the context of
conserved developmental patterns. Certainly, there is evidence for
the contribution of both mosaic and concerted evolution across
species (Montgomery et al., 2016; Striedter, 2005) and much of the
current debate is centered on the degree to which evolutionary forces
may be constrained by conserved developmental cascades or func-
tional relationships (Box 1).

Linked Regularities Across Brain Systems

One of the most pervasive assumptions about human brain
evolution is that the vast expansion of the cerebral cortex occurred
in isolation, removed from the rest of the brain. For instance as
reflected in the overwhelming corticocentric focus in current neu-
roscience research on cognitive functions (Parvizi, 2009). Above,
we highlighted both evolution theory and developmental data
demonstrating that this belief is without foundation. Next, we detail
examples of descent with modification across subcortical and
cerebellar brain systems that have been traditionally miscast as
phylogenetically ancient. In doing so we focus primarily on mam-
malian, in particular hominid, brain evolution (for a discussion of
hominid relative to invertebrate, reptilian, and avian evolution see
Striedter, 2006). Critically, the selected brain systems are not meant
to be exhaustive, rather we hope to highlight the reciprocal con-
nectivity between cortical and subcortical structures, detailing how
the evolution of aspects of association cortex, including their
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emergent psychological and cognitive functions, can be best under-
stood in the context of distributed networks throughout the brain.

Amygdala

A shared property of all living creatures is the capacity to detect
and respond to survival relevant threats and opportunities in the
environment (LeDoux, 2012). The associated responses can encom-
pass behaviors involved in defense, the preservation of energy and
nutritional supplies, homeostatic processes including the regulation
of body temperature and fluid balance, and reproductive drives.
These survival mechanisms are present in single-cell organisms,
such as bacteria, which have the capacity to retract from harmful
chemicals and to accept chemicals that have nutritional value
(Macnab & Koshland, 1972). However, in multicell organisms
the processes allowing for the detection of, and coordinated
response to, changes in the environment must be represented
internally. Although the evolutionary conservation of core systems
across species is often discussed in terms of somato/motor and
sensory cortices, there is considerable evidence in amniote verte-
brates for a broadly shared circuitry underlying survival functions
such as defense responses to unconditioned and conditioned stimuli
in the environment (LeDoux, 2012; Martinez-Garcia et al., 2002). In
mammals, a central component in this reactive machinery is the
amygdala, a collection of nuclei situated in the temporal lobe.

Named for the almond shape of the basal nucleus (Burdach,
1822), the amygdala was first recognized as a distinct brain region
by Karl Friedrich Burdach near the turn of the nineteenth century.
The primate amygdaloid complex contains at least 13 separate
nuclei, each with unique patterns of connectivity and function
(Brabec et al., 2010; Pape & Paré, 2010; Sah et al., 2003; Figure 3).
These subnuclei are commonly clustered into three primary divi-
sions: (a) the deep-seated basolateral (BLA) complex composing of
the lateral nucleus, basal nucleus, and accessory basal nucleus, (b)
the superficial cortical nucleus and nucleus of the lateral olfactory
tract, and lastly, (c) a centromedial group comprising the medial and
central nuclei (CeA; Price, 1987; Sah et al., 2003; Tyszka & Pauli,
2016). In brief, multisensory information from the external envi-
ronment is first received by the amygdala via projections to the
lateral nucleus from both the thalamus and sensory cortices, it is
transmitted to the BLA and the adjacent CeA. The BLA conveys
information to cortical regions, although this process is heavily
regulated by excitatory projections from cortex (Janak & Tye, 2015)
and through associated intercalated cells which can gate basolateral—
central amygdala impulse transmission (Milad & Quirk, 2012). The
central nucleus then plays a key role in the modulation of autonomic
and endocrine responses for a host of visceral functions (LeDoux,
2000, 2012). For instance, the expression of hard-wired, automatic,
defensive reactions ranging from freezing behavior through
hormonal release during Pavlovian fear conditioning in rodents
critically depends on the CeA.

Avian, mammalian, and reptilian brains have diversified across
hundreds of millions of years of expansion and independent
evolution. Yet despite their varied evolutionary lineages, and
heterogeneous embryological origin, the amygdala has been
theorized to possess a common histochemical and connectomic
organization, reflecting a functional system in the telencephalon
of amniote vertebrates (Martinez-Garcia et al., 2002). This sup-
ports the notion that, in some form, the structures within the

Figure 3
Evolution of the Amygdala Across Species

Cross-species evolution
B S
=K7Y
Ce
N )
<2 () d
& ()

(A) Amygdala outputs (B)

Lizard

Density of amygdaloid fibers
OLow W Medium M High

Mouse

Rat

Medial prefrontal
network

Cat

3 AB e
Sy =
Jaz
g L] & la
Hypothalamus S AB_C
-
Parabrachial Nu’ T < L

Reticular Form!

Vagal Nu. Hippo
VL Medulla
(C) Evolutionary divergence within primates
Human Chimpanzee Bonobo Gorilla Orangutan Gibbon Macaque

C c
AB Ce o C3Ce ABiiCe AB ;i.e AB iCe ABiiie AB ioe
% L

2

o 55+

€ m Lateral

3 0 444 u Easal Basal
@ Accessory Basal

5 § 334 O Central

5 € 22

Qc

z< 4 ii

g 0.0

© Human Chimpanzee Bonobo Gorilla Orangutan Gibbon Macaque

40% 4

DL behh

Human Chimpanzee Bonobo Gorilla Orangutan Gibbon Macaque

3
f

Percent of Total
Amygala Neurons

Note. (A) Schematic of amygdala circuits in a macaque involving the basal
ganglia, cortex, hypothalamus, and brainstem. The aspects of cerebral cortex
that receive axonal projections from the amygdala are displayed as dark,
medium, and lightly shaded areas reflecting the density of amygdaloid fibers
(adapted from “Neurocircuitry of mood disorders,” by J. L. Price, and W. C.
Drevets, 2010, Neuropsychopharmacology, 35(1), pp. 192-216. https://dx.doi
.org/10.1038/npp.2009.104). Acc = accumbens; AB = assessory basal; B =
basal; Ca = caudate; Ce = central, EC = entorhinal cortex; form = formation;
hippo = hippocampus; L = lateral; MDm = mediodorsal nucleus of the
thalamus; Nu = nuclei; P = putamen; PAG = periaqueductal gray; VL =
ventrolateral; VP = ventral pallidum. (B) Amygdala subnuclei vary across
species contingent on the degree of connectivity with aspects of cortex and
other noncortical structures. An enlarged image of the lateral, basal, accessory
basal, and central subnuclei of the amygdala are displayed next to the
corresponding coronal section from the brains of a lizard (proposed homolo-
gies from Martinez-Garcfa et al., 2002), mouse, rat, cat, macaque, and human.
(C) Amygdala subnuclei vary across different primate species. Images of
amygdala subnuclei are displayed from the brains of a human, chimpanzee,
bonobo, gorilla, orangutan, gibbon, and macaque. Bar graphs display the
average number amygdala neurons (top) and percent of total neurons (bottom)
in lateral, basal, accessory basal, and central subnuclei of the amygdala across
species (adapted from “Neuronal populations in the basolateral nuclei of the
amygdala are differentially increased in humans compared with apes: A
stereological study,” by N. Barger, L. Stefanacci, C. M. Schumann, C. C.
Sherwood, J. Annese, J. M. Allman, J. A. Buckwalter, P. R. Hof, and K.
Semendeferi, 2012, The Journal of Comparative Neurology, 520(13), pp.
3035-3054. https://dx.doi.org/10.1002/cne.23118). Error bars reflect standard
error. Illustrations are not drawn to scale.
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amygdaloid complex were present in the brain of ancestral
tetrapods (Moreno & Gonzdlez, 2007). Importantly however,
the presence of a common system does not suggest perfect
evolutionary conservation. While only a limited set of volumetric
analyses have targeted the evolution of the amygdala and other
limbic structures (Armstrong, 1990; Barger et al., 2014; Barton et
al., 2003; Stephan, 1983; Vilensky et al., 1982), a prominent
theory postulates differential conservation across amygdala sub-
divisions (Moreno & Gonzdlez, 2007). Here, the cortico-medial
region is classified as “evolutionarily primitive,” given its con-
nections with the olfactory system. Conversely, the BLA com-
plex is considered to be “evolutionarily newer,” as reflected in
predominant coupling with the neocortex, in particular evolu-
tionarily expanded aspects of medial prefrontal cortex and sen-
sory association areas, as well as other subcortical structures like
the hippocampus (Amaral & Price, 1984; Janak & Tye, 2015).
Consistent with the presence of volumetric relationships linking
functionally coupled brain structures, especially those sharing
major axonal interconnections (Barton & Harvey, 2000), amyg-
dala subnuclei vary in cellular composition across species con-
tingent on the degree of connectivity with aspects of cortex, and
as a function of ethological need. Although the cortical projec-
tions to the amygdala are similarly organized across rodents and
primates (McDonald, 1998), both afferent (Super & Uylings,
2001) and efferent connections with neocortex (Amaral & Price,
1984; Catani et al., 2003; Iwai & Yukie, 1987) are markedly less
prominent in rats (Krettek & Price, 1977). In line with the
expansion of the fiber bundles and associated cortical territories
across our evolutionary lineage, the subnuclei of the BLA are
preferentially expanded in human and nonhuman primates (63%—
69% of total amygdala volume) than in rats (Sprague-Dawley
rats; 28% of volume; Chareyron et al., 2011). Conversely, the
relative volume of the centromedial compartment is compara-
tively similar across species (Chareyron et al., 2011), possibly
due to its principal connections with autonomic and brainstem
circuits. Across primates, it has additionally been observed that
the BLA is marked by differential expansion of its discrete
subnuclei in humans, with the lateral nucleus undergoing a
disproportionate increase in volume compared to the basal
nucleus (Barger et al., 2007), suggesting that variability in
volumetric reorganization may be influenced by interconnections
with associated brain structures (Figure 3A).

Brains vary in characteristics other than size. Evolutionary
changes cannot solely be defined by the study of any single
morphologic metric in isolation (Healy & Rowe, 2007) and the
volume of a structure does not explicitly reflect the distribution of
associated cell types that are vital to the effective functioning of the
nervous system, especially between remotely related species
(Herculano-Houzel et al., 2007). As one example, comparative
work examining neuron counts across human and nonhuman
primates have revealed increased cellular density in humans, con-
centrated within the lateral nucleus of the amygdala (Barger et al.,
2012) which shares dense connections with the regions of temporal
cortex that are preferentially expanded, as compared to nonhuman
primate species. Moreover, the proportion of neurons within the
human lateral nucleus is almost 60%, far greater than estimated by
allometric trends based on nonhuman primate data (Barger et al.,

2012; Sherwood et al., 2012), making for a remarkable magnitude of
expansion in this region of subcortex.

The evolutionary divergence of amygdala subnuclei in primates,
relative to rodents, is coupled with the increased presence of
neuropil suggesting heightened dendritic arborization and a greater
number of glial cells relative to neurons (Chareyron et al., 2011;
Rai et al., 2005). This cytoarchitectonic profile is further amplified
in the human amygdala, when compared to nonhuman primates
and rodents (Hamidi et al., 2004; Schumann & Amaral, 2005).
Interestingly, this likely reflects a general feature of larger brains,
for instance following the pattern of reduced neuron/glia ratio in
the frontal cortices of primates (Friede & Van Houten, 1962;
Sherwood et al., 2006) as well as Broca’s area (Schenker et al.,
2008), and the face area of the primary motor cortex (Sherwood et
al., 2003). The proportional decrease in neuron density is func-
tionally relevant and hypothesized to link with greater intrinsic and
extrinsic interconnectivity (Chareyron et al., 2011). Critically, cell
specific alterations and associated differences in receptor compo-
sition between the rodent and human brains may explain the lack of
general neuromodulatory responses across species. For example,
relative to rodents, primates display increased diversity of Gamma
aminobutyric acid (GABA)4 receptor subunit expression in the
amygdala, potentially accounting for distinct reactions to GA-
BAergic agents (Stefanits et al., 2018). Taken together, convergent
evidence suggests greater complexity of amygdala circuitry in pri-
mates. More importantly, given the diversity of evolutionary patterns
across a multitude of neural components, it is necessary to recognize
that no single factor, such as local tissue volume, can fully account for
brain evolution. Going beyond volumetric alterations to incorporate
multiple levels of biological analyses will contribute toward a more
comprehensive understanding of structural and cellular variation in
brain architecture.

Cortico-Striato-Thalamic Circuits

The cerebral cortex is tiled with a complex mosaic of densely
interconnected yet spatially distributed functional networks. Rather
than operating in isolation, the cortex works in concert with
subcortical structures including the basal ganglia and thalamus to
orchestrate and execute affective, cognitive, and motivated motor
behaviors (Alexander et al., 1986; Haber, 2016). Associated projec-
tions extend across the cerebral cortex, providing an anatomical
skeleton that enables a hub-like exchange of information, with
spatially distant nodes of distributed cortical networks converging
to communicate with common basal ganglia and thalamic subnuclei.
Broadly, in both human and nonhuman primates, cortico-striato-
thalamic pathways can be thought of as comprising functional loops,
through which associative, sensorimotor, and limbic information are
processed in parallel (Alexander et al., 1986). While early work
often focused on the prominent role of these pathways in motor
functions, such as the planning, initiation, and execution of move-
ment (Albin et al., 1989), their coordinated function also underpins
cognitive and emotional processes including decision-making, goal-
directed behavior, and reward-based learning (Haber, 2016). Given
space constraints, we specifically focus on evidence for divergent
evolution within two structures and their associated circuitries,
namely, the striatum and the thalamus.
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Striatum

The striatum serves as the main receptive center of the basal
ganglia receiving wide-ranging connections that extend across
cortex (Alexander et al., 1986; Haber & Knutson, 2010; Haber
et al., 1995; Parent & Hazrati, 1995). Afferent projections to the
striatum are derived from three major sources: (a) massive and
topographic input from the cerebral cortex; (b) input from the
thalamus; and (c) and input from the brain stem, principally from
dopaminergic cells. Cortical and thalamic projections extend from
anterior to posterior striatum in longitudinal zones (Selemon &
Goldman-Rakic, 1985), with ventromedial striatum receiving pro-
jections primarily from limbic (ventral medial and orbital frontal)
cortex, central striatum from association cortex, and dorsolateral
striatum from sensory—motor-related areas (Alexander et al., 1986;
Parent & Hazrati, 1995). More complex projection patterns, includ-
ing interdigitated and overlapping terminal fields, are also present
(Selemon & Goldman-Rakic, 1985). The striatum then sends
ascending projections back to cortex via the pallidal complex,
substantia nigra, and thalamus, forming a series of parallel, but
overlapping circuits (Alexander et al., 1986; Haber et al., 1995,
2006; Haber & Knutson, 2010; Parent & Hazrati, 1995).

A wealth of studies have probed the functionalities of the striatum
and its subdivisions, yet volumetric work directly examining the
striatum in the context of human evolution remains scarce (but see,
Stephan etal., 1981). All vertebrates possess a striatum, containing a
nucleus accumbens, and globus pallidus or pallidum (Marin et al.,
1998), and many organizational similarities exist within the basal
ganglia of reptiles, birds, and mammals (Striedter, 2005). Yet, while
broad cell groupings and connections are shared, the manner in
which information flows through the basal ganglia is distinct across
animal classes. In amphibians, for example, the striatum mainly
receives sensory input from the dorsal thalamus, whereas in reptiles,
the sensory input emerges from the dorsal ventricular ridge (Guirado
et al., 2000), which shares putative homologies with mammalian
cortex (Briscoe & Ragsdale, 2018). Conversely, as mammals
diverged from the sauropsid lineage, the cortical sheet progressively
became the primary target of basal ganglia circuitry (Reiner et al.,
1998; Smeets et al., 2000). Put simply, the basal ganglia did not
evolve as a single unit. One prominent example is the presence of
multiple levels of compartmental organization (i.e., the striosome
and matrix) that distinguishes mammalian striatum from the laminar
cerebral cortex (Haber & Gdowski, 2004). Given the increase in the
number of cortical neurons and development of cortico-striatal and
corticofugal fibers enabling extensive inputs from the cortex, it has
been proposed that this compartmentalization of the striatum,
exclusive to mammals, emerged in parallel with the evolutionary
expansion of the cortex (Hamasaki & Goto, 2019).

Broad spatial patterns of gene expression and associated cell-type
distributions show strong correspondence within limbic and somato/
motor cortico-striato-thalamic functional networks (Anderson et al.,
2018, 2020), a profile of network associated expression that is
evolutionarily conserved in human and nonhuman primates. How-
ever, ~9% of brain expressed genes have dissociable developmental
expression trajectories in rhesus monkeys and humans (Bakken
et al,, 2016) and recent studies have turned to examining the
molecular and cellular associates of evolutional variation along
phylogenetic branches. Notably, a rare and molecularly heteroge-
neous class of interneurons expressing dopamine biosynthesis genes

tyrosine hydroxylase (TH+) and DOPA (3,4-dihydroxyphenylala-
nine)decarboxylase (DDC) is enriched in both the human striatum
and neocortex relative to nonhuman African apes (Sousa et al.,
2017). These genes, encoding for neurotransmitter biosynthesis
enzymes and receptors, are neuromodatory in nature and alterations
in these expression patterns likely impact the overall function of the
corresponding neural circuits. Relatedly, emerging evidence shows
an abundance of a unique striatal interneuron type in primates
without a homologous cell-type counterpart in the mouse striatum,
cortex, thalamus, or hippocampus (Krienen et al., 2019). These
interneurons account for an estimated 30% of interneurons in the
human and the marmoset striatum, suggesting a clear evolutionary
divergence in striatal cytoarchitecture between primates and
rodents.

Thalamus

Classically regarded as the central sensory and motor relay station
of the brain, the thalamus is a multinucleated structure that facilitates
the reciprocal communication of signals between subcortical, cere-
bellar, and cortical regions through a distributed profile of anatomi-
cal connections (Schmahmann & Pandya, 2008; Theyel et al.,
2010). Thalamic afferents sculpt both the boundaries and internal
structure of emerging primary sensory areas across development
(Pons et al., 1991). With the exception of olfaction, all sensory
information passes through the thalamus prior to reaching the
cortex, lending to the widespread view amongst psychologists of
it as an evolutionarily primitive structure. Counter to this concep-
tualization, comparative work has illustrated the progressive differ-
entiation and independent elaboration in thalamic nuclei along
phylogenic branches (Butler, 2008; Halley & Krubitzer, 2019).
Although rudimentary patterns of thalamocortical and corticocor-
tical connections are present across species, possibly emerging from
a common ancestor, more intricate connectivity motifs have arisen
in conjunction with cortical expansion and supplementation of new
thalamic fields in some lineages (Krubitzer & Disbrow, 2008). For
instance, as reflected from early mammals such as monotremes,
marsupials, and rodents through eutherian (placental) mammals and
primates (Krubitzer, 2009; Krubitzer & Disbrow, 2008), or in the
absence of a six-layered cortex and descending cortical input to the
thalamus in reptiles (Pritz, 2015).

The composition of thalamic nuclei and potential for associated
homologies across tetrapods is a matter of intense debate (Butler,
2008). The thalamic complex can be broadly divided into three
primary clusters, of which the dorsal thalamus, including the med-
iodorsal nucleus, serves as a connectional hub to multiple-distributed
cortical association areas (Figure 4; Selemon & Goldman-Rakic,
1988). Perhaps unsurprisingly, this region has experienced the great-
est expansion in vertebrates, especially primates (Baldwin et al.,
2017). This is evident across subnuclei of the dorsal thalamus, for
example, the lateral geniculate nucleus and the pulvinar, which are
particularly enlarged in primates who rely heavily on visual input
(Barton, 1998, 2004; Grieve et al., 2000). Although vertebrate
mammals broadly possess a pulvinar complex comprised of two
to three subnuclei, in primates six or more additional subnuclei have
been identified, which are not evident in rodents (Jones &
Rubenstein, 2004; Kaas & Lyon, 2007). Intriguingly, cross-species
gene expression data from mice and monkeys indicate that while
homologous nuclei exhibit shared transcriptional profiles across
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Figure 4
Evolution of the Thalamus and Thalamocortical Connections Across Species
(A) Cross-species thalamic evolution
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Note. (A) The dorsomedial nucleus (red) of the thalamus is displayed in a rat, macaque,
and human. Across human and nonhuman primates, association nuclei comprise the largest
proportion of the thalamus (Krienen & Buckner, 2017). Here, mediodorsal thalamus reflects
both medial magnocellular and lateral parvocellular nuclei. (B) Thalamocortical connec-
tions in rodents and macaques. Sensory thalamic nuclei project to primary sensory areas in
the neocortex. In rodents, primary and secondary sensory areas occupy large swaths of the
cortical sheet. In primates, association nuclei such as the dorsomedial nucleus send and
receive projections from association regions distributed across the cortical mantle. Updated
from Krienen and Buckner (2017). (C) Organization of the pulvinar and its subdivisions in
rats and macaques (adapted from “The evolution and functions of nuclei of the visual
pulvinar in primates,” by M. K. L. Baldwin, P. Balaram, and J. H. Kaas, 2017, The Journal
of Comparative Neurology, 525(15), pp. 3207-3226. https://dx.doi.org/10.1002/cne
.24272). In primates the pulvinar it is architecturally distinct from other mammals,
possessing additional subdivisions relative to nonprimate species. In rats, nuclei displayed
include the Pcm = caudal medial pulvinar; Pl = lateral pulvinar; Prm = rostral medial
pulvinar. In primates, figure displays the PL = lateral pulvinar; Pip = posterior inferior; PIm
= middle inferior; PIcm = central medial nuclei; PM = extending into portions of the medial
pulvinar. Other divisions include the central lateral inferior, Plcl = a large central nucleus
located anterolaterally within the inferior pulvinar; Pic = a more medial nucleus, PIm which
extends dorsally into the regions of the superior or medial pulvinar as well as the lateral PI
“shell” (PLs, PLs-1). OFC = orbital frontal cortex; DLPFC = dorsolateral prefrontal cortex.
lustrations are not drawn to scale.
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species, primate-specific gene expression patterns are evident in the
pulvinar (Jones & Rubenstein, 2004). Cortical connections with the
pulvinar complex are topographically organized in partially over-
lapping zones (Shipp, 2003). Reflecting a diffuse map of the cortical
sheet, these reciprocal cortico-pulvino-cortical circuits broadly mir-
ror the organization of direct cortico-cortical connections.

Large-scale association networks share common thalamic input
from the medial pulvinar nucleus, which is preferentially expanded
in primates (Armstrong, 1981). This connectivity motif suggests that
that association networks can be recruited through shared aspects of
thalamus, highlighting a regulatory role for cortico-thalamic con-
nections in the formation and maintenance of functional assemblies
across the cortical sheet (Breakspear, 2017; Shipp, 2003). For
instance, in humans (Garrett et al., 2018; Shine et al., 2019) and
nonhuman primates (Baxter, 2013), medial thalamic nuclei play a
key role modulating large-scale brain dynamics and distributed
cortical processing during periods of increased cognitive complexity
(Bell & Shine, 2016). Unfortunately, the processes through which
thalamocortical connections may guide the development of associ-
ation cortex remain to be determined. Suggesting the presence of a
scheduled maturation in the development of thalamic projections to
unimodal and association cortices, functional connectivity between
the thalamus and somatomotor cortex is evident in human neonates,
while connectivity between the thalamus and association networks
does not emerge until the first year of life (Alcauter et al., 2014).

The patterning of a given patch of cortex, as indexed by distinct
gene expression profiles, is intimately linked with its connectivity to
thalamus, which in turn is influenced by associated constellations of
projection neuron subtypes (Greig et al., 2013). In rodents, for
example, Lmo4 and Bhlhb5 are expressed in postmitotic neurons
and guide the input of sensory information from the thalamus and
development of associated corticofugal pathways (Joshi et al., 2008;
Kashani et al., 2006). Intriguingly, Lmo4 may be further specialized
in humans, as reflected in differential expression across the right and
left hemispheres in human embryos, which likely influences aspects
of left-right asymmetry (Sun et al., 2005). Further, there is evidence
for a class of migratory neurons and associated migratory pathway
exclusive to human primates (Letinic & Rakic, 2001). Here, retro-
viral labeling in slices of embryonic human brain tissue have
revealed that populations of cells originating from the telencephalic
ganglionic eminence migrate to become GABAergic interneurons in
the dorsal thalamus, preferentially the medial dorsal and pulvinar
nuclei. To date, the presence of this pathway has not been demon-
strated in either rodent or nonhuman primates (Letinic & Rakic,
2001). These data raise the intriguing possibility that human thala-
mus recruits a supplementary class of neurons from the neighboring,
mitotically-active ganglionic eminence in a bid to accommodate the
increased axonal input from the rapidly enlarging neocortex
(Buckner & Krienen, 2013; Rakic, 2009). As such, understanding
the role of thalamic association nuclei in the protracted development
and wiring of spatially removed aspects of cortex will be key to
determining how areal identity is differentially acquired across
species (Greig et al., 2013).

Cerebellum

At the turn of the twentieth century the cerebellum was concep-
tualized by Charles Sherrington to serve as the “head ganglion of the
proprioceptive system” (Sherrington, 1952), reflecting its position

atop the spinal cord. Consistent with this framing, until recently the
cerebellum was primarily known for its prominent role in planning,
execution, and regulation of motor actions, such as those related to
eye-hand coordination in primates. All vertebrate brains have a
cerebellum, with the possible exception of hagfish (Larsell &
Jansen, 1967; Nieuwenhuys et al., 1998). While seminal work
from the 1980s provided extensive evidence linking aspects of
human cerebellum (i.e., dentate nucleus) to association cortex
(Leiner et al., 1986), suggesting differential expansion in primates
relative to other species (Leiner, 2010), the cerebellum has been
traditionally considered to be evolutionarily conserved and primi-
tive. More recently, this view has been challenged by a renewed
focus on the role of cortico-cerebellar circuits in a range of cognitive
functions (Buckner, 2013; Ramnani, 2006; Rapoport et al., 2000;
Wagner et al., 2019), psychiatric conditions (Schmahmann et al.,
2007), and clear evidence of cerebellar specialization across homi-
nid evolution (Barton, 2012).

The cerebellum is primarily connected to the cerebral cortex
through two polysynaptic circuits (Schmahmann & Pandya, 1997).
Cortical inputs synapse in the pons and then cross over to the
contralateral cerebellum. The output channel emerges from deep
cerebellar nuclei, projecting first to the thalamus, and then back to
cortex. Distinct cerebellar regions are connected to separate cortical
territories, forming a complex yet topographically organized net-
work structure. Broadly, with the exception of primary visual cortex,
in humans the fraction of the cerebellum dedicated to each cortical
network mirrors that network’s spatial coverage across the cortical
sheet (Buckner, 2013; Buckner et al., 2011). Reflecting a pattern of
correlated evolution, as brain size increased from rodents through
nonhuman and human primates, the cerebellum disproportionately
increased in volume at a rate second only to the preferential scaling
of cerebral cortex (Finlay & Darlington, 1995). These data are
consistent with neuronal counting work demonstrating relatively
fixed cellular scaling rules linking the numbers of neurons in the
cerebellum and cerebrum across species (Herculano-Houzel, 2012).
In line with the theory that the basal ganglia, the cerebellum and the
cerebral cortex constitute an integrated functional network (Carta
et al., 2019), the dentate nucleus in the cerebellum reflects a source
of dense polysynaptic projections to the striatum (Bostan & Strick,
2018). While basal ganglia output to the thalamus targets different
aspects than those from the cerebellum (Percheron et al., 1996), the
two circuit motifs influence many of the same cortical territories.

Comparative volumetric analyses harnessing data from both
extant and fossil species have identified a preferential increase in
size of the cerebellum relative to the rest of the brain in apes
compared to other mammalian lineages (Barton & Venditti,
2014; MacLeod et al., 2003; Miller et al., 2019; Smaers et al.,
2018), in particular the lateral output nucleus of the cerebellum (the
dentate), the deep cerebellar nuclei with the most profuse connec-
tions to the cortex (Leiner, 2010). In humans, relative to great apes,
the ventral dentate, preferentially interconnected with prefrontal
cortex, is disproportionately larger than the motor cortex linked
dorsal dentate (Matano, 2001). Further, the fractions of cerebellar
volume occupied by Crus I and Crus II, modules that are connected
with the prefrontal cortex, are proportionally larger in humans
compared to chimpanzees and capuchins (Balsters et al., 2010).
Converging evidence from structures that project to Crus I and Crus
I1, such as the principal olive (Herrero et al., 2006), reveal selective
enlargement in monkeys compared to cats (Bowman & Sladek,
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1973) with a progressive trend of volumetric increases from pro-
simians to humans (Matano, 1992). The profile of volumetric
expansion in humans, is also reflected in the segmentation of
cerebral peduncle white matter fibers on the basis of their origins
in the cerebral cortex (Ramnani et al., 2006). In macaques, for
example, fibers linked with the cortical motor system occupy the
greatest proportion of the cerebral peduncle, while a relatively small
proportion of fibers are linked to prefrontal cortex. Conversely, in
humans, the largest proportion of fibers are not from the cortical
motor areas, but rather the prefrontal cortex.

Consistent with the observed volumetric differences across species,
histological analyses of the cerebellum in humans and rodents across
multiple stages of development have revealed the presence of diver-
gent developmental patterns (Haldipur et al., 2019; Hashimoto & Hibi,
2012). Although the cerebellum is one of the first brain structures to
differentiate in the neural tube, it is one of the last to mature after birth
(Wang & Zoghbi, 2001; White & Sillitoe, 2013). This developmental
period is prolonged in primates, relative to other mammals, extend-
ing from 3 weeks postnatal in mouse though 2 years in humans. The
cerebellum emerges from the dorsal region of the posterior neural
tube along the midbrain/hindbrain boundary. Two core germinal
zones generate the cells that comprise the cerebellum. Cells that
develop into the deep cerebellar nuclei and Purkinje cells arise from
progenitors in the ventricular zone, while cerebellar granule neurons
are derived from progenitors in the rhombic lip. The rhombic lip of
the cerebellum persists over a prolonged developmental period in
humans relative to rodents, after which it undergoes structural
alterations to create a progenitor pool which is absent in other
species, including nonhuman primates (Haldipur et al., 2019).
Suggesting cerebellar reorganization is predicated on developmental
patterning, the later developing lateral cerebellum displays an
increased rate of evolutionary expansion in primates relative to
earlier developing aspects of the medial cerebellum (Smaers et
al., 2018).

The evolutionary divergence in cerebellar volumes and associated
developmental processes are reflected across biological scales. For
instance, across anthropoid primates, protein coding genes impli-
cated in cerebellar development exhibit as much evidence for
positive selection as those associated with cortical development
(Harrison & Montgomery, 2017). Additionally, microRNAs (miR-
NAs) play a key role in the posttranscriptional regulation of gene
expression (Cannell et al., 2008) and embryonic development (Ivey &
Srivastava, 2015). Suggesting the fundament importance of miRNA
in the process of developmental remodeling, most miRNA genes are
highly conserved among primates in terms of both sequence and
expression (Liang & Li, 2009). Yet, out of the hundreds of expressed
miRNAs in primate brains, approximately “11% diverged signifi-
cantly between humans and chimpanzees and “31% between human
and macaque evolutionary lineages (Hu et al., 2011). One of these
miRNAs, miR-184 is abundantly present in human prefrontal cortex
and cerebellum, relative to nonhuman primates, and has been estab-
lished to play an important role in neural stem cell proliferation (Liu
etal., 2010). Although data conclusively establishing the contribution
of phylogenetically recent patterns of miRNA regulation in human-
specific phenotypic adaptations is lacking, this work exemplifies the
presence of evolutionary divergence in miRNA mediated regulation
of gene expression among humans, chimpanzees, and rhesus maca-
ques across both cortex and cerebellum.

Toward a Comprehensive View of Brain Evolution

The principles that govern human brain evolution remain one of
the most important and fascinating topics across the brain sciences.
The preceding sections highlight select aspects of this vast literature,
demonstrating the presence of species-specific patterns of evolution
within both cortical and noncortical systems. Yet, despite this
converging evidence, our field has largely neglected this body of
work. Consistent with this incomplete conceptualization of brain
evolution, much of the modern empirical work in psychology and
neuroscience rests on a theoretical scaffolding exclusively focused
on the cerebral cortex (Parvizi, 2009), suggesting that “human-
specific” capacities such as higher-level cognition, consciousness,
mentalizing, and morality are limited to, and fully dependent, upon
associated areal expansion. The problematic effects of this theoreti-
cal bias are evident throughout the literature, contributing to the
systemic mischaracterization of basic properties of brain functioning
across species and the neglect of fundamental aspects of brain
evolution in vertebrate mammals.

It is important to note that the arguments we raise are not meant to
criticize research on the functional properties of the cortical sheet or
theories regarding the importance of association cortex mediated
functions for complex cognition. Certainly, there is overwhelming
evidence in support of these positions. However, a primary goal of
any field of scientific study is not simply to provide evidence in
response to the questions we pose regarding structure of the world
around us, but perhaps more fundamentally, to conduct informed
research that is built upon the current state of our scientific under-
standing. As scientists, we do not operate in a historical vacuum.
Rather, we inherit the arguments put forth by our intellectual
predecessors and the theoretical scaffolding we use to construct
our research programs is heavily biased by the echoes of their prior
work. Here, the pervasive misrepresentation of human cognition and
behavior as a competition between phylogenetically recent cortical
territories and evolutionarily conserved subcortical and cerebellar
systems is still widely held across the field and persistent enough to
raise concerns. A fascinating and important topic, which is explored
in final sections, is how to best correct for this existing cortical bias
to incorporate our modern understanding of human evolution
throughout the brain sciences.

The Road Ahead

Over the past several decades, convincing arguments have been
made for a shift away from a largely cortical focus on the study of
brain functions (Barton, 2012; Parvizi, 2009, 2012) and the devel-
opment of biologically plausible theories of behavior constructed
through careful consideration of our evolutionary history (Cisek,
2019; Holmes & Patrick, 2018; LeDoux, 2012). The field’s current
divergence from the empirical bedrock and limitations of the
resulting theoretical approaches have been articulated many times,
yet corticocentric views of human evolution and associated reduc-
tionist models of brain functioning remain remarkably prevalent.
This cortical focus is further reinforced by existing methodologies in
human neuroscience which have limited signal-to-noise ratio for
examining subcortical contributions to cognition or a focus on
surface-based analytic approaches. These collective observations
illustrate several key points. First, discarding a scalar conceptuali-
zation of human brain evolution will have clear implications for the
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interpretation of the cross-species work that is fundamental to
progress in the neurosciences. Second, push—pull and dual process
models centered on dichotomous or strictly hierarchical interactions
linking cortical and noncortical systems are at best vague approx-
imations that are loosely tied to actual brain biology. Third, it is
imperative that we adopt a network-based perspective on brain
evolution that incorporates both cortical and noncortical systems.
However, doing so will require a broad field-wide shift from the
study of the specialization or segregation of brain functions in
isolated regions toward an analytic framework that targets func-
tional integration (and improved sampling methods for subcortical
and cerebellar functions), working to characterize how signals
covary across spatially distinct territories throughout the brain
(Sporns, 2014).

Interpretation of Cross-Species Work

The complex and distributed nature of brain evolution presents
clear implications for the interpretation and the translation of cross-
species research. Without question, the tenuous connections linking
seemingly analogous behaviors across human and animal models
have been subjected to pointed critiques over the years (e.g., Hyman,
2012), perhaps most frequently in the study of psychiatric illness
where both mechanistic insights and novel therapeutic agents
remain elusive (Box 2). Yet, a fundamental and often neglected
facet in these debates is the tendency for researchers to carry forward
the very same methodological and intellectual biases when working
to translate neurobiological discoveries across species. Here, outside
of cortex, homologies are often broadly assumed, and it is frequently
taken for granted that one species can faithfully represent the
neurobiological properties of another.

It is highly unlikely that organisms separated by millions of years
of independent and divergent evolution will recapitulate all of the
salient features of human behavior or share perfect correspondence
with respect to the underlying biological cascades. While broad
components of brain biology may be preserved across species, the
principled evaluation of results from a given animal model is
inextricably tied to the extent consistent functions are present within
the targeted system or level of analyses. To properly link discoveries
across model organisms and to then leverage this information to
understand human brain functioning, one must consider each spe-
cies’ unique biology and ethological niche. As one example, the
recent development of large-scale sequencing technologies, the
emergence of whole-brain transcriptional atlases, and a cultural
shift toward open access data have enabled the multiscale study of
genetic, cellular, and molecular associates of human brain organi-
zation (Arnatkeviciaté et al., 2019). Yet, with the possible exception
of rare syndromes caused by highly penetrant mutations, the hurdles
for translating genetic discoveries from animal models to humans
remain daunting. Recent work in human genetics has established the
polygenetic nature of common psychiatric illnesses (Anttila et al.,
2018) and brain anatomy (Grasby et al., 2020), identifying hundreds
of allelic variants that contribute to phenotypic variance. Although
animal models are needed to dissect the associated discoveries, the
presence of gene homologies between a given model organism and
humans does not ensure the direct translation of results. In part, this
is due to the vastly different impacts when comparing knockout/
knockdown models in nonhuman animals with naturally occurring
allelic variation in humans as well as inherent cross-species

differences, such as levels of transcription, underlying cell distribu-
tions, and the distinct structure of gene regulatory networks.

As a field we have been repeatedly led astray by the anthropo-
morphization of animal behavior and the mistaken assumption of
neurobiological homologies. Without doubt animal work is critical
for understanding the fundamental rules that govern brain biology,
driving progress in the study of core neurobiological mechanisms
ranging from the molecular cascades that underpin brain develop-
ment, cellular proliferation, and synapse formation through the basic
properties of neural circuit function. However, as we work to
translate these discoveries to humans, we cannot assume that
subnuclei, underlying cellular composition, connectivity motifs,
or associated computations are consistent across species with diver-
gent ethology. Of note, these interpretive issues have been amplified
by the dwindling diversity of species studied in modern neurosci-
ence laboratories, as the field has converged on the use of a few
model organisms (Yartsev, 2017). Fundamental to understanding
the functional outcomes of evolutionary divergences across species
is the study of a diverse set of animal models, pioneered by the field
of neuroethology. Furthermore, interpretations must consider the
similarities and differences in brain anatomy—for example, the
presence of granular prefrontal cortex in the primate brain, but not in
the rodent brain; flat versus sulcal brains (even among primate
species); differences in sulcal and gyral subdivisions; and anatomi-
cal biases dictated by dominant sensory and motor faculties. Such
anatomical differentiations support the use of a nonhuman primate
bridge between research findings in rodents and humans for suc-
cessful identification and translation of the underlying mechanisms
of brain functioning. In the absence of meticulously cataloged
discoveries from comparative research, we risk misinterpreting
results that may be species-specific, for instance in human clinical
trials for treatment and drug development.

Corticocentric Views on Evolution and
Push—Pull/Dual Process Models

When ideation rises into perception, there is, physically, a stronger
discharge of the same nervous arrangements of the higher, so that the
middle and then the lowest centers are overcome—J. Hughlings
Jackson (Jackson, 1884).

The idea that human-specific complex cognitive abilities are
exclusively linked with the rapid evolutionary expansion of associ-
ation cortex has become a central tenet in modern psychology. This
has led to a myopic focus on the study of cortex when examining
“higher functions” of the brain or searching for human-specific
capabilities and a nearly complete disregard of relevant subcortical
processes (Parvizi, 2009). This theoretical stance is in sharp contrast
to the clear evidence of pervasive brain-wide evolution and the
presence of distributed and mutually embedded functional circuitry
linking cortical and noncortical territories (Miller & Clark, 2018;
Pessoa, 2014). However, this dichotomous view of brain function is
still widely held, and likely as a direct consequence, the literature is
littered with push—pull and dual process models hypothesizing that
disinhibited behavior emerges when maladaptive prefrontal func-
tioning releases subcortical regions to respond in their innate way
(Figure 5A).

The theorized division of labor distinguishing phylogenetically
recent cortical territories from evolutionary stagnant subcortical and
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Figure 5
Toward a Network Perspective on Brain Evolution and Functioning

(A) Corticocentric views on evolution and

push-pullidual process models (C) Network perspective on brain evolution
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Note. (A) Schematic representation of a biologically implausible push—pull or dual process model for studying brain functioning. Here, cognition and behavior
is conceptualized as a competition between deliberative “higher-level” executive functioning and innate/reflexive noncortical systems. (B) The integrated
network architecture of cortex, cerebellum, and striatum is displayed on the lateral and ventral surfaces of the left hemisphere/cerebellum and striatum (adapted
from “Gene expression links functional networks across cortex and striatum,” by K. M. Anderson, F. M. Krienen, E. Y. Choi, J. M. Reinen, B. T. T. Yeo, and
A. J. Holmes, 2018, Nature Communications, 9(1), Article 1428. https://dx.doi.org/10.1038/s41467-018-03811-x). Here, a complex connectional motif is
evident, reflecting the combination of signals across spatially distant cortical and noncortical territories. Network solution from Yeo et al. (2011). DorsAttn =
dorsal attention; Som/Mot = somato/motor; VentAttn = ventral attention and salience; Control = frontoparietal control network. (C) Schematic representations
of the network structure across biological levels, from genetic and cellular processes through large-scale functional systems. At the base of the figure, gene and
protein networks are depicted as a graph in which individual processes are shown as nodes and process—process interactions as edges connecting the nodes.
From there cellular circuit motifs emerge, up through the formation and maintenance of large-scale networks distributed in an interdigitated manner throughout
the brain (adapted from “The myth of optimality in clinical neuroscience,” by A. J. Holmes and L. M. Patrick, 2018, Trends in Cognitive Sciences, 22(3), pp.
241-257. https://dx.doi.org/10.1016/j.tics.2017.12.006). Readers should note that feedforward/feedback relations also link across the levels, while associated
processes vary as a function of developmental stage and interactions with the environment.

cerebellar regions has been present since the earliest circuit models
of cognition and emotion (MacLean, 1990; Papez, 1937). A view of
brain organization as a hierarchical and dichotomous order between
cortical and subcortical structures that harkens back to classic
Victorian notions of disinhibition advocated by John Hughlings-
Jackson (Jackson, 1884; Parvizi, 2012) and dual process theory as
proposed by William James (James, 1890), and still remains firmly
entrenched in our modern scientific discourse. This is evident, for
instance, in theories regarding natural instincts versus rational
thought and free will, affect versus cognition, model-based versus
model-free learning, and reflexive versus deliberate responding.
Nearly ubiquitous to these models is a dichotomy between auto-
matic versus controlled processes, between cortical and noncortical
functions. However, such a clean separation between “higher” and

“lower” functions is artificial, outside the primary sensory systems
initial transmission of incoming sensory information. Simply put,
one processing stage does not exist without the other (Parvizi, 2009)
and associated behaviors emerge through the coordinated function
of an integrated system (Parvizi, 2012). The continued and perva-
sive use of push—pull models is problematic, not just because this
framework mischaracterizes the functional organization of the
human brain, but chiefly because they perpetuate a binary view
of human nature. One where human expanded aspects of cortex
wage an eternal struggle against base, reflexive, and innate animal-
istic drives from primitive noncortical systems.

Critically, it is difficult to disentangle programs of research that
incorporate these dichotomous and hierarchical models as simpli-
fied, although biologically implausible, heuristics for understanding
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brain functions from research that takes such two system theories at
face value. This is evident in clinical psychology and psychiatry,
where cortical disinhibition is frequently theorized to account for
pathological behavior that is contextually inappropriate or in cog-
nitive neuroscience where results outside of cortex are often ignored
or only mentioned in passing. Research in both neuroscience and
psychology has been ill-served by the dichotomization of concepts
like affect and cognition into distinct and competing processes. At
times, successful model development may be driven by observed
relationships in the data, rather than integration of underlying
biological knowledge. However, the observations we make are
limited by breadth of our existing scientific paradigms and associ-
ated questions we pose. Here, more often than not, modern dual
process models of human cognition and behavior still suffer from
variable degrees of corticocentric myopia, both in the empirical
literature they draw from as well as their theoretical underpinnings.
A complementary theoretical approach, which we advocate for here,
involves the construction of network-based models that use a priori
knowledge of brain evolution to gain insight into species-specific
differences.

The careful consideration of evolutionary divergences across
species is critical given that a precise definition of “higher-level”
human cognition remains unclear and an increasing number of studies
have revealed neural correlates of associated functions outside the
cortex. In vertebrates there is a common presence of large-scale
connectional systems involving the midbrain, hypothalamus, thala-
mus, basal ganglia, and amygdala (Pessoa et al., 2019). Here, the
process of evolution has resulted in a complex functional tapestry,
where new circuits are continually woven into existing systems
producing complex interactive relationships that stretch across the
entire brain (Miller & Clark, 2018). The association and integration of
information processing are basic features of the vertebrate brain and
the large degree of crosstalk between cortical and noncortical systems
suggests that human cognition and behavior cannot be cleanly carved
into two distinct systems (Pessoa et al., 2019; Rmus et al., 2021).
Work in rodents, as one example, has revealed causal functions of
subcortical areas, such as the ventral tegmental area, amygdala, and
thalamus, in regulating seemingly complex behaviors involving
decision-making and social interactions (Anderson, 2016; Chen &
Hong, 2018; Proulx et al., 2014; Russo & Nestler, 2013). Moreover,
though fewer in number, existing studies in nonhuman primates
demonstrate a core role of subcortical areas, such as the ventral
tegmental area, striatum, and amygdala, in behaviors requiring
learning and decision-making (Baxter & Murray, 2002; Chang
et al., 2013; Gangopadhyay et al., 2021; Schultz, 1997). The role
of subcortical areas in cognitive functions is certainly not limited to
nonhuman animals. For instance, recent work has revealed increased
activation of intermediate and rostral portions of lateral and ven-
trolateral periaqueductal gray (PAG) columns in humans is modu-
lated by cognitive load (Kragel et al., 2019). Further, there is
compelling evidence that the human cerebellum is engaged in a
wide array cognitive tasks (King et al., 2019). These data suggest
that executive functioning and cognitive control are not solely
mediated by activity in the cortex, but that noncortical structures
traditionally studied through the lens of autonomic regulation also
play a crucial role in “higher-order” processes.

Above we illustrated how a community of scientists can be biased
by historical arguments to rely on deceptively simple models that
distort our understanding of brain organization. Recent empirical

work and converging evidence across our evolutionary lineage calls
for a more nuanced conceptualization of human brain functioning.
These data have important implications for research on the func-
tional architecture of human and nonhuman animal brains. Given
strong evidence for the universal influence of evolutionary forces
throughout the brain and the reciprocal anatomical and functional
relationships linking cortical and noncortical structures, theoretical
and analytic approaches that consider the brain’s complex network
structure are clearly warranted (Bassett et al., 2018) and likely closer
to the functional principles that guide brain evolution, development,
and organization.

Network Perspective on Brain Evolution and
Associated Theory Development

One key conclusion from the voluminous literature reviewed
above is that cortical, subcortical, and cerebellar systems are not
wholly distinct in terms of evolution, development, or function but
instead their interactions and relationships are deeply embedded in
the organizational fabric of the brain. Evolution has imbued verte-
brate brains with a complex connectional motif, affording the
combination of signals across spatially distant cortical and non-
cortical territories. The distributed and tightly interdigitated nature
of this functional architecture motivates programs of research that
consider the brain as a multiscale system composed of complex
networks of cells, local circuits, subnuclei, and cortical patches
encompassed within broader large-scale network ensembles. The
study of the association and integration of information cascading
through this multiscale neuronal architecture can provide informa-
tion on homologous or divergent aspects of neurobiology across
species that is inaccessible through classic approaches that focus on
single regions or isolated patches of cortex (Pessoa et al., 2019).

The idea that connections among cells, circuits, and larger net-
works are crucial for brain function has been a central thread in
modern neuroscience, this theoretical framework has developed in
parallel with classic lesion or localized methods for examining brain
functions. Locationist perspectives assume that a given behavior or
cognitive process will be supported through distinct biological
mechanisms, reflected as a sort of natural kind that resides within
a specific brain region. Conversely, network neuroscience adopts
methods and analytic approaches that examine multiple sets of
elements within a functional system or “network” (Bassett et al.,
2018; Sporns, 2014). Brain networks can be examined across
multiple scales, from cytoarchitectonic, metabolic, or gene regula-
tory cascades through the broad functional patterns that link across
patches of cortex and subcortical nuclei (Figure 5). Critically,
network-based methods that examine cognitive architectures com-
prised of multiple components should be viewed as a complement to
traditional locationist approaches that focus on the discrete elements
of a neurobiological system. As one example, functional Magnetic
resonance imaging (MRI) based parcellation approaches have been
widely utilized to study the spatial organization of large-scale
functional networks through the joint analyses of data across vast
numbers of individuals (Eickhoff et al., 2018). The topography of
these population-based network solutions is closely coupled to
cognitive function, and a strong correspondence has been observed
linking the spatial structure of intrinsic functional connectivity MRI
(fcMRI) and extrinsic (task-evoked) networks of the human brain
(Cole et al., 2014; Crossley et al., 2013). More recently, methods
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from network science are expanding in new directions, going beyond
descriptive accounts of network topology and toward the study of
brain dynamics, phenotypic prediction, the impact of focal perturba-
tions on network structure, and research that spans diverse neurobio-
logical systems (e.g., gene expression, cytoarchitecture, and in vivo
brain functioning; Bassett & Sporns, 2017; Bassett et al., 2018).

The methods of network neuroscience provide a principled way to
synthesize data across biological scales, integrating diverse aspects
of brain functioning from both cortical and noncortical systems.
However, to date, when applied in humans these approaches have
primarily focused on the cerebral cortex. Although there are some
notable exceptions (Buckner et al., 2011; Choi et al., 2012; Hwang
et al., 2017; Ji et al., 2019; Tian et al., 2020), in instances where
subcortical structures are included in network-based analyses they
are often done so in an anatomically coarse manner that lacks the
granularity necessary to examine discrete subnuclei, while the
cerebellum is for the most part entirely neglected. This is com-
pounded by the fact that many modern in vivo methods for
interrogating brain functions in humans are not well suited for
the study of subcortical structures (e.g., electroencephalography
or magnetoencephalography, near-infrared spectroscopy, optical
imaging, and transcranial magnetic stimulation). Even in MRI,
the current dominant approach for studying brain functioning in
humans, data processing pipelines are heavily biased to cortex as
evident in the use of corticocentric methods to place individuals in a
standard stereotaxic, or common, physical space for further analyses
and a limited focus on the detailed examination of the multinucle-
ated subcortical structures.

At present, only a limited subset of published reports have
incorporated noncortical regions into large-scale network descrip-
tions of human brain functioning and behavior. Indeed, the lack of
research focusing on unified whole-brain network parcellations has
contributed to a fundamental knowledge gap in the field, particularly
when considering the study of “human specific” behaviors or the
comparison of network properties across species. The inclusion of
noncortical projection systems into analyses of network-level con-
nectivity would dramatically alter our models of the brain’s compu-
tational landscape (Pessoa, 2014), shifting it to more accurately
reflect the underlying biological constraints. It is clear that data from
whole brain network-level approaches will be needed to comple-
ment and complete our current corticocentric understanding of the
evolution of the human nervous system. To accurately model how
information flows and is integrated across a spatially distributed
network architecture we need to establish the topographic organi-
zation of the brain, taking into account our current understanding of
evolutionary divergences and homologies across species. Ulti-
mately, there are likely a host of useful spatial resolutions depending
on the particular scientific question. Here, a multiscale whole-brain
approach may add to our understanding of the network mechanisms
that underpin brain structure and function in the context of human
brain evolution.

Conclusion (Lessons Learned)

This review provides a conceptual framework and call to shift our
research agenda away from a largely cortical focus on the study of
human brain functions. A deeper knowledge of the principles of
evolution gives us insight into the role of the brain in shaping human
behavior and cognition, providing the opportunity to study how

species-specific neurobiological changes may have emerged across
our lineage. The literature presented here suggests the clear need to
move beyond the widely held conceptualization of human cognition
and behavior as a competition that pits phylogenetically recent
cortical territories against evolutionarily ancient subcortical and
cerebellar systems. The focus on the neocortex as the principal
area of change in human and nonhuman primate brain evolution has
been excessive and may have been largely misguided, emphasizing
the need for ethologically mindful comparative studies to go beyond
the analysis of individual patches of cortex. Rather, the field should
replace this “corticocentric myopia” (Parvizi, 2009) with an inte-
grated view that incorporates the evolution of developmental
cascades, cellular composition, neuroanatomical structure, and dis-
tributed functional networks/systems throughout the brain (Whiting &
Barton, 2003).

Box 1
Brain Evolution and Developmental Patterns

Itis not sensible to argue that all of biological variation can be
explained solely in terms of natural selection down to the
individual component parts that make up a living whole.
Populations evolve in a manner that is subject to other
principles or laws, including developmental and/or physical
constraints (Gould & Lewontin, 1979; Striedter, 2000).
Central to our understanding of neurodevelopment is the
radial unit hypothesis, which postulates that cortical forma-
tion begins when proliferating cells in the ventricular zone of
the telencephalon undergo a series of symmetrical divisions,
creating a thin sheet of radial columns (Rakic, 2009). Over
the course of primate evolution increasing cell divisions and/
or survival rate within the ventricular zone is theorized to
have contributed to the enlargement of the cortical mantle.
The heightened number of radial columns allows for swaths
of the developing cortical plate to untether from the molecular
gradients and early activity cascades that bias the formation
of sensory hierarchies (Buckner & Krienen, 2013), providing
the opportunity for novel connectivity patterns to emerge.
Critically however, noncortical inputs are important drivers
of cortical arealization. For instance, a pathway has evolved
in human primates through which neurons from the telence-
phalic ganglionic eminence migrate to form interneurons in
the medial dorsal thalamus and pulvinar (Letinic & Rakic,
2001). Suggesting that the maturation of the embryonic
protomap into its adult form may be only accomplished in
tandem with specific thalamocortical innervations (Krienen
& Buckner, 2017; O’Leary & Sahara, 2008), thalamic inputs
have been found to regulate the specialization of cortical
areas (Anton-Bolafios et al., 2019; Lokmane et al., 2013). Of
note, the presence of shared progenitor pools are not specific
to thalamus, both cortical and striatal interneurons possess a
common developmental origin, arising from progenitor cells
within the ventral forebrain (Marin & Rubenstein, 2003).
Critically, the question of how and when spatially segregated
brain systems come to wire to together remains unresolved, as
does the role of primate specific evolutionary expansion and
reorganization in associated subcortical nuclei.
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Box 2
Evolution and Psychiatric Iliness

A comprehensive understanding of human brain evolution
can inform researchers of the potential mechanisms that may
underlie psychiatric illness (genetic mutation, molecular
cascade, environmental change, developmental process,
etc.). Indeed, the predominant theory of the biological roots
of illness lies in the emergence of intrinsic vulnerabilities
within the human mind that emerged as building blocks of
adaptive behavioral and cognitive function across our evolu-
tionary lineage. Here, as with the broader neurosciences,
much of the focus has been on association cortex, both
historically as exemplified in the contributions of Elmer
Southard  (Southard, 1915), Aloysius  Alzheimer
(Alzheimer, 1913), and others, through the present day
(Goodkind et al., 2015). Harkening back to Victorian era
notions of disinhibition (Parvizi, 2009, 2012), nearly ubiqui-
tous in modern scientific discourse is the theorized role of
association cortex in directing subcortical responses, for
instance the disrupted regulation of reward circuits in sub-
stance use disorders (Volkow et al., 2013) or the reflexive
affective processes in anxiety and depression (Mayberg,
1997). However, the brain evolved and functions as an
integrated system and the hypothesized hard separation
between cortical and noncortical functions exists only in
theory. Indeed, one would expect that the functions of a
given patch of cortex would be inextricably tied to the
connectivity with, or functioning of, associated noncortical
structures. Along these lines, there is mounting evidence of
impaired cortico-thalamic (Anticevic et al., 2015; Peters et
al., 2016), somatosensory-motor (Kebets et al., 2019), and
cerebellar functioning (Phillips et al., 2015) in patient popu-
lations. This converging literature motivates a shift from the
current focus on specific structures, areas of cortex, or
hierarchical relationships linking association cortex with
noncortical or unimodal systems to a framework that is
consistent with general evolutionary principles. Here, the
field would benefit from research that seek to understand the
dynamics of interregional coordination and integration within
large-scale systems distributed throughout the brain and their
associations with clinical presentation (Pessoa et al., 2019).

References

Albin, R. L., Young, A. B., & Penney, J. B. (1989). The functional anatomy
of basal ganglia disorders. Trends in Neurosciences, 12(10), 366-375.
https://doi.org/10.1016/0166-2236(89)90074-X

Alcauter, S., Lin, W., Smith, J. K., Short, S. J., Goldman, B. D., Reznick,
J. S., Gilmore, J. H., & Gao, W. (2014). Development of thalamocor-
tical connectivity during infancy and its cognitive correlations. The
Journal of Neuroscience: The Official Journal of the Society for
Neuroscience, 34(27), 9067-9075. https://doi.org/10.1523/INEUROSCIL
0796-14.2014

Alexander, G. E., DeLong, M. R., & Strick, P. L. (1986). Parallel organiza-
tion of functionally segregated circuits linking basal ganglia and cortex.
Annual Review of Neuroscience, 9, 357-381. https://doi.org/10.1146/
annurev.ne.09.030186.002041

Alzheimer, A. (1913). Beitrage zur pathologischen anatomie der dementia
praecox. Allgemeine Z Psychiatrie, 70, 810-812.

Amaral, D. G., & Price, J. L. (1984). Amygdalo-cortical projections in the
monkey (Macaca fascicularis). The Journal of Comparative Neurology,
230(4), 465-496. https://doi.org/10.1002/cne.902300402

Anderson, D. J. (2016). Circuit modules linking internal states and social
behaviour in flies and mice. Nature Reviews Neuroscience, 17(11), 692—
704. https://doi.org/10.1038/nrn.2016.125

Anderson, K. M., Collins, M. A., Chin, R., Ge, T., Rosenberg, M. D., &
Holmes, A. J. (2020). Transcriptional and imaging-genetic association of
cortical interneurons, brain function, and schizophrenia risk. Nature
Communications, 11, Article 2889. https://doi.org/10.1038/s41467-020-
16710-x

Anderson, K. M., Krienen, F. M., Choi, E. Y., Reinen,J. M., Yeo,B.T.T., &
Holmes, A. J. (2018). Gene expression links functional networks across
cortex and striatum. Nature Communications, 9, Article 1428. https:/
doi.org/10.1038/s41467-018-03811-x

Anticevic, A., Haut, K., Murray, J. D., Repovs, G., Yang, G. J., Diehl, C.,
McEwen, S. C., Bearden, C. E., Addington, J., Goodyear, B., Cadenhead,
K. S., Mirzakhanian, H., Cornblatt, B. A., Olvet, D., Mathalon, D. H.,
McGlashan, T. H., Perkins, D. O., Belger, A., Seidman, L. J., ... Cannon,
T. D. (2015). Association of thalamic dysconnectivity and conversion to
psychosis in youth and young adults at elevated clinical risk. JAMA
Psychiatry, 72(9), 882-891. https://doi.org/10.1001/jamapsychiatry
.2015.0566

Antén-Bolafios, N., Sempere-Ferrandez, A., Guillamén-Vivancos, T.,
Martini, F. J., Pérez-Saiz, L., Gezelius, H., Filipchuk, A., Valdeolmillos,
M., & Lépez-Bendito, G. (2019). Prenatal activity from thalamic neurons
governs the emergence of functional cortical maps in mice. Science,
364(6444), 987-990. https://doi.org/10.1126/science.aav7617

Anttila, V., Bulik-Sullivan, B., Finucane, H. K., Walters, R. K., Bras, J.,
Duncan, L., Escott-Price, V., Falcone, G. J., Gormley, P., Malik, R.,
Patsopoulos, N. A., Ripke, S., Wei, Z., Yu, D., Lee, P. H., Turley, P.,
Grenier-Boley, B., Chouraki, V., Kamatani, Y., . the Brainstorm
Consortium. (2018). Analysis of shared heritability in common disorders
of the brain. Science, 360(6395), Article eaap8757. https://doi.org/10
.1126/science.aap8757

Armstrong, E. (1981). A quantitative comparison of the hominoid thalamus.
IV. Posterior association nuclei-the pulvinar and lateral posterior nucleus.
American Journal of Physical Anthropology, 55(3), 369-383. https:/
doi.org/10.1002/ajpa.1330550311

Armstrong, E. (1990). Evolution of the brain. In G. Paxinos (Ed.), The human
nervous system (pp. 1-16). Academic Press.

Arnatkevicitté, A., Fulcher, B. D., & Fornito, A. (2019). Uncovering the
transcriptional correlates of hub connectivity in neural networks. Frontiers
in Neural Circuits, 13, Article 47. https://doi.org/10.3389/fncir
.2019.00047

Assaf, Y., Bouznach, A., Zomet, O., Marom, A., & Yovel, Y. (2020).
Conservation of brain connectivity and wiring across the mammalian
class. Nature Neuroscience, 23, 805-808. https://doi.org/10.1038/s41593-
020-0641-7

Badre, D., & D’Esposito, M. (2009). Is the rostro-caudal axis of the frontal
lobe hierarchical? Nature Reviews Neuroscience, 10(9), 659—669. https://
doi.org/10.1038/nrn2667

Bakken, T. E., Miller, J. A., Ding, S.-L., Sunkin, S. M., Smith, K. A.,Ng, L.,
Szafer, A., Dalley, R. A., Royall, J. J., Lemon, T., Shapouri, S., Aiona, K.,
Arnold, J., Bennett, J. L., Bertagnolli, D., Bickley, K., Boe, A., Brouner,
K., Butler, S., ... Lein, E. S. (2016). A comprehensive transcriptional
map of primate brain development. Nature, 535(7612), 367-375. https://
doi.org/10.1038/nature18637

Baldwin, M. K. L., Balaram, P., & Kaas, J. H. (2017). The evolution and
functions of nuclei of the visual pulvinar in primates. The Journal of
Comparative Neurology, 525(15), 3207-3226. https://doi.org/10.1002/
cne.24272


https://doi.org/10.1016/0166-2236(89)90074-X
https://doi.org/10.1016/0166-2236(89)90074-X
https://doi.org/10.1523/JNEUROSCI.0796-14.2014
https://doi.org/10.1523/JNEUROSCI.0796-14.2014
https://doi.org/10.1523/JNEUROSCI.0796-14.2014
https://doi.org/10.1523/JNEUROSCI.0796-14.2014
https://doi.org/10.1523/JNEUROSCI.0796-14.2014
https://doi.org/10.1146/annurev.ne.09.030186.002041
https://doi.org/10.1146/annurev.ne.09.030186.002041
https://doi.org/10.1146/annurev.ne.09.030186.002041
https://doi.org/10.1146/annurev.ne.09.030186.002041
https://doi.org/10.1146/annurev.ne.09.030186.002041
https://doi.org/10.1146/annurev.ne.09.030186.002041
https://doi.org/10.1146/annurev.ne.09.030186.002041
https://doi.org/10.1002/cne.902300402
https://doi.org/10.1002/cne.902300402
https://doi.org/10.1002/cne.902300402
https://doi.org/10.1038/nrn.2016.125
https://doi.org/10.1038/nrn.2016.125
https://doi.org/10.1038/nrn.2016.125
https://doi.org/10.1038/nrn.2016.125
https://doi.org/10.1038/s41467-020-16710-x
https://doi.org/10.1038/s41467-020-16710-x
https://doi.org/10.1038/s41467-020-16710-x
https://doi.org/10.1038/s41467-018-03811-x
https://doi.org/10.1038/s41467-018-03811-x
https://doi.org/10.1038/s41467-018-03811-x
https://doi.org/10.1001/jamapsychiatry.2015.0566
https://doi.org/10.1001/jamapsychiatry.2015.0566
https://doi.org/10.1001/jamapsychiatry.2015.0566
https://doi.org/10.1001/jamapsychiatry.2015.0566
https://doi.org/10.1126/science.aav7617
https://doi.org/10.1126/science.aav7617
https://doi.org/10.1126/science.aav7617
https://doi.org/10.1126/science.aap8757
https://doi.org/10.1126/science.aap8757
https://doi.org/10.1126/science.aap8757
https://doi.org/10.1002/ajpa.1330550311
https://doi.org/10.1002/ajpa.1330550311
https://doi.org/10.1002/ajpa.1330550311
https://doi.org/10.1002/ajpa.1330550311
https://doi.org/10.3389/fncir.2019.00047
https://doi.org/10.3389/fncir.2019.00047
https://doi.org/10.3389/fncir.2019.00047
https://doi.org/10.3389/fncir.2019.00047
https://doi.org/10.1038/s41593-020-0641-7
https://doi.org/10.1038/s41593-020-0641-7
https://doi.org/10.1038/s41593-020-0641-7
https://doi.org/10.1038/nrn2667
https://doi.org/10.1038/nrn2667
https://doi.org/10.1038/nrn2667
https://doi.org/10.1038/nature18637
https://doi.org/10.1038/nature18637
https://doi.org/10.1038/nature18637
https://doi.org/10.1002/cne.24272
https://doi.org/10.1002/cne.24272
https://doi.org/10.1002/cne.24272
https://doi.org/10.1002/cne.24272

publishers.

yrighted by the American Psychological Association or one of its allied

This document is cop
This article is intended solely for the personal use of the individual user

and is not to be disseminated broadly.

BEYOND CORTEX 17

Balsters, J. H., Cussans, E., Diedrichsen, J., Phillips, K. A., Preuss, T. M.,
Rilling, J. K., & Ramnani, N. (2010). Evolution of the cerebellar cortex:
The selective expansion of prefrontal-projecting cerebellar lobules. Neuro-
Image, 49(3), 2045-2052. https://doi.org/10.1016/j.neuroimage.2009
.10.045

Barger, N., Hanson, K. L., Teffer, K., Schenker-Ahmed, N. M., & Semen-
deferi, K. (2014). Evidence for evolutionary specialization in human
limbic structures. Frontiers in Human Neuroscience, 8, Article 277.
https://doi.org/10.3389/fnhum.2014.00277

Barger, N., Stefanacci, L., Schumann, C. M., Sherwood, C. C., Annese, J.,
Allman, J. M., Buckwalter, J. A., Hof, P. R., & Semendeferi, K. (2012).
Neuronal populations in the basolateral nuclei of the amygdala are
differentially increased in humans compared with apes: A stereological
study. The Journal of Comparative Neurology, 520(13), 3035-3054.
https://doi.org/10.1002/cne.23118

Barger, N., Stefanacci, L., & Semendeferi, K. (2007). A comparative
volumetric analysis of the amygdaloid complex and basolateral division
in the human and ape brain. American Journal of Physical Anthropology,
134(3), 392-403. https://doi.org/10.1002/ajpa.20684

Barton, R. A. (1998). Visual specialization and brain evolution in primates.
Proceedings Biological Sciences, 265(1409), 1933-1937. https://doi.org/
10.1098/rspb.1998.0523

Barton, R. A. (2004). From the cover: Binocularity and brain evolution in
primates. Proceedings of the National Academy of Sciences of the United
States of America, 101(27), 10113-10115. https://doi.org/10.1073/pnas
0401955101

Barton, R. A. (2007). Evolutionary specialization in mammalian cortical
structure. Journal of Evolutionary Biology, 20(4), 1504-1511. https:/
doi.org/10.1111/5.1420-9101.2007.01330.x

Barton, R. A. (2012). Embodied cognitive evolution and the cerebellum.
Proceedings Biological Sciences, 367(1599), 2097-2107. https://doi.org/
10.1098/rstb.2012.0112

Barton, R. A., Aggleton, J. P., & Grenyer, R. (2003). Evolutionary coherence
of the mammalian amygdala. Proceedings Biological Sciences,
270(1514), 539-543. https://doi.org/10.1098/rspb.2002.2276

Barton, R. A., & Harvey, P. H. (2000). Mosaic evolution of brain structure in
mammals. Nature, 405(6790), 1055-1058. https://doi.org/10.1038/
35016580

Barton, R. A., & Venditti, C. (2013). Human frontal lobes are not relatively
large. Proceedings of the National Academy of Sciences of the United
States of America, 110(22), 9001-9006. https://doi.org/10.1073/pnas
1215723110

Barton, R. A., & Venditti, C. (2014). Rapid evolution of the cerebellum in
humans and other great apes. Current Biology, 24(20), 2440-2444. https://
doi.org/10.1016/j.cub.2014.08.056

Bassett, D. S., & Sporns, O. (2017). Network neuroscience. Nature Neuro-
science, 20(3), 353-364. https://doi.org/10.1038/nn.4502

Bassett, D. S., Zurn, P., & Gold, J. 1. (2018). On the nature and use of models
in network neuroscience. Nature Reviews Neuroscience, 19(9), 566-578.
https://doi.org/10.1038/s41583-018-0038-8

Baxter, M. G. (2013). Mediodorsal thalamus and cognition in non-human
primates. Frontiers in Systems Neuroscience, 7, Article 38. https://doi.org/
10.3389/fnsys.2013.00038

Baxter, M. G., & Murray, E. A. (2002). The amygdala and reward. Nature
Reviews Neuroscience, 3(7), 563-573. https://doi.org/10.1038/nrn875

Bell, P. T., & Shine, J. M. (2016). Subcortical contributions to large-scale
network communication. Neuroscience and Biobehavioral Reviews, 71,
313-322. https://doi.org/10.1016/j.neubiorev.2016.08.036

Bostan, A. C., & Strick, P. L. (2018). The basal ganglia and the cerebellum:
Nodes in an integrated network. Nature Reviews Neuroscience, 19, 338—
350. https://doi.org/10.1038/s41583-018-0002-7

Bowman, J. P., & Sladek, J. R., Jr. (1973). Morphology of the inferior olivary
complex of the rhesus monkey (Macaca mulatta). The Journal of

Comparative Neurology, 152(3), 299-316. https://doi.org/10.1002/cne
901520306

Brabec, J., Rulseh, A., Hoyt, B., Vizek, M., Horinek, D., Hort, J., &
Petrovicky, P. (2010). Volumetry of the human amygdala—An anatomical
study. Psychiatry Research: Neuroimaging, 182(1), 67-72. https:/
doi.org/10.1016/j.pscychresns.2009.11.005

Breakspear, M. (2017). Dynamic models of large-scale brain activity. Nature
Neuroscience, 20(3), 340-352. https://doi.org/10.1038/nn.4497

Briscoe, S. D., & Ragsdale, C. W. (2019). Evolution of the chordate
telencephalon. Current Biology, 29(13), R647-R662. https://doi.org/10
.1016/j.cub.2019.05.026

Briscoe, S. D., & Ragsdale, C. W. (2018). Homology, neocortex, and the
evolution of developmental mechanisms. Science, 362(6411), 190-193.
https://doi.org/10.1126/science.aau3711

Buckner, R. L. (2013). The cerebellum and cognitive function: 25 years of
insight from anatomy and neuroimaging. Neuron, 80(3), 807-815. https:/
doi.org/10.1016/j.neuron.2013.10.044

Buckner, R. L., & Krienen, F. M. (2013). The evolution of distributed
association networks in the human brain. Trends in Cognitive Sciences,
17(12), 648-665. https://doi.org/10.1016/j.tics.2013.09.017

Buckner, R. L., Krienen, F. M., Castellanos, A., Diaz, J. C., & Yeo, B. T. T.
(2011). The organization of the human cerebellum estimated by intrinsic
functional connectivity. Journal of Neurophysiology, 106(5), 2322-2345.
https://doi.org/10.1152/jn.00339.2011

Burdach, K. (1822). Vom baue und leben des gehirns (Vol. 2). Nabu Press.

Butler, A. B. (2008). Evolution of the thalamus: A morphological and
functional review. Thalamus & Related Systems, 4(1), 35-58. https:/
doi.org/10.1017/S1472928808000356

Butler, A. B., & Hodos, W. (2005). Comparative vertebrate neuroanatony:
Evolution and adaptation. Wiley. https://doi.org/10.1002/0471733849

Cannell, I. G., Kong, Y. W., & Bushell, M. (2008). How do microRNAs
regulate gene expression? Biochemical Society Transactions, 36(6), 1224—
1231. https://doi.org/10.1042/BST0361224

Carta, 1., Chen, C. H., Schott, A. L., Dorizan, S., & Khodakhah, K. (2019).
Cerebellar modulation of the reward circuitry and social behavior. Science,
363(6424), Article eaav0581. https://doi.org/10.1126/science.aav0581

Catani, M., Jones, D. K., Donato, R., & Ffytche, D. H. (2003). Occipito-
temporal connections in the human brain. Brain: A Journal of Neurology,
126(9), 2093-2107. https://doi.org/10.1093/brain/awg203

Chang, S. W., Brent, L. J., Adams, G. K., Klein, J. T., Pearson, J. M.,
Watson, K. K., & Platt, M. L. (2013). Neuroethology of primate social
behavior. Proceedings of the National Academy of Sciences of the United
States of America, 110(Suppl. 2), 10387-10394. https://doi.org/10.1073/
pnas.1301213110

Chareyron, L. J., Banta Lavenex, P., Amaral, D. G., & Lavenex, P. (2011).
Stereological analysis of the rat and monkey amygdala. The Journal of
Comparative Neurology, 519(16), 3218-3239. https://doi.org/10.1002/
cne.22677

Chen, P., & Hong, W. (2018). Neural circuit mechanisms of social behavior.
Neuron, 98(1), 16-30. https://doi.org/10.1016/j.neuron.2018.02.026

Choi, E. Y., Yeo, B. T. T., & Buckner, R. L. (2012). The organization of the
human striatum estimated by intrinsic functional connectivity. Journal of
Neurophysiology, — 108(8), 2242-2263. https://doi.org/10.1152/jn
.00270.2012

Cisek, P. (2019). Resynthesizing behavior through phylogenetic refinement.
Attention, Perception & Psychophysics, 81(7), 2265-2287. https://doi.org/
10.3758/s13414-019-01760-1

Cole, M. W., Bassett, D. S., Power, J. D., Braver, T. S., & Petersen, S. E.
(2014). Intrinsic and task-evoked network architectures of the human brain.
Neuron, 83(1), 238-251. https://doi.org/10.1016/j.neuron.2014.05.014

Crossley, N. A., Mechelli, A., Vértes, P. E., Winton-Brown, T. T., Patel,
A. X., Ginestet, C. E., McGuire, P., & Bullmore, E. T. (2013). Cognitive
relevance of the community structure of the human brain functional


https://doi.org/10.1016/j.neuroimage.2009.10.045
https://doi.org/10.1016/j.neuroimage.2009.10.045
https://doi.org/10.1016/j.neuroimage.2009.10.045
https://doi.org/10.1016/j.neuroimage.2009.10.045
https://doi.org/10.1016/j.neuroimage.2009.10.045
https://doi.org/10.1016/j.neuroimage.2009.10.045
https://doi.org/10.3389/fnhum.2014.00277
https://doi.org/10.3389/fnhum.2014.00277
https://doi.org/10.3389/fnhum.2014.00277
https://doi.org/10.3389/fnhum.2014.00277
https://doi.org/10.1002/cne.23118
https://doi.org/10.1002/cne.23118
https://doi.org/10.1002/cne.23118
https://doi.org/10.1002/ajpa.20684
https://doi.org/10.1002/ajpa.20684
https://doi.org/10.1002/ajpa.20684
https://doi.org/10.1098/rspb.1998.0523
https://doi.org/10.1098/rspb.1998.0523
https://doi.org/10.1098/rspb.1998.0523
https://doi.org/10.1098/rspb.1998.0523
https://doi.org/10.1098/rspb.1998.0523
https://doi.org/10.1073/pnas.0401955101
https://doi.org/10.1073/pnas.0401955101
https://doi.org/10.1073/pnas.0401955101
https://doi.org/10.1111/j.1420-9101.2007.01330.x
https://doi.org/10.1111/j.1420-9101.2007.01330.x
https://doi.org/10.1111/j.1420-9101.2007.01330.x
https://doi.org/10.1111/j.1420-9101.2007.01330.x
https://doi.org/10.1111/j.1420-9101.2007.01330.x
https://doi.org/10.1111/j.1420-9101.2007.01330.x
https://doi.org/10.1111/j.1420-9101.2007.01330.x
https://doi.org/10.1098/rstb.2012.0112
https://doi.org/10.1098/rstb.2012.0112
https://doi.org/10.1098/rstb.2012.0112
https://doi.org/10.1098/rstb.2012.0112
https://doi.org/10.1098/rstb.2012.0112
https://doi.org/10.1098/rspb.2002.2276
https://doi.org/10.1098/rspb.2002.2276
https://doi.org/10.1098/rspb.2002.2276
https://doi.org/10.1098/rspb.2002.2276
https://doi.org/10.1038/35016580
https://doi.org/10.1038/35016580
https://doi.org/10.1038/35016580
https://doi.org/10.1073/pnas.1215723110
https://doi.org/10.1073/pnas.1215723110
https://doi.org/10.1073/pnas.1215723110
https://doi.org/10.1016/j.cub.2014.08.056
https://doi.org/10.1016/j.cub.2014.08.056
https://doi.org/10.1016/j.cub.2014.08.056
https://doi.org/10.1016/j.cub.2014.08.056
https://doi.org/10.1016/j.cub.2014.08.056
https://doi.org/10.1016/j.cub.2014.08.056
https://doi.org/10.1016/j.cub.2014.08.056
https://doi.org/10.1038/nn.4502
https://doi.org/10.1038/nn.4502
https://doi.org/10.1038/nn.4502
https://doi.org/10.1038/s41583-018-0038-8
https://doi.org/10.1038/s41583-018-0038-8
https://doi.org/10.3389/fnsys.2013.00038
https://doi.org/10.3389/fnsys.2013.00038
https://doi.org/10.3389/fnsys.2013.00038
https://doi.org/10.3389/fnsys.2013.00038
https://doi.org/10.3389/fnsys.2013.00038
https://doi.org/10.1038/nrn875
https://doi.org/10.1038/nrn875
https://doi.org/10.1016/j.neubiorev.2016.08.036
https://doi.org/10.1016/j.neubiorev.2016.08.036
https://doi.org/10.1016/j.neubiorev.2016.08.036
https://doi.org/10.1016/j.neubiorev.2016.08.036
https://doi.org/10.1016/j.neubiorev.2016.08.036
https://doi.org/10.1016/j.neubiorev.2016.08.036
https://doi.org/10.1038/s41583-018-0002-7
https://doi.org/10.1038/s41583-018-0002-7
https://doi.org/10.1002/cne.901520306
https://doi.org/10.1002/cne.901520306
https://doi.org/10.1002/cne.901520306
https://doi.org/10.1016/j.pscychresns.2009.11.005
https://doi.org/10.1016/j.pscychresns.2009.11.005
https://doi.org/10.1016/j.pscychresns.2009.11.005
https://doi.org/10.1016/j.pscychresns.2009.11.005
https://doi.org/10.1016/j.pscychresns.2009.11.005
https://doi.org/10.1016/j.pscychresns.2009.11.005
https://doi.org/10.1016/j.pscychresns.2009.11.005
https://doi.org/10.1038/nn.4497
https://doi.org/10.1038/nn.4497
https://doi.org/10.1038/nn.4497
https://doi.org/10.1016/j.cub.2019.05.026
https://doi.org/10.1016/j.cub.2019.05.026
https://doi.org/10.1016/j.cub.2019.05.026
https://doi.org/10.1016/j.cub.2019.05.026
https://doi.org/10.1016/j.cub.2019.05.026
https://doi.org/10.1016/j.cub.2019.05.026
https://doi.org/10.1126/science.aau3711
https://doi.org/10.1126/science.aau3711
https://doi.org/10.1126/science.aau3711
https://doi.org/10.1016/j.neuron.2013.10.044
https://doi.org/10.1016/j.neuron.2013.10.044
https://doi.org/10.1016/j.neuron.2013.10.044
https://doi.org/10.1016/j.neuron.2013.10.044
https://doi.org/10.1016/j.neuron.2013.10.044
https://doi.org/10.1016/j.neuron.2013.10.044
https://doi.org/10.1016/j.neuron.2013.10.044
https://doi.org/10.1016/j.tics.2013.09.017
https://doi.org/10.1016/j.tics.2013.09.017
https://doi.org/10.1016/j.tics.2013.09.017
https://doi.org/10.1016/j.tics.2013.09.017
https://doi.org/10.1016/j.tics.2013.09.017
https://doi.org/10.1016/j.tics.2013.09.017
https://doi.org/10.1152/jn.00339.2011
https://doi.org/10.1152/jn.00339.2011
https://doi.org/10.1152/jn.00339.2011
https://doi.org/10.1152/jn.00339.2011
https://doi.org/10.1017/S1472928808000356
https://doi.org/10.1017/S1472928808000356
https://doi.org/10.1017/S1472928808000356
https://doi.org/10.1002/0471733849
https://doi.org/10.1002/0471733849
https://doi.org/10.1042/BST0361224
https://doi.org/10.1042/BST0361224
https://doi.org/10.1126/science.aav0581
https://doi.org/10.1126/science.aav0581
https://doi.org/10.1126/science.aav0581
https://doi.org/10.1093/brain/awg203
https://doi.org/10.1093/brain/awg203
https://doi.org/10.1073/pnas.1301213110
https://doi.org/10.1073/pnas.1301213110
https://doi.org/10.1073/pnas.1301213110
https://doi.org/10.1073/pnas.1301213110
https://doi.org/10.1002/cne.22677
https://doi.org/10.1002/cne.22677
https://doi.org/10.1002/cne.22677
https://doi.org/10.1002/cne.22677
https://doi.org/10.1016/j.neuron.2018.02.026
https://doi.org/10.1016/j.neuron.2018.02.026
https://doi.org/10.1016/j.neuron.2018.02.026
https://doi.org/10.1016/j.neuron.2018.02.026
https://doi.org/10.1016/j.neuron.2018.02.026
https://doi.org/10.1016/j.neuron.2018.02.026
https://doi.org/10.1152/jn.00270.2012
https://doi.org/10.1152/jn.00270.2012
https://doi.org/10.1152/jn.00270.2012
https://doi.org/10.1152/jn.00270.2012
https://doi.org/10.3758/s13414-019-01760-1
https://doi.org/10.3758/s13414-019-01760-1
https://doi.org/10.3758/s13414-019-01760-1
https://doi.org/10.1016/j.neuron.2014.05.014
https://doi.org/10.1016/j.neuron.2014.05.014
https://doi.org/10.1016/j.neuron.2014.05.014
https://doi.org/10.1016/j.neuron.2014.05.014
https://doi.org/10.1016/j.neuron.2014.05.014
https://doi.org/10.1016/j.neuron.2014.05.014

publishers.

ghted by the American Psychological Association or one of its allied

This document is copyri

This

and is not to be disseminated broadly.

article is intended solely for the personal use of the individual user

18 CHIN, CHANG, AND HOLMES

coactivation network. Proceedings of the National Academy of Sciences of
the United States of America, 110(28), 11583-11588. https://doi.org/10
.1073/pnas.1220826110

Darwin, C., & Barrett, P. H. (1987). Charles Darwin’s notebooks, 1836—
1844: Geology, transmutation of species, metaphysical enquiries. Cornell
University Press.

Donald, M. (1991). Origins of the modern mind: Three stages in the
evolution of culture and cognition. Harvard University Press.

Dunbar, R. 1., & Shultz, S. (2007). Evolution in the social brain. Science,
317(5843), 1344-1347. https://doi.org/10.1126/science.1145463

Edinger, L., & Rand, H. W. (1908). The relations of comparative anatomy to
comparative psychology. The Journal of Comparative Neurology and
Psychology, 18(5), 437-457. https://doi.org/10.1002/cne.920180502

Eickhoff, S. B., Yeo, B. T. T., & Genon, S. (2018). Imaging-based
parcellations of the human brain. Nature Reviews Neuroscience, 19,
672-686. https://doi.org/10.1038/s41583-018-0071-7

Felleman, D. J., & Van Essen, D. C. (1991). Distributed hierarchical
processing in the primate cerebral cortex. Cerebral Cortex, 1(1), 1-47.
https://doi.org/10.1093/cercor/1.1.1

Finlay, B. L., & Darlington, R. B. (1995). Linked regularities in the
development and evolution of mammalian brains. Science, 268(5217),
1578-1584. https://doi.org/10.1126/science.7777856

Finlay, B. L. (2019). Human exceptionalism, our ordinary cortex and our
research futures. Developmental Psychobiology, 61(3), 317-322. https://
doi.org/10.1002/dev.21838

Finlay, B. L., Darlington, R. B., & Nicastro, N. (2001). Developmental
structure in brain evolution. Behavioral and Brain Sciences, 24(2),
263-278. https://doi.org/10.1017/S0140525X01003958

Finlay, B. L., & Uchiyama, R. (2015). Developmental mechanisms channel-
ing cortical evolution. Trends in Neurosciences, 38(2), 69-76. https:/
doi.org/10.1016/j.tins.2014.11.004

Flechsig, P. E. (1896). Die Localisation der geistigen Vorginge insbeson-
dere der Sinnesempfindungen des Menschen: Vortrag, gehalten auf der
68. Versammlung Deutscher Naturforscher und Artze zu Frankfurt a. M.
Veit. https://doi.org/10.1515/9783112366400

Friede, R. L., & Van Houten, W. H. (1962). Neuronal extension and glial
supply: Functional significance of glia. Proceedings of the National
Academy of Sciences of the United States of America, 48(5), 817-821.
https://doi.org/10.1073/pnas.48.5.817

Gangopadhyay, P., Chawla, M., Dal Monte, O., & Chang, S. W. C. (2021).
Prefrontal-amygdala circuits in social decision-making. Nature Neurosci-
ence, 24, 5-18. https://doi.org/10.1038/s41593-020-00738-9

Garrett, D. D., Epp, S. M., Perry, A., & Lindenberger, U. (2018). Local temporal
variability reflects functional integration in the human brain. Neurolmage,
183, 776-787. https://doi.org/10.1016/j.neuroimage.2018.08.019

Goldman-Rakic, P. S. (1988). Topography of cognition: Parallel distributed
networks in primate association cortex. Annual Review of Neuroscience,
11, 137-156. https://doi.org/10.1146/annurev.ne.11.030188.001033

Goodkind, M., Eickhoff, S. B., Oathes, D. J., Jiang, Y., Chang, A., Jones-
Hagata, L. B., Ortega, B. N., Zaiko, Y. V., Roach, E. L., Korgaonkar, M. S.,
Grieve, S. M., Galatzer-Levy, L., Fox, P. T., & Etkin, A. (2015). Identification
of a common neurobiological substrate for mental illness. JAMA Psychiatry,
72(4), 305-315. https://doi.org/10.1001/jamapsychiatry.2014.2206

Gould, S. J., & Lewontin, R. C. (1979). The spandrels of San Marco and the
Panglossian paradigm: A critique of the adaptationist programme. Pro-
ceedings of the Royal Society of London, Series B: Biological Sciences,
205(1161), 581-598. https://doi.org/10.1098/rspb.1979.0086

Grasby, K. L., Jahanshad, N., Painter, J. N., Colodro-Conde, L., Bralten, J.,
Hibar, D. P., Lind, P. A., Pizzagalli, F., Ching, C. R. K., McMahon, M. A. B.,
Shatokhina, N., Zsembik, L. C. P., Thomopoulos, S. I., Zhu, A. H., Strike,
L. T., Agartz, 1., Alhusaini, S., Almeida, M. A. A., Alna®s, D., ... the
Enhancing Neurolmaging Genetics through Meta-Analysis Consortium
(ENIGMA)—Genetics Working Group. (2020). The genetic architecture

of the human cerebral cortex. Science, 367(6484), Article eaay6690. https:/
doi.org/10.1126/science.aay6690

Greig, L. C., Woodworth, M. B., Galazo, M. J., Padmanabhan, H., &
Macklis, J. D. (2013). Molecular logic of neocortical projection neuron
specification, development and diversity. Nature Reviews Neuroscience,
14(11), 755-769. https://doi.org/10.1038/nrn3586

Grieve, K. L., Acuiia, C., & Cudeiro, J. (2000). The primate pulvinar nuclei:
Vision and action. Trends in Neurosciences, 23(1), 35-39. https://doi.org/
10.1016/S0166-2236(99)01482-4

Guirado, S., Dévila, J. C., Real, M. A., & Medina, L. (2000). Light and
electron microscopic evidence for projections from the thalamic nucleus
rotundus to targets in the basal ganglia, the dorsal ventricular ridge, and the
amygdaloid complex in a lizard. The Journal of Comparative Neurology,
424(2), 216-232. https://doi.org/10.1002/1096-9861(20000821)424:
2<216::AID-CNE3>3.0.CO;2-8

Haber, S. N. (2016). Corticostriatal circuitry. Dialogues in Clinical Neuro-
science, 18(1), 7-21. https://doi.org/10.31887/DCNS.2016.18.1/shaber

Haber, S. N., & Gdowski, M. (2004). The basal ganglia. In G. Paxinos & J. K.
Mai (Eds.), The human nervous system (2nd ed., pp. 676—-738). Academic
Press. https://doi.org/10.1016/B978-012547626-3/50022-3

Haber, S. N., Kim, K. S., Mailly, P., & Calzavara, R. (2006). Reward-related
cortical inputs define a large striatal region in primates that interface with
associative cortical connections, providing a substrate for incentive-based
learning. The Journal of Neuroscience: The Official Journal of the Society
for Neuroscience, 26(32), 8368-8376. https://doi.org/10.1523/JNE
UROSCI.0271-06.2006

Haber, S. N., & Knutson, B. (2010). The reward circuit: Linking primate
anatomy and human imaging. Neuropsychopharmacology, 35(1), 4-26.
https://doi.org/10.1038/npp.2009.129

Haber, S. N., Kunishio, K., Mizobuchi, M., & Lynd-Balta, E. (1995). The
orbital and medial prefrontal circuit through the primate basal ganglia. The
Journal of Neuroscience: The Official Journal of the Society for Neuro-
science, 15(7 Pt. 1), 4851-4867. https://doi.org/10.1523/INEUROSCL.15-
07-04851.1995

Haldipur, P., Aldinger, K. A., Bernardo, S., Deng, M., Timms, A. E.,
Overman, L. M., Winter, C., Lisgo, S. N., Razavi, F., Silvestri, E.,
Manganaro, L., Adle-Biassette, H., Guimiot, F., Russo, R., Kidron, D.,
Hof, P. R., Gerrelli, D., Lindsay, S. J., Dobyns, W. B., ... Millen, K. J.
(2019). Spatiotemporal expansion of primary progenitor zones in the
developing human cerebellum. Science, 366(6464), 454-460. https:/
doi.org/10.1126/science.aax7526

Halley, A. C., & Krubitzer, L. (2019). Not all cortical expansions are the
same: The coevolution of the neocortex and the dorsal thalamus in
mammals. Current Opinion in Neurobiology, 56, 78-86. https:/
doi.org/10.1016/j.conb.2018.12.003

Hamasaki, T., & Goto, S. (2019). Parallel emergence of a compartmentalized
striatum with the phylogenetic development of the cerebral cortex. Brain
Sciences, 9(4), Article 90. https://doi.org/10.3390/brainsci9040090

Hamidi, M., Drevets, W. C., & Price, J. L. (2004). Glial reduction in
amygdala in major depressive disorder is due to oligodendrocytes. Bio-
logical Psychiatry, 55(6), 563-569. https://doi.org/10.1016/j.biopsych
.2003.11.006

Hanson, K. L., Hrvoj-Mihic, B., & Semendeferi, K. (2014). A dual compar-
ative approach: Integrating lines of evidence from human evolutionary
neuroanatomy and neurodevelopmental disorders. Brain, Behavior and
Evolution, 84(2), 135-155. https://doi.org/10.1159/000365409

Harrison, P. W., & Montgomery, S. H. (2017). Genetics of cerebellar and
neocortical expansion in anthropoid primates: A comparative approach.
Brain, Behavior and Evolution, 89(4), 274-285. https://doi.org/10.1159/
000477432

Hashimoto, M., & Hibi, M. (2012). Development and evolution of cerebellar
neural circuits. Development, Growth & Differentiation, 54(3), 373-389.
https://doi.org/10.1111/j.1440-169X.2012.01348.x


https://doi.org/10.1073/pnas.1220826110
https://doi.org/10.1073/pnas.1220826110
https://doi.org/10.1073/pnas.1220826110
https://doi.org/10.1126/science.1145463
https://doi.org/10.1126/science.1145463
https://doi.org/10.1126/science.1145463
https://doi.org/10.1002/cne.920180502
https://doi.org/10.1002/cne.920180502
https://doi.org/10.1002/cne.920180502
https://doi.org/10.1038/s41583-018-0071-7
https://doi.org/10.1038/s41583-018-0071-7
https://doi.org/10.1093/cercor/1.1.1
https://doi.org/10.1093/cercor/1.1.1
https://doi.org/10.1093/cercor/1.1.1
https://doi.org/10.1093/cercor/1.1.1
https://doi.org/10.1126/science.7777856
https://doi.org/10.1126/science.7777856
https://doi.org/10.1126/science.7777856
https://doi.org/10.1002/dev.21838
https://doi.org/10.1002/dev.21838
https://doi.org/10.1002/dev.21838
https://doi.org/10.1002/dev.21838
https://doi.org/10.1017/S0140525X01003958
https://doi.org/10.1017/S0140525X01003958
https://doi.org/10.1016/j.tins.2014.11.004
https://doi.org/10.1016/j.tins.2014.11.004
https://doi.org/10.1016/j.tins.2014.11.004
https://doi.org/10.1016/j.tins.2014.11.004
https://doi.org/10.1016/j.tins.2014.11.004
https://doi.org/10.1016/j.tins.2014.11.004
https://doi.org/10.1016/j.tins.2014.11.004
https://doi.org/10.1515/9783112366400
https://doi.org/10.1515/9783112366400
https://doi.org/10.1073/pnas.48.5.817
https://doi.org/10.1073/pnas.48.5.817
https://doi.org/10.1073/pnas.48.5.817
https://doi.org/10.1073/pnas.48.5.817
https://doi.org/10.1073/pnas.48.5.817
https://doi.org/10.1038/s41593-020-00738-9
https://doi.org/10.1038/s41593-020-00738-9
https://doi.org/10.1016/j.neuroimage.2018.08.019
https://doi.org/10.1016/j.neuroimage.2018.08.019
https://doi.org/10.1016/j.neuroimage.2018.08.019
https://doi.org/10.1016/j.neuroimage.2018.08.019
https://doi.org/10.1016/j.neuroimage.2018.08.019
https://doi.org/10.1016/j.neuroimage.2018.08.019
https://doi.org/10.1146/annurev.ne.11.030188.001033
https://doi.org/10.1146/annurev.ne.11.030188.001033
https://doi.org/10.1146/annurev.ne.11.030188.001033
https://doi.org/10.1146/annurev.ne.11.030188.001033
https://doi.org/10.1146/annurev.ne.11.030188.001033
https://doi.org/10.1146/annurev.ne.11.030188.001033
https://doi.org/10.1001/jamapsychiatry.2014.2206
https://doi.org/10.1001/jamapsychiatry.2014.2206
https://doi.org/10.1001/jamapsychiatry.2014.2206
https://doi.org/10.1001/jamapsychiatry.2014.2206
https://doi.org/10.1098/rspb.1979.0086
https://doi.org/10.1098/rspb.1979.0086
https://doi.org/10.1098/rspb.1979.0086
https://doi.org/10.1098/rspb.1979.0086
https://doi.org/10.1126/science.aay6690
https://doi.org/10.1126/science.aay6690
https://doi.org/10.1126/science.aay6690
https://doi.org/10.1126/science.aay6690
https://doi.org/10.1038/nrn3586
https://doi.org/10.1038/nrn3586
https://doi.org/10.1016/S0166-2236(99)01482-4
https://doi.org/10.1016/S0166-2236(99)01482-4
https://doi.org/10.1016/S0166-2236(99)01482-4
https://doi.org/10.1002/1096-9861(20000821)424:2%3C216::AID-CNE3%3E3.0.CO;2-8
https://doi.org/10.1002/1096-9861(20000821)424:2%3C216::AID-CNE3%3E3.0.CO;2-8
https://doi.org/10.1002/1096-9861(20000821)424:2%3C216::AID-CNE3%3E3.0.CO;2-8
https://doi.org/10.1002/1096-9861(20000821)424:2%3C216::AID-CNE3%3E3.0.CO;2-8
https://doi.org/10.1002/1096-9861(20000821)424:2%3C216::AID-CNE3%3E3.0.CO;2-8
https://doi.org/10.31887/DCNS.2016.18.1/shaber
https://doi.org/10.31887/DCNS.2016.18.1/shaber
https://doi.org/10.31887/DCNS.2016.18.1/shaber
https://doi.org/10.31887/DCNS.2016.18.1/shaber
https://doi.org/10.31887/DCNS.2016.18.1/shaber
https://doi.org/10.1016/B978-012547626-3/50022-3
https://doi.org/10.1016/B978-012547626-3/50022-3
https://doi.org/10.1523/JNEUROSCI.0271-06.2006
https://doi.org/10.1523/JNEUROSCI.0271-06.2006
https://doi.org/10.1523/JNEUROSCI.0271-06.2006
https://doi.org/10.1523/JNEUROSCI.0271-06.2006
https://doi.org/10.1523/JNEUROSCI.0271-06.2006
https://doi.org/10.1038/npp.2009.129
https://doi.org/10.1038/npp.2009.129
https://doi.org/10.1038/npp.2009.129
https://doi.org/10.1038/npp.2009.129
https://doi.org/10.1523/JNEUROSCI.15-07-04851.1995
https://doi.org/10.1523/JNEUROSCI.15-07-04851.1995
https://doi.org/10.1523/JNEUROSCI.15-07-04851.1995
https://doi.org/10.1523/JNEUROSCI.15-07-04851.1995
https://doi.org/10.1523/JNEUROSCI.15-07-04851.1995
https://doi.org/10.1126/science.aax7526
https://doi.org/10.1126/science.aax7526
https://doi.org/10.1126/science.aax7526
https://doi.org/10.1126/science.aax7526
https://doi.org/10.1016/j.conb.2018.12.003
https://doi.org/10.1016/j.conb.2018.12.003
https://doi.org/10.1016/j.conb.2018.12.003
https://doi.org/10.1016/j.conb.2018.12.003
https://doi.org/10.1016/j.conb.2018.12.003
https://doi.org/10.1016/j.conb.2018.12.003
https://doi.org/10.1016/j.conb.2018.12.003
https://doi.org/10.3390/brainsci9040090
https://doi.org/10.3390/brainsci9040090
https://doi.org/10.1016/j.biopsych.2003.11.006
https://doi.org/10.1016/j.biopsych.2003.11.006
https://doi.org/10.1016/j.biopsych.2003.11.006
https://doi.org/10.1016/j.biopsych.2003.11.006
https://doi.org/10.1016/j.biopsych.2003.11.006
https://doi.org/10.1016/j.biopsych.2003.11.006
https://doi.org/10.1159/000365409
https://doi.org/10.1159/000365409
https://doi.org/10.1159/000477432
https://doi.org/10.1159/000477432
https://doi.org/10.1159/000477432
https://doi.org/10.1111/j.1440-169X.2012.01348.x
https://doi.org/10.1111/j.1440-169X.2012.01348.x
https://doi.org/10.1111/j.1440-169X.2012.01348.x
https://doi.org/10.1111/j.1440-169X.2012.01348.x
https://doi.org/10.1111/j.1440-169X.2012.01348.x
https://doi.org/10.1111/j.1440-169X.2012.01348.x

publishers.

and is not to be disseminated broadly.

ghted by the American Psychological Association or one of its allied

article is intended solely for the personal use of the individual user

This document is copyri

This

BEYOND CORTEX 19

Healy, S. D., & Rowe, C. (2007). A critique of comparative studies of brain
size. Proceedings Biological Sciences, 274(1609), 453-464. https://
doi.org/10.1098/rspb.2006.3748

Herculano-Houzel, S. (2012). The remarkable, yet not extraordinary,
human brain as a scaled-up primate brain and its associated cost.
Proceedings of the National Academy of Sciences of the United States
of America, 109(Suppl. 1), 10661-10668. https://doi.org/10.1073/pnas
1201895109

Herculano-Houzel, S., Collins, C. E., Wong, P., & Kaas, J. H. (2007).
Cellular scaling rules for primate brains. Proceedings of the National
Academy of Sciences of the United States of America, 104(9), 3562-3567.
https://doi.org/10.1073/pnas.0611396104

Heritage, S. (2014). Modeling olfactory bulb evolution through primate
phylogeny. PLoS One, 9(11), Article e113904. https://doi.org/10.1371/
journal.pone.0113904

Herrero, L., Yu, M., Walker, F., Armstrong, D. M., & Apps, R. (2006).
Olivo-cortico-nuclear localizations within crus I of the cerebellum.
The Journal of Comparative Neurology, 497(2), 287-308. https://
doi.org/10.1002/cne.20976

Hill, J., Inder, T., Neil, J., Dierker, D., Harwell, J., & Van Essen, D. (2010).
Similar patterns of cortical expansion during human development and
evolution. Proceedings of the National Academy of Sciences of the United
States of America, 107(29), 13135-13140. https://doi.org/10.1073/pnas
1001229107

Holmes, A. J., & Patrick, L. M. (2018). The myth of optimality in clinical
neuroscience. Trends in Cognitive Sciences, 22(3), 241-257. https:/
doi.org/10.1016/j.tics.2017.12.006

Hu, H. Y., Guo, S., Xi, J., Yan, Z., Fu, N., Zhang, X., Menzel, C., Liang, H.,
Yang, H., Zhao, M., Zeng, R., Chen, W., Pdibo, S., & Khaitovich, P.
(2011). MicroRNA expression and regulation in human, chimpanzee, and
macaque brains. PLoS Genetics, 7(10), Article e1002327. https://doi.org/
10.1371/journal.pgen.1002327

Hwang, K., Bertolero, M. A., Liu, W. B., & D’Esposito, M. (2017). The
human thalamus is an integrative hub for functional brain networks. The
Journal of Neuroscience: The Official Journal of the Society for Neuro-
science, 37(23), 5594-5607. https://doi.org/10.1523/INEUROSCI.0067-
17.2017

Hyman, S. E. (2012). Revolution stalled. Science Translational Medicine,
4(155), Article 155cml 1. https://doi.org/10.1126/scitranslmed.3003142

Ivey, K. N., & Srivastava, D. (2015). microRNAs as developmental reg-
ulators. Cold Spring Harbor Perspectives in Biology, 7(7), Atticle
a008144. https://doi.org/10.1101/cshperspect.a008144

Iwai, E., & Yukie, M. (1987). Amygdalofugal and amygdalopetal con-
nections with modality-specific visual cortical areas in macaques (Ma-
caca fuscata, M. mulatta, and M. fascicularis). The Journal of
Comparative Neurology, 261(3), 362-387. https://doi.org/10.1002/cne.9
02610304

Iwaniuk, A. N., Dean, K. M., & Nelson, J. E. (2004). A mosaic pattern
characterizes the evolution of the avian brain. Proceedings Biological
Sciences, 271(Suppl. 4), S148-S151. https://doi.org/10.1098/rsbl
.2003.0127

Jackson, J. H. (1884). The Croonian Lectures on evolution and dissolution of
the nervous system. British Medical Journal, 1(1215), 703-707. https://
doi.org/10.1136/bm;j.1.1215.703

James, W. (1890). The principles of psychology (Vol. 1). Cosimo.

Janak, P. H., & Tye, K. M. (2015). From circuits to behaviour in the
amygdala. Nature, 517(7534), 284-292. https://doi.org/10.1038/na
ture14188

Jerison, H. J. (1955). Brain to body ratios and the evolution of intelligence.
Science, 121(3144), 447-449. https://doi.org/10.1126/science.121.3144.447

Ji, J. L., Spronk, M., Kulkarni, K., Repovs, G., Anticevic, A., & Cole, M. W.
(2019). Mapping the human brain’s cortical-subcortical functional net-
work organization. Neurolmage, 185, 35-57. https://doi.org/10.1016/j.ne
uroimage.2018.10.006

Jones, E. G., & Rubenstein, J. L. (2004). Expression of regulatory genes
during differentiation of thalamic nuclei in mouse and monkey. The
Journal of Comparative Neurology, 477(1), 55-80. https://doi.org/10
.1002/cne.20234

Joshi, P. S., Molyneaux, B. J., Feng, L., Xie, X., Macklis, J. D., & Gan, L.
(2008). Bhlhb5 regulates the postmitotic acquisition of area identities in
layers II-V of the developing neocortex. Neuron, 60(2), 258-272. https://
doi.org/10.1016/j.neuron.2008.08.006

Kaas, J. H. (2004). Evolution of somatosensory and motor cortex in primates.
Anatomical Record, 281(1), 1148-1156. https://doi.org/10.1002/ar.a.20120

Kaas, J. H. (2008). The evolution of the complex sensory and motor systems
of the human brain. Brain Research Bulletin, 75(2—4), 384-390. https://
doi.org/10.1016/j.brainresbull.2007.10.009

Kaas, J. H., & Lyon, D. C. (2007). Pulvinar contributions to the dorsal and
ventral streams of visual processing in primates. Brain Research Reviews,
55(2), 285-296. https://doi.org/10.1016/j.brainresrev.2007.02.008

Kashani, A. H., Qiu, Z., Jurata, L., Lee, S.-K., Pfaff, S., Goebbels, S., Nave,
K.-A., & Ghosh, A. (2006). Calcium activation of the LMO4 transcription
complex and its role in the patterning of thalamocortical connections. The
Journal of Neuroscience: The Official Journal of the Society for Neuro-
science, 26(32), 8398-8408. https://doi.org/10.1523/JNEUROSCI.0618-
06.2006

Katz, P. S., & Harris-Warrick, R. M. (1999). The evolution of neuronal circuits
underlying species-specific behavior. Current Opinion in Neurobiology,
9(5), 628-633. https://doi.org/10.1016/S0959-4388(99)00012-4

Kebets, V., Holmes, A. J., Orban, C., Tang, S., Li, J., Sun, N., Kong, R.,
Poldrack, R. A., & Yeo, B. T. T. (2019). Somatosensory-motor dyscon-
nectivity spans multiple transdiagnostic dimensions of psychopathology.
Biological ~ Psychiatry, 86(10), 779-791. https://doi.org/10.1016/j
.biopsych.2019.06.013

Kim, E.J., Zhang, Z., Huang, L., Ito-Cole, T., Jacobs, M. W., Juavinett, A. L.,
Senturk, G., Hu, M., Ku, M., Ecker, J. R., & Callaway, E. M. (2020).
Extraction of distinct neuronal cell types from within a genetically contin-
uous population. Neuron, 107(2), 274-282.e6. https://doi.org/10.1016/j.ne
uron.2020.04.018

Kim, Y., Yang, G. R., Pradhan, K., Venkataraju, K. U., Bota, M., Garcia Del
Molino, L. C., Fitzgerald, G., Ram, K., He, M., Levine, J. M., Mitra, P.,
Huang, Z. J., Wang, X.-J., & Osten, P. (2017). Brain-wide maps reveal
stereotyped cell-type-based cortical architecture and subcortical sexual
dimorphism. Cell, 171(2), 456-469.e22. https://doi.org/10.1016/j.cell
.2017.09.020

King, M., Hemandez-Castillo, C. R., Poldrack, R. A., Ivry, R. B., & Die-
drichsen, J. (2019). Functional boundaries in the human cerebellum revealed
by a multi-domain task battery. Nature Neuroscience, 22, 1371-1378.
https://doi.org/10.1038/s41593-019-0436-x

Kragel, P. A., Bianciardi, M., Hartley, L., Matthewson, G., Choi, J.-K.,
Quigley, K. S., Wald, L. L., Wager, T. D., Barrett, L. F., & Satpute, A. B.
(2019). Functional involvement of human periaqueductal gray and other
midbrain nuclei in cognitive control. The Journal of Neuroscience: The
Official Journal of the Society for Neuroscience, 39(31), 6180-6189.
https://doi.org/10.1523/JNEUROSCI.2043-18.2019

Krettek, J. E., & Price, J. L. (1977). The cortical projections of the
mediodorsal nucleus and adjacent thalamic nuclei in the rat. The Journal
of Comparative Neurology, 171(2), 157-191. https://doi.org/10.1002/cne
901710204

Krienen, F. M., & Buckner, R. L. (2017). Human association cortex:
Expanded, untethered, neotenous, and plastic. In J. Kaas (Ed.), Evolution-
ary neuroscience (2nd ed., pp. 845-860). Elvesier.

Krienen, F. M., Goldman, M., Zhang, Q., del Rosario, R., Florio, M.,
Machold, R., Saunders, A., Levandowski, K., Zaniewski, H., Schuman,
B., Wu, C,, Lutservitz, A., Mullally, C. D., Reed, N., Bien, E., Bortolin, L.,
Fernandez-Otero, M., Lin, J., Wysoker, A., ... McCarroll, S. A. (2019).
Innovations in primate interneuron repertoire. bioRxiv. https://doi.org/10
.1101/709501


https://doi.org/10.1098/rspb.2006.3748
https://doi.org/10.1098/rspb.2006.3748
https://doi.org/10.1098/rspb.2006.3748
https://doi.org/10.1098/rspb.2006.3748
https://doi.org/10.1098/rspb.2006.3748
https://doi.org/10.1073/pnas.1201895109
https://doi.org/10.1073/pnas.1201895109
https://doi.org/10.1073/pnas.1201895109
https://doi.org/10.1073/pnas.0611396104
https://doi.org/10.1073/pnas.0611396104
https://doi.org/10.1073/pnas.0611396104
https://doi.org/10.1371/journal.pone.0113904
https://doi.org/10.1371/journal.pone.0113904
https://doi.org/10.1371/journal.pone.0113904
https://doi.org/10.1371/journal.pone.0113904
https://doi.org/10.1371/journal.pone.0113904
https://doi.org/10.1002/cne.20976
https://doi.org/10.1002/cne.20976
https://doi.org/10.1002/cne.20976
https://doi.org/10.1002/cne.20976
https://doi.org/10.1073/pnas.1001229107
https://doi.org/10.1073/pnas.1001229107
https://doi.org/10.1073/pnas.1001229107
https://doi.org/10.1016/j.tics.2017.12.006
https://doi.org/10.1016/j.tics.2017.12.006
https://doi.org/10.1016/j.tics.2017.12.006
https://doi.org/10.1016/j.tics.2017.12.006
https://doi.org/10.1016/j.tics.2017.12.006
https://doi.org/10.1016/j.tics.2017.12.006
https://doi.org/10.1016/j.tics.2017.12.006
https://doi.org/10.1371/journal.pgen.1002327
https://doi.org/10.1371/journal.pgen.1002327
https://doi.org/10.1371/journal.pgen.1002327
https://doi.org/10.1371/journal.pgen.1002327
https://doi.org/10.1371/journal.pgen.1002327
https://doi.org/10.1523/JNEUROSCI.0067-17.2017
https://doi.org/10.1523/JNEUROSCI.0067-17.2017
https://doi.org/10.1523/JNEUROSCI.0067-17.2017
https://doi.org/10.1523/JNEUROSCI.0067-17.2017
https://doi.org/10.1523/JNEUROSCI.0067-17.2017
https://doi.org/10.1126/scitranslmed.3003142
https://doi.org/10.1126/scitranslmed.3003142
https://doi.org/10.1126/scitranslmed.3003142
https://doi.org/10.1101/cshperspect.a008144
https://doi.org/10.1101/cshperspect.a008144
https://doi.org/10.1101/cshperspect.a008144
https://doi.org/10.1002/cne.902610304
https://doi.org/10.1002/cne.902610304
https://doi.org/10.1002/cne.902610304
https://doi.org/10.1002/cne.902610304
https://doi.org/10.1098/rsbl.2003.0127
https://doi.org/10.1098/rsbl.2003.0127
https://doi.org/10.1098/rsbl.2003.0127
https://doi.org/10.1098/rsbl.2003.0127
https://doi.org/10.1136/bmj.1.1215.703
https://doi.org/10.1136/bmj.1.1215.703
https://doi.org/10.1136/bmj.1.1215.703
https://doi.org/10.1136/bmj.1.1215.703
https://doi.org/10.1136/bmj.1.1215.703
https://doi.org/10.1136/bmj.1.1215.703
https://doi.org/10.1038/nature14188
https://doi.org/10.1038/nature14188
https://doi.org/10.1038/nature14188
https://doi.org/10.1126/science.121.3144.447
https://doi.org/10.1126/science.121.3144.447
https://doi.org/10.1126/science.121.3144.447
https://doi.org/10.1126/science.121.3144.447
https://doi.org/10.1126/science.121.3144.447
https://doi.org/10.1016/j.neuroimage.2018.10.006
https://doi.org/10.1016/j.neuroimage.2018.10.006
https://doi.org/10.1016/j.neuroimage.2018.10.006
https://doi.org/10.1016/j.neuroimage.2018.10.006
https://doi.org/10.1016/j.neuroimage.2018.10.006
https://doi.org/10.1016/j.neuroimage.2018.10.006
https://doi.org/10.1016/j.neuroimage.2018.10.006
https://doi.org/10.1002/cne.20234
https://doi.org/10.1002/cne.20234
https://doi.org/10.1002/cne.20234
https://doi.org/10.1016/j.neuron.2008.08.006
https://doi.org/10.1016/j.neuron.2008.08.006
https://doi.org/10.1016/j.neuron.2008.08.006
https://doi.org/10.1016/j.neuron.2008.08.006
https://doi.org/10.1016/j.neuron.2008.08.006
https://doi.org/10.1016/j.neuron.2008.08.006
https://doi.org/10.1016/j.neuron.2008.08.006
https://doi.org/10.1002/ar.a.20120
https://doi.org/10.1002/ar.a.20120
https://doi.org/10.1002/ar.a.20120
https://doi.org/10.1002/ar.a.20120
https://doi.org/10.1016/j.brainresbull.2007.10.009
https://doi.org/10.1016/j.brainresbull.2007.10.009
https://doi.org/10.1016/j.brainresbull.2007.10.009
https://doi.org/10.1016/j.brainresbull.2007.10.009
https://doi.org/10.1016/j.brainresbull.2007.10.009
https://doi.org/10.1016/j.brainresbull.2007.10.009
https://doi.org/10.1016/j.brainresbull.2007.10.009
https://doi.org/10.1016/j.brainresrev.2007.02.008
https://doi.org/10.1016/j.brainresrev.2007.02.008
https://doi.org/10.1016/j.brainresrev.2007.02.008
https://doi.org/10.1016/j.brainresrev.2007.02.008
https://doi.org/10.1016/j.brainresrev.2007.02.008
https://doi.org/10.1016/j.brainresrev.2007.02.008
https://doi.org/10.1523/JNEUROSCI.0618-06.2006
https://doi.org/10.1523/JNEUROSCI.0618-06.2006
https://doi.org/10.1523/JNEUROSCI.0618-06.2006
https://doi.org/10.1523/JNEUROSCI.0618-06.2006
https://doi.org/10.1523/JNEUROSCI.0618-06.2006
https://doi.org/10.1016/S0959-4388(99)00012-4
https://doi.org/10.1016/S0959-4388(99)00012-4
https://doi.org/10.1016/j.biopsych.2019.06.013
https://doi.org/10.1016/j.biopsych.2019.06.013
https://doi.org/10.1016/j.biopsych.2019.06.013
https://doi.org/10.1016/j.biopsych.2019.06.013
https://doi.org/10.1016/j.biopsych.2019.06.013
https://doi.org/10.1016/j.biopsych.2019.06.013
https://doi.org/10.1016/j.neuron.2020.04.018
https://doi.org/10.1016/j.neuron.2020.04.018
https://doi.org/10.1016/j.neuron.2020.04.018
https://doi.org/10.1016/j.neuron.2020.04.018
https://doi.org/10.1016/j.neuron.2020.04.018
https://doi.org/10.1016/j.neuron.2020.04.018
https://doi.org/10.1016/j.neuron.2020.04.018
https://doi.org/10.1016/j.cell.2017.09.020
https://doi.org/10.1016/j.cell.2017.09.020
https://doi.org/10.1016/j.cell.2017.09.020
https://doi.org/10.1016/j.cell.2017.09.020
https://doi.org/10.1016/j.cell.2017.09.020
https://doi.org/10.1016/j.cell.2017.09.020
https://doi.org/10.1038/s41593-019-0436-x
https://doi.org/10.1038/s41593-019-0436-x
https://doi.org/10.1523/JNEUROSCI.2043-18.2019
https://doi.org/10.1523/JNEUROSCI.2043-18.2019
https://doi.org/10.1523/JNEUROSCI.2043-18.2019
https://doi.org/10.1523/JNEUROSCI.2043-18.2019
https://doi.org/10.1002/cne.901710204
https://doi.org/10.1002/cne.901710204
https://doi.org/10.1002/cne.901710204
https://doi.org/10.1101/709501
https://doi.org/10.1101/709501

publishers.

yrighted by the American Psychological Association or one of its allied

This document is cop
This article is intended solely for the personal use of the individual user

and is not to be disseminated broadly.

20 CHIN, CHANG, AND HOLMES

Krubitzer, L. (2009). In search of a unifying theory of complex brain
evolution. Annals of the New York Academy of Sciences, 1156, 44-67.
https://doi.org/10.1111/5.1749-6632.2009.04421.x

Krubitzer, L., & Disbrow, E. (2008). The evolution of parietal areas involved
in hand use in primates. Elsevier. https://doi.org/10.1016/B978-
012370880-9.00352-2

Krubitzer, L., & Kahn, D. M. (2003). Nature versus nurture revisited: An old
idea with a new twist. Progress in Neurobiology, 70(1), 33-52. https://
doi.org/10.1016/S0301-0082(03)00088-1

Larsell, O., & Jansen, J. (1967). The comparative anatomy and histology of
the cerebellum. University of Minnesota Press.

LeDoux, J. E. (2000). Emotion circuits in the brain. Annual Review of
Neuroscience, 23, 155-184. https://doi.org/10.1146/annurev.neuro.23.1.155

LeDoux, J. (2012). Rethinking the emotional brain. Neuron, 73(4), 653-676.
https://doi.org/10.1016/j.neuron.2012.02.004

Leiner, H. C. (2010). Solving the mystery of the human cerebellum.
Neuropsychology Review, 20(3), 229-235. https://doi.org/10.1007/
s11065-010-9140-z

Leiner, H. C., Leiner, A. L., & Dow, R. S. (1986). Does the cerebellum
contribute to mental skills? Behavioral Neuroscience, 100(4), 443—454.
https://doi.org/10.1037/0735-7044.100.4.443

Letinic, K., & Rakic, P. (2001). Telencephalic origin of human thalamic
GABAergic neurons. Nature Neuroscience, 4(9), 931-936. https:/
doi.org/10.1038/nn0901-931

Liang, H., & Li, W.-H. (2009). Lowly expressed human microRNA genes
evolve rapidly. Molecular Biology and Evolution, 26(6), 1195-1198.
https://doi.org/10.1093/molbev/msp053

Liu, C., Teng, Z.-Q., Santistevan, N. J., Szulwach, K. E., Guo, W., Jin, P., &
Zhao, X. (2010). Epigenetic regulation of miR-184 by MBDI1 governs
neural stem cell proliferation and differentiation. Cell Stem Cell, 6(5),
433-444. https://doi.org/10.1016/j.stem.2010.02.017

Lokmane, L., Proville, R., Narboux-Néme, N., Gyory, 1., Keita, M., Mailhes,
C., Léna, C., Gaspar, P., Grosschedl, R., & Garel, S. (2013). Sensory map
transfer to the neocortex relies on pretarget ordering of thalamic axons.
Current Biology, 23(9), 810-816. https://doi.org/10.1016/j.cub.2013.03.062

MacLean, P. D. (1972). Cerebral evolution and emotional processes: New
findings on the striatal complex. Annals of the New York Academy of
Sciences, 193, 137-149. https://doi.org/10.1111/j.1749-6632.1972.tb27830.x

MacLean, P. D. (1990). The triune brain in evolution: Role in paleocerebral
functions. Plenum Press.

MacLeod, C. E., Zilles, K., Schleicher, A., Rilling, J. K., & Gibson, K. R.
(2003). Expansion of the neocerebellum in Hominoidea. Journal of
Human Evolution, 44(4), 401-429. https://doi.org/10.1016/S0047-
2484(03)00028-9

Macnab, R. M., & Koshland, D. E., Jr. (1972). The gradient-sensing
mechanism in bacterial chemotaxis. Proceedings of the National Academy
of Sciences of the United States of America, 69(9), 2509-2512. https:/
doi.org/10.1073/pnas.69.9.2509

Marin, O., & Rubenstein, J. L. R. (2003). Cell migration in the forebrain.
Annual Review of Neuroscience, 26, 441-483. https://doi.org/10.1146/
annurev.neuro.26.041002.131058

Marin, O., Smeets, W. J., & Gonzdlez, A. (1998). Basal ganglia organization in
amphibians: Evidence for a common pattern in tetrapods. Progress in Neuro-
biology, 55(4), 363-397. https://doi.org/10.1016/S0301-0082(98)00008-2

Marino, L. (2006). Absolute brain size: Did we throw the baby out with the
bathwater? Proceedings of the National Academy of Sciences of the United
States of America, 103(37), 13563—13564. https://doi.org/10.1073/pnas
.0606337103

Martinez-Garcia, F., Martinez-Marcos, A., & Lanuza, E. (2002). The pallial
amygdala of amniote vertebrates: Evolution of the concept, evolution of
the structure. Brain Research Bulletin, 57(3—4), 463—4609. https://doi.org/
10.1016/S0361-9230(01)00665-7

Matano, S. (1992). A comparative neuroprimatological study on the inferior
olivary nuclei (from the STEPHAN’s Collection). Journal of the

Anthropological Society of Nippon, 100(1), 69-82. https://doi.org/10
.1537/ase1911.100.69

Matano, S. (2001). Brief communication: Proportions of the ventral half of
the cerebellar dentate nucleus in humans and great apes. American Journal
of Physical Anthropology, 114(2), 163-165. https://doi.org/10.1002/
1096-8644(200102)114:2<163::AID-AJPA1016>3.0.CO;2-F

Mayberg, H. S. (1997). Limbic-cortical dysregulation: A proposed model of
depression. The Journal of Neuropsychiatry and Clinical Neurosciences,
9(3), 471-481. https://doi.org/10.1176/jnp.9.3.471

McDonald, A. J. (1998). Cortical pathways to the mammalian amygdala.
Progress in Neurobiology, 55(3), 257-332. https://doi.org/10.1016/
S0301-0082(98)00003-3

Milad, M. R., & Quirk, G. J. (2012). Fear extinction as a model for translational
neuroscience: Ten years of progress. Annual Review of Psychology, 63,
129-151. https://doi.org/10.1146/annurev.psych.121208.131631

Miller, I. F., Barton, R. A., & Nunn, C. L. (2019). Quantitative uniqueness of
human brain evolution revealed through phylogenetic comparative analy-
sis. eLife, 8, Atrticle e41250. https://doi.org/10.7554/eLife.41250

Miller, M., & Clark, A. (2018). Happily entangled: Prediction, emotion, and
the embodied mind. Synthese, 195(6), 2559-2575. https://doi.org/10
.1007/s11229-017-1399-7

Montgomery, S. H., Mundy, N. L., & Barton, R. A. (2016). Brain evolution
and development: adaptation, allometry and constraint. Proceedings of the
Royal Society B: Biological Sciences, 283(1838), 20160433-20160439.
https://doi.org/10.1098/rspb.2016.0433

Moreno, N., & Gonzilez, A. (2007). Evolution of the amygdaloid complex in
vertebrates, with special reference to the anamnio-amniotic transition.
Journal of Anatomy, 211(2), 151-163. https://doi.org/10.1111/j.1469-
7580.2007.00780.x

Mota, B., & Herculano-Houzel, S. (2012). How the cortex gets its folds: An
inside-out, connectivity-driven model for the scaling of Mammalian
cortical folding. Frontiers in Neuroanatomy, 6, Article 3. https:/
doi.org/10.3389/fnana.2012.00003

Nieuwenhuys, R., ten Donkelaar, H. J., & Nicholson, C. (1998). The central
nervous system of vertebrates. Springer. https://doi.org/10.1007/978-3-
642-18262-4

O’Leary, D. D., & Sahara, S. (2008). Genetic regulation of arealization of the
neocortex. Current Opinion in Neurobiology, 18(1), 90-100. https:/
doi.org/10.1016/j.conb.2008.05.011

Pape, H.-C., & Paré, D. (2010). Plastic synaptic networks of the amygdala for
the acquisition, expression, and extinction of conditioned fear. Physiolog-
ical Reviews, 90(2), 419-463. https://doi.org/10.1152/physrev.00037.
2009

Papez, J. W. (1937). A proposed mechanism of emotion. Archives of
Neurology and Psychiatry, 38(4), 725-743. https://doi.org/10.1001/
archneurpsyc.1937.02260220069003

Parent, A., & Hazrati, L. N. (1995). Functional anatomy of the basal ganglia.
I. The cortico-basal ganglia-thalamo-cortical loop. Brain Research Re-
views, 20(1), 91-127. https://doi.org/10.1016/0165-0173(94)00007-C

Parvizi, J. (2009). Corticocentric myopia: Old bias in new cognitive sciences.
Trends in Cognitive Sciences, 13(8), 354-359. https://doi.org/10.1016/j
.tics.2009.04.008

Parvizi, J. (2012). Disinhibition: More than a misnomer. Social Neurosci-
ence, 7(3), 311-316. https://doi.org/10.1080/17470919.2011.614004

Percheron, G., Frangois, C., Talbi, B., Yelnik, J., & Fénelon, G. (1996). The
primate motor thalamus. Brain Research Reviews, 22(2), 93—181. https://
doi.org/10.1016/0165-0173(96)00003-3

Pessoa, L. (2014). Understanding brain networks and brain organization.
Physics of Life Reviews, 11(3), 400-435. https://doi.org/10.1016/j.plrev
.2014.03.005

Pessoa, L., Medina, L., Hof, P. R., & Desfilis, E. (2019). Neural architecture
of the vertebrate brain: Implications for the interaction between emotion
and cognition. Neuroscience and Biobehavioral Reviews, 107, 296-312.
https://doi.org/10.1016/j.neubiorev.2019.09.021


https://doi.org/10.1111/j.1749-6632.2009.04421.x
https://doi.org/10.1111/j.1749-6632.2009.04421.x
https://doi.org/10.1111/j.1749-6632.2009.04421.x
https://doi.org/10.1111/j.1749-6632.2009.04421.x
https://doi.org/10.1111/j.1749-6632.2009.04421.x
https://doi.org/10.1111/j.1749-6632.2009.04421.x
https://doi.org/10.1016/B978-012370880-9.00352-2
https://doi.org/10.1016/B978-012370880-9.00352-2
https://doi.org/10.1016/B978-012370880-9.00352-2
https://doi.org/10.1016/B978-012370880-9.00352-2
https://doi.org/10.1016/S0301-0082(03)00088-1
https://doi.org/10.1016/S0301-0082(03)00088-1
https://doi.org/10.1016/S0301-0082(03)00088-1
https://doi.org/10.1146/annurev.neuro.23.1.155
https://doi.org/10.1146/annurev.neuro.23.1.155
https://doi.org/10.1146/annurev.neuro.23.1.155
https://doi.org/10.1146/annurev.neuro.23.1.155
https://doi.org/10.1146/annurev.neuro.23.1.155
https://doi.org/10.1146/annurev.neuro.23.1.155
https://doi.org/10.1016/j.neuron.2012.02.004
https://doi.org/10.1016/j.neuron.2012.02.004
https://doi.org/10.1016/j.neuron.2012.02.004
https://doi.org/10.1016/j.neuron.2012.02.004
https://doi.org/10.1016/j.neuron.2012.02.004
https://doi.org/10.1016/j.neuron.2012.02.004
https://doi.org/10.1007/s11065-010-9140-z
https://doi.org/10.1007/s11065-010-9140-z
https://doi.org/10.1007/s11065-010-9140-z
https://doi.org/10.1037/0735-7044.100.4.443
https://doi.org/10.1037/0735-7044.100.4.443
https://doi.org/10.1037/0735-7044.100.4.443
https://doi.org/10.1037/0735-7044.100.4.443
https://doi.org/10.1037/0735-7044.100.4.443
https://doi.org/10.1038/nn0901-931
https://doi.org/10.1038/nn0901-931
https://doi.org/10.1038/nn0901-931
https://doi.org/10.1093/molbev/msp053
https://doi.org/10.1093/molbev/msp053
https://doi.org/10.1016/j.stem.2010.02.017
https://doi.org/10.1016/j.stem.2010.02.017
https://doi.org/10.1016/j.stem.2010.02.017
https://doi.org/10.1016/j.stem.2010.02.017
https://doi.org/10.1016/j.stem.2010.02.017
https://doi.org/10.1016/j.stem.2010.02.017
https://doi.org/10.1016/j.cub.2013.03.062
https://doi.org/10.1016/j.cub.2013.03.062
https://doi.org/10.1016/j.cub.2013.03.062
https://doi.org/10.1016/j.cub.2013.03.062
https://doi.org/10.1016/j.cub.2013.03.062
https://doi.org/10.1016/j.cub.2013.03.062
https://doi.org/10.1111/j.1749-6632.1972.tb27830.x
https://doi.org/10.1111/j.1749-6632.1972.tb27830.x
https://doi.org/10.1111/j.1749-6632.1972.tb27830.x
https://doi.org/10.1111/j.1749-6632.1972.tb27830.x
https://doi.org/10.1111/j.1749-6632.1972.tb27830.x
https://doi.org/10.1111/j.1749-6632.1972.tb27830.x
https://doi.org/10.1016/S0047-2484(03)00028-9
https://doi.org/10.1016/S0047-2484(03)00028-9
https://doi.org/10.1016/S0047-2484(03)00028-9
https://doi.org/10.1073/pnas.69.9.2509
https://doi.org/10.1073/pnas.69.9.2509
https://doi.org/10.1073/pnas.69.9.2509
https://doi.org/10.1073/pnas.69.9.2509
https://doi.org/10.1073/pnas.69.9.2509
https://doi.org/10.1073/pnas.69.9.2509
https://doi.org/10.1146/annurev.neuro.26.041002.131058
https://doi.org/10.1146/annurev.neuro.26.041002.131058
https://doi.org/10.1146/annurev.neuro.26.041002.131058
https://doi.org/10.1146/annurev.neuro.26.041002.131058
https://doi.org/10.1146/annurev.neuro.26.041002.131058
https://doi.org/10.1146/annurev.neuro.26.041002.131058
https://doi.org/10.1146/annurev.neuro.26.041002.131058
https://doi.org/10.1016/S0301-0082(98)00008-2
https://doi.org/10.1016/S0301-0082(98)00008-2
https://doi.org/10.1073/pnas.0606337103
https://doi.org/10.1073/pnas.0606337103
https://doi.org/10.1073/pnas.0606337103
https://doi.org/10.1016/S0361-9230(01)00665-7
https://doi.org/10.1016/S0361-9230(01)00665-7
https://doi.org/10.1016/S0361-9230(01)00665-7
https://doi.org/10.1537/ase1911.100.69
https://doi.org/10.1537/ase1911.100.69
https://doi.org/10.1537/ase1911.100.69
https://doi.org/10.1537/ase1911.100.69
https://doi.org/10.1002/1096-8644(200102)114:2%3C163::AID-AJPA1016%3E3.0.CO;2-F
https://doi.org/10.1002/1096-8644(200102)114:2%3C163::AID-AJPA1016%3E3.0.CO;2-F
https://doi.org/10.1002/1096-8644(200102)114:2%3C163::AID-AJPA1016%3E3.0.CO;2-F
https://doi.org/10.1002/1096-8644(200102)114:2%3C163::AID-AJPA1016%3E3.0.CO;2-F
https://doi.org/10.1002/1096-8644(200102)114:2%3C163::AID-AJPA1016%3E3.0.CO;2-F
https://doi.org/10.1176/jnp.9.3.471
https://doi.org/10.1176/jnp.9.3.471
https://doi.org/10.1176/jnp.9.3.471
https://doi.org/10.1176/jnp.9.3.471
https://doi.org/10.1176/jnp.9.3.471
https://doi.org/10.1016/S0301-0082(98)00003-3
https://doi.org/10.1016/S0301-0082(98)00003-3
https://doi.org/10.1016/S0301-0082(98)00003-3
https://doi.org/10.1146/annurev.psych.121208.131631
https://doi.org/10.1146/annurev.psych.121208.131631
https://doi.org/10.1146/annurev.psych.121208.131631
https://doi.org/10.1146/annurev.psych.121208.131631
https://doi.org/10.1146/annurev.psych.121208.131631
https://doi.org/10.7554/eLife.41250
https://doi.org/10.7554/eLife.41250
https://doi.org/10.7554/eLife.41250
https://doi.org/10.1007/s11229-017-1399-7
https://doi.org/10.1007/s11229-017-1399-7
https://doi.org/10.1098/rspb.2016.0433
https://doi.org/10.1098/rspb.2016.0433
https://doi.org/10.1098/rspb.2016.0433
https://doi.org/10.1098/rspb.2016.0433
https://doi.org/10.1111/j.1469-7580.2007.00780.x
https://doi.org/10.1111/j.1469-7580.2007.00780.x
https://doi.org/10.1111/j.1469-7580.2007.00780.x
https://doi.org/10.1111/j.1469-7580.2007.00780.x
https://doi.org/10.1111/j.1469-7580.2007.00780.x
https://doi.org/10.1111/j.1469-7580.2007.00780.x
https://doi.org/10.1111/j.1469-7580.2007.00780.x
https://doi.org/10.3389/fnana.2012.00003
https://doi.org/10.3389/fnana.2012.00003
https://doi.org/10.3389/fnana.2012.00003
https://doi.org/10.3389/fnana.2012.00003
https://doi.org/10.3389/fnana.2012.00003
https://doi.org/10.1007/978-3-642-18262-4
https://doi.org/10.1007/978-3-642-18262-4
https://doi.org/10.1007/978-3-642-18262-4
https://doi.org/10.1016/j.conb.2008.05.011
https://doi.org/10.1016/j.conb.2008.05.011
https://doi.org/10.1016/j.conb.2008.05.011
https://doi.org/10.1016/j.conb.2008.05.011
https://doi.org/10.1016/j.conb.2008.05.011
https://doi.org/10.1016/j.conb.2008.05.011
https://doi.org/10.1016/j.conb.2008.05.011
https://doi.org/10.1152/physrev.00037.2009
https://doi.org/10.1152/physrev.00037.2009
https://doi.org/10.1152/physrev.00037.2009
https://doi.org/10.1152/physrev.00037.2009
https://doi.org/10.1152/physrev.00037.2009
https://doi.org/10.1001/archneurpsyc.1937.02260220069003
https://doi.org/10.1001/archneurpsyc.1937.02260220069003
https://doi.org/10.1001/archneurpsyc.1937.02260220069003
https://doi.org/10.1001/archneurpsyc.1937.02260220069003
https://doi.org/10.1001/archneurpsyc.1937.02260220069003
https://doi.org/10.1016/0165-0173(94)00007-C
https://doi.org/10.1016/0165-0173(94)00007-C
https://doi.org/10.1016/j.tics.2009.04.008
https://doi.org/10.1016/j.tics.2009.04.008
https://doi.org/10.1016/j.tics.2009.04.008
https://doi.org/10.1016/j.tics.2009.04.008
https://doi.org/10.1016/j.tics.2009.04.008
https://doi.org/10.1016/j.tics.2009.04.008
https://doi.org/10.1080/17470919.2011.614004
https://doi.org/10.1080/17470919.2011.614004
https://doi.org/10.1080/17470919.2011.614004
https://doi.org/10.1080/17470919.2011.614004
https://doi.org/10.1016/0165-0173(96)00003-3
https://doi.org/10.1016/0165-0173(96)00003-3
https://doi.org/10.1016/0165-0173(96)00003-3
https://doi.org/10.1016/j.plrev.2014.03.005
https://doi.org/10.1016/j.plrev.2014.03.005
https://doi.org/10.1016/j.plrev.2014.03.005
https://doi.org/10.1016/j.plrev.2014.03.005
https://doi.org/10.1016/j.plrev.2014.03.005
https://doi.org/10.1016/j.plrev.2014.03.005
https://doi.org/10.1016/j.neubiorev.2019.09.021
https://doi.org/10.1016/j.neubiorev.2019.09.021
https://doi.org/10.1016/j.neubiorev.2019.09.021
https://doi.org/10.1016/j.neubiorev.2019.09.021
https://doi.org/10.1016/j.neubiorev.2019.09.021
https://doi.org/10.1016/j.neubiorev.2019.09.021

publishers.

and is not to be disseminated broadly.

ghted by the American Psychological Association or one of its allied

article is intended solely for the personal use of the individual user

This document is copyri

This

BEYOND CORTEX 21

Peters, S. K., Dunlop, K., & Downar, J. (2016). Cortico-striatal-thalamic
loop circuits of the salience network: A central pathway in psychiatric
disease and treatment. Frontiers in Systems Neuroscience, 10, Article 104.
https://doi.org/10.3389/fnsys.2016.00104

Pfisterer, U., & Khodosevich, K. (2017). Neuronal survival in the brain:
Neuron type-specific mechanisms. Cell Death & Disease, 8(3), Atticle
€2643. https://doi.org/10.1038/cddis.2017.64

Phillips, J. R., Hewedi, D. H., Eissa, A. M., & Moustafa, A. A. (2015). The
cerebellum and psychiatric disorders. Frontiers in Public Health, 3,
Article 66. https://doi.org/10.3389/fpubh.2015.00066

Pons, T. P., Garraghty, P. E., Ommaya, A. K., Kaas, J. H., Taub, E., &
Mishkin, M. (1991). Massive cortical reorganization after sensory deaf-
ferentation in adult macaques. Science, 252(5014), 1857-1860. https:/
doi.org/10.1126/science. 1843843

Preuss, T. M., & Goldman-Rakic, P. S. (1991). Architectonics of the
parietal and temporal association cortex in the strepsirhine primate
Galago compared to the anthropoid primate Macaca. The Journal of
Comparative Neurology, 310(4), 475-506. https://doi.org/10.1002/cne
903100403

Price, J. L., & Drevets, W. C. (2010). Neurocircuitry of mood disorders.
Neuropsychopharmacology, 35(1), 192-216. https://doi.org/10.1038/npp
.2009.104

Price, L. (1987). The limbic region. II: The amygdaloid complex. In A.
Bjorklund, T. H. Kfelt, & L. W. Swanson (Eds.), Handbook of chemical
neuroanatomy: Integrated systems of the CNS (pp. 279-388). Elsevier.

Pritz, M. B. (2015). Crocodilian forebrain: Evolution and development.
Integrative and Comparative Biology, 55(6), 949-961. https://doi.org/10
.1093/icb/icv003

Proulx, C. D., Hikosaka, O., & Malinow, R. (2014). Reward processing by
the lateral habenula in normal and depressive behaviors. Nature Neuro-
science, 17(9), 1146-1152. https://doi.org/10.1038/nn.3779

Rai, K. S., Murthy, K. D., Rao, M. S., & Karanth, K. S. (2005). Altered
dendritic arborization of amygdala neurons in young adult rats orally
intubated with Clitorea ternatea aqueous root extract. Phytotherapy
Research, 19(7), 592-598. https://doi.org/10.1002/ptr.1657

Rakic, P. (2000). Radial unit hypothesis of neocortical expansion. Novartis
Foundation Symposium.

Rakic, P. (2009). Evolution of the neocortex: A perspective from develop-
mental biology. Nature Reviews Neuroscience, 10(10), 724-735. https://
doi.org/10.1038/nrn2719

Ramnani, N. (2006). The primate cortico-cerebellar system: Anatomy and
function. Nature Reviews Neuroscience, 7(7), 511-522. https://doi.org/10
.1038/nrn1953

Ramnani, N., Behrens, T. E., Johansen-Berg, H., Richter, M. C., Pinsk, M. A.,
Andersson, J. L., Rudebeck, P., Ciccarelli, O., Richter, W., Thompson,
A.J., Gross, C. G., Robson, M. D., Kastner, S., & Matthews, P. M. (2006).
The evolution of prefrontal inputs to the cortico-pontine system: diffusion
imaging evidence from Macaque monkeys and humans. Cerebral Cortex,
16(6), 811-818. https://doi.org/10.1093/cercor/bhj024

Rapoport, M., van Reekum, R., & Mayberg, H. (2000). The role of the
cerebellum in cognition and behavior: A selective review. The Journal of
Neuropsychiatry and Clinical Neurosciences, 12(2), 193-198. https://
doi.org/10.1176/jnp.12.2.193

Reardon, P. K., Seidlitz, J., Vandekar, S., Liu, S., Patel, R., Park, M. T. M.,
Alexander-Bloch, A., Clasen, L. S., Blumenthal, J. D., Lalonde, F. M.,
Giedd, J. N., Gur, R. C,, Gur, R. E, Lerch, J. P., Chakravarty, M. M.,
Satterthwaite, T. D., Shinohara, R. T., & Raznahan, A. (2018). Normative
brain size variation and brain shape diversity in humans. Science,
360(6394), 1222-1227. https://doi.org/10.1126/science.aar2578

Reep, R. L., Finlay, B. L., & Darlington, R. B. (2007). The limbic system in
Mammalian brain evolution. Brain, Behavior and Evolution, 70(1), 57—
70. https://doi.org/10.1159/000101491

Reinen, J. M., Chén, O. Y., Hutchison, R. M., Yeo, B. T. T., Anderson, K. M.,
Sabuncu, M. R., Ongﬁr, D., Roffman, J. L., Smoller, J. W., Baker, J. T., &

Holmes, A. J. (2018). The human cortex possesses a reconfigurable dynamic
network architecture that is disrupted in psychosis. Nature Communications,
9(1), Article 1157. https://doi.org/10.1038/s41467-018-03462-y

Reiner, A., Medina, L., & Veenman, C. L. (1998). Structural and functional
evolution of the basal ganglia in vertebrates. Brain Research Reviews,
28(3), 235-285. https://doi.org/10.1016/S0165-0173(98)00016-2

Rmus, M., McDougle, S. D., & Collins, A. G. (2021). The role of executive
function in shaping reinforcement learning. Current Opinion in Behavioral
Sciences, 38, 66-73. https://doi.org/10.1016/j.cobeha.2020.10.003

Roth, G., & Dicke, U. (2005). Evolution of the brain and intelligence. Trends
in Cognitive Sciences, 9(5), 250-257. https://doi.org/10.1016/j.tics.2005
.03.005

Russo, S. J., & Nestler, E. J. (2013). The brain reward circuitry in mood
disorders. Nature Reviews Neuroscience, 14(9), 609-625. https://doi.org/
10.1038/nrn3381

Sah, P., Faber, E. S. L., Lopez De Armentia, M., & Power, J. (2003). The
amygdaloid complex: Anatomy and physiology. Physiological Reviews,
83(3), 803-834. https://doi.org/10.1152/physrev.00002.2003

Schenker, N. M., Buxhoeveden, D. P., Blackmon, W. L., Amunts, K., Zilles,
K., & Semendeferi, K. (2008). A comparative quantitative analysis of
cytoarchitecture and minicolumnar organization in Broca’s area in humans
and great apes. The Journal of Comparative Neurology, 510(1), 117-128.
https://doi.org/10.1002/cne.21792

Schmahmann, J. D., & Pandya, D. N. (1997). International review of
neurobiology. Elsevier.

Schmahmann, J. D., & Pandya, D. N. (2008). Disconnection syndromes of
basal ganglia, thalamus, and cerebrocerebellar systems. Cortex, 44(8),
1037-1066. https://doi.org/10.1016/j.cortex.2008.04.004

Schmahmann, J. D., Weilburg, J. B., & Sherman, J. C. (2007). The neuropsy-
chiatry of the cerebellum—Insights from the clinic. Cerebellum (London,
England), 6(3), 254-267. https://doi.org/10.1080/14734220701490995

Schultz, W. (1997). Dopamine neurons and their role in reward mechanisms.
Current Opinion in Neurobiology, 7(2), 191-197. https://doi.org/10.1016/
S0959-4388(97)80007-4

Schumann, C. M., & Amaral, D. G. (2005). Stereological estimation of the
number of neurons in the human amygdaloid complex. The Journal of
Comparative Neurology, 491(4), 320-329. https://doi.org/10.1002/
cne.20704

Selemon, L. D., & Goldman-Rakic, P. S. (1985). Longitudinal topography
and interdigitation of corticostriatal projections in the rthesus monkey. The
Journal of Neuroscience: The Official Journal of the Society for Neuro-
science, 5(3), 776-794. https://doi.org/10.1523/JNEUROSCI.05-03-
00776.1985

Selemon, L. D., & Goldman-Rakic, P. S. (1988). Common cortical and
subcortical targets of the dorsolateral prefrontal and posterior parietal
cortices in the rhesus monkey: Evidence for a distributed neural network
subserving spatially guided behavior. The Journal of Neuroscience: The
Official Journal of the Society for Neuroscience, 8(11), 4049-4068.
https://doi.org/10.1523/JNEUROSCI.08-11-04049.1988

Semendeferi, K., Lu, A., Schenker, N., & Damasio, H. (2002). Humans and
great apes share a large frontal cortex. Nature Neuroscience, 5(3), 272—
276. https://doi.org/10.1038/nn814

Shedlock, A. M., & Edwards, S. V. (2009). The timetree of life. Oxford
University Press.

Shepherd, S. V. (2017). The Wiley handbook of evolutionary neuroscience.
Wiley Online Library.

Sherrington, C. (1952). The integrative action of the nervous system.
Cambridge University Press Archive.

Sherwood, C. C., Subiaul, F., & Zawidzki, T. W. (2008). A natural history of
the human mind: Tracing evolutionary changes in brain and cognition.
Journal of Anatomy, 212(4), 426-454. https://doi.org/10.1111/j.1469-
7580.2008.00868.x

Sherwood, C. C., Bauernfeind, A. L., Bianchi, S., Raghanti, M. A., & Hof,
P. R. (2012). Human brain evolution writ large and small. Progress in


https://doi.org/10.3389/fnsys.2016.00104
https://doi.org/10.3389/fnsys.2016.00104
https://doi.org/10.3389/fnsys.2016.00104
https://doi.org/10.3389/fnsys.2016.00104
https://doi.org/10.1038/cddis.2017.64
https://doi.org/10.1038/cddis.2017.64
https://doi.org/10.1038/cddis.2017.64
https://doi.org/10.1038/cddis.2017.64
https://doi.org/10.3389/fpubh.2015.00066
https://doi.org/10.3389/fpubh.2015.00066
https://doi.org/10.3389/fpubh.2015.00066
https://doi.org/10.3389/fpubh.2015.00066
https://doi.org/10.1126/science.1843843
https://doi.org/10.1126/science.1843843
https://doi.org/10.1126/science.1843843
https://doi.org/10.1126/science.1843843
https://doi.org/10.1002/cne.903100403
https://doi.org/10.1002/cne.903100403
https://doi.org/10.1002/cne.903100403
https://doi.org/10.1038/npp.2009.104
https://doi.org/10.1038/npp.2009.104
https://doi.org/10.1038/npp.2009.104
https://doi.org/10.1038/npp.2009.104
https://doi.org/10.1093/icb/icv003
https://doi.org/10.1093/icb/icv003
https://doi.org/10.1038/nn.3779
https://doi.org/10.1038/nn.3779
https://doi.org/10.1038/nn.3779
https://doi.org/10.1002/ptr.1657
https://doi.org/10.1002/ptr.1657
https://doi.org/10.1002/ptr.1657
https://doi.org/10.1038/nrn2719
https://doi.org/10.1038/nrn2719
https://doi.org/10.1038/nrn2719
https://doi.org/10.1038/nrn1953
https://doi.org/10.1038/nrn1953
https://doi.org/10.1093/cercor/bhj024
https://doi.org/10.1093/cercor/bhj024
https://doi.org/10.1176/jnp.12.2.193
https://doi.org/10.1176/jnp.12.2.193
https://doi.org/10.1176/jnp.12.2.193
https://doi.org/10.1176/jnp.12.2.193
https://doi.org/10.1176/jnp.12.2.193
https://doi.org/10.1176/jnp.12.2.193
https://doi.org/10.1126/science.aar2578
https://doi.org/10.1126/science.aar2578
https://doi.org/10.1126/science.aar2578
https://doi.org/10.1159/000101491
https://doi.org/10.1159/000101491
https://doi.org/10.1038/s41467-018-03462-y
https://doi.org/10.1038/s41467-018-03462-y
https://doi.org/10.1016/S0165-0173(98)00016-2
https://doi.org/10.1016/S0165-0173(98)00016-2
https://doi.org/10.1016/j.cobeha.2020.10.003
https://doi.org/10.1016/j.cobeha.2020.10.003
https://doi.org/10.1016/j.cobeha.2020.10.003
https://doi.org/10.1016/j.cobeha.2020.10.003
https://doi.org/10.1016/j.cobeha.2020.10.003
https://doi.org/10.1016/j.cobeha.2020.10.003
https://doi.org/10.1016/j.tics.2005.03.005
https://doi.org/10.1016/j.tics.2005.03.005
https://doi.org/10.1016/j.tics.2005.03.005
https://doi.org/10.1016/j.tics.2005.03.005
https://doi.org/10.1016/j.tics.2005.03.005
https://doi.org/10.1016/j.tics.2005.03.005
https://doi.org/10.1038/nrn3381
https://doi.org/10.1038/nrn3381
https://doi.org/10.1038/nrn3381
https://doi.org/10.1152/physrev.00002.2003
https://doi.org/10.1152/physrev.00002.2003
https://doi.org/10.1152/physrev.00002.2003
https://doi.org/10.1152/physrev.00002.2003
https://doi.org/10.1002/cne.21792
https://doi.org/10.1002/cne.21792
https://doi.org/10.1002/cne.21792
https://doi.org/10.1016/j.cortex.2008.04.004
https://doi.org/10.1016/j.cortex.2008.04.004
https://doi.org/10.1016/j.cortex.2008.04.004
https://doi.org/10.1016/j.cortex.2008.04.004
https://doi.org/10.1016/j.cortex.2008.04.004
https://doi.org/10.1016/j.cortex.2008.04.004
https://doi.org/10.1080/14734220701490995
https://doi.org/10.1080/14734220701490995
https://doi.org/10.1016/S0959-4388(97)80007-4
https://doi.org/10.1016/S0959-4388(97)80007-4
https://doi.org/10.1016/S0959-4388(97)80007-4
https://doi.org/10.1002/cne.20704
https://doi.org/10.1002/cne.20704
https://doi.org/10.1002/cne.20704
https://doi.org/10.1002/cne.20704
https://doi.org/10.1523/JNEUROSCI.05-03-00776.1985
https://doi.org/10.1523/JNEUROSCI.05-03-00776.1985
https://doi.org/10.1523/JNEUROSCI.05-03-00776.1985
https://doi.org/10.1523/JNEUROSCI.05-03-00776.1985
https://doi.org/10.1523/JNEUROSCI.05-03-00776.1985
https://doi.org/10.1523/JNEUROSCI.08-11-04049.1988
https://doi.org/10.1523/JNEUROSCI.08-11-04049.1988
https://doi.org/10.1523/JNEUROSCI.08-11-04049.1988
https://doi.org/10.1523/JNEUROSCI.08-11-04049.1988
https://doi.org/10.1038/nn814
https://doi.org/10.1038/nn814
https://doi.org/10.1111/j.1469-7580.2008.00868.x
https://doi.org/10.1111/j.1469-7580.2008.00868.x
https://doi.org/10.1111/j.1469-7580.2008.00868.x
https://doi.org/10.1111/j.1469-7580.2008.00868.x
https://doi.org/10.1111/j.1469-7580.2008.00868.x
https://doi.org/10.1111/j.1469-7580.2008.00868.x
https://doi.org/10.1111/j.1469-7580.2008.00868.x

publishers.

yrighted by the American Psychological Association or one of its allied

This document is cop
This article is intended solely for the personal use of the individual user

and is not to be disseminated broadly.

22 CHIN, CHANG, AND HOLMES

Brain Research, 195, 237-254. https://doi.org/10.1016/B978-0-444-
53860-4.00011-8

Sherwood, C. C., Lee, P. W., Rivara, C.-B., Holloway, R. L., Gilissen, E. P.,
Simmons, R. M., Hakeem, A., Allman, J. M., Erwin, J. M., & Hof, P. R.
(2003). Evolution of specialized pyramidal neurons in primate visual and
motor cortex. Brain, Behavior and Evolution, 61(1), 28-44. https:/
doi.org/10.1159/000068879

Sherwood, C. C., Stimpson, C. D., Raghanti, M. A., Wildman, D. E., Uddin,
M., Grossman, L. I., Goodman, M., Redmond, J. C., Bonar, C. J., Erwin,
J. M., & Hof, P. R. (2006). Evolution of increased glia-neuron ratios in the
human frontal cortex. Proceedings of the National Academy of Sciences of
the United States of America, 103(37), 13606-13611. https://doi.org/10
.1073/pnas.0605843103

Shine, J. M., Hearne, L. J., Breakspear, M., Hwang, K., Miiller, E. J., Sporns,
0., Poldrack, R. A., Mattingley, J. B., & Cocchi, L. (2019). The low-
dimensional neural architecture of cognitive complexity is related to
activity in medial thalamic nuclei. Neuron, 104(5), 849-855.€3. https:/
doi.org/10.1016/j.neuron.2019.09.002

Shipp, S. (2003). The functional logic of cortico-pulvinar connections. Philo-
sophical Transactions of the Royal Society of London, Series B: Biological
Sciences, 358(1438), 1605-1624. https://doi.org/10.1098/rstb.2002.1213

Smaers, J. B., Turner, A. H., Gémez-Robles, A., & Sherwood, C. C. (2018).
A cerebellar substrate for cognition evolved multiple times independently
in mammals. eLife, 7, Article €35696. https://doi.org/10.7554/eLife.35696

Smeets, W. J. A.J., Marin, O., & Gonzalez, A. (2000). Evolution of the basal
ganglia: New perspectives through a comparative approach. Journal of
Anatomy, 196(4), 501-517. https://doi.org/10.1046/j.1469-7580.2000
19640501 .x

Sol, D., Székely, T., Liker, A., & Lefebvre, L. (2007). Big-brained birds
survive better in nature. Proceedings Biological Sciences, 274(1611),
763-769. https://doi.org/10.1098/rspb.2006.3765

Somel, M., Liu, X., & Khaitovich, P. (2013). Human brain evolution:
Transcripts, metabolites and their regulators. Nature Reviews Neurosci-
ence, 14(2), 112—127. https://doi.org/10.1038/nrn3372

Sousa, A. M. M., Zhu, Y., Raghanti, M. A., Kitchen, R. R., Onorati, M.,
Tebbenkamp, A. T. N., Stutz, B., Meyer, K. A., Li, M., Kawasawa, Y. L., Liu,
F., Perez, R. G., Mele, M., Carvalho, T., Skarica, M., Gulden, F. O., Pletikos,
M., Shibata, A., Stephenson, A. R., ... §estan, N. (2017). Molecular and
cellular reorganization of neural circuits in the human lineage. Science,
358(6366), 1027-1032. https://doi.org/10.1126/science.aan3456

Southard, E. B. (1915). On the topographical distribution of cortex lesions
and anomalies in dementia praecox, with some account of their functional
significance. The American Journal of Psychiatry, 71(3), 603-671. https://
doi.org/10.1176/ajp.71.3.603

Sporns, O. (2014). Contributions and challenges for network models in
cognitive neuroscience. Nature Neuroscience, 17(5), 652—-660. https:/
doi.org/10.1038/nn.3690

Spreng, R. N., Sepulcre, J., Turner, G. R., Stevens, W. D., & Schacter, D. L.
(2013). Intrinsic architecture underlying the relations among the default,
dorsal attention, and frontoparietal control networks of the human brain.
Journal of Cognitive Neuroscience, 25(1), 74-86. https://doi.org/10.1162/
jocn_a_00281

Stefanits, H., Milenkovic, 1., Mahr, N., Pataraia, E., Hainfellner, J. A.,
Kovacs, G. G., Sieghart, W., Yilmazer-Hanke, D., & Czech, T. (2018).
GABA, receptor subunits in the human amygdala and hippocampus:
Immunohistochemical distribution of 7 subunits. The Journal of Compar-
ative Neurology, 526(2), 324-348. https://doi.org/10.1002/cne.24337

Stephan, H. (1983). Evolutionary trends in limbic structures. Neuroscience
and Biobehavioral Reviews, 7(3), 367-374. https://doi.org/10.1016/0149-
7634(83)90041-6

Stephan, H., Frahm, H., & Baron, G. (1981). New and revised data on
volumes of brain structures in insectivores and primates. Folia Primato-
logica, 35(1), 1-29. https://doi.org/10.1159/000155963

Striedter, G. F. (2005). Principles of brain evolution. Sinauer Associates.

Striedter, G. F. (2006). Précis of principles of brain evolution. Behavioral
and Brain Sciences, 29(1), 1-12. https://doi.org/10.1017/S0140525X
06009010

Sun, T., Patoine, C., Abu-Khalil, A., Visvader, J., Sum, E., Cherry, T. J.,
Orkin, S. H., Geschwind, D. H., & Walsh, C. A. (2005). Early asymme-
try of gene transcription in embryonic human left and right cerebral
cortex. Science, 308(5729), 1794—1798. https://doi.org/10.1126/science
1110324

Super, H., & Uylings, H. B. (2001). The early differentiation of the
neocortex: A hypothesis on neocortical evolution. Cerebral Cortex,
11(12), 1101-1109. https://doi.org/10.1093/cercor/11.12.1101

Suryanarayana, S. M., Pérez-Fernandez, J., Robertson, B., & Grillner, S.
(2020). The evolutionary origin of visual and somatosensory representa-
tion in the vertebrate pallium. Nature Ecology & Evolution, 4(4), 639-651.
https://doi.org/10.1038/s41559-020-1137-2

Tallinen, T., Chung, J. Y., Rousseau, F., Girard, N., Lefevre, J., & Maha-
devan, L. (2016). On the growth and form of cortical convolutions. Nature
Physics, 12(6), 588-593. https://doi.org/10.1038/nphys3632

Tavaré, S., Marshall, C. R., Will, O., Soligo, C., & Martin, R. D. (2002). Using
the fossil record to estimate the age of the last common ancestor of extant
primates. Nature, 416(6882), 726-729. https://doi.org/10.1038/416726a

Theyel, B. B., Llano, D. A., & Sherman, S. M. (2010). The corticothala-
mocortical circuit drives higher-order cortex in the mouse. Nature Neuro-
science, 13(1), 84-88. https://doi.org/10.1038/nn.2449

Tian, Y., Margulies, D. S., Breakspear, M., & Zalesky, A. (2020). Topo-
graphic organization of the human subcortex unveiled with functional
connectivity gradients. Nature Neuroscience, 23, 1421-1432. https:/
doi.org/10.1038/s41593-020-00711-6

Tyszka, J. M., & Pauli, W. M. (2016). In vivo delineation of subdivisions of the
human amygdaloid complex in a high-resolution group template. Human
Brain Mapping, 37(11), 3979-3998. https://doi.org/10.1002/hbm.23289

Van Essen, D. C. (1997). A tension-based theory of morphogenesis and
compact wiring in the central nervous system. Nature, 385(6614), 313—
318. https://doi.org/10.1038/385313a0

Vilensky, J. A., Van Hoesen, G. W., & Damasio, A. R. (1982). The limbic
system and human evolution. Journal of Human Evolution, 11(6), 447—
460. https://doi.org/10.1016/S0047-2484(82)80099-7

Volkow, N. D., Wang, G.-J., Tomasi, D., & Baler, R. D. (2013). Unbalanced
neuronal circuits in addiction. Current Opinion in Neurobiology, 23(4),
639-648. https://doi.org/10.1016/j.conb.2013.01.002

Wagner, M. J., Kim, T. H., Kadmon, J., Nguyen, N. D., Ganguli, S.,
Schnitzer, M. J., & Luo, L. (2019). Shared cortex-cerebellum dynamics
in the execution and learning of a motor task. Cell, 177(3), 669-682.e24.
https://doi.org/10.1016/j.cell.2019.02.019

Wang, V. Y., & Zoghbi, H. Y. (2001). Genetic regulation of cerebellar
development. Nature Reviews Neuroscience, 2(7), 484—491. https:/
doi.org/10.1038/35081558

Wei, Y., de Lange, S. C., Scholtens, L. H., Watanabe, K., Ardesch, D. J.,
Jansen, P. R., Savage, J. E., Li, L., Preuss, T. M., Rilling, J. K., Posthuma,
D., & van den Heuvel, M. P. (2019). Genetic mapping and evolutionary
analysis of human-expanded cognitive networks. Nature Communica-
tions, 10, Article 4839. https://doi.org/10.1038/s41467-019-12764-8

White, J. J., & Sillitoe, R. V. (2013). Development of the cerebellum: From gene
expression patterns to circuit maps. Wiley Interdisciplinary Reviews: Devel-
opmental Biology, 2(1), 149-164. https://doi.org/10.1002/wdev.65

Whiting, B. A., & Barton, R. A. (2003). The evolution of the cortico-
cerebellar complex in primates: Anatomical connections predict patterns
of correlated evolution. Journal of Human Evolution, 44(1), 3—10. https://
doi.org/10.1016/S0047-2484(02)00162-8

Workman, A. D., Charvet, C. J., Clancy, B., Darlington, R. B., & Finlay,
B. L. (2013). Modeling transformations of neurodevelopmental sequences
across mammalian species. The Journal of Neuroscience : The Olfficial
Journal of the Society for Neuroscience, 33(17), 7368-7383. https://
doi.org/10.1523/JNEUROSCI.5746-12.2013


https://doi.org/10.1016/B978-0-444-53860-4.00011-8
https://doi.org/10.1016/B978-0-444-53860-4.00011-8
https://doi.org/10.1016/B978-0-444-53860-4.00011-8
https://doi.org/10.1016/B978-0-444-53860-4.00011-8
https://doi.org/10.1159/000068879
https://doi.org/10.1159/000068879
https://doi.org/10.1159/000068879
https://doi.org/10.1073/pnas.0605843103
https://doi.org/10.1073/pnas.0605843103
https://doi.org/10.1073/pnas.0605843103
https://doi.org/10.1016/j.neuron.2019.09.002
https://doi.org/10.1016/j.neuron.2019.09.002
https://doi.org/10.1016/j.neuron.2019.09.002
https://doi.org/10.1016/j.neuron.2019.09.002
https://doi.org/10.1016/j.neuron.2019.09.002
https://doi.org/10.1016/j.neuron.2019.09.002
https://doi.org/10.1016/j.neuron.2019.09.002
https://doi.org/10.1098/rstb.2002.1213
https://doi.org/10.1098/rstb.2002.1213
https://doi.org/10.1098/rstb.2002.1213
https://doi.org/10.1098/rstb.2002.1213
https://doi.org/10.7554/eLife.35696
https://doi.org/10.7554/eLife.35696
https://doi.org/10.7554/eLife.35696
https://doi.org/10.1046/j.1469-7580.2000.19640501.x
https://doi.org/10.1046/j.1469-7580.2000.19640501.x
https://doi.org/10.1046/j.1469-7580.2000.19640501.x
https://doi.org/10.1046/j.1469-7580.2000.19640501.x
https://doi.org/10.1046/j.1469-7580.2000.19640501.x
https://doi.org/10.1046/j.1469-7580.2000.19640501.x
https://doi.org/10.1098/rspb.2006.3765
https://doi.org/10.1098/rspb.2006.3765
https://doi.org/10.1098/rspb.2006.3765
https://doi.org/10.1098/rspb.2006.3765
https://doi.org/10.1038/nrn3372
https://doi.org/10.1038/nrn3372
https://doi.org/10.1126/science.aan3456
https://doi.org/10.1126/science.aan3456
https://doi.org/10.1126/science.aan3456
https://doi.org/10.1176/ajp.71.3.603
https://doi.org/10.1176/ajp.71.3.603
https://doi.org/10.1176/ajp.71.3.603
https://doi.org/10.1176/ajp.71.3.603
https://doi.org/10.1176/ajp.71.3.603
https://doi.org/10.1176/ajp.71.3.603
https://doi.org/10.1038/nn.3690
https://doi.org/10.1038/nn.3690
https://doi.org/10.1038/nn.3690
https://doi.org/10.1038/nn.3690
https://doi.org/10.1162/jocn_a_00281
https://doi.org/10.1162/jocn_a_00281
https://doi.org/10.1162/jocn_a_00281
https://doi.org/10.1002/cne.24337
https://doi.org/10.1002/cne.24337
https://doi.org/10.1002/cne.24337
https://doi.org/10.1016/0149-7634(83)90041-6
https://doi.org/10.1016/0149-7634(83)90041-6
https://doi.org/10.1016/0149-7634(83)90041-6
https://doi.org/10.1159/000155963
https://doi.org/10.1159/000155963
https://doi.org/10.1017/S0140525X06009010
https://doi.org/10.1017/S0140525X06009010
https://doi.org/10.1017/S0140525X06009010
https://doi.org/10.1126/science.1110324
https://doi.org/10.1126/science.1110324
https://doi.org/10.1126/science.1110324
https://doi.org/10.1093/cercor/11.12.1101
https://doi.org/10.1093/cercor/11.12.1101
https://doi.org/10.1093/cercor/11.12.1101
https://doi.org/10.1093/cercor/11.12.1101
https://doi.org/10.1038/s41559-020-1137-2
https://doi.org/10.1038/s41559-020-1137-2
https://doi.org/10.1038/nphys3632
https://doi.org/10.1038/nphys3632
https://doi.org/10.1038/416726a
https://doi.org/10.1038/416726a
https://doi.org/10.1038/nn.2449
https://doi.org/10.1038/nn.2449
https://doi.org/10.1038/nn.2449
https://doi.org/10.1038/s41593-020-00711-6
https://doi.org/10.1038/s41593-020-00711-6
https://doi.org/10.1038/s41593-020-00711-6
https://doi.org/10.1002/hbm.23289
https://doi.org/10.1002/hbm.23289
https://doi.org/10.1002/hbm.23289
https://doi.org/10.1038/385313a0
https://doi.org/10.1038/385313a0
https://doi.org/10.1016/S0047-2484(82)80099-7
https://doi.org/10.1016/S0047-2484(82)80099-7
https://doi.org/10.1016/j.conb.2013.01.002
https://doi.org/10.1016/j.conb.2013.01.002
https://doi.org/10.1016/j.conb.2013.01.002
https://doi.org/10.1016/j.conb.2013.01.002
https://doi.org/10.1016/j.conb.2013.01.002
https://doi.org/10.1016/j.conb.2013.01.002
https://doi.org/10.1016/j.cell.2019.02.019
https://doi.org/10.1016/j.cell.2019.02.019
https://doi.org/10.1016/j.cell.2019.02.019
https://doi.org/10.1016/j.cell.2019.02.019
https://doi.org/10.1016/j.cell.2019.02.019
https://doi.org/10.1016/j.cell.2019.02.019
https://doi.org/10.1038/35081558
https://doi.org/10.1038/35081558
https://doi.org/10.1038/35081558
https://doi.org/10.1038/s41467-019-12764-8
https://doi.org/10.1038/s41467-019-12764-8
https://doi.org/10.1002/wdev.65
https://doi.org/10.1002/wdev.65
https://doi.org/10.1002/wdev.65
https://doi.org/10.1016/S0047-2484(02)00162-8
https://doi.org/10.1016/S0047-2484(02)00162-8
https://doi.org/10.1016/S0047-2484(02)00162-8
https://doi.org/10.1523/JNEUROSCI.5746-12.2013
https://doi.org/10.1523/JNEUROSCI.5746-12.2013
https://doi.org/10.1523/JNEUROSCI.5746-12.2013
https://doi.org/10.1523/JNEUROSCI.5746-12.2013
https://doi.org/10.1523/JNEUROSCI.5746-12.2013

publishers.

and is not to be disseminated broadly.

ghted by the American Psychological Association or one of its allied

article is intended solely for the personal use of the individual user

This document is copyri

This

BEYOND CORTEX 23

Yartsev, M. M. (2017). The emperor’s new wardrobe: Rebalancing diversity
of animal models in neuroscience research. Science, 358(6362), 466—469.
https://doi.org/10.1126/science.aan8865

Yeo, B. T. T., Krienen, F. M., Sepulcre, J., Sabuncu, M. R., Lashkari, D.,
Hollinshead, M., Roffman, J. L., Smoller, J. W., Zdllei, L., Polimeni, J. R.,
Fischl, B., Liu, H., & Buckner, R. L. (2011). The organization of the
human cerebral cortex estimated by intrinsic functional connectivity.
Journal of Neurophysiology, 106(3), 1125-1165. https://doi.org/10
.1152/jn.00338.2011

Yuan, J., & Yankner, B. A. (2000). Apoptosis in the nervous system. Nature,
407(6805), 802-809. https://doi.org/10.1038/35037739

Zhang, K., & Sejnowski, T. J. (2000). A universal scaling law between gray
matter and white matter of cerebral cortex. Proceedings of the National
Academy of Sciences of the United States of America, 97(10), 5621-5626.
https://doi.org/10.1073/pnas.090504 197

Zilles, K., Palomero-Gallagher, N., & Amunts, K. (2013). Development
of cortical folding during evolution and ontogeny. Trends in Neuros-
ciences, 36(5), 275-284. https://doi.org/10.1016/j.tins.2013.01.006

Appendix

Glossary of Terms

Allometric Scaling

The relationship between the size of a given structure and the size
of the body as a whole. Allometric equations take the general form
Y = aM", where Y is biological phenotype, M is a measure of body
size, and b is a scaling exponent. In allometric analyses, data are
often plotted in logarithmic form so that many body sizes/species
can be plotted on a single graph. This can differ from isometric
scaling, where organisms maintain geometric similarity as they
change in size. For instance, the relationship linking the surface
area and mass of an individual’s body.

Amniote

An animal whose embryo develops inside of an egg equipped
with an amnion. Amniotes include synapsids (mammals) and
sauropsids (reptiles and birds), as well as their evolutionary ances-
tors, back though their divergence from amphibians.

Anthropocentric

The view that humans are separate from nature and the central, or
most important, entities in existence.

Ethology

The scientific study of animal behavior, typically under natural
conditions. The treatment of behavior as an evolutionarily adap-
tive trait.

Hominin

A taxonomic tribe of the subfamily Homininae that includes the
genus Homo (humans), the now extinct subtribe Australopithecina,
the subtribe Panina, which includes common chimpanzees and
bonobos, but excludes the genus Gorilla (gorillas). Homininae, or
African hominids, includes two taxomonic tribes, the Homininin
and Gorilla tribes.

Homology

The term homology can have a pluralistic definition depending on
an author’s field of study. Here, we use it to mean similarity of a
given phenotype’s structure, physiology, or development across

different species based upon their descent from a common evolu-
tionary ancestor.

Neocortex

Derived from the Latin “cortex,” meaning bark or rind, and the
Greek “neo,” or new. The neocortex, or six-layered cortex, consists
of the neuronal cell bodies and fibers that surround the myelinated
axons in the cerebrum.

Sauropsids

A clade of amniotes, broadly equivalent to the class Reptilia
(“lizard faces”), includes Aves (birds). Sauropsida is the sister taxon
to Synapsida.

Scala Naturae

A concept derived from Aristotle and other Greek philosophers,
expanded upon during the Middle Ages in Europe. Here, all matter
and life is organized in a strict hierarchy. The chain begins with God
and descends through angles, humans, animals, plants, and miner-
als. The higher a being is on the chain, the more attributes it is
thought to possess. This includes all the attributes of the beings
below it.

Synapsids

A group of animals that includes mammals and animals more
closely related to mammals than to members of the amniote clade,
such as reptile and birds. The nonmammalian synapsids are often
referred to as stem mammals or protomammals.

Tetrapods

Defined in cladistics as the nearest common ancestor of all living
amphibians and amniotes, includes surviving and extinct amphi-
bians, reptiles, birds, and mammals.
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