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Abstract
Primates are crafty animals capable of remarkable visual processing, memory, and cognition as a whole. The basis for those
abilities must lie in the organization of the primate brain. This chapter reviews recent evidence that primates evolved along
a distinctive path that resulted in large numbers of neurons in still comparatively small, compact brains that process
information very efﬁciently compared to other mammalian species.

3.02.1

Introduction

Primates have long been a group of mammals favored for comparative neuroanatomy studies given the inclusion of humans in that
clade and our interest in understanding the evolution of our own species. Analyses of the brain of New and Old World monkeys
generally bear the implicit, if not overt, assumption that they must be the closest possible approximation to studying basic aspects of
the human brain short of examining the brain of our closest relatives, great apes. Yet, it is often assumed that humans evolved
exactly by departing from the rules that apply to building primate brains as a whole (reviewed in Herculano-Houzel, 2016).
But what are those rules, actually? What are the brains of modern primates made of, and what can we infer about the ﬁrst primate
brains in evolution? How do primate brains differ from other mammalian brains, if at all, and how did they become different? What
happened as primate brains evolved, diverging away from the common ancestor shared with all other extant mammals? And ﬁnally,
how do human brains compare to other primate brains?

3.02.2

Before Primates

Determining how primate brains became as they are today, and how they came to differ from other brains, requires not only
comparing modern primate and nonprimate brains but also inferring how other mammalian brains were like when primates ﬁrst
appeared as a clade, around 72 million years agodat which point mammals had already been around for over 140 million years
(Meredith et al., 2011). Although soft tissue is not preserved well enough in the fossil record to allow its reconstruction (but see
Karlamova et al., 2015, for an unusual analysis of a mummiﬁed mammoth brain), inferring the cellular composition of early
mammalian brains is possible through the combination of fossil information on cranial capacity of early mammals, and the parsimonious analysis of data available for extant mammals.
Making inferences about how many neurons and how many nonneuronal cells composed early mammalian brains, at what
density, and with what distribution across brain structures is facilitated by the ﬁnding that many of these characteristics are shared
by several distantly related extant mammalian clades (reviewed in Herculano-Houzel et al., 2014a,b, and in Chapter 2.07, What
Modern Mammals Teach About the Cellular Composition of Early Brains and Mechanisms of Brain Evolution). One such characteristic, the nonneuronal composition of brain structures, has actually shown itself to be nearly invariant across brain structures and
species (Herculano-Houzel, 2014): as shown in Fig. 1, the mass of any of the major brain structures (cerebral cortex, cerebellum,
and the “rest of brain,” which comprises brain stem, diencephalon, and striatum) varies across all mammalian species analyzed as
a single, shared power function of the number of nonneuronal cells (that is, endothelial cells, microglial cells, astrocytes, and oligodendrocytes, deﬁned as cells whose nuclei fail to express detectable levels of NeuN) in the structure. Although the number of nonneuronal cells is technically a ceiling for the number of glial cells in the tissue, the fact that the microvasculature of the brain
represents only 1–6% of brain volume (Buchweitz and Weiss, 1986; Lauwers et al., 2008; Tsai et al., 2009) suggests that the vast
majority of nonneuronal cells are in fact glial cells. The fact that this relationship is shared not only across species (including
primates) but also across brain structures indicates that nonneuronal cells are added to brain tissue following nearly invariant,
universal rules that have not been subject to changedthat is, that have not evolved.
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Figure 1 Glial scaling rules are shared among extant mammalian clades, including primates, and thus probably applied to early mammals. (A) The
mass of major brain structures (cerebral cortex, circles; cerebellum, squares; rest of brain, triangles) varies as a power function of the number of nonneuronal cells in each structure that is shared across all mammalian species examined so far. (B) Mammalian evolutionary tree indicating the clades
that share the same relationship between brain structure mass and number of glial cells allowing the inference that the common ancestor also shared
that relationship. Original data on 5 species of eulipotyphlans, 6 species of afrotherians, 10 species of glires, 12 species of primates, and 5 species
of artiodactyls are available in Herculano-Houzel et al. (2015).

The power function that relates numbers of glial (nonneuronal) cells to brain structure mass across structures and species has an
exponent of 1.020, close to linearity, which translates mathematically into densities of nonneuronal cells in the various tissues that
do not vary systematically across species or structures (Fig. 2A), in sharp contrast to the large and systematic variation of neuronal
densities across species and structures (Fig. 2B). The lack of systematic variation in nonneuronal cell density suggests that the
average size of glial cells does not vary by much across brain structures and species, whereas the average size of neurons varies
much more. Indeed, our estimates suggest an average glial cell size of 3–4 pg across all brain structures and species of primates,
rodents, and eulipotyphlans analyzed, whereas average neuronal cell size varies between 5 and 144 pg in the cerebral cortex and
rest of brain across species (Mota and Herculano-Houzel, 2014).
As a consequence of the large variation in neuronal densities in the absence of much systematic variation in glial cell densities,
the glia/neuron ratio in mammalian brains is highly variable across brain structure and species (Fig. 3A)dbut not as previously
thought to be, as a simple function of brain mass (Hawkins and Olszewski, 1957; Marino, 2006). Rather, we ﬁnd that the
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Figure 2 Neuronal densities are highly variable across brain structures and species, while glial cell densities are not. (A) Glial (nonneuronal) cell
density in major brain structures (cerebral cortex, circles; cerebellum, squares; rest of brain, triangles) does not vary signiﬁcantly or systematically
with the number of nonneuronal cells in each structure across the mammalian species examined so far. (B) In the same scale as (A), neuronal
density is seen to vary signiﬁcantly and systematically with the number of neurons in each major brain structure across mammalian clades (though
different rules apply for primates; see text). Original data on 5 species of eulipotyphlans, 6 species of afrotherians, 10 species of glires, 12 species of
primates, and 5 species of artiodactyls are available in Herculano-Houzel et al. (2015).

glia/neuron ratio varies uniformly across mammalian brain structures and species, including primates, as a function of neuronal
density in the structure (Fig. 3B).
The universality of the relationships between brain structure mass and number of glial cells, and between glia/neuron ratio and
neuronal density in brain structures, indicates that the rules that govern how glial cells are added to brain tissue have not changed in
mammalian brain evolution (Herculano-Houzel, 2014). Further, the little variation in glial cell density is consistent with a mechanism whereby glial cells are added to developing brain tissue without signiﬁcant systematic changes in average glial cell size, and in
numbers that are physically constrained by the volume of the tissue, initially comprised almost exclusively of neurons. This has been
proposed to happen as glial progenitors divide until proliferation is inhibited by cell contact, as glial cells ﬁll the tissue, whose initial
volume is determined by the number of neurons and their average size (Mota and Herculano-Houzel, 2014). Thus, whereas there
seem to be evolutionary constraints that limit the variation of average glial cell size, no evolutionary constraint is required to
account for the universality of the dependency of the glia/neuron ratio on neuronal density (that is, on the average size of neurons
in the tissue); a simple mechanism of contact inhibition may sufﬁce.
Given the universality of these glial scaling relationships across the extant mammalian species examined, it is thus possible to infer
parsimoniously that these rules represented in Figs. 1A and 3B must also have applied to the ﬁrst mammals, 218 million years ago
(Meredith et al., 2011), and also to the last common ancestor to all primates. Considering Ignacius graybullianus as a likely representative or at least proxy of that last common ancestor (Silcox et al., 2009) with an endocranial volume of 2.14 cm3 (Rowe et al., 2011)
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Figure 3 Glia/neuron ratio varies universally not with structure mass, but with neuronal density in the structure. (A) Glia/neuron (nonneuronal/
neuronal) cell ratio in major brain structures (cerebral cortex, circles; cerebellum, squares; rest of brain, triangles) does not vary signiﬁcantly or
systematically with the mass of each major brain structure across the mammalian species examined so far. (B) However, glia/neuron ratio does vary
universally across brain structures and species, increasing with decreasing neuronal density (which indicates larger average neuronal cell size). Original data on 5 species of eulipotyphlans, 6 species of afrotherians, 10 species of glires, 12 species of primates, and 5 species of artiodactyls are
available in Herculano-Houzel et al. (2015).

and thus c.2.14 g, we can infer from that mass that its brain must have contained around 180 million glial cellsdsimilar to the
number of glial cells found in a modern mammalian brain of similar size, the spiny rat (Herculano-Houzel et al., 2011).
The relationship between brain structure mass and number of neurons is more variable, but still consistent enough across
mammalian clades that the ancestral state can be inferred from brain size. All mammalian clades examineddMarsupialia
(Dos Santos et al., unpublished observations), Afrotheria (Neves et al., 2014), Eulipotyphla (Sarko et al., 2009), Glires
(Herculano-Houzel et al., 2006, 2011), Carnivora (Messeder et al., unpublished observations), and Artiodactyla (Kazu et al.,
2014)dwith the exception of primates (Herculano-Houzel et al., 2006; Gabi et al., 2010), share the same relationship between
the mass of the cerebral cortex (including the white matter) and the number of cortical neurons, described by a common power
function of exponent 1.582 (Fig. 4A; Herculano-Houzel et al., 2014a). This faster scaling of cortical mass as the cerebral cortex gains
neurons across species results from decreasing neuronal densities as the cortex gains neurons across species (Fig. 4B), which, given
the lack of systematic variation in glial cell densities (Fig. 2A), implies that average neuronal cell size increases as nonprimate species
gain neurons in evolution. The most parsimonious explanation for this shared relationship across such diverse extant mammalian
species is that the same relationship already applied to the common ancestor to modern therians, and remains conserved to this day
(Fig. 4C). Thus, even though no fossil tissue is preserved enough for analysis, it can be inferred that the brain of early mammaliforms such as Hadrocordium wui (Luo et al., 2001) that weighed an estimated 0.045 g (Rowe et al., 2011) had c.3.6 million neurons
in the cerebral cortex (Herculano-Houzel et al., 2014a). The same procedure can be applied to the cerebellum and rest of brain,
where neuronal scaling rules for these brain structures are shared across enough clades (Figs. 5 and 6) to warrant inferring that these
shared relationships between number of neurons and neuronal density or structure mass reﬂect the ancestral scaling rules, from
which some groups later deviated as they emerged in evolution. In that case, we estimate that Hadrocordium wui had c.7.5 million
neurons in the cerebellum, and c.2.1 million neurons in the rest or brain, totaling 13.2 million neurons in the brain (estimates in
Herculano-Houzel et al., 2014a).
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Figure 4 Neuronal scaling rules for the cerebral cortex are shared among extant nonprimate mammalian clades, and thus probably applied to early
mammals. (A) The mass of the cerebral cortex (including the white matter) varies as a power function of the number of neurons in the structure that
is shared across all nonprimate mammalian species examined so far (exponent: 1.582 ! 0.039, r2 ¼ 0.978, p < 0.0001; primates, exponent
1.087 ! 0.074, r2 ¼ 0.956, p < 0.0001). The raccoon and the brown bear are exceptions, with more and fewer neurons than predicted for their
cortical mass, respectively (Messeder et al., unpublished observations). (B) The density of neurons in the cerebral cortex (expressed as neurons per
milligram of tissue including the white matter) varies as a power function of the number of neurons in the structure that is shared across all nonprimate mammalian species examined so far (exponent: #0.582 ! 0.038, r2 ¼ 0.858, p < 0.0001). Again, the raccoon and the brown bear are
exceptions with higher and lower neuronal densities than predicted for their cortical mass, respectively. (C) Mammalian evolutionary tree indicating
the nonprimate clades that share the same relationship between cerebral cortical mass and number of neurons allowing the inference that the
common ancestor also shared that relationship. Original data on 5 species of eulipotyphlans, 6 species of afrotherians, 10 species of glires, 12
species of primates, and 4 species of artiodactyls are available in Herculano-Houzel et al. (2015). Data on carnivores from Messeder et al. (unpublished observations); Data on marsupials from Dos Santos et al. (unpublished observations).

Much emphasis has been placed on the relative expansion of the cerebral cortex over other brain structures as brains became
larger in mammalian evolution (Jerison, 1973; Rakic, 1995). In most mammalian clades, the cerebral cortex does become relatively
larger in larger brains, which we ﬁnd to be accompanied by a modest decrease in the relative mass of the cerebellum (Fig. 7A). This
might lead to the expectation that larger brains have larger proportions of neurons located in the cerebral cortex, and fewer in the
cerebellum. However, that does not occur. Rather, we ﬁnd a linear relationship between numbers of neurons in the cerebellum and
in the cerebral cortex across the vast majority of mammalian species (Fig. 7B), with a relatively stable proportion of four neurons in
the cerebellum for every neuron in the cerebral cortex. The only exceptions are the African elephant and the brown beardthe former
with a 12-fold larger than expected number of neurons in the cerebellum (Herculano-Houzel et al., 2014b), the latter with a smaller
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Figure 5 Neuronal scaling rules for the cerebellum are shared among several extant mammalian clades, and thus probably applied to early
mammals. (A) The mass of the cerebellum (including the white matter and deep nuclei) varies as a power function of the number of neurons in the
structure that is shared across afrotherians (with the exception of the elephant; Herculano-Houzel et al., 2014b), glires, carnivorans, and artiodactyls
(exponent: 1.267 ! 0.036, r2 ¼ 0.982, p < 0.0001). The raccoon is an exception with more neurons than predicted for its cerebellar mass (Messeder
et al., unpublished observations). Marsupials, primates, and eulipotyphlans deviate from this relationship, each in a different manner (marsupials,
exponent 1.186 ! 0.037, r2 ¼ 0.992, p < 0.0001; primates, exponent 0.976 ! 0.036, r2 ¼ 0.985, p < 0.0001; eulipotyphla, exponent 1.028 ! 0.084,
r2 ¼ 0.980, p ¼ 0.0012), with more neurons than predicted for cerebellar mass in other clades. (B) The density of neurons in the cerebellum
(expressed as neurons per mg of tissue including the white matter and deep nuclei) varies as a power function of the number of neurons in the
structure that is shared across afrotherians (with the exception of the elephant; Herculano-Houzel et al., 2014b), glires, carnivorans, and artiodactyls
(exponent: #0.267 ! 0.036, r2 ¼ 0.705, p < 0.0001). Again, the raccoon is an exception, with higher neuronal densities than predicted for its cerebellar mass. Marsupials, primates, and eulipotyphlans deviate from this relationship, each in a different manner, with higher neuronal densities than
predicted for cerebellar mass in other clades. There is no signiﬁcant decrease in neuronal density in the cerebellum of primates with increasing
numbers of neurons (red; r2 ¼ 0.171, p ¼ 0.1808). (C) Mammalian evolutionary tree indicating the clades that share the same relationship between
cerebellar mass and number of neurons, allowing the inference that the common ancestor also shared that relationship. Original data on 5 species of
eulipotyphlans, 6 species of afrotherians, 10 species of glires, 12 species of primates, and 4 species of artiodactyls are available in Herculano-Houzel
et al. (2015). Data on carnivores from Messeder et al. (unpublished observations); Data on marsupials from Dos Santos et al. (unpublished observations).

than expected number of neurons in the cerebral cortex (Messeder et al., unpublished observations). We have proposed that these
deviations are, respectively, due to an increased number of cerebellar neurons in the elephant related to processing information
from the trunk (Herculano-Houzel et al., 2014b), and to a decreased number of cortical neurons as a consequence of metabolic
limitations in the brown bear (Messeder et al., unpublished observations). Across mammals as a whole, the faster expansion of
cortical mass over cerebellar mass as these structures gain neurons in a concerted, proportional fashion can be explained by the
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Figure 6 Neuronal scaling rules for the rest of brain are shared among several extant mammalian clades, and thus probably applied to early
mammals. (A) The mass of the rest of brain (brain stem, diencephalon, and striatum) varies as a power function of the number of neurons in each
structure across all nonprimate species (plotted exponent: 1.921 ! 0.120, r2 ¼ 0.867, p < 0.0001) and as a different function across primates (exponent: 1.198 ! 0.116, r2 ¼ 0.915, p < 0.0001). Different relationships (not plotted) apply to the ensemble of eulipotyphlans, marsupials, carnivorans,
and artiodactyls (exponent: 2.057 ! 0.120, r2 ¼ 0.925, p < 0.0001) and to the ensemble of glires and afrotherians (exponent: 1.624 ! 0.120,
r2 ¼ 0.929, p < 0.0001). (B) The density of neurons in the rest of the brain (expressed as neurons per mg of tissue) varies as a power function of
the number of neurons in the structure in nonprimates (exponent, #0.928 ! 0.130, r2 ¼ 0.566, p < 0.0001) whose 95% conﬁdence interval (dotted
lines) excludes most primates (red). The relationship for primates does not reach signiﬁcance (exponent: #0.180 ! 0.113, r2 ¼ 0.203, p ¼ 0.1413).
Within nonprimates, species can be grouped in two power functions (not plotted): one that applies to glires and afrotheria
(exponent, #0.621 ! 0.120, r2 ¼ 0.658, p ¼ 0.0001), and one that applies to marsupials, eulipotyphla, carnivorans, and artiodactyla
(exponent, #1.077 ! 0.136, r2 ¼ 0.723, p < 0.0001). (C) Mammalian evolutionary tree indicating the clades that share the same relationship
between rest of brain mass and number of neurons (marsupials, eulipotyphlans, carnivorans, and artiodactyls), suggesting that the common ancestor
also shared that relationship. Original data on 5 species of eulipotyphlans, 6 species of afrotherians, 10 species of glires, 12 species of primates, and
4 species of artiodactyls are available in Herculano-Houzel et al. (2015). Data on carnivores from Messeder et al. (unpublished observations); Data on
marsupials from Dos Santos et al. (unpublished observations).

faster scaling of cortical than cerebellar mass with number of neurons (Herculano-Houzel, 2010). The shared relationship between
numbers of cerebellar and cerebral cortical neurons across most extant mammalian species points strongly to a conserved mechanism that governs the distribution of neurons across these structures, one that already was in place in the earliest mammals. We can
thus predict that the earliest mammals, as well as the earliest primates, also had a proportion of four neurons in the cerebellum to
every neuron in the cerebral cortex, regardless of the size of their brain or its structures.
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Figure 7 Disproportionate increase in cerebral cortical mass over cerebellar mass does not reﬂect the proportional increase in numbers of neurons
across these structures. (A) As the relative mass of the cerebral cortex (including the white matter, and expressed as percentage of brain mass)
increases in larger brains, the relative mass of the cerebellum decreases across mammalian species as a whole. (B) However, with the sole exceptions of the African elephant and the brown bear, the number of neurons in the cerebellum and in the cerebral cortex increases proportionately, with
a relatively steady average of four neurons in the cerebellum for every neuron in the cerebral cortex across speciesdthat is, the cerebral cortex does
not gain neurons disproportionately over the cerebellum, as would have been expected from its increase in relative mass (Herculano-Houzel, 2010;
Herculano-Houzel et al., 2014a). Original data on 5 species of eulipotyphlans, 6 species of afrotherians, 10 species of glires, 12 species of primates,
and 4 species of artiodactyls are available in Herculano-Houzel et al. (2015). Data on carnivores from Messeder et al. (unpublished observations);
Data on marsupials from Dos Santos et al. (unpublished observations).

The relative expansion of the mass of the cerebral cortex also occurs over the rest of brain across extant species in most mammalian clades, so that the relative mass of the cerebral cortex (in % of brain mass) increases as the mass of the rest of brain increases in
all clades except for eulipotyphlans (Fig. 8A). However, direct examination of the numbers of neurons in these structures shows
a fairly constant two neurons in the cerebral cortex (and about eight in the cerebellum; Herculano-Houzel et al., 2014a) for every
neuron in the rest of brain across eulipotyphlans, glires, and most afrotherians, as well as in the smallest primate, carnivorans, and
marsupials (Fig. 8B), whereas the ratio is much higher in larger marsupials, carnivorans, artiodactyls, primates, and the largest afrotherian, the African elephant. The shared small ratio of neurons in the cortex over the rest of brain across the small brains of most
extant mammalian species suggests that this was the ratio of distribution of neurons across these two structures in the ancestral
mammals, and also in the ancestral primate (Herculano-Houzel et al., 2014a).
Cortical expansion has long been associated with increased gyriﬁcation. Indeed, the smallest brains have smooth cortices, while
larger brains, with larger cortices, do tend to have increasingly folded cortical surfaces (Jerison, 1973; Welker, 1990). It was intuitively considered that increases in the number of neurons in the cerebral cortex would lead directly to expanded cortical surfaces and
thus to folding (Rakic, 1995), through mechanisms that were unclear but possibly related to the expansion of progenitor cell populations in the developing cortex (Reillo et al., 2010; Lui et al., 2011). However, we recently showed that the degree of folding of the
cortical surface is not a simple function of increasing numbers of neurons across mammalian species, as animals with similar
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Figure 8 Increase in the relative mass of the cerebral cortex with increasing mass of the rest of brain does not reﬂect changes in the ratio between
numbers of neurons in the two structures. (A) As the mass of the rest of brain (brain stem, diencephalon, and striatum) increases, the relative mass
of the cerebral cortex increases across mammalian species as a wholedalthough not in some clades, such as Eulipotyphla. (B) However, there is
a clear distinction between Eulipotyphla, Glires, and Afrotheria on the one hand, and Primata, Carnivora, and Artiodactyla on the other in regard to
the ratio between numbers of neurons in the cerebral cortex and rest of brain; while this ratio is of around two in the former, it is higher and more
variable in the latter clades. Original data on 5 species of eulipotyphlans, 6 species of afrotherians, 10 species of glires, 12 species of primates, and 4
species of artiodactyls are available in Herculano-Houzel et al. (2015). Data on carnivores from Messeder et al. (unpublished observations); Data on
marsupials from Dos Santos et al. (unpublished observations).

numbers of neurons in the cerebral cortex can have cortices that are much more or less folded, and animals with similar degrees of
folding can have widely different numbers of cortical neurons (Fig. 9A; Mota and Herculano-Houzel, 2015). Instead, over 99% of
the variation in the degree of folding of the cortex is accounted for by the product of total cortical surface area and average cortical
thickness, which varies universally as a power function of the exposed surface area of the cortex across all species examined so far,
and across lissencephalic and gyrencephalic species alike (Fig. 9B; Mota and Herculano-Houzel, 2015). This is the function predicted for the conﬁguration that minimizes the effective free energy of the cerebral cortex. Accordingly, we have proposed that
cortical folding ensues as, during development, the expanding cortex, subject to uneven tension and pressure from various sources,
folds and settles into the conformation that is most energetically favorable and thus most stable at each point in time, given its
current surface area and thickness (Mota and Herculano-Houzel, 2015).
Cortical folding is thus a physical process that ensues universally across mammalian species. As such, we can now infer that the
mechanism of folding itself did not evolve (given that it is a physical property). However, the degree to which a given cortex folds
depends on the biological properties of each individual cortex, in particular the relationship between total surface area and cortical
thicknessdand this relationship is particular to each mammalian order (Fig. 9C). Thus, what evolves is not folding per se, but how
a cortex expands: how the addition of neurons to the cortex leads to different combinations of cortical surface and cortical thickness,
even though the relationship between cortical volume (the product of surface area and thickness) and number of neurons is shared
across most mammalian clades (see Fig. 4).
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Figure 9 Universal scaling of the degree of cortical folding depending on cortical surface area and thickness, not number of cortical neurons.
(A) The folding index of the cortex of different species (the ratio between total surface area and exposed surface area of the cerebral cortex) does not
vary universally with the number of neurons in the cortex; for a similar number of cortical neurons, artiodactyl cortices are much more folded than
primate cortices, and many more neurons ﬁt in primate cortices of similar folding as artiodactyl cortices. (B) The product of total cortical surface area
and the square root of average cortical thickness scales universally with exposed cortical surface area across all brains examined. (C) Cortical thickness varies as different functions of cortical surface area across mammalian clades; the degree of folding of each cortex depends on the combination
of thickness and surface area that hold the neurons that compose that cortex. However, for a given combination of cortical thickness and surface
area, the degree of folding is predicted according to the relationship in (B). Figures adapted from Mota, B., Herculano-Houzel, S., 2015. Cortical
folding scales universally with surface area and thickness, not number of neurons. Science 349, 74–77.
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.and Then There Were Primates

Although scientists cannot go back in time to examine the animals that gave rise to modern primates, there is a fair amount that we
can now infer about what mammalian brains were made of around 70 million years ago, before the divergence of primates, from
the analysis of the similarities across extant mammals described previously. The most parsimonious scenario is that the last
common ancestor to all primates, a small animal (Silcox et al., 2009), shared with other mammals of the time a modest ratio
of twice as many neurons in the cerebral cortex as in the rest of brain, and four times as many neurons in the cerebellum as in
the cerebral cortex; had brain structure masses that were similar to those found in any other mammal with similar numbers of
neurons in these structures; had average neuronal sizes in each structure that were commensurate for the number of neurons in
them, in keeping with the decrease in neuronal density (that is, increase in average neuronal cell size) that accompanied increasing
numbers of neurons in each structure; had as many glial cells in each brain structure as found in any other brain structure of similar
mass, of mostly similar average glial cell sizes; and, given the small surface area of its cortex, was most likely lissencephalic.
And then primates appeared. Not with a change in how glial cells are added to brain structures, though; as shown in Figs. 1–3,
primates have similar glial cell densities in all major brain structures, the same relationship between structure mass and number of
glial cells, and glia/neuron ratios expected for the neuronal density in the different brain structures. What distinguishes primates
from other mammalian orders are the much larger numbers of neurons that build brain structures compared to other mammalsda
consequence of an uncoupling between larger numbers of neurons and an ensuing increase in average neuronal cell size
(Herculano-Houzel et al., 2014a). For the cerebral cortex (Fig. 4A), cerebellum (Fig. 5A), and rest of brain (Fig. 6A) alike, primates
with increasingly larger brain structures have increasingly more neurons compared to nonprimate structures of similar mass. More
neurons can only be found in a same structure mass if neurons are smaller, that is, if neuronal densities are higher compared to other
mammals, and that is indeed observed in primates. Interestingly, all relationships between structure mass (or neuronal density) and
number of neuron for primates intersect with those for nonprimates (Figs. 4–6). Given that the ﬁrst primates were believed to be
small, judging from the fossil of the stem primate Ignacius graybullianus, with an endocranial volume of 2.14 cm3 (Rowe et al., 2011)
and a predicted body mass of 231 g (Silcox et al., 2009), one can thus infer that the ancestral primate still shared with other
mammals the neuronal scaling rules that to this day apply to building brain structures in the latter. Using these rules, we can infer
for Ignacius graybullianus approximate masses of 0.96, 0.86, and 0.32 g for the cerebral cortex, rest of brain, and cerebellum, respectively, yielding estimates of 42.4, 17.2, and 167.2 million neurons in these structures, within the range of those found in the modern
mouse lemur (Gabi et al., 2010). Primates then presumably moved away with changes in the neuronal scaling rules that allowed
numbers of neurons to increase without the same rapid increase average neuronal cell size and consequently in structure mass that is
observed in other mammals. Importantly, it is not the case that neurons became any smaller in primates as these animals diverged;
rather, it appears that neuronal size simply no longer increased as rapidly in the new animals, in any major brain structure
(Herculano-Houzel et al., 2014a).
Another feature that distinguishes primate brains from those of other mammals is the large relative mass of the cerebral cortex of
some primates, compared to other species of similar mass of the rest of brain (Fig. 8A). It is, however, not a rule that all primates
have relatively larger cortices than other mammals. The relative expansion of the cortical volume over the brain as a whole might
also lead one to expect a relative expansion of the number of neurons in the cerebral cortex compared to the brain as a whole. That
is, however, not the case: the relatively larger cortex of some primate species does not have relatively more neurons (Fig. 10), even
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Figure 10 The relative mass of a brain structure does not reﬂect the relative number of brain neurons located in that structure. Although the cerebral cortex (circles) represents between 40% and 82% of brain mass in the species we have analyzed so far, it typically contains only between 15%
and 25% of all brain neuronsdand those animals that have relatively larger cortices do not have relatively more brain neurons in it (HerculanoHouzel, 2010; Herculano-Houzel et al., 2014a). Likewise, although the cerebellum (squares) usually represents only between 10% and 20% of brain
mass, it holds typically between 70% and 80% of all brain neuronsdbut relative cerebellar mass and relative number of cerebellar neurons are not
correlated.
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though the ratio between numbers of neurons in the primate cerebral cortex and rest of brain is higher than in glires and afrotherians with similar numbers of neurons in the rest of brain (Fig. 8B). The apparent discrepancy is explained by the joint addition of
neurons to the cerebral cortex and cerebellum, as shown in Fig. 7B: across a wide range of species and brain sizes, the cerebral cortex
typically holds 15–25% of all brain neurons, and the cerebellum, 75–85% (Fig. 10). Because the cerebral cortex of primates scales in
mass as it gains neurons slightly faster than the cerebellum, the result is the relative expansion of the mass of the cerebral cortex over
the cerebellum and rest of brain.
Remarkably, all of these features regarding the neuronal composition of primate brains can be explained by just two evolutionary changes: (1) an uncoupling of the mechanisms that tied larger numbers of neurons to increasing cell size, and (2) a change
in the allocation of progenitor cells to the cerebral cortex over the rest of brain (Herculano-Houzel et al., 2014a). It will be interesting to accompany the progress of genetic studies that compare developmental mechanisms in primates and other mammals and
see if these predictions are conﬁrmed.

3.02.4

Expansion of the Primate Cortical Volume

The data reviewed previously show that primate brains ﬁt more neurons than other mammalian brains of similar mass or volume.
As brain mass increases, the primate cortex, in particular, ﬁts increasingly larger numbers of neurons than are found in other
mammals.
The cerebral cortex is, however, a three-dimensional structure whose volume is divided into two main components, white and
gray matter. The volume of the former depends on the number of ﬁbers, their average length, and thickness; the volume of the latter
results from the product of surface area and thickness, which in principle are independent features of a cerebral cortex. It is therefore
conceivable that a larger number of neurons would ﬁt in the primate cortex if its white matter volume were relatively smaller,
without any changes in the gray matter. Likewise, cortical enlargement may happen with or without a signiﬁcant relative expansion
of the cortical surfacedfor instance, if the gray matter of the cortex simply became thicker. Examining how the primate cortex
compares to others and how it came to differ from them therefore requires analyzing gray and white matter separately, as well
as the two-dimensional aspects of the distribution of cortical neurons.
Although it was once considered that gray and white matter volumes were universally related across all mammalian species
alike (Zhang and Sejnowski, 2000), we now know that is not the case. For example, similar volumes of gray matter are associated with larger volumes of white matter in primates, artiodactyls, and marsupials than in rodents, and the exponents that
describe the scaling of white matter volume with increasing gray matter volume differ across artiodactyls, primates, and rodents
(Fig. 11A; Ventura-Antunes et al., 2013; Herculano-Houzel and Mota, unpublished observations). The difference in scaling is
even more pronounced when numbers of neurons are taken into consideration, since, as shown earlier, cortices of similar size
are composed of much larger numbers of neurons in primates than in nonprimates. Indeed, the volumes of gray (Fig. 11B) and
white matter (Fig. 11C) scale as very different functions of the number of cortical neurons across these four clades, and for
similar numbers of neurons, primates have the smallest volume of white matter (Fig. 11C). The difference is very signiﬁcant:
the springbok (an artiodactyl) and the owl monkey both have about 200 million neurons in one cerebral cortical hemisphere,
but the volume of the corresponding white matter in the owl monkey is only one-tenth of that in the springbok. The primatespeciﬁc scaling rules thus result in cortices in which axons travel comparatively short distances for the numbers of neurons in
those cortices.
Increases in white matter volume for a same number of cortical neurons can be due to increased connectivity (a larger proportion
of neurons sending or receiving ﬁbers through the white matter), which would lead to an increased total length of ﬁbers in the white
matter; to increased axonal caliber; or to a combination of both factors. The number of nonneuronal cells in the white matter, OW,
can be considered a proxy for the total length of myelinated axons, L (Barres and Raff, 1994, 1999). The volume of the white matter,
VW, scales linearly with the number of other cells in the white matter in all examined clades but rodents, in which VW scales faster
than OW (Fig. 12A). Because the volume of the white matter is the product of total axonal length L (which can be assumed to be
proportional to OW) and average axonal calibera, we can thus infer that average axonal caliber (proportional to the ratio VW/OW)
increases together with the number of cortical neurons in rodents, but does not vary systematically in primates, marsupials, or artiodactyls (Fig. 12B; Herculano-Houzel et al., 2010; Ventura-Antunes et al., 2013).
How the fraction of cortical neurons connected through the white matter scales as the cortex gains neurons can also be inferred
from the scaling relationships that apply to numbers of cortical neurons (N), the surface area of the gray–white matter interface
(AW), and the number of other cells in the white matter (OW; Herculano-Houzel et al., 2010; Ventura-Antunes et al., 2013).
Considering that the surface of the gray–white matter interface is proportional to the product of the number of cortical neurons
(N), the fraction of these neurons that are connected through the white matter (n), and the average axonal caliber in the white
matter (a), such that AW $ n$N$a, and expressing all these values as power functions of the number of cortical neurons, as
AW $ Nc$N1$Na, we can calculate the value of c for each clade. The exponent c informs how the fraction of neurons connected
through the white matter scales with the number of neurons in the cortex. We obtain a negative value for c in primates, a zero
value in rodents (Herculano-Houzel et al., 2010; Ventura-Antunes et al., 2013), and positive values that, however, are not significantly different from zero in marsupials and artiodactyls (Herculano-Houzel et al., unpublished observations). We can thus estimate that the fraction of cortical neurons that are connected through the white matter decreases with increasing numbers of
cortical neurons in primates, but does not change signiﬁcantly in the other mammalian orders examined (Fig. 12C).
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Figure 11 Primates ﬁt more neurons in given cerebral cortical gray and white matter volumes. (A) The volume of the white matter scales as
different functions of the volume of the gray matter between rodents and other mammals, such that similar volumes of gray matter are associated
with larger volumes of white matter in primates, artiodactyls, and marsupials than in rodents. Exponents: artiodactyls, 0.927 ! 0.017, r2 ¼ 0.984,
p ¼ 0.0009; marsupials, 1.066 ! 0.171, r2 ¼ 0.907, p ¼ 0.0034; primates, 1.184 ! 0.054, r2 ¼ 0.983, p < 0.0001; rodents, 1.260 ! 0.062,
r2 ¼ 0.993, p ¼ 0.0003. (B, C) The volume of the gray matter scales as a different function of the number of neurons in the cortex in each mammalian clade analyzed, in such a way that for similar numbers of neurons, primates have the smallest volume of gray (B) and white matter (C). Exponents in (B): artiodactyls, 1.992 ! 0.180, r2 ¼ 0.984, p ¼ 0.0081; rodents, 1.587 ! 0.064, r2 ¼ 0.995, p ¼ 0.0001; marsupials, 1.076 ! 0.104,
r2 ¼ 0.964, p ¼ 0.0005; primates, 0.918 ! 0.083, r2 ¼ 0.938, p < 0.0001. Exponents in (C): rodents, 2.009 ! 0.065, r2 ¼ 0.997, p < 0.0001; artiodactyls, 1.637 ! 0.225, r2 ¼ 0.964, p ¼ 0.0183; marsupials, 1.101 ! 0.271, r2 ¼ 0.805, p ¼ 0.0005; primates, 1.080 ! 0.120, r2 ¼ 0.909,
p < 0.0001. Data from Ventura-Antunes, L., Mota, B., Herculano-Houzel, S., 2013. Different scaling of white matter volume, cortical connectivity, and
gyriﬁcation across rodent and primate brains. Front. Neuroanat. 7, 3 and Herculano-Houzel et al. (unpublished observations). All values are for
a single cortical hemisphere.
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Figure 12 Average ﬁber caliber does not vary systematically across primate species, while the fraction of cortical neurons connected through the
white matter decreases with increasing numbers of cortical neurons. (A) The volume of the white matter in one cortical hemisphere, VW, scales not
signiﬁcantly different from linearity with the number of other cells in the white matter, OW, in all examined clades but rodents (exponents: primates,
1.014 ! 0.080, r2 ¼ 0.952, p < 0.0001; artiodactyls, 0.851 ! 0.098, r2 ¼ 0.962, p ¼ 0.0032; marsupials, 0.856 ! 0.162, r2 ¼ 0.874, p ¼ 0.0062;
rodents, 1.185 ! 0.060, r2 ¼ 0.992, p ¼ 0.0003). (B) The ratio VW/OW, which is proportional to the average ﬁber caliber in the white matter, scales
signiﬁcantly with increasing numbers of cortical neurons across rodent species (exponent, 0.318 ! 0.096, r2 ¼ 0.786, p ¼ 0.0451), but not across
primates, marsupials, or artiodactyls. (C) The number n, proportional to the fraction of cortical neurons that are connected through the white matter,
calculated as Nc (see text), is smaller in primates than in other species and decreases signiﬁcantly across primate species with increasing numbers of
neurons, but not in other clades.
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Interestingly, while the precise value of n (proportional to Nc) cannot be estimated at this point (the values shown in Fig. 12C are
only proportional to actual values), we can infer that the fraction of cortical neurons that are connected through the white matter
is smaller in primates than in other mammalian species.
The detailed comparative analysis of the composition of the gray matter and white matter and how they scale across mammalian
clades thus shows that there is not a single way to build a cortex in mammalian evolution. The functional consequences of these
different scaling relationships for primates will be examined in Section 3.02.7.

3.02.5

Expansion of the Primate Cortical Surface

Cortical expansion is a prominent feature of primate evolution, and recent studies have focused on regulatory DNA sequences
that might be associated with that increase, such as HARE5 and DUF1220 (Boyd et al., 2015; Keeney et al., 2014). However,
primates are not the animals with the largest cerebral cortical surface area; mid-sized marsupials have as much cortical surface
area as small primates, and so do artiodactyls and macaques or even great apes (Fig. 13B). An exclusive feature of primates,
however, is that spread over a similar cortical surface area, they have many more neurons than any other mammalian species
studied so far (Kazu et al., 2014; Herculano-Houzel et al., 2014b, Fig. 13B). Gene modulators, such as DUF1220, whose number
of copies is markedly expanded in primates compared to artiodactyls (Keeney et al., 2014), may thus be involved not so much in
cortical expansion per se as actually in the generation of large numbers of neurons that remain concentrated below the cortical
surface.
One consequence associated with expansion of the cortical surface is the increasing folding of that surface (Ronan et al., 2014;
Tallinen et al., 2014). It is believed that expansion of the number of cortical neurons plays a decisive role in both cortical expansion
and folding (Rakic, 1995; Lui et al., 2011, 2014). However, as reviewed earlier, we recently found that the degree of folding of the
cortical surface is a universal function neither of its number of neurons nor of surface area (Mota and Herculano-Houzel, 2015). For
example, the human cerebral cortex has about three times as many neurons as the African elephant cortex, yet the latter is more
folded than the former (Fig. 9A); and for a similar cortical surface area, artiodactyl cortices are more folded than primate cortices
(Fig. 14B).
The cortex folds as its surface area expands faster than predicted for the increase in cortical volume, that is, surface area scales
faster with gray matter volume (2/3), which happens in primates, rodents, and marsupials, although not in artiodactyls
(Fig. 14A). Cortical surface expansion is the fastest in primates, with gray matter volume (0.856 ! 0.024). As a consequence, the
degree of cortical folding increases more rapidly in primates than in other mammals as the surface area of the cortex expands
(Fig. 14B). At the same time, however, the primate cerebral cortex is less folded than the cortex of artiodactyls of similar surface
area (Fig. 14B), which suggests that cortical surface area is not the sole determinant of the degree of cortical folding. The apparent
paradox is resolved by the combination of cortical surface area and thickness: As shown in Fig. 9, primate cerebral cortices are exactly
as folded as predicted for their combination of surface area and thickness regardless of their numbers of neurons (Mota and
Herculano-Houzel, 2015).
While it is generally considered that cortical expansion is mostly due to two-dimensional expansion of the gray matter, with
hardly any changes in cortical thickness (Rakic, 1995; Lui et al., 2011), we have recently found that different mammalian clades
show different scaling of average thickness as the cortex expands (Fig. 13A; Mota and Herculano-Houzel, 2015). This means
that neurons are distributed in clade-speciﬁc combinations of cortical surface and thickness as shown in Fig. 13B and C. Interestingly, primates are not the clade with the fastest expanding cortical surface for its number of neurons: both marsupials and artiodactyls have wider cortical surface areas than primates for similar numbers of cortical neurons (Fig. 13B). Primates do, however,
have the thinnest cortices that also gain in thickness the slowest as they gain neurons, compared to other mammalian clades
(Fig. 13C).
One consequence of the clade-speciﬁc relationships between addition of neurons to the cortex, expansion of cortical surface area,
and cortical thickening is that the number of neurons per unit area of cortical surface, N/A, is not constant across clades nor species,
contrary to what used to be widely held (Rockel et al., 1980; Carlo and Stevens, 2013). For similar numbers of cortical neurons
(Fig. 15A), cortical surface area (Fig. 15B), or cortical thickness (Fig. 15C), N/A is two to ﬁve times larger in primates than in other
mammalian species. Moreover, N/A does not vary systematically across primate species (nor in marsupials), while it decreases with
increasing numbers of neurons, cortical surface area, and thickness in rodents and artiodactyls (Fig. 15).

3.02.6

The Olfactory Bulb: Primates Are Not Microsmatic

The notion that primates are microsmatic animals that comes from the studies of Stephan and Andy (1964), who put forward the
concept that brain evolution equates with cortical expansion in detriment of other brain structures, notably the olfactory bulb. These
authors calculated progression indices for each structure in a manner that was similar to the procedure later established by Jerison
(1973) to calculate encephalization, that is, by calculating the residual volume for each brain structure after regressing their volume
onto body mass. Using the relationship between structure volume and whole brain volume that applied to “insectivores” as a reference, Stephan and Andy (1964) found that while progression indices for the neocortex increased across primates together with brain
volume, the ratio between the actual and expected volume of the primate olfactory bulb decreased in larger primate brains. The
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Figure 13 Expansion of the cortical surface area relative to the volume of the cortical gray matter is the fastest in primates among the mammalian
clades examined. (A) If it scaled isometrically (that is, without changing shape), the surface area of cerebral cortex should vary with the volume of
the gray matter raised to an exponent of 2/3 or 0.667. We ﬁnd an exponent that is not signiﬁcantly different from 2/3 only in artiodactyls
(0.681 ! 0.017, r2 ¼ 0.999, p ¼ 0.0006). That exponent is larger in marsupials (0.705 ! 0.032, r2 ¼ 0.992, p < 0.0001), even larger in rodents
(0.740 ! 0.026, r2 ¼ 0.996, p < 0.0001), and largest in primates (0.856 ! 0.024, r2 ¼ 0.994, p < 0.0001). (B) As a consequence, folding index
increases faster in primates (exponent, 0.157 ! 0.016, r2 ¼ 0.928, p < 0.0001) than in marsupials (exponent, 0.099 ! 0.025, r2 ¼ 0.759,
p ¼ 0.0106) or glires (exponent, 0.072 ! 0.010, r2 ¼ 0.940, p ¼ 0.0064; exponent for artiodactyls is not signiﬁcant, with p ¼ 0.2137). Primate
cortices expand in surface with a rapid increase in folding index, but are still less folded than artiodactyl cortices of similar surface area.

same group extended their database and conﬁrmed the ﬁnding that the primate olfactory bulb is relatively small (Baron et al.,
1983). Using the data generated by Stephan’s group, Finlay et al. (2001) later repeated the analysis and concluded that while
the olfactory bulb increased in volume faster than total brain size in “insectivores” and bats, it lagged behind brain size in primates.
The primate olfactory bulb thus appeared to be the only brain structure to “involute”dand the notion that primates are microsmatic was born.
Although normalizing or relativizing structure mass to total brain mass or even body mass has been a very common procedure in
the comparative neuroanatomy literature, it is doubtful that “larger or smaller than expected” ﬁndings are really indicative of
decreased or increased functionality (Herculano-Houzel, 2011). Whether or not a species is microsmatic should depend simply
on having enough receptor cells and neurons in the olfactory bulb to process that information.
In that regard, and in agreement with the notion that “insectivores” rely on olfaction much more than primates do, we have found
that eulipotyphlans do have as many or more neurons in the olfactory bulb as in their cerebral cortex; in contrast, all primates examined have far more neurons in their cerebral cortex than in the olfactory bulb (Ribeiro et al., 2014). The comparison to the cerebral
cortex, however, overshadows the ﬁnding that both groups have a similar range of numbers of neurons in that structure, between 2 and
30 million (Ribeiro et al., 2014). A macaque monkey has as many neurons in the olfactory bulb as the short-tailed shrew, about
8 million; humans, with an estimated 15–16 million neurons in the olfactory bulb, have even more than the 10 million found in
the highly olfactory star-nosed mole (Ribeiro et al., 2014), an animal that must rely on olfaction to catch its prey. Considering that
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Figure 14 Clade-speciﬁc scaling of cortical thickness and surface area. (A) The average thickness of the cerebral cortical gray matter scales as
different functions of the cortical surface area in each clade examined. Exponents: primates, 0.161 ! 0.032, r2 ¼ 0.757, p ¼ 0.0011; artiodactyls,
0.466 ! 0.036, r2 ¼ 0.988, p ¼ 0.0059; marsupials, 0.407 ! 0.063, r2 ¼ 0.912, p ¼ 0.0030; rodents, not plotted since different functions apply to
lissencephalic and gyrencephalic species. (B) The surface area of the cerebral cortex scales as a different function of the number of cortical neurons
in each mammalian clade analyzed. Exponents: artiodactyls, 1.362 ! 0.094, r2 ¼ 0.991, p ¼ 0.0047; rodents, 1.177 ! 0.049, r2 ¼ 0.995,
p ¼ 0.0002; marsupials, 0.897 ! 0.064, r2 ¼ 0.975, p < 0.0001; primates, 0.911 ! 0.083, r2 ¼ 0.938, p < 0.0001. (C) The average thickness of the
cortical gray matter scales as a different function of the number of neurons in the cortex in each mammalian clade analyzed. Exponents: rodents,
0.410 ! 0.049, r2 ¼ 0.958, p ¼ 0.0037; artiodactyls, 0.630 ! 0.089, r2 ¼ 0.962, p ¼ 0.0192; marsupials, 0.309 ! 0.060, r2 ¼ 0.869, p ¼ 0.0067;
primates, 0.153 ! 0.029, r2 ¼ 0.773, p ¼ 0.0028. Data from Ventura-Antunes, L., Mota, B., Herculano-Houzel, S., 2013. Different scaling of white
matter volume, cortical connectivity, and gyriﬁcation across rodent and primate brains. Front. Neuroanat. 7, 3 and Herculano-Houzel et al. (unpublished observations). All values are for a single cortical hemisphere.
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Figure 15 Clade-speciﬁc scaling of the number of neurons per surface area, N/A. (A) The average number of neurons per square millimeter of
cortical surface, N/A, does not vary systematically across species with increasing numbers of neurons in the primate cerebral cortex (p ¼ 0.3117),
nor across marsupial species (p ¼ 0.1679), but decreases signiﬁcantly with increasing numbers of cortical neurons in rodents
(exponent, #0.177 ! 0.049, p ¼ 0.0369, r2 ¼ 0.812) and approaches signiﬁcance in artiodactyls with an even steeper slope
(exponent, #0.362 ! 0.094, r2 ¼ 0.882, p ¼ 0.0610). (B) N/A also does not vary systematically across primate cortices of increasing surface area
(p ¼ 0.7553), or across marsupials (p ¼ 0.3113), but it again decreases with increasing cortical surface area across rodents
(exponent, #0.155 ! 0.035, p ¼ 0.0220, r2 ¼ 0.865) and even faster across artiodactyls (exponent, #0.273 ! 0.050, p ¼ 0.0321, r2 ¼ 0.937). (C)
Again, N/A does not vary systematically across primate cortices of increasing average thickness (p ¼ 0.4936), or across marsupials (p ¼ 0.0894), but
it decreases with increasing cortical thickness across rodents (exponent, #0.408 ! 0.134, r2 ¼ 0.754, p < 0.0001) and artiodactyls
(exponent, #0.592 ! 0.074, r2 ¼ 0.970, p ¼ 0.0152). Data from Ventura-Antunes, L., Mota, B., Herculano-Houzel, S., 2013. Different scaling of
white matter volume, cortical connectivity, and gyriﬁcation across rodent and primate brains. Front. Neuroanat. 7, 3 and Herculano-Houzel et al.
(unpublished observations). All values are for a single cortical hemisphere.
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total numbers of neurons in the olfactory bulb are an indication of the amount of olfactory processing that can be performed, one must
concede that the increased reliance on other sensory systems such as vision in primates did not occur at the expense of olfaction, but in
addition to it. Indeed, the squirrel monkey was recently found to have high olfactory sensitivity (Laska et al., 2000)dand human olfactory abilities were later found to also be far better than presumed (Porter et al., 2006). The difference is that, contrary to small
mammals, we live with our noses over 5 feet above ground: when humans are blindfolded and invited to go around on all fours
to track a scent in the grass using their noses, most are perfectly capable of doing so (Porter et al., 2006).
We have suggested that a decrease in the relative size of the olfactory bulb is to be expected in primates given the faster addition
of neurons to their cerebral cortex than to other brain areasdbut that does not imply a diminished olfactory capacity (Ribeiro et al.,
2014). While we may not rely as heavily on olfaction, we still have as many olfactory neurons as highly olfactory mammals; there is
a difference between having strong olfactory capabilities and relying strongly on them. If 10 million neurons in the olfactory bulb
are enough for small species such as shrews to rely on olfaction, then similar numbers found in primates should sufﬁce for proﬁcient
olfaction. Given that primates as a whole, and humans in particular, have as many neurons in the olfactory bulb as macrosmatic
species, primates should no longer be considered microsmatic.

3.02.7

What It Means to Be a Primate

Our comparative studies have shown that primate brains stand out from other mammalian brains in a number of ways: for
example, they have more neurons than any other species with a similar brain mass, especially in the cerebral cortex, where primates
pack more neurons underneath a unit surface area and have more neurons as a whole than any species examined so far. Assuming
that neurons are the most limiting information processing units in the brain, one immediate consequence of the primate-speciﬁc
way of building brains is that these animals can pack more information processing power than other animals with similar brain
mass. Perhaps more importantly, primates can increase in size with brains that expand only slowly in mass, despite gaining neurons
faster with increasing body mass than in other mammals (reviewed in Chapter 2.07, What Modern Mammals Teach About the
Cellular Composition of Early Brains and Mechanisms of Brain Evolution). Artiodactyls, by comparison, have brains that become
very large while gaining only few neurons. Another consequence of the primate-speciﬁc way of adding neurons to the cortex with the
most modest rates of increase in gray and white matter volumes is that signal propagation time increases the least steeply across
primates of increasing numbers of cortical neurons compared to other mammals, while computational capacity through the white
matter scales faster in primates (Mota and Herculano-Houzel, 2012; Ventura-Antunes et al., 2013).
The large absolute numbers of neurons in the cerebral cortex of primates would already suggest more information processing
capabilities in these animals compared to other mammals of similar cortical mass. One possibility that remains to be examined
is that even more limiting for complex cognition is the number of neurons in the prefrontal, associative regions of the cortex across
species. We currently do not have the means to compare those numbers across mammalian species, as there is no working deﬁnition
of prefrontal cortex that can easily be applied across mammalian species. Still, using the working deﬁnition that prefrontal cortex is
the region that lies anterior to the corpus callosum in primates (Schoenemann et al., 2005), we recently found that the prefrontal
region of the cerebral cortex holds a similar 8% of all cortical neurons across primate speciesdincluding humans (Gabi et al., 2016).
Curiously, the mouse prefrontal cortex also contains 8% of all cortical neurons (Herculano-Houzel et al., 2013). While the
percentage of cortical neurons that are located in associative cortices remains to be determined in other mammalian species, especially those that have large cortices such as the elephant and whales, the comparatively large numbers of cortical neurons in primates
relative to other species led us to expect that absolute numbers of prefrontal, associative neurons are higher in primatesdand in
humans in particulardthan in other species (Herculano-Houzel, 2016).
While the absolute number of cortical neurons can be expected to be a major determinant of cerebral cortex–dependent cognitive capabilities, another parameter that is likely to be relevant for brain physiology is the ratio between numbers of cortical
neurons and numbers of neurons in the subcortical structures that pass information on to the cortex. The larger this ratio, the larger
the potential for cortical transformation and elaboration of neural representations of sensory input, and later of output to the
body, adding complexity and ﬂexibility to information processing (Herculano-Houzel, 2016). We have found that as the rest
of brain (including the brain stem) gains neurons, the cerebral cortex gains neurons even faster in primates. This faster increase
in numbers of cortical neurons over the rest of brain implies that the means exist for increasing complexity and ﬂexibility of
cortical processing in larger primate brains, with a larger number of cortical neurons available to process information relayed
from the brain stem (Herculano-Houzel et al., 2014a). Similarly, larger primate brains have more cortical motor neurons to
control each downstream effector neuron that operates the body; we have proposed that this faster increase in numbers of cortical
motor neurons over the number of neurons in the brain stem and spinal cord is the basis for the corticalization of motor control in
humans (Herculano-Houzel et al., 2016). In a similar vein, it has been argued that the joint expansion of cerebral cortical and
cerebellar volumes that is observed in primate brains likely reﬂects an increasing trend to shift from stereotyped to voluntary
motor control in the context of both sensory motor and cognitive specialization (De Winter and Oxnard, 2001; Barton, 2012).
Importantly, however, as we show here, primates are not the sole mammals to have increased ratios of cortical (and cerebellar)
neurons over the rest of brain: artiodactyls, as well as most carnivores and marsupials examined have ratios that are larger than
those found in other mammalian clades, and often comparable to the ratios found in some primates. In this case, a similar argument for improved sensory-motor control and cognitive specialization would also have to be made for grazing artiodactyls, which
also have an increased number of cortical (and cerebellar) neurons over the rest of brain. Still, ratios between numbers of cortical
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and rest of brain neurons are higher in primates than in any other mammalian order examined so far. Future studies that can
systematically compare behavioral and cognitive capabilities across primate and nonprimate species will be fundamental to
provide a better understanding of how numbers of neurons in and across brain structures relate to information processing
capabilities.

3.02.8

A Word About Humans

Determining the numbers of cells that compose primate and nonprimate mammalian brains has made it possible to examine the
human brain in the light of those rules that underlie the construction of primate brains, and to ﬁnally offer a fact-based, unbiased
answer to the question of whether human brains are special, in the sense of being out of the ordinary. In what regards their cellular
makeup, we can now say that they are not (Herculano-Houzel, 2016). As indicated in all ﬁgures in this chapter, human data points
fall either on the predicted scaling functions or well within 95% conﬁdence intervals calculated for primates. The same cellular rules
that apply to building brains of other primate species therefore also apply to building ours: The human brain is a generic primate
brain in its cellular composition. Rather than focusing on how human brains deviate from the basic primate plandwhich they
apparently do notda more relevant question then becomes “How did humans come to concentrate the largest number of neurons
in the cerebral cortex, regardless of its size?”
The answer, surprisingly enough, seems to involve not extraordinary biological innovations, but rather two of the most complex
outcomes of brain function: developing technology and culture. The ability to stand up and roam larger territories in search for food
probably offered a ﬁrst energetic advantage to early human ancestors (Lieberman, 2013) allowing an initial increase in numbers of
brain neurons that great ape ancestors at the time could not afford. But the fast and extreme increase in numbers of brain neurons
over the last 2 million years required a larger caloric input that only the use of stone tools or, later, ﬁre to transform foods prior to
ingesting themdthat is, early cooking technologiesdcould have provided (Fonseca-Azevedo and Herculano-Houzel, 2012). Once
enough neurons endowed brains with the capability of developing those ﬁrst technologies, human ancestors could obtain enough
calories to feed their brains very effectively, in far less time than other animals are capable of, and affording larger numbers of
neurons became possible. Given that enough cortical neurons also seem to facilitate the transferring of newly developed technologies on to the next generations, humans soon distanced themselves from other primates not only in the number of cortical neurons
that they possess (that is, their biological capabilities), but also in the use they can make of their brains (that is, their developed
abilities; Herculano-Houzel, 2016; Henrich, 2015).
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