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We have three main sources of information about the evolution of the human brain.  The first, 
and by far the most important, are the brains and nervous systems of extant organisms, organisms 
that are living today and whose nervous systems can be examined and compared.  When this 
evidence is placed in the context of the tree of life, we can infer the nature of the nervous system 
of an extinct creature—even one that became extinct long ago—from the nature of that 
ancestor’s living descendants. If the nervous systems of all the extant descendants share some 
characteristic, it is highly likely that the ancestor had that characteristic as well.  Even if some of 
the descendants lack a characteristic that others have, we may still be able to tell whether the 
ancestor had it by looking at the descendants of creatures that branched off the tree just before 
the ancestor in question:  its sibling, as it were.  If the sibling’s extant descendants have the 
characteristic, it is still likely that the ancestor in question had it even if not all of its descendants 
do.  The second source of information are the genes that affect the development of the nervous 
systems of extant organisms, which can be analyzed in the same way.  And the third source of 
evidence are fossils.  The skulls of extinct organisms can tell us something—not much, but 
something—about their brains.  And in rare cases we actually find fossilized soft brain tissue, a 
source that has shed important light, for example, on the nature of the earliest Chordate brains 
more than 500 million years ago. 

[2:  see footnote ]  Of all the living things in the world—including plants and funguses and 1

single-celled organisms like archaea, bacteria, algae, and amoebas—it is only animals that have 
nervous systems.  Why is that?  First, only multicellular organisms are candidates:  single celled 
organisms cannot by definition have the specialized cell types required.  That leaves plants, 
funguses, and animals, and the difference arises from how they make their living.  Plants make 
their own food from sunlight, water, and other inorganic molecules, which they obtain through 
their leaves and roots.  Funguses feed on other living things (or dead things) by secreting 
digestive chemicals into the environment and then absorbing the digested food.  But animals eat 
by taking the food into their bodies and digesting it there.  To acquire food they need to move, to 
move they need muscles, and to tell the muscles what to do they need a nervous system.  Lesson 
one (bad news for former highschool nerds):  we have brains because we have muscles. 

 Numbers in brackets indicate the figures at the end of this document which illustrate the 1

information that follows the brackets.
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Here’s a roadmap of how we got to where we are today from organisms with no nervous 
apparatus at all.  The trip goes through these stages: 

1. Contractile capability 
2. Neurons 
3. Central nervous systems 
4. Brains 
5. Distance senses (olfaction, audition, vision) 
6. Learning 
7. Advanced perception and motor control 
8. Prediction and voluntary action 

To help you stay oriented along this route, the slides include a set of phylogenetic trees which, 
taken together, show the path from the origin of life to us.  The trees are arranged, arbitrarily, so 
that on each of them the branch including us always goes down. 

When we look back on the trip today, it can seem like a straight road we were destined to follow.  
But it was really a wandering path with many long layovers and accidental turns.  We need to try 
to keep that in mind as we follow the route that happened in the end to lead to us. 

[5, 6]  Sponges—living descendants on the first branch on the tree of animals—have general 
purpose cells that can sense the environment, communicate with neighboring cells, and contract.  
The contractions move water through the sponge, and it filters out its food.  These cells evolved 
into two types;  one which only contracted, and the other which only sensed; the sensing cell 
could trigger the contractile cell.  Then the sensing type evolved a long extension that allowed 
the contracting cell to move into the interior of the organism where it could work better.  Next a 
second cell that activated the contracting cell was added.  Eventually a third type of cell—an 
interneuron that neither sensed the environment nor triggered contractions—arrived.  This led to 
an explosion of interneurons into a network that could produce much more elaborate behaviors in 
appropriate situations.  [7]  Jellyfish and hydras have such a nervous system today.   

[8, 9]  Jellyfish and hydras have a top and bottom, but they have no front and back.  Bilaterians
—creatures with a front and back, and therefore a left and right, whence their name (“two-
sided”)—could do a lot more stuff than their radially symmetrical ancestors.  Their arrival on the 
scene triggered the famous Cambrian Revolution more than 500 million years ago, when 
evolution experimented with a vast array of bilateral body plans, some quite bizarre to our eyes 
today.  Eventually the crop was winnowed down to two or three dozen basic body plans, which 
make up the phyla—the major divisions under the animal “kingdom” in the tree of life—that 
exist today.  It is still extremely difficult to sort out the evolutionary relations between these 
phyla, since the process happened so fast. 

[10]  Most extant phyla of animals have diffuse networks of neurons distributed throughout their 
bodies, which enable them to get on with their lives quite well, thank you very much.  But in 
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some branches of the tree the network of intermediate neurons got organized into a central 
nervous system.  Different kinds of central nervous systems arose.  [14]  Only three of them 
produced really complicated nervous systems, and thus complex behavior.  These three systems 
led to the Insects, the Cephalopods (think octopuses), and the Chordates, including Mammals 
and Birds.  Here we are concerned with the Chordates.  [13]  Chordates’ central nervous systems 
consist of two cords running down the spine with neurons that communicate in complex ways 
with each other, with neurons on the other cord, and with neurons at the front end of the spine, in 
an incipient brain. 

[17]  The newly arrived brain of our ancestors the Chordates consisted of three enlarged 
“vesicles”, all in a row.  The first—both as you come up the spine and as they evolved in time—
was the “hindbrain”.  The hindbrain’s connections from sensory neurons all down the spine told 
it what was going on back there (both sensations from the animal’s surface and those from its 
insides), and its connection to motor neurons all down the spine allowed it to direct and 
coordinate what it was telling the muscles to do.  The hindbrain probably arose where it did 
because that is where the input from taste sensors in the mouth reached the central nervous 
system, and what was going on in the mouth was important for what the animal needed to do.  It 
also got input from a sensor that could tell up from down, with information from which it could 
keep the animal upright.   From this “otic” sensor evolved the ability to detect sound waves, so 
inputs from the emerging auditory sense also arrived at the hindbrain.  The job of the hindbrain 
was to orchestrate whole-body behaviors called action patterns—inborn behaviors such as 
feeding, fleeing, fighting, and reproducing—which it generated, automatically, when its inputs 
indicated the time was right. 

At the very front of the brain was a second vesicle, or enlarged area, that received input from a 
patch on the top of the head that detected light:  the pineal “eye”.  This allowed the organism to 
tell the difference between night and day.  That difference matters for everything the creature 
might do, so the incipient “forebrain” had cells that secreted chemicals that affected the 
hindbrain and the entire body in ways that were appropriate for the time of day.  The forebrain 
soon acquired another source of input from light detectors on either side of the head (copied from 
the pineal eye):  lateral patches that detected changes in light levels that might signal the 
approach of a predator and require movement in the opposite direction.  (The fact that turning 
away requires contraction of muscles on the opposite side of the body may be why many 
connections in the brain and spine cross over to the other side of the body.)   

The third vesicle was to become the “midbrain”.  In the early days the midbrain was mainly the 
locus of connections between forebrain and hindbrain, but it was soon to take center stage.  Its 
heyday began about 535 million years ago when the Chordates’ flexible eponymous notochord 
became a segmented spine, and the Vertebrates arrived on the scene.  Their brains rapidly 
became more complex.  One driver of this transition was improvement in the distance senses.  
The lateral patches that could sense light evolved into the famous vertebrate camera eye, which 
forms images of objects in the world.  And sensations of sound came to be analyzed to permit 
localization of the source of the sound.  These calculations were done in the tectum (“roof”) of 
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the midbrain, using newly formed connections from the forebrain in the case of vision and from 
the hindbrain in the case of hearing.  With this ability to identify and locate things, the midbrain 
had information that indicated when various action patterns—such as feeding, fleeing, fighting, 
and reproducing—were appropriate, and the midbrain grew connections back to the hindbrain to 
tell it when to initiate them.  Note that the associations between certain visual shapes and specific 
action patterns was executed automatically, having been “learned” over evolutionary time, not 
during the lifetime of the individual. 

[18, 19]  Learning in the usual sense, during the lifetime of the individual, also arrived with the 
Vertebrates.  It was geared to a third distance sense, olfaction.   It arose, however, not in the 
midbrain but in the forebrain, where inputs from new odor detectors at the front of the animal 
arrived.  Olfactory inputs were received in a new area, called the telencephalon, which was 
tacked on the front of the previous forebrain, called the diencephalon, where the pineal “eye” 
inputs generated secretions to modulate behavior for night and day.  Specifically, olfactory inputs 
reached a new structure called the striatum, whose outputs went to the midbrain and were used 
by the midbrain to trigger appropriate action patterns.  The new and significant feature of the 
striatum that was that the connections between olfactory inputs and behavioral outputs were not 
fixed by genetic evolution.  They could change during the lifetime of the individual.  Odors that 
predicted good events could trigger approach behavior, for example, while odors that predicted 
bad events could trigger flight.  But for this to work, the striatum needed to know when things 
got better or worse.  It got this information via connections from the lower, ventral layers of the 
zones behind it.  These layers received information from the body about its state, and whether the 
body was doing well or poorly.  Originally these “reinforcement” signals came from the 
hindbrain.  But over evolutionary time those signals were overlaid by signals from the midbrain 
and the diencephalon of the forebrain (just as the hindbrain’s action pattern generators were over 
laid by midbrain pattern initiators and again by learned signals from the striatum). 

Olfaction did not enjoy its monopoly on learning for long.  The newly evolved visual and 
auditory systems in the midbrain—whose outputs automatically triggered action patterns like 
fleeing and fighting—also sent outputs to the forebrain striatum where learning occurred.  This 
meant the animal could learn appropriate reactions, based on reinforcement from their bodily 
consequences, to sights and sounds as well as smells.  In mammals, the old structures where the 
smell-result-behavior links are modifiable are now called the ventral striatum.  The ventral 
striatum has two components, the olfactory tubercle and the nucleus accumbens.  The new 
structures which play the same role for auditory and visual sensations, built on top of the ventral 
striatum, are called the dorsal striatum.  The dorsal striatum also has two components, the 
caudate nucleus and the putamen.  Birds eventually got smart too, but via a different evolutionary 
pathway.  But this is getting ahead of the story; there’s one more major development to consider. 

[20, 21]  That development, about 10 million years later, resulted from the evolutionary 
invention of jaws.  Vertebrates with jaws are called Gnathostomes.  Jaws may originally have 
evolved to improve respiration (allowing fish to take in more oxygen-bearing water), then been 
adapted to suck in food by suddenly opening the mouth, and finally turning fish into highly 
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effective predators by enabling them to bite and seize prey.  So what does this have to do with 
the brain?  It appears that controlling the jaws required muscular coordination that was 
accomplished in a newly arisen part of the hindbrain, the cerebellum. 

At this point, the three vesicles of the Chordate brain—hindbrain, midbrain, and forebrain—had 
evolved into five.  The hindbrain was divided between the old “medulla oblongata” and the new 
cerebellum.  And the forebrain was divided between the old diencephalon, modulating behaviors 
for day and night, and the new telencephalon, with connections from olfactory inputs to action 
outputs that were modifiable by reinforcement signals. 

[22]  The jawed Gnathostomes were enormously successful, diversifying and radiating into the 
many branches of the evolutionary tree that we call fish.  Then some fish crawled up onto land 
and became Amphibians, who lived their adult lives on land but laid eggs in water so that their 
offspring could live their infant lives in the water.  And finally some Amphibian evolved the 
amniotic sac inside the egg, which enabled them to bear live offspring on land, without returning 
to the water.  These Amniotes were also tremendously successful, and they diversified into many 
branches of land animals, two of which eventually led to the Birds and the Mammals of our 
world today. 

[23]  But these achievements (up to the origins of Birds and Mammals) were accomplished 
without major new structures in the brain.  Their impact on the brain was in may cases dramatic, 
but it consisted of refining, rebalancing, and elaborating the same five structures—medulla 
oblongata, cerebellum, midbrain, diencephalon, and telencephalon.  Real novelty returned to the 
scene with the emergence of Mammals and Birds.  We will leave the Birds aside and pursue the 
Mammals. 

[30, 32]  In Mammals, the top of the front of the forebrain (the dorsal telencephalon) evolved 
into what is called the neocortex.  The neocortex is characterized by six features, which seem to 
have evolved together. 

[34, 35]  First, the one-cell-thick layer of ancestral dorsal telencephalon—which extant reptiles 
still get along with—thickened, as many more neurons of many new and different types were 
added.  In the process, it became organized into six layers.  Rather than having inputs come in 
along the top and outputs exit along the bottom—which is still the case among extant reptiles—
inputs arrived in the middle layer, and outputs with different destinations exited along both the 
top and bottom.  As a result, the cortex thicken to about ⅛ inch. 

[36]  Second, this six-layered sheet became organized into “vertical” columns, running from the 
outside to the inside.  Inputs to the neocortex, rather than spreading diffusely across a wide area, 
became focused on single columns.  The neurons in a column—averaging about 80 per column
—communicated intricately with each other.  And each column, as a circuit, performed a single 
complex computation.  For example, in rodent cortex there is one column receiving inputs from 
each whisker, which tells the animal what’s going on with that essential sensory organ.  And in 
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Primate primary visual cortex, some columns calculate whether there is, at a certain spot in the 
visual scene from one of the eyes, an edge between two specific colors, of a certain degree of 
sharpness, at a certain orientation.  Such results are sent via coherent outputs from the column as 
a whole to neighboring columns, to more distant areas in the same hemisphere, across to the 
opposite hemisphere, and down to a variety of subcortical parts of the brain. 

[37]  Third, these columns became organized into “areas”, which are distinguishable by slight 
variations of their internal structure and connection patterns.  The ancestors of Mammals had the 
inputs from touch, vision, and hearing mixed together, and even had the cells that carried motor 
outputs mixed in as well.  In Mammals, the various sensory inputs got sorted out, and they all got 
separated from the motor outputs, into these separate areas.  “Primitive” Mammals—platypus, 
opossum, anteater, armadillo—have on the order of 20 sensory, motor, and association areas in 
their neocortex.  Rodents have a few more, as do “primitive” Primates—galagos, lemurs, lorises.  
Monkeys have perhaps twice that number.  Humans are estimated to have perhaps 200. 

Fourth, the above changes made possible much more sophisticated sensory capabilities, and 
these sensory systems sent their output, among other targets, to the striatum.  Recall that the 
evolution of the striatum had made it possible for sensations to become hooked up to behavioral 
programs based on feedback from the body regarding the changes—for good or ill—that 
followed the arrival of the sensation.  The refined sensory capabilities of the cortex made this 
learning capability even more useful. 

[42,43]  Fifth, direct and nearly direct connections were established between the neocortex and 
the body.  Touch sensations reach the somatosensory neocortex in only two synapses.  These 
signals did not replace but instead supplemented earlier, slower pathways that had synapses at 
every stage along the way.   And neocortical primary motor neurons send their axons all the way 
through the rest of the brain and down the spinal cord.  The axon of a microscopic neuron in 
primary motor cortex might reach the bottom of the spine, three feet away.  They also, however, 
supplemented rather than replacing the older, slower connections, and each axon puts out 
branches into each lower level they pass through, informing that level of what they are doing. 

Finally, the neocortex expanded “horizontally”; its surface area grew to accommodate all this 
new stuff.  In some Mammals the growth was so great that the sheet of cortex had to fold up to 
fit into the skull. 

All these neocortical developments proceeded farthest among the Primates, especially the Great 
Apes.  And especially one particular Great Ape:  us.  Our neocortex is so large that it has pushed 
the other structures in the forebrain around, making it really hard to envision how they are placed 
and structured.  In Humans, the greatest expansion has been in the prefrontal association areas, 
which are a good deal more complicated than those of any other species.  These prefrontal areas 
can intervene between inputs and outputs for us.  They can interrupt the more direct pathways 
from perception to action.  As a result we are no longer entirely controlled by the associations—
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either innate or learned—between stimulus and response.  We can act voluntarily.  In that sense, 
we have free will, which is perhaps a novelty on the planet.
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Homology, neocortex,
and the evolution of
developmental mechanisms
Steven D. Briscoe1* and Clifton W. Ragsdale2,3

The six-layered neocortex of the mammalian pallium has no clear homolog in birds or
non-avian reptiles. Recent research indicates that although these extant amniotes possess
a variety of divergent and nonhomologous pallial structures, they share a conserved set
of neuronal cell types and circuitries. These findings suggest a principle of brain evolution:
that natural selection preferentially preserves the integrity of information-processing
pathways, whereas other levels of biological organization, such as the three-dimensional
architectures of neuronal assemblies, are less constrained. We review the similarities
of pallial neuronal cell types in amniotes, delineate candidate gene regulatory networks for
their cellular identities, and propose a model of developmental evolution for the divergence
of amniote pallial structures.

T
he six-layered neocortex is shared by all
extant mammals but is absent from non-
mammals, including birds and non-avian
reptiles (1). The question of where it came
from has been disputed for more than

150 years (2). Neuroanatomists in the early 20th
century proposed that the neocortex represents
a phylogenetic addition to a primitive reptilian
brain and that it was responsible for those cog-
nitive abilities thought to be unique tomammals
(2). This scenario implies the rapid evolutionary
genesis of the neocortex, seemingly from noth-
ing, while leaving open the question of how
nonmammals operatewithout a neocortex equiv-
alent. However, de novo addition is not a mech-
anistic explanation for the origin of evolutionary
novelty. To understand neocortex origins, we
must search for homologous neocortical features
shared by mammals and their relatives.
Biological structures are organized and evolve

atmultiple levels: cell types, neural circuits,mole-
cules, and embryological territories (3–5). These
levels can evolve independently of one another,
and homology at one level does not require con-
servation at others. Although the neocortex is
present only in mammals, some of its compo-
nents may evolutionarily predate the common
ancestor that mammals share with birds and
reptiles. If true, the evolutionary origin of the
neocortex could be explained, at least in part,
by reorganization of old components at other
hierarchical levels. Such a mechanism would
resolve the apparent conflict between morpho-
logical novelty and the historical continuity
required of evolving biological systems.
A current evolutionary developmental per-

spective focuses on cell types for considerations

of homology (6, 7). The claims of this view are
that (i) cell types are elemental units of animal
organization, (ii) cell identity is specified during
development by evolutionarily stable collections
of transcription factors, (iii) homologous cell
types can exist in distantly related animals, and
(iv) cell types can acquire species-specific states
through evolutionary modifications that do not
compromise their identities. Here, we review
recent and classical findings indicating that
core neuronal cell types of neocortical circuits
are shared across mammals, reptiles, and birds.
Lineage-specific developmentalmechanismsmay
differentially arrange these conserved cell types
into a wide variety of derived structural archi-

tectures, modify their morphologies and devel-
opmental origins, and add novel cell types.

Homologous cell types and circuitry in
the amniote pallium

The neuroanatomical structures in the dorsal
telencephalon, or pallium, of amniotes (mam-
mals, birds, and non-avian reptiles) look very
little alike (Fig. 1). Neuronal cell types of the
mammalian neocortex are organized into layers.
In contrast, the pallium of birds and other rep-
tiles (the sauropsids) features a vast territory,
the dorsal ventricular ridge (DVR), of neuronal
cell body clusters called nuclei. In non-avian rep-
tiles, a three-layered dorsal cortex lies above the
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Fig. 1. The amniotes and their pallial anatomies. Amniotes include mammals and sauropsids
(birds and non-avian reptiles). Tuataras, together with snakes and lizards (not shown), form the
lepidosaurs. A second major group of sauropsids, the archosaurs, includes birds and crocodilians.
Schematic tracings of telencephalon anatomies are shown as left-side coronal cross sections with
medial to the right and dorsal at the top. All amniotes have a ventral telencephalon (VT, gray
shading) and a dorsal telencephalon, or pallium (peach shading). The mammalian pallium includes
the neocortex (Ncx), piriform cortex (CPi), hippocampus (not shown), and amygdala (not shown).
The pallium in non-avian reptiles includes a dorsal ventricular ridge (DVR) and a cerebral cortex with
medial (MC), dorsal (DC), and lateral (LC) divisions. The bird DVR contains the ventral part of the
mesopallium (M), the nidopallium (N), the entopallium (E), and the arcopallium (not shown). Birds
have a medial hippocampus (Hp), a lateral piriform cortex (CPi), and a dorsally located Wulst
that includes the dorsal mesopallium and the hyperpallium (H). Drawings are not to scale.(T
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Homology, neocortex,
and the evolution of
developmental mechanisms
Steven D. Briscoe1* and Clifton W. Ragsdale2,3

The six-layered neocortex of the mammalian pallium has no clear homolog in birds or
non-avian reptiles. Recent research indicates that although these extant amniotes possess
a variety of divergent and nonhomologous pallial structures, they share a conserved set
of neuronal cell types and circuitries. These findings suggest a principle of brain evolution:
that natural selection preferentially preserves the integrity of information-processing
pathways, whereas other levels of biological organization, such as the three-dimensional
architectures of neuronal assemblies, are less constrained. We review the similarities
of pallial neuronal cell types in amniotes, delineate candidate gene regulatory networks for
their cellular identities, and propose a model of developmental evolution for the divergence
of amniote pallial structures.

T
he six-layered neocortex is shared by all
extant mammals but is absent from non-
mammals, including birds and non-avian
reptiles (1). The question of where it came
from has been disputed for more than

150 years (2). Neuroanatomists in the early 20th
century proposed that the neocortex represents
a phylogenetic addition to a primitive reptilian
brain and that it was responsible for those cog-
nitive abilities thought to be unique tomammals
(2). This scenario implies the rapid evolutionary
genesis of the neocortex, seemingly from noth-
ing, while leaving open the question of how
nonmammals operatewithout a neocortex equiv-
alent. However, de novo addition is not a mech-
anistic explanation for the origin of evolutionary
novelty. To understand neocortex origins, we
must search for homologous neocortical features
shared by mammals and their relatives.
Biological structures are organized and evolve

atmultiple levels: cell types, neural circuits,mole-
cules, and embryological territories (3–5). These
levels can evolve independently of one another,
and homology at one level does not require con-
servation at others. Although the neocortex is
present only in mammals, some of its compo-
nents may evolutionarily predate the common
ancestor that mammals share with birds and
reptiles. If true, the evolutionary origin of the
neocortex could be explained, at least in part,
by reorganization of old components at other
hierarchical levels. Such a mechanism would
resolve the apparent conflict between morpho-
logical novelty and the historical continuity
required of evolving biological systems.
A current evolutionary developmental per-

spective focuses on cell types for considerations

of homology (6, 7). The claims of this view are
that (i) cell types are elemental units of animal
organization, (ii) cell identity is specified during
development by evolutionarily stable collections
of transcription factors, (iii) homologous cell
types can exist in distantly related animals, and
(iv) cell types can acquire species-specific states
through evolutionary modifications that do not
compromise their identities. Here, we review
recent and classical findings indicating that
core neuronal cell types of neocortical circuits
are shared across mammals, reptiles, and birds.
Lineage-specific developmentalmechanismsmay
differentially arrange these conserved cell types
into a wide variety of derived structural archi-

tectures, modify their morphologies and devel-
opmental origins, and add novel cell types.

Homologous cell types and circuitry in
the amniote pallium

The neuroanatomical structures in the dorsal
telencephalon, or pallium, of amniotes (mam-
mals, birds, and non-avian reptiles) look very
little alike (Fig. 1). Neuronal cell types of the
mammalian neocortex are organized into layers.
In contrast, the pallium of birds and other rep-
tiles (the sauropsids) features a vast territory,
the dorsal ventricular ridge (DVR), of neuronal
cell body clusters called nuclei. In non-avian rep-
tiles, a three-layered dorsal cortex lies above the
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Fig. 1. The amniotes and their pallial anatomies. Amniotes include mammals and sauropsids
(birds and non-avian reptiles). Tuataras, together with snakes and lizards (not shown), form the
lepidosaurs. A second major group of sauropsids, the archosaurs, includes birds and crocodilians.
Schematic tracings of telencephalon anatomies are shown as left-side coronal cross sections with
medial to the right and dorsal at the top. All amniotes have a ventral telencephalon (VT, gray
shading) and a dorsal telencephalon, or pallium (peach shading). The mammalian pallium includes
the neocortex (Ncx), piriform cortex (CPi), hippocampus (not shown), and amygdala (not shown).
The pallium in non-avian reptiles includes a dorsal ventricular ridge (DVR) and a cerebral cortex with
medial (MC), dorsal (DC), and lateral (LC) divisions. The bird DVR contains the ventral part of the
mesopallium (M), the nidopallium (N), the entopallium (E), and the arcopallium (not shown). Birds
have a medial hippocampus (Hp), a lateral piriform cortex (CPi), and a dorsally located Wulst
that includes the dorsal mesopallium and the hyperpallium (H). Drawings are not to scale.(T
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The six-layered neocortex of the mammalian pallium has no clear homolog in birds or
non-avian reptiles. Recent research indicates that although these extant amniotes possess
a variety of divergent and nonhomologous pallial structures, they share a conserved set
of neuronal cell types and circuitries. These findings suggest a principle of brain evolution:
that natural selection preferentially preserves the integrity of information-processing
pathways, whereas other levels of biological organization, such as the three-dimensional
architectures of neuronal assemblies, are less constrained. We review the similarities
of pallial neuronal cell types in amniotes, delineate candidate gene regulatory networks for
their cellular identities, and propose a model of developmental evolution for the divergence
of amniote pallial structures.

T
he six-layered neocortex is shared by all
extant mammals but is absent from non-
mammals, including birds and non-avian
reptiles (1). The question of where it came
from has been disputed for more than

150 years (2). Neuroanatomists in the early 20th
century proposed that the neocortex represents
a phylogenetic addition to a primitive reptilian
brain and that it was responsible for those cog-
nitive abilities thought to be unique tomammals
(2). This scenario implies the rapid evolutionary
genesis of the neocortex, seemingly from noth-
ing, while leaving open the question of how
nonmammals operatewithout a neocortex equiv-
alent. However, de novo addition is not a mech-
anistic explanation for the origin of evolutionary
novelty. To understand neocortex origins, we
must search for homologous neocortical features
shared by mammals and their relatives.
Biological structures are organized and evolve

atmultiple levels: cell types, neural circuits,mole-
cules, and embryological territories (3–5). These
levels can evolve independently of one another,
and homology at one level does not require con-
servation at others. Although the neocortex is
present only in mammals, some of its compo-
nents may evolutionarily predate the common
ancestor that mammals share with birds and
reptiles. If true, the evolutionary origin of the
neocortex could be explained, at least in part,
by reorganization of old components at other
hierarchical levels. Such a mechanism would
resolve the apparent conflict between morpho-
logical novelty and the historical continuity
required of evolving biological systems.
A current evolutionary developmental per-

spective focuses on cell types for considerations

of homology (6, 7). The claims of this view are
that (i) cell types are elemental units of animal
organization, (ii) cell identity is specified during
development by evolutionarily stable collections
of transcription factors, (iii) homologous cell
types can exist in distantly related animals, and
(iv) cell types can acquire species-specific states
through evolutionary modifications that do not
compromise their identities. Here, we review
recent and classical findings indicating that
core neuronal cell types of neocortical circuits
are shared across mammals, reptiles, and birds.
Lineage-specific developmentalmechanismsmay
differentially arrange these conserved cell types
into a wide variety of derived structural archi-

tectures, modify their morphologies and devel-
opmental origins, and add novel cell types.

Homologous cell types and circuitry in
the amniote pallium

The neuroanatomical structures in the dorsal
telencephalon, or pallium, of amniotes (mam-
mals, birds, and non-avian reptiles) look very
little alike (Fig. 1). Neuronal cell types of the
mammalian neocortex are organized into layers.
In contrast, the pallium of birds and other rep-
tiles (the sauropsids) features a vast territory,
the dorsal ventricular ridge (DVR), of neuronal
cell body clusters called nuclei. In non-avian rep-
tiles, a three-layered dorsal cortex lies above the
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Fig. 1. The amniotes and their pallial anatomies. Amniotes include mammals and sauropsids
(birds and non-avian reptiles). Tuataras, together with snakes and lizards (not shown), form the
lepidosaurs. A second major group of sauropsids, the archosaurs, includes birds and crocodilians.
Schematic tracings of telencephalon anatomies are shown as left-side coronal cross sections with
medial to the right and dorsal at the top. All amniotes have a ventral telencephalon (VT, gray
shading) and a dorsal telencephalon, or pallium (peach shading). The mammalian pallium includes
the neocortex (Ncx), piriform cortex (CPi), hippocampus (not shown), and amygdala (not shown).
The pallium in non-avian reptiles includes a dorsal ventricular ridge (DVR) and a cerebral cortex with
medial (MC), dorsal (DC), and lateral (LC) divisions. The bird DVR contains the ventral part of the
mesopallium (M), the nidopallium (N), the entopallium (E), and the arcopallium (not shown). Birds
have a medial hippocampus (Hp), a lateral piriform cortex (CPi), and a dorsally located Wulst
that includes the dorsal mesopallium and the hyperpallium (H). Drawings are not to scale.(T
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The six-layered neocortex of the mammalian pallium has no clear homolog in birds or
non-avian reptiles. Recent research indicates that although these extant amniotes possess
a variety of divergent and nonhomologous pallial structures, they share a conserved set
of neuronal cell types and circuitries. These findings suggest a principle of brain evolution:
that natural selection preferentially preserves the integrity of information-processing
pathways, whereas other levels of biological organization, such as the three-dimensional
architectures of neuronal assemblies, are less constrained. We review the similarities
of pallial neuronal cell types in amniotes, delineate candidate gene regulatory networks for
their cellular identities, and propose a model of developmental evolution for the divergence
of amniote pallial structures.

T
he six-layered neocortex is shared by all
extant mammals but is absent from non-
mammals, including birds and non-avian
reptiles (1). The question of where it came
from has been disputed for more than

150 years (2). Neuroanatomists in the early 20th
century proposed that the neocortex represents
a phylogenetic addition to a primitive reptilian
brain and that it was responsible for those cog-
nitive abilities thought to be unique tomammals
(2). This scenario implies the rapid evolutionary
genesis of the neocortex, seemingly from noth-
ing, while leaving open the question of how
nonmammals operatewithout a neocortex equiv-
alent. However, de novo addition is not a mech-
anistic explanation for the origin of evolutionary
novelty. To understand neocortex origins, we
must search for homologous neocortical features
shared by mammals and their relatives.
Biological structures are organized and evolve

atmultiple levels: cell types, neural circuits,mole-
cules, and embryological territories (3–5). These
levels can evolve independently of one another,
and homology at one level does not require con-
servation at others. Although the neocortex is
present only in mammals, some of its compo-
nents may evolutionarily predate the common
ancestor that mammals share with birds and
reptiles. If true, the evolutionary origin of the
neocortex could be explained, at least in part,
by reorganization of old components at other
hierarchical levels. Such a mechanism would
resolve the apparent conflict between morpho-
logical novelty and the historical continuity
required of evolving biological systems.
A current evolutionary developmental per-

spective focuses on cell types for considerations

of homology (6, 7). The claims of this view are
that (i) cell types are elemental units of animal
organization, (ii) cell identity is specified during
development by evolutionarily stable collections
of transcription factors, (iii) homologous cell
types can exist in distantly related animals, and
(iv) cell types can acquire species-specific states
through evolutionary modifications that do not
compromise their identities. Here, we review
recent and classical findings indicating that
core neuronal cell types of neocortical circuits
are shared across mammals, reptiles, and birds.
Lineage-specific developmentalmechanismsmay
differentially arrange these conserved cell types
into a wide variety of derived structural archi-

tectures, modify their morphologies and devel-
opmental origins, and add novel cell types.

Homologous cell types and circuitry in
the amniote pallium

The neuroanatomical structures in the dorsal
telencephalon, or pallium, of amniotes (mam-
mals, birds, and non-avian reptiles) look very
little alike (Fig. 1). Neuronal cell types of the
mammalian neocortex are organized into layers.
In contrast, the pallium of birds and other rep-
tiles (the sauropsids) features a vast territory,
the dorsal ventricular ridge (DVR), of neuronal
cell body clusters called nuclei. In non-avian rep-
tiles, a three-layered dorsal cortex lies above the
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Fig. 1. The amniotes and their pallial anatomies. Amniotes include mammals and sauropsids
(birds and non-avian reptiles). Tuataras, together with snakes and lizards (not shown), form the
lepidosaurs. A second major group of sauropsids, the archosaurs, includes birds and crocodilians.
Schematic tracings of telencephalon anatomies are shown as left-side coronal cross sections with
medial to the right and dorsal at the top. All amniotes have a ventral telencephalon (VT, gray
shading) and a dorsal telencephalon, or pallium (peach shading). The mammalian pallium includes
the neocortex (Ncx), piriform cortex (CPi), hippocampus (not shown), and amygdala (not shown).
The pallium in non-avian reptiles includes a dorsal ventricular ridge (DVR) and a cerebral cortex with
medial (MC), dorsal (DC), and lateral (LC) divisions. The bird DVR contains the ventral part of the
mesopallium (M), the nidopallium (N), the entopallium (E), and the arcopallium (not shown). Birds
have a medial hippocampus (Hp), a lateral piriform cortex (CPi), and a dorsally located Wulst
that includes the dorsal mesopallium and the hyperpallium (H). Drawings are not to scale.(T

O
P
)
R
O
B
ER

T
M
IY
A
O
K
A
/D

EP
A
R
TM

EN
T
O
F
R
A
D
IO
LO

G
Y/

U
N
IV
ER

S
IT
Y
O
F
W
A
S
H
IN
G
TO

N
A
N
D
JO

H
N

M
A
R
ZL

U
FF
/S

C
H
O
O
L
O
F
EN

V
IR
O
N
M
EN

TA
L
A
N
D
FO

R
ES

T
S
C
IE
N
C
ES

;(
IL
LU

ST
R
AT

IO
N
)
K
EL

LI
E
H
O
LO

S
K
I/
S
C
IE
N
C
E
B
A
S
ED

O
N

(1
8)

on O
ctober 14, 2019

 
http://science.sciencem

ag.org/
Downloaded from

 

Mammalian Telencephalon

32

Dorsal

Lateral

Ventral

Medial
Pallium

REVIEW

Homology, neocortex,
and the evolution of
developmental mechanisms
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The six-layered neocortex of the mammalian pallium has no clear homolog in birds or
non-avian reptiles. Recent research indicates that although these extant amniotes possess
a variety of divergent and nonhomologous pallial structures, they share a conserved set
of neuronal cell types and circuitries. These findings suggest a principle of brain evolution:
that natural selection preferentially preserves the integrity of information-processing
pathways, whereas other levels of biological organization, such as the three-dimensional
architectures of neuronal assemblies, are less constrained. We review the similarities
of pallial neuronal cell types in amniotes, delineate candidate gene regulatory networks for
their cellular identities, and propose a model of developmental evolution for the divergence
of amniote pallial structures.

T
he six-layered neocortex is shared by all
extant mammals but is absent from non-
mammals, including birds and non-avian
reptiles (1). The question of where it came
from has been disputed for more than

150 years (2). Neuroanatomists in the early 20th
century proposed that the neocortex represents
a phylogenetic addition to a primitive reptilian
brain and that it was responsible for those cog-
nitive abilities thought to be unique tomammals
(2). This scenario implies the rapid evolutionary
genesis of the neocortex, seemingly from noth-
ing, while leaving open the question of how
nonmammals operatewithout a neocortex equiv-
alent. However, de novo addition is not a mech-
anistic explanation for the origin of evolutionary
novelty. To understand neocortex origins, we
must search for homologous neocortical features
shared by mammals and their relatives.
Biological structures are organized and evolve

atmultiple levels: cell types, neural circuits,mole-
cules, and embryological territories (3–5). These
levels can evolve independently of one another,
and homology at one level does not require con-
servation at others. Although the neocortex is
present only in mammals, some of its compo-
nents may evolutionarily predate the common
ancestor that mammals share with birds and
reptiles. If true, the evolutionary origin of the
neocortex could be explained, at least in part,
by reorganization of old components at other
hierarchical levels. Such a mechanism would
resolve the apparent conflict between morpho-
logical novelty and the historical continuity
required of evolving biological systems.
A current evolutionary developmental per-

spective focuses on cell types for considerations

of homology (6, 7). The claims of this view are
that (i) cell types are elemental units of animal
organization, (ii) cell identity is specified during
development by evolutionarily stable collections
of transcription factors, (iii) homologous cell
types can exist in distantly related animals, and
(iv) cell types can acquire species-specific states
through evolutionary modifications that do not
compromise their identities. Here, we review
recent and classical findings indicating that
core neuronal cell types of neocortical circuits
are shared across mammals, reptiles, and birds.
Lineage-specific developmentalmechanismsmay
differentially arrange these conserved cell types
into a wide variety of derived structural archi-

tectures, modify their morphologies and devel-
opmental origins, and add novel cell types.

Homologous cell types and circuitry in
the amniote pallium

The neuroanatomical structures in the dorsal
telencephalon, or pallium, of amniotes (mam-
mals, birds, and non-avian reptiles) look very
little alike (Fig. 1). Neuronal cell types of the
mammalian neocortex are organized into layers.
In contrast, the pallium of birds and other rep-
tiles (the sauropsids) features a vast territory,
the dorsal ventricular ridge (DVR), of neuronal
cell body clusters called nuclei. In non-avian rep-
tiles, a three-layered dorsal cortex lies above the
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Fig. 1. The amniotes and their pallial anatomies. Amniotes include mammals and sauropsids
(birds and non-avian reptiles). Tuataras, together with snakes and lizards (not shown), form the
lepidosaurs. A second major group of sauropsids, the archosaurs, includes birds and crocodilians.
Schematic tracings of telencephalon anatomies are shown as left-side coronal cross sections with
medial to the right and dorsal at the top. All amniotes have a ventral telencephalon (VT, gray
shading) and a dorsal telencephalon, or pallium (peach shading). The mammalian pallium includes
the neocortex (Ncx), piriform cortex (CPi), hippocampus (not shown), and amygdala (not shown).
The pallium in non-avian reptiles includes a dorsal ventricular ridge (DVR) and a cerebral cortex with
medial (MC), dorsal (DC), and lateral (LC) divisions. The bird DVR contains the ventral part of the
mesopallium (M), the nidopallium (N), the entopallium (E), and the arcopallium (not shown). Birds
have a medial hippocampus (Hp), a lateral piriform cortex (CPi), and a dorsally located Wulst
that includes the dorsal mesopallium and the hyperpallium (H). Drawings are not to scale.(T
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Fig. 1. Some of the cortical areas of (A) rats, (B) tree shrews, (C) galagos and (D) owl monkeys. The owl monkey cortex has been flattened so that areas in the
lateral fissure and on the medial wall can be shown. Rats, like many other small-brained mammals have few cortical areas, including primary visual (V1), auditory
(Aud or A1), somatosensory (S1) and motor (M1) areas. Other somatosensory areas include a caudal somatosensory belt (SC) a distorted rostral belt (RC or dys. for
dysgranular cortex), a second area (S2), a parietal ventral area (PV) and a parietal rostral area (PR). Motor cortex includes a dorsal premotor area (M2) and visual
cortex includes a second visual area (V2) and other visual areas (Visual). Some of the somatotopy of S1, PV, S2 and M1 is indicated. Tree shrews have an expanded
temporal lobe with visual functions. Several temporal areas (TP, posterior; TD, dorsal; TA, anterior and TI, inferior) have been identified, but homologous areas in
other mammals are unknown. TA and adjacent visual cortex relay to motor cortex, as posterior parietal (PP) cortex does. Prosimian galagos have more visual cortex,
and many of the areas recognized in anthropoid primates (the dorsolateral area, DL or V4; V3; the dorsomedial area, DM; the middle temporal area, MT; the middle
superiortemporal area, MST; the fundal area of the superior temporal sulcus, FST and inferior temporal cortex, IT). Posterior parietal (PP) cortex includes a caudal
sector with dense visual inputs and projections to a rostral sector with somatosensory inputs and projections to motor and premotor cortex. Motor cortex includes a
primary area (M1), dorsal premotor cortex (PMD), ventral premotor cortex (PMV), the frontal eye field (FEF), a supplementary motor area (SMA) and two or more
cingulate motor areas (CMA). Hindlimb (HL) and forelimb (FL) portions of 3b and M1 are indicated. Owl monkeys have even more visual cortex, while sharing a
number of areas with galagos. The dorsolateral area is divided into rostral (DLr) and caudal (DLc) sectors and inferior temporal cortex has been divided into polar
(ITp), rostral (ITr) caudodorsal (ITcd) and caudoventral (ITcv) sectors. FST has dorsal (d) and ventral (v) areas. A medial area (M) and a ventral posterior parietal
area (VPP) have been identified. The location of the prostriata area (PS), which may exist in most mammals, is indicated. Anterior parietal cortex contains areas 3a,
3b, 1 and 2 and somatosensory cortex of the lateral sulcus (LS) has rostral (VSr) and caudal (VSc) ventral somatosensory areas, a parietal rostral area (PR) and a
retroinsular (Ri) region. Auditory cortex includes A1, a rostral area (R), a rostrotemporal area (RT), a caudomedial area (CM) and other subdivisions of the auditory
belt and parabelt. An eye movement (E) region of SMA and a frontal visual region (FV) are labeled. CC, Corpus callosum; STS, superior temporal sulcus; hip,
hippocampus.

close relatives, as there is nothing particularly remarkable about
their brains. Rabbits have emphasized vision in order to detect
and flee from predators. Thus, their temporal cortex is expanded,
while frontal cortex remains rather small. Rodents often depend
on using their facial whiskers for exploring the environment,
but some rodents such as squirrels, have excellent vision, and
an expanded and well-differentiated V1 and V2, as well as two
or more large visual areas in the temporal lobe [17]. Rodents
vary in body size by 1000-fold, from small mice to dog-sized
capybaras. While cortical organization has been extensively

studied in mice and rats, much less is known about other rodents.
Although rodents vary in body and brain size [12], results from
the few published studies suggest that rodents do not vary much
in numbers of cortical areas, having only a few more than those
postulated for early mammals (Fig. 1A). For comparison with
tree shrews and primates, where vision is greatly emphasized,
the brains of squirrels are useful, but the similarities in cortical
organization that exist (e.g., large, well-differentiated V1 and
V2) reflect parallel evolution as vision became more important
in each group.
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close relatives, as there is nothing particularly remarkable about
their brains. Rabbits have emphasized vision in order to detect
and flee from predators. Thus, their temporal cortex is expanded,
while frontal cortex remains rather small. Rodents often depend
on using their facial whiskers for exploring the environment,
but some rodents such as squirrels, have excellent vision, and
an expanded and well-differentiated V1 and V2, as well as two
or more large visual areas in the temporal lobe [17]. Rodents
vary in body size by 1000-fold, from small mice to dog-sized
capybaras. While cortical organization has been extensively

studied in mice and rats, much less is known about other rodents.
Although rodents vary in body and brain size [12], results from
the few published studies suggest that rodents do not vary much
in numbers of cortical areas, having only a few more than those
postulated for early mammals (Fig. 1A). For comparison with
tree shrews and primates, where vision is greatly emphasized,
the brains of squirrels are useful, but the similarities in cortical
organization that exist (e.g., large, well-differentiated V1 and
V2) reflect parallel evolution as vision became more important
in each group.
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Fig. 1. Some of the cortical areas of (A) rats, (B) tree shrews, (C) galagos and (D) owl monkeys. The owl monkey cortex has been flattened so that areas in the
lateral fissure and on the medial wall can be shown. Rats, like many other small-brained mammals have few cortical areas, including primary visual (V1), auditory
(Aud or A1), somatosensory (S1) and motor (M1) areas. Other somatosensory areas include a caudal somatosensory belt (SC) a distorted rostral belt (RC or dys. for
dysgranular cortex), a second area (S2), a parietal ventral area (PV) and a parietal rostral area (PR). Motor cortex includes a dorsal premotor area (M2) and visual
cortex includes a second visual area (V2) and other visual areas (Visual). Some of the somatotopy of S1, PV, S2 and M1 is indicated. Tree shrews have an expanded
temporal lobe with visual functions. Several temporal areas (TP, posterior; TD, dorsal; TA, anterior and TI, inferior) have been identified, but homologous areas in
other mammals are unknown. TA and adjacent visual cortex relay to motor cortex, as posterior parietal (PP) cortex does. Prosimian galagos have more visual cortex,
and many of the areas recognized in anthropoid primates (the dorsolateral area, DL or V4; V3; the dorsomedial area, DM; the middle temporal area, MT; the middle
superiortemporal area, MST; the fundal area of the superior temporal sulcus, FST and inferior temporal cortex, IT). Posterior parietal (PP) cortex includes a caudal
sector with dense visual inputs and projections to a rostral sector with somatosensory inputs and projections to motor and premotor cortex. Motor cortex includes a
primary area (M1), dorsal premotor cortex (PMD), ventral premotor cortex (PMV), the frontal eye field (FEF), a supplementary motor area (SMA) and two or more
cingulate motor areas (CMA). Hindlimb (HL) and forelimb (FL) portions of 3b and M1 are indicated. Owl monkeys have even more visual cortex, while sharing a
number of areas with galagos. The dorsolateral area is divided into rostral (DLr) and caudal (DLc) sectors and inferior temporal cortex has been divided into polar
(ITp), rostral (ITr) caudodorsal (ITcd) and caudoventral (ITcv) sectors. FST has dorsal (d) and ventral (v) areas. A medial area (M) and a ventral posterior parietal
area (VPP) have been identified. The location of the prostriata area (PS), which may exist in most mammals, is indicated. Anterior parietal cortex contains areas 3a,
3b, 1 and 2 and somatosensory cortex of the lateral sulcus (LS) has rostral (VSr) and caudal (VSc) ventral somatosensory areas, a parietal rostral area (PR) and a
retroinsular (Ri) region. Auditory cortex includes A1, a rostral area (R), a rostrotemporal area (RT), a caudomedial area (CM) and other subdivisions of the auditory
belt and parabelt. An eye movement (E) region of SMA and a frontal visual region (FV) are labeled. CC, Corpus callosum; STS, superior temporal sulcus; hip,
hippocampus.

close relatives, as there is nothing particularly remarkable about
their brains. Rabbits have emphasized vision in order to detect
and flee from predators. Thus, their temporal cortex is expanded,
while frontal cortex remains rather small. Rodents often depend
on using their facial whiskers for exploring the environment,
but some rodents such as squirrels, have excellent vision, and
an expanded and well-differentiated V1 and V2, as well as two
or more large visual areas in the temporal lobe [17]. Rodents
vary in body size by 1000-fold, from small mice to dog-sized
capybaras. While cortical organization has been extensively

studied in mice and rats, much less is known about other rodents.
Although rodents vary in body and brain size [12], results from
the few published studies suggest that rodents do not vary much
in numbers of cortical areas, having only a few more than those
postulated for early mammals (Fig. 1A). For comparison with
tree shrews and primates, where vision is greatly emphasized,
the brains of squirrels are useful, but the similarities in cortical
organization that exist (e.g., large, well-differentiated V1 and
V2) reflect parallel evolution as vision became more important
in each group.
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close relatives, as there is nothing particularly remarkable about
their brains. Rabbits have emphasized vision in order to detect
and flee from predators. Thus, their temporal cortex is expanded,
while frontal cortex remains rather small. Rodents often depend
on using their facial whiskers for exploring the environment,
but some rodents such as squirrels, have excellent vision, and
an expanded and well-differentiated V1 and V2, as well as two
or more large visual areas in the temporal lobe [17]. Rodents
vary in body size by 1000-fold, from small mice to dog-sized
capybaras. While cortical organization has been extensively

studied in mice and rats, much less is known about other rodents.
Although rodents vary in body and brain size [12], results from
the few published studies suggest that rodents do not vary much
in numbers of cortical areas, having only a few more than those
postulated for early mammals (Fig. 1A). For comparison with
tree shrews and primates, where vision is greatly emphasized,
the brains of squirrels are useful, but the similarities in cortical
organization that exist (e.g., large, well-differentiated V1 and
V2) reflect parallel evolution as vision became more important
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