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Abstract
What were early mammalian brains made ofdHow many neurons? How many glial cells? In what proportions across brain
structuresdand how to determine that in the absence of fossil brain tissue? It turns out that the systematic examination of
the cellular composition of the brains of modern mammals reveals a series of universal patterns and clade-speciﬁc rules
behind the making of the major brain structures that allow, using the principle of parsimony, the inference of what early
mammalian brains were made of, and what types of changes have led to the generation of great diversity in mammalian
brain evolution.

2.07.1

Introduction

Mammalian brains all have the same gross morphology that makes them instantly recognizable, despite the enormous diversity in
several aspects. Their mass varies from a fraction of a gram to several kilos, cortical surface area spans four orders of magnitude,
cortical thickness varies by nearly 10-fold. The cerebral cortex can represent as little as 30% of the mass of the whole brain (as
in the least shrew), or as much as 84% (as in humans; Hofman, 1988). How did such diversity come to be, in the 218 million years
that have passed since the last common ancestor to all mammals lived (Meredith et al., 2011)? What makes brain size vary so much,
and as it varies, what features in brain organization and its cellular composition are ﬂexible, and have come to be characteristic of
each mammalian clade, and what features are inﬂexible and universal, either due to biological constraints or basic physical properties? Moreover, what do those differences and similarities across extant mammals inform about what early mammalian brains
were made of and looked like, and how they evolved over time, giving rise to the current diversity?

2.07.2

The Traditional View: All Brains Are Made of Same

It might seem surprising that neuroscience made so much progress during the 1900s without solid knowledge about the most basic
facts about brains: what they are made of, what constraints and rules there are to how brains are built, and how that varies across
mammalian groups or related species with widely different brain sizes? At best, there were estimates of numbers of neurons in invertebrates: for instance, 302 in the hermaphrodite of the model nematode Caenorhabditis elegans (White et al., 1986), 851,000 neurons
in the brain of the worker honeybee Apis mellifera (and 1.2 million neurons in the drone; Witthöft, 1967), counted by direct enumeration. Estimates for mammals were typically obtained from rough extrapolations from neuronal density in the cerebral cortex using
brain volume. With no proper measurements, for instance, the human brain was widely held to consist of 100 billion neurons and
10–50 times more glial cells, numbers that even made it to one of the most popular textbooks in the ﬁeld, Kandel, Jessel, and
Schwartz’s Principles of Neural Science (reviewed in Von Bartheld et al., 2016). But those (mistaken) numbers for the human brain
had nothing to be compared to. At best, and probably from more extrapolations from neuronal density in the cerebral cortex and
brain mass, there were estimates of “about 30 million for (.) small mammals such as shrews” (Campbell and Ryzen, 1953) and
“well over 200 billion [neurons] for whales and elephants” (Williams and Herrup, 1988). Large mammalian brains were thus
presumed to have three orders of magnitude more neurons than the smallest brains, and even more neurons than invertebrates.
Not that larger brains necessarily must have more neurons, though, nor, by the way, must larger animals necessarily come
with larger brains. Given that mammalian bodies are fairly similar in their bauplan, operating and moving a large body should
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be exactly as complex as operating a small body, and therefore require just as many neurons [despite the expectation that larger
bodies require more brain mass to operate them, behind Harry Jerison’s (1973) concept of encephalization]. Thus, larger brains
could in principle be made simply of larger neurons, not more neurons, with more glial cells providing myelination and support
for the longer axons.
Another problem was that not enough data were available to compare what different mammalian brains were made of, or how
that varied, much less to determine if that mattered. Until the 2000s, comparative studies of brain morphology and composition
relied mostly on measurements of structure volume, neuronal density, and glia/neuron ratios in the cerebral cortex of assorted
species (the parameters that were available for study), and typically analyzed mammalian species as an indiscriminate group
(eg, Nissl, 1898; Tower and Elliott, 1952; Tower, 1954; Friede, 1954; Hawkins and Olszewski, 1957; Haug, 1987; Finlay and Darlington, 1995). Without any clade-speciﬁc analysis, those studies assumed that the same scaling rules applied as brains varied in size
in mammalian evolution. Those rules were supposedly that as brains increased in volume, the cerebral cortex expanded homogeneously in surface area across species (Hofman, 1985; Finlay and Darlington, 1995), with decreasing neuronal densities (that is,
larger neurons) and an increasing glia/neuron ratio (Tower and Elliott, 1952; Tower, 1954; Hawkins and Olszewski, 1957;
Haug, 1987), but a constant number of neurons per surface area (Rockel et al., 1980). Not much was said about the cerebellum
or the remaining brain structures; evolution was, anyway, all about cortical expansion (Hofman, 1985; Finlay and Darlington,
1995; Rakic, 1995). A few comparative studies did, however, point out that all brains were not made the same. For example, the
expansion of the cerebral cortex does not happen similarly across all mammals with growing brain volume: in mammalian brains
of a similar total volume, the cerebral cortex can occupy different proportions of the brain (Frahm et al., 1992; Clark et al., 2001).
Another problem was that brain size was for too long considered either a variable that depended on body size or, worse, an
independent variable that controlled neuronal density, or numbers of neurons, or metabolic rate, when neither can be the case.
Brain size in proportion to the body is too variable across individuals and species to be closely tied to body size (Riska and Atchley,
1985), and brain mass does not even scale universally with body mass across individuals of a same species and species of a same
order (Armstrong, 1990). As to the second issue, how could the size of the brain control variables such as the number of cells that
compose it or their size (and therefore density), when the size of a brain is the very result of the product of its number of cells and
their size? According to what physiological rationale could brain size be directly, causally related to something global such as
longevity? The overuse of brain size as the key variable in comparative studies was brilliantly summarized in a review by Williams
and Herrup (1988): “As has been repeatedly stressed and repeatedly ignored, brain mass is a compound variable, and little insight
can be gained by reducing brain weight to a simple expression made up of one constant, one variable (body weight, surface area,
metabolic rate, and even life span) and one coefﬁcient” (Williams and Herrup, 1988: p. 424).
It is understandable, however, that brain volume (or mass) would necessarily end up overused, as for decades it was indeed the
main variable available for comparative studies. With the understanding that the ﬁeld needed proper data on what different brains
were made of, so that brain size could ﬁnally become a dependent variable, as it should, and studied in its components, we developed in the early 2000s a new method to allow the rapid, direct estimation of numbers of neuronal and nonneuronal cells that
compose any dissectable brain structure, the isotropic fractionator (Herculano-Houzel and Lent, 2005). The method initially
met with some resistance; after all, it did, contrary to traditional histology methods, and in almost heretic fashion, consists of dissolving precious, ﬁxed brain tissue in detergent and counting free-ﬂoating nuclei in isotropic (homogeneous) suspensions. Nevertheless, it has now been shown by two groups independently to yield results that are consistent with those obtained with stereology,
the traditional approach, and in much less time (reviewed in Herculano-Houzel et al., 2015a). Our recent studies of brain composition using the isotropic fractionator have systematically addressed clade-speciﬁc relationships between brain mass and numbers
and densities of neuronal and nonneuronal cells, and have uncovered both features of brain scaling that are indeed constant across
mammalian species, and several others that are clade speciﬁc (Herculano-Houzel et al., 2014b). Those are reviewed in the following
section.

2.07.3

The Many Ways of Putting a Brain Together

In our studies, which so far have included 56 mammalian species ranging in brain size from 0.2 g in the smoky shrew to 4619 g in
the African elephant, and representing 8 mammalian clades (Fig. 1), we ﬁnd that the total number of neurons in the brain ranges
from 36.5 million to 257 billion in these same species (Herculano-Houzel et al., 2015b). The human brain, which is not the largest
one analyzed, is also not the one with the most neurons as a wholed86 billion, by the way, not 100 billion (a difference that may
seem small, but amounts to more than an entire baboon brain; Azevedo et al., 2009). The honor of the most brain neurons as
a whole so far goes to the African elephantdbut only because of its cerebellum, which alone concentrates an atypical 98% of
all brain neurons in that species (Herculano-Houzel et al., 2014a). We have yet to determine whether the largest brain, that of
the sperm whale, at nearly 8 kg, also has more neurons than the smaller elephant brain.
The human brain, however, does have the largest number of neurons in the cerebral cortex of any animal so far: at an average
16 billion neurons, it has almost three times as many neurons as the twice larger elephant cerebral cortex, which has only 5.6 billion
neurons (Herculano-Houzel et al., 2014a). This discrepancy, however, does not apply to humans alone; primates as a whole have
more neurons in the cerebral cortex than any other mammal with a similar cortical mass. For instance, the capuchin monkey cortex,
at 39 g and 1.14 billion neurons, has almost four times as many neurons as the pig cortex, at a slightly larger 42 g but only
307 million neurons (Herculano-Houzel et al., 2015b). The larger number of neurons found in a primate brain structure than
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Canis lupus
Procyon lotor
Mustela putorius
Ursus arctos

Carnivora

Hyaena hyaena
Mungos mungo
Panthera leo
Felis catus
Giraffa camelopardalis
Damaliscus dorcas phillipsi
Antidorcas marsupialis

Artiodactyla

Tragelaphus strepsicerus
Sus scrofa domesticus
Sorex fumeus
Blarina brevicauda
Parascalops breweri

Eulipotyphla

Scalopus aquaticus
Condylura cristata
Oryctolagus cuniculus
Cynomys sp.
Sciurus carolinensis
Mus musculus
Rattus norvegicus
Mesocricetus auratus

Glires

Cavia porcellus
Hydrochoerus hydrochaeris
Dasyprocta primnolopha
Proechimys cayennensis
Otolemur garnettii
Microcebus murinus
Callimico goeldii
Callithrix jacchus
Cebus apella
Saimiri sciureus
Aotus trivirgatus

Primata

Macaca mulatta
Macaca fascicularis
Macaca radiata
Papio anubis cynocephalus
Homo sapiens
Tupaia glis

Scandentia

Procavia capensis
Dendrohyrax dorsalis
Amblysomus hottentotus

Afrotheria

Elephantulus myurus
Petrodomus tetradactylus
Marmosops incanus
Metachirus nudicaudatus
Didelphis aurita
Sarcophilus harrisii
Macropus parma
Macropus rufogriseus

Marsupialia

Macropus rufus
Macropus rufus
Wallabia bicolor
Dendrolagos goodfellowi

Figure 1 Species analyzed and their phylogenetic relationships. Relationships for carnivorans from Nyakatura and Bininda-Omonds (2012);
primates from Purvis (1995); rodents from Blanga-Khanﬁ et al. (2009); eulipotyphlans from Douady et al. (2002) and Shinohara et al. (2003);
afrotherians from Kuntner et al. (2011); marsupials from May-Collado et al. (2015). Relationships across artiodactyls and clades according to Murphy
et al. (2004). Diagram does not include the naked mole-rat (Heterocephalus glaber), which we found to be an outlier among rodents and was therefore not included in the analyses shown in the ﬁgures in this chapter (Herculano-Houzel et al., 2011).
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in the same structure of similar mass in other mammals also applies to the cerebellum and to the rest of brain. For example, the
rhesus monkey cerebellum, at 7.7 g and 4.6 billion neurons, has more than three times as many neurons as the pig cerebellum,
at a slightly larger 8.1 g and 1.8 billion neurons (Herculano-Houzel et al., 2015b). Similarly, the rest of the brain structures in
the baboon (brain stem, diencephalon, and striatum), at 17.2 g, holds 278 million neurons, against only 108 million neurons
found in the slightly larger rest of brain of the capybara, at 19.9 g (Herculano-Houzel et al., 2015b).
Our direct comparisons thus show that two mammalian brain structures of similar size are not necessarily made of similar
numbers of neurons. Likewise, brain structures made of similar numbers of neurons can have widely different sizes. For example,
there are 762 million neurons in the 213 g cerebral cortex of the greater kudu, an artiodactyl (Kazu et al., 2014), but a slightly larger
801 million neurons ﬁt in a cerebral cortex of only 36 g in the crab-eating macaque (Herculano-Houzel et al., 2015b).
Importantly, these loose comparisons are examples of a trend, as there is mathematical consistency to how the mass of brain
structures varies with changing numbers of neurons across species, with some clade-speciﬁc rules. The relationships depicted in
Figs. 2–4 between brain structure mass and numbers of neurons (or neuronal density), which we refer to as “neuronal scaling rules”,
can be described as power laws, which means that these are scale-invariant relationships: in other words, a large cortex is not built in
entirely new ways, but rather in ways that can be predicted from a small cortex (provided that one knows what rules to apply) djust
like a large mammal is still recognizable to anyone as a larger version of a small mammal, despite the predictably thicker bones and
legs. Surprisingly, although, at this level of brain structure mass ! number of neurons relationships, there is great uniformity across
most cladesdwhich comes in very handy when using parsimony to infer what scaling rules must have been applied to ancestral
mammals, as will be explored later.
Across nonprimate mammals, the cerebral cortex (gray and white matter together) gains mass faster than it gains neurons: given
the power function of exponent 1.582 that relates the two variables (Fig. 2A), any 10-fold increase in the number of cortical neurons
is accompanied by a 38-fold increase in cortical mass (including the white matter). This function describes equally well variations
across dozens of species of marsupials, glires, eulipotyphlans, afrotherians (including the African elephant), artiodactyls, and carnivorans. There are only three notable exceptions so far: the naked mole-rat, which has only half as many cortical neurons as predicted
for its cortical mass, possibly due to its unusual living conditions of extreme hypoxia (Herculano-Houzel et al., 2011); the raccoon,
which has almost twice as many cortical neurons as expected for a nonprimate cortex of its mass (Messeder et al., unpublished
results); and the brown bear, which has only about one-fourth as many cortical neurons as expected for its cortical mass (which
we have suggested that is due to metabolical limitations; Messeder et al., unpublished results). Primates, in contrast, have a more
economical way of adding neurons to the cerebral cortex: with the power function of exponent 1.087 that relates cortical mass to
number of cortical neurons in primates (Fig. 2A, red), close to linearity, a 10-fold increase in the number of cortical neurons in
a primate is accompanied by only a 12-fold increase in cortical mass (compared to a 38-fold increase in other mammals).
Fitting more neurons in a primate cortex results from higher neuronal densities (ie, smaller neurons on average) in the cerebral
cortex of primate than in nonprimate mammals (Fig. 2B). Across the latter, more cortical neurons are also larger neurons on
average, as can be inferred from the rapidly decreasing neuronal densities that accompany larger numbers of neurons in the cerebral
cortex (a power function of exponent "0.582; Fig. 2B). Because densities of nonneuronal cells are comparatively constant across all
species (see later), we have shown that decreasing neuronal densities can be mathematically used to infer increasing average
neuronal cell size (including the soma and all dendritic and axonal arbors; Mota and Herculano-Houzel, 2014). Across primate
species, in comparison, neuronal densities are not only larger than in nonprimate species of similar cortical mass; they also do
not decrease signiﬁcantly as the number of neurons increases in primate cortices (Fig. 2B, red). This dissociation between increasing
numbers of neurons and increasing average neuronal cell size is one of the key distinguishing features of primate cerebral cortices.
There is also consistency in how the mass of the cerebellum scales across nonprimate speciesdalthough for this structure,
eulipotyphlans (shrews and moles of Europe and the Americas) also have their own neuronal scaling rule. Both primates and
eulipotyphlans have cerebella that are systematically composed of more cells than other mammals with similar cerebellar mass
(Fig. 3A). For instance, the cerebellum of the Eastern mole (a eulipotyphlan), at 0.153 g, is composed of 158 million neurons,
while the slightly larger cerebellum of the elephant shrew (an afrotherian), at 0.168 g, is built with only 89 million neurons
(Herculano-Houzel et al., 2015b). Likewise, while the cerebellum of the baboon (a primate), at 13.7 g, is built of 7.8 billion
neurons, the cerebellum of the blesbok (an artiodactyl), at a similar 13.4 g, is composed of only 2.4 billion neurons
(Herculano-Houzel et al., 2015b). Like the cerebral cortex, the mass of the cerebellum scales predictably with the number
of neurons in the cerebellum across primates (with an exponent of 0.976), across eulipotyphlans (with an exponent of
1.028), and across all other mammalian species examined so far (with a larger exponent of 1.267; Fig. 3A). The difference
in exponents means that although a primate or eulipotyphlan cerebellum made with 10! more neurons becomes only 10fold larger, increasing the number of neurons in the cerebellum of other mammals by 10 times makes that cerebellum 18fold larger.
As for the cerebral cortex, the different scaling rules for the cerebellum of primates, eulipotyphlans, and all other mammals result
from how increasing numbers of neurons are accompanied by rapidly decreasing neuronal densities (and thus increasing average
neuronal cell sizes) in the latter, but not in the former two clades (Fig. 3B). As a result of the dissociation between more neurons and
larger neurons in eulipotyphlans and primates, neuronal densities in the cerebellum of these species are much larger than in similarsized cerebellums of other mammals (Fig. 3B, compare yellow and red points with all others); in other words, the cerebella of the
former hide a much larger number of neurons than could be suspected from their sheer mass.
The remaining brain structures (brain stem, diencephalon, and striatum, which we refer to as “rest of brain”) also have more
neurons in primate than in nonprimate species of similar rest of brain mass. For example, the rest of brain of the baboon, at

What Modern Mammals Teach About the Cellular Composition of Early Brains and Mechanisms of Brain Evolution

(A)

(B)

1,000

Bear

100
Raccoon

10

200,000

Neuronal density (neurons/mg)

Mass of cerebral cortex (grams)

10,000

1
0.1

157

0.01

100,000
40,000
Raccoon

10,000
4,000
Bear

1,000
10

100

1,000

10,000

100,000

10

Neurons in cerebral cortex (millions)

(C)

1,000

10,000

100,000

Euarchontoglires

Xenarthra
Afrotheria

Anteater
Sloth
Armadillo

Rat

Tenrec

Manatee

100

Neurons in cerebral cortex (millions)

Hyrax

Rabbit

Tree
shrew
Galago
Human

Golden mole
Elephant shrew
Elephant

Eulipotyphla

Shrew
Mole
Hedgehog
Horseshoe bat

Flying fox

Carnivora

Cat

Marsupialia
Bandicoot
Grey kangaroo

105

100 95

Dog
88
85

Opossum

Perissodactyla

Zebra
Rhino

180

Monotremata

Llama
Pig
Cow

Platypus
230

Echidna

0

50

100

150

200

250

Dolphin

Cetartiodactyla
Figure 2 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 results). (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. Average neuronal density does not decrease systematically
across primate species with increasing numbers of cortical neurons (red; r2 ¼ 0.123, p ¼ 0.2644). (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. (2014b). Data on carnivorans from Messeder et al. (unpublished
results). Data on marsupials from Dos Santos et al. (unpublished results).

17.2 g, is composed of 278 million neurons, while the slightly larger rest of brain of the capybara, at 19.9 g, is made of only
108 million neurons (Herculano-Houzel et al., 2015b). The relationship between rest of brain mass and number of neurons is
also well described by a power function of exponent 1.921 across all nonprimate species (Fig. 4A), although there is a larger spread
across species. This larger variability in the relationship is, however, to be expected from the widely different structures that are
thrown in the mix, from the neuron dense striatum to the neuron sparse brain stem, and their variable relative sizes across different
species. As found in other structures, the primate rest of brain scales in mass with a different power function of its number of
neurons, with a smaller exponent of 1.198 (Fig. 4A, red points). As a consequence, while the rest of brain has a fairly close
690 million neurons in the human and 741 million neurons in the African elephant, it is a much smaller structure in the primate,
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Figure 3 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., 2014), 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 results). 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., 2014), 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. (2014b). Data on carnivorans from Messeder et al. (unpublished results). Data on marsupials from Dos Santos et al. (unpublished results).

at 117.7 g versus 564.7 g in the afrotherian (Fig. 4A; Herculano-Houzel et al., 2015b). We initially reported that the rest of brain in
glires shared its neuronal scaling rules with afrotherians, eulipotyphlans, and artiodactyls (Herculano-Houzel et al., 2014b), and
marsupials, as well as primates, deviated from those scaling rules (Dos Santos et al., unpublished results). However, the recent addition of carnivorans to the analysis suggests that a similar set of rules apply to carnivorans, marsupials, and eulipotyphlans (and
possibly artiodactyls); a second set to glires and afrotherians; and a third set to primates (Fig. 4B).
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Figure 4 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
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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 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. (2014b). Data on carnivorans from Messeder et al. (unpublished results). Data on
marsupials from Dos Santos et al. (unpublished results).

The difference between primates and nonprimate mammals again lies in the higher neuronal densities in the primate rest of
brain compared to nonprimate species (Fig. 4B). As in the cerebral cortex and cerebellum, neuronal densities in the rest of brain
decrease rapidly in nonprimate species as the structure gains neurons, as a power function of numbers of rest of brain neurons
with exponent "0.928, but less rapidly in primate species, with an exponent of "0.180 that does not, however, reach signiﬁcance
(Fig. 4B; Herculano-Houzel et al., 2015b). Within nonprimates, neuronal densities in the rest of brain fall very fast across
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marsupials, eulipotyphlans, carnivorans, and artiodactyls as the structure gains neurons (with an exponent of "1.077), but less
rapidly across glires and afrotherians (exponent, "0.621; Fig. 4B).
As seen by the exponents for the various structures, not only different neuronal scaling rules apply to primate and nonprimate
clades, but also to the relationship between structure mass and number of neurons across structures. With much higher neuronal
densities, the cerebellum always has more neurons than both a cerebral cortex of similar mass, and the larger cerebral cortex that
forms the same brain with that cerebellum. One consequence of this difference is that the proportional mass of each structure in the
brain does not reﬂect the proportional number of brain neurons that it contains.
In fact, examining numbers of neurons directly and their distribution across brain structures shows that the relative expansion of
the cerebral cortical mass that is seen in larger brains, at the cost of a relatively smaller cerebellum (Fig. 5A) and rest of brain, does
not reﬂect a relatively larger number of brain neurons in the cortex (Fig. 5B). In other words, the relatively larger cerebral cortex of
some species does not hold relatively more brain neurons than in species with relatively smaller cortices. Take, for instance, two
extremes: the human brain and the guinea pig brain. The human cerebral cortex represents 82% of the entire brain mass, and
the guinea pig cerebral cortex represents a much smaller 53% of the braindbut both cortices contain a similar 19% of all brain
neurons. In fact, across species, although the cerebral cortex represents between 50% and 80% of brain mass, it typically holds
15–25% of all brain neurons, while the cerebellum, which represents between 10% and 20% of brain mass, concentrates 70–
85% of all brain neurons (Fig. 5B). Thus, in larger mammalian brains, the cerebral cortex expands in relative mass while retaining
a fairly constant 15–25% of all brain neurons. This relative constancy is due to what we found to be a concerted addition of neurons
to the cerebral cortex and cerebellum (Fig. 5C). Across all mammalian species, primates included, the relationship between
numbers of neurons in the cerebellum and the number of neurons in the cerebral cortex of a same species is linear across species,
with a slope of roughly 4.0 (Fig. 5C). That is, for every neuron that is added to the cerebral cortex in evolution, about four neurons
are added to the cerebellum (Herculano-Houzel, 2010; Herculano-Houzel et al., 2014b). To this coordinated, proportional addition of neurons to both structures follows a relatively faster expansion of the cerebral cortex over the cerebellum simply because of
the difference in how average neuronal cell size (or neuronal density) increases faster in the cerebral cortex (Fig. 2A) than in the
cerebellum (Fig. 3A) as neurons are added to these structures.
The ratio of neurons in cerebral cortex (and in the cerebellum) to the number of neurons in the rest of brain does, however, vary
across mammalian clades. As shown in Fig. 6, eulipotyphlans, glires, small afrotherians, and American marsupials have a seemingly
constant ratio of 2 neurons in the cerebral cortex to every neuron in the rest of brain, but australasian marsupials and artiodactyls
have between 5 and 8 neurons in the cortex to every neuron in the rest of brain, carnivorans have between 5 and 10, and most
primates have between 5 and 25 (Fig. 6A). These clade-speciﬁc ratios would not have been predicted from the expansion of the
relative mass of the cerebral cortex as the rest of brain increases in mass (Fig. 6B).

2.07.4

The Many Ways of Putting a Brain in a Mammalian Body

The long tradition of considering body mass as an independent variable to which others, such as brain mass, could be normalized
across widely diverse mammalian clades (eg, Jerison, 1973) disregarded the possibility of clade-speciﬁc relationships between brain
mass and body mass. As shown in Fig. 7A, and for our data set alone, the scaling of brain mass to body mass differs across mammalian clades. For a similar body mass, primates have larger brains than nonprimates as a whole, and carnivorans show larger brains
than rodents of similar body mass; for instance, both the prairie dog (a rodent) and the banded mongoose (a carnivoran) have body
masses of about 1.5 kg, but the brain of the former weighs only 5.3 g, while the latter weighs 14.2 g (Messeder et al., unpublished
results). Once again, there is order to the variation, and clade-speciﬁc power functions apply to each mammalian group (Fig. 7A).
Thus, there is not a single way for nature to place a brain inside a mammalian body.
As seen earlier, there is also not a single way to build mammalian brains with neurons, and that diversity appears in the relationship between the number of brain neurons and body mass across diverse mammalian species (Fig. 7B). Here, the main difference
appears to be across primates (Fig. 7B, red) and nonprimate species (Fig. 7B, all other colors): for a similar body mass, primates
have many more brain neurons than other mammalian species. However, the relationship between total number of brain neurons
and body mass is skewed by the number of neurons in the cerebellum, typically 70–80% of all brain neurons. For example, it is due
to the cerebellum that the elephant brain appears to hold many more neurons in the brain than expected for its body mass (Fig. 7B).
If only the cerebral cortex is considered, even more diversity is revealed across mammalian clades (Fig. 7C). Afrotherians
(Fig. 7C, blue) have more cortical neurons than rodents (Fig. 7C, green) of similar body mass, and mid-sized carnivorans
(Fig. 7C, black) have more cortical neurons than marsupials (Fig. 7C, brown) or glires of similar body mass. However, while larger
mammals appear to have more cortical neurons within each clade, this correlation does not apply to carnivorans as a whole: larger
felines do not have more cortical neurons than a large dog, and the brown bear actually has fewer cortical neurons than all these
animals, and only as many as a house cat (Fig. 7C, black; Messeder et al., unpublished results). Interestingly, this break away from
the typical correlation between increasing body mass and increasing numbers of neurons only applies to the carnivoran cerebral
cortex, not to the rest of brain (Fig. 7D, black). The inverted U-shape of the curve relating number of cortical neurons to body
mass is indicative of a trade-off between the two, which we have suggested that is due to the high metabolic cost of cortical
neurons when faced with energetic limitations, as is likely to be the case for large carnivorans (Messeder et al., unpublished results).
Importantly, the rest of brain contains those structures in the brain stem that are directly connected to the body, and therefore
most directly responsible for operating it. Yet, it is for the rest of brain that scaling relationships to body mass are most clearly clade
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Figure 5 Faster 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) 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. 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. (C) With the sole exceptions of the African elephant and the brown
bear, the number of neurons in the cerebellum and in the cerebral cortex increase 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. 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. (2014b). Data on carnivorans from
Messeder et al. (unpublished results). Data on marsupials from Dos Santos et al. (unpublished results).
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Figure 6 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) 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. (B) 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. 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. (2014b). Data on carnivorans from Messeder et al. (unpublished results). Data on marsupials
from Dos Santos et al. (unpublished results).

speciﬁc, with not only different exponents in the power relationship but also different constants. As a result, we ﬁnd that for a given
body mass, primates have the most neurons in the rest of brain (Fig. 7D, red), followed by rodents and artiodactyls (Fig. 7D, green
and pink), then carnivorans (Fig. 7D, black), and marsupials have the least neurons in the rest of brain (Fig. 7D, brown). The widely
different numbers of neurons found in the rest of brain of different mammals of similar body mass indicate that the number of
neurons in the brain is not dictated directly by the body. Further, the fact that all these animals are obviously capable of controlling
their bodies well enough suggests that numbers of neurons in the rest of brain are not limiting, in the sense that there is not a certain
number of neurons that is universally required to control a body of a given mass.

2.07.5

The Several Ways of Distributing the Cortical Volume Into Gray and White Matter

The cerebral cortical volume, or mass, analyzed previously consists of two components of different cellular makeup: the gray matter,
containing neuronal cell bodies, and the white matter, with the axons leaving and entering the gray matter. The fact that the majority
of those axons in the white matter belong to neuronal cell bodies in the gray matter (given that corticofugal projections outnumber
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Figure 7 Clade-speciﬁc scaling of brain mass with body mass. (A) Brain mass scales faster with increasing body mass across primates (red; exponent, 0.903 # 0.082, r2 ¼ 0.931, p < 0.0001) than across species of any other clade (plotted relationships: glires, green, exponent, 0.712 # 0.071,
r2 ¼ 0.927, p < 0.0001; carnivorans, black, exponent, 0.602 # 0.041, r2 ¼ 0.973, p < 0.0001; artiodactyls, pink, exponent, 0.548 # 0.038,
r2 ¼ 0.990, p ¼ 0.0048). (B) The total number of neurons in the brain scales with increasing body mass much faster across primates (red, exponent:
0.777 # 0.091, r2 ¼ 0.889, p < 0.0001) than across nonprimates as a whole (plotted relationships: glires, green, exponent 0.452 # 0.071; marsupials, brown, exponent 0.554 # 0.041, r2 ¼ 0.964, p < 0.0001). (C) The number of neurons in the cerebral cortex scales much faster with increasing
body mass across primates (red; exponent 0.825 # 0.097, r2 ¼ 0.878, p < 0.0001) than across nonprimates (plotted relationships: glires, green,
exponent 0.431 # 0.056, r2 ¼ 0.881, p < 0.0001; marsupials, brown, exponent 0.582 # 0.058, r2 ¼ 0.936, p < 0.0001). Notice that the carnivoran
cerebral cortex does not gain neurons progressively as body mass increases; rather, lion, and hyena have similar numbers of cortical neurons as
large dogs despite their larger body mass, and the brown bear has only as many cortical neurons as a house cat. (D) The number of neurons in the
rest of brain, which contains structures that are directly connected to the body, varies with body mass in a clade-speciﬁc manner that indicates that
the two variables are not causally related across mammals as a whole (exponents: primates, red, 0.525 # 0.089, r2 ¼ 0.777, p ¼ 0.0002; afrotherians, blue, exponent 0.480 # 0.093, r2 ¼ 0.898, p ¼ 0.0142; glires, green, exponent 0.338 # 0.072, r2 ¼ 0.735, p ¼ 0.0015; carnivorans, black,
exponent 0.267 # 0.0006, r2 ¼ 0.877, p ¼ 0.0006; artiodactyls, pink, exponent 0.227 # 0.027, r2 ¼ 0.973, p ¼ 0.0136). 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. (2014a,b). Data on carnivorans from Messeder et al. (unpublished results). Data on marsupials from Dos Santos et al. (unpublished results).

corticopetal projections; Jones, 1985) justiﬁes the analysis of the cortical mass as a whole, as estimates of average neuronal cell size
of cortical neurons should include their axons. On the other hand, the separate analysis of the two components of the cerebral
cortical tissue can inform on how the components that process information locally (within the gray matter) or across long distances
(through the white matter) scale as cortices gain neurons.
It was once considered that gray and white matter volumes were universally related across all mammalian species alike (Zhang
and Sejnowski, 2000), but we now know that is not the case. Similar volumes of gray matter are associated with larger volumes of
white matter in primates, artiodactyls, and marsupials than in rodents (Fig. 8A; Ventura-Antunes et al., 2013; Herculano-Houzel
et al., unpublished results). The difference in scaling is even more pronounced when numbers of neurons are taken into consideration, since, as shown previously, cortices of similar size are composed of much larger numbers of neurons in primates than in nonprimates. Indeed, the volumes of gray (Fig. 8B) and white matter (Fig. 8C) 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. 8C).
The difference is very signiﬁcant: the springbok (an artiodactyl) and the owl monkey (a primate) both have about 200 million
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Figure 8 Clade-speciﬁc scaling of cerebral cortical gray and white matter. (A) The volume of the white matter scales as different functions of the
volume of the gray matter between rodents and other mammals. Exponents: rodents, 1.260 # 0.062, r2 ¼ 0.993, p ¼ 0.0003; primates,
1.184 # 0.054, r2 ¼ 0.983, p < 0.0001; 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. (B)
The volume of the gray matter scales as a different function of the number of neurons in the cortex in each mammalian clade analyzed. Exponents:
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. (C) The volume of the white matter scales as a different function of the number of
neurons in the cortex in each mammalian clade analyzed. Exponents: 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 VenturaAntunes, 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 results). All values are for a single cortical hemisphere.
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neurons in a single cerebral cortical hemisphere, but the volume of the corresponding white matter in the owl monkey is only onetenth of that in the springbok. There is not a single way to build gray and white matter, and obviously both the primate and artiodactyl ways work well enough that the animals can function successfullydbut the primate-speciﬁc scaling rules result in cortices in
which axons travel comparatively shorter distances for their numbers of neurons. The difference is associated not only with smaller
neurons in primate gray matter compared to artiodactyl gray matter with similar numbers of neurons, but also a smaller fraction of
cortical neurons connected through the white matter in primates (Ventura-Antunes et al., 2013; see also Chapter 3.02, “What
Primate Brains Are Made of” in volume III of this series).

2.07.6

The Even More Numerous Ways of Distributing the Cortical Volume Into Surface Area and Thickness

As described earlier, we have found basically that two relationships apply between cortical mass and the number of cortical
neurons across species: there is the scaling rule that applies to primates, and another scaling rule that applies to all other mammalian species examined so far, as a whole. As described in Section 2.07.5, the cortical volume is not divided uniformly across all
species into gray and white matter volumes. However, clade-speciﬁc distinctions in the distribution of the cortical volume go
even farther.
The volume of the cortical gray matter in any mammalian species is a result of the product of total cortical surface area and
average gray matter thickness, which in principle are independent features of a cerebral cortex. It has been generally considered that cortical expansion is mostly due to two-dimensional expansion of the gray matter, with only minor changes in
cortical thickness (Rakic, 1995; Zhang and Sejnowski, 2000). Indeed, average cortical thickness varies by less than one order
of magnitude across mammalian species, while total cortical surface area spans over three orders of magnitude. However, the
variation in cortical thickness is not only systematic but also clade speciﬁc. As shown in Fig. 9A, we have recently found that
different mammalian clades show different scaling of average thickness as the cortex expands in surface area (Mota and
Herculano-Houzel, 2015). This means that neurons are distributed in clade-speciﬁc combinations of cortical surface area
and thickness, as shown in Fig. 9B and C. As the cerebral cortex gains neurons, it expands in surface area much faster in artiodactyls and in rodents than in marsupials of primates (Fig. 9B). At the same time, the cortex becomes more rapidly thicker in
artiodactyls, followed by rodents, marsupials, and then primatesdeven though it is thinner in artiodactyls than in other nonprimate species (compare slopes in Fig. 9C). It is remarkable that even across nonprimates only, a given cortical volume,
which consists of similar numbers of neurons across species, is distributed into clade-speciﬁc combinations of cortical surface
area and thickness. For instance, a similar 100–200 million neurons in one cortical hemisphere are distributed into a larger
but thinner cortex in artiodactyls than in rodents or marsupials (Fig. 9B and C). It seems, therefore, that even though a single
relationship applies to building cortical volume as a function of increasing numbers of neurons that also become predictably
larger across nonprimate species, there are multiple ways of distributing this volume sideways into different combinations of
surface area and thickness.
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. 10A), cortical surface area (Fig. 10B), or cortical thickness (Fig. 10C), N/A is two to ﬁve times larger in primates than in other
mammalian species. Moreover, while N/A does not vary systematically across primate or marsupial species, it decreases with
increasing numbers of neurons, cortical surface area, and thickness in rodents and artiodactyls (Fig. 10).

2.07.7

What Does Not Change due to Biological Constraints

While numbers of neurons vary across mammalian structures of similar mass, we were surprised to ﬁnd that the nonneuronal
composition of brain structures (that is, the number of endothelial cells, microglial cells, astrocytes, and oligodendrocytes, deﬁned
as cells whose nuclei fail to express detectable levels of NeuN) is nearly invariant across brain structures of similar mass, regardless of
the species (reviewed in Herculano-Houzel, 2014). Moreover, as shown in Fig. 11, the mass of all of the major brain structures (cerebral cortex, cerebellum, and the rest of brain) varies across all mammalian species analyzed as a single, shared power function of the
number of nonneuronal cells 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 change, that is, that have not
evolved.
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 (Herculano-Houzel et al., 2014b), which translates mathematically into densities of nonneuronal cells in the various tissues that do not vary systematically across species or structures (Fig. 12A), in sharp contrast to the large and
systematic variation of neuronal densities across species and structures (Fig. 12B). 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, in contrast to the
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Figure 9 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 results). All values are for a single cortical hemisphere.
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average size of neurons. Indeed, applying chi-square minimization to a simple mathematical model that used measured densities of
neuronal and nonneuronal cells to obtain the most likely values for average neuronal and nonneuronal cell masses, we ﬁnd that
while the former (mN) is highly variable across structures and species, the estimated average mass of nonneuronal cells (mG) does
not depart much from 3 to 4 pg across all structures and species examined (Mota and Herculano-Houzel, 2014; Fig. 13A; center
panel). Estimated average neuronal cell mass varies between 5 and 144 pg in the cerebral cortex and rest of brain across all orders,
a 29-fold variation that extends to over 500-fold when the cerebellum is included (Fig. 13A, center panel; Mota and HerculnaoHouzel, 2014). As predicted, the largest average neuronal cell masses in the cerebral cortex are found in the capybara and agouti,
although these cortices are smaller than the macaque cortices investigated. A recent investigation of neuronal cell body and dendritic
arbors conﬁrms that layer III pyramidal neurons are indeed larger and more branched in rodents than in primates (Elston and
Manger, 2014).
Interestingly, the fraction of brain tissue that is composed of neurons in each structure, fN, varies little across structures, typically
around 0.7; in other words, we estimate that around 70% of brain tissue is composed of neurons (Mota and Herculano-Houzel,
2014, Fig. 13A; top panel). There is, however, a narrow range of variation in fN, which we ﬁnd to depend not on the large variation
in average neuronal cell mass mN (Fig. 13B), but rather to vary closely with small variations in average nonneuronal cell mass mG
(Mota and Herculano-Houzel, 2014; Fig. 13C).
As a consequence of the large variation in average neuronal cell size, and thus 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. 14A)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 glia/neuron ratio varies uniformly across mammalian brain structures and species, including
primates, as a function of neuronal density in the structure (Fig. 14B). In fact, the best predictor for the glia/neuron ratio in any
brain structure is the estimated average neuronal cell mass (Fig. 15A).
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). Absence of evolutionary change is indicative of either a biological
constraint or a physical principle at play. In the case of glial cells, the little variation in their 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 (which
is suggestive of a biological constraint to cell size variation), and in numbers that are physically constrained by the volume of the
tissue, initially comprised almost exclusively of neurons. We have proposed that this happens 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). This proposal is supported by the ﬁnding that the number of glial cells in
the tissue scales universally with the neuronal mass in the tissue, that is, with the product of number of neurons and estimated
average neuronal cell mass (Fig. 15B; Mota and Herculano-Houzel, 2014). Based on these ﬁndings, we proposed further that there
is a fundamental building block of brain tissue: the glial mass that accompanies a unit of neuronal mass (Fig. 15C). The fairly stable
composition of brain tissue, with c.70% neuronal mass and 30% glial mass, is a direct consequence of the constrained scaling of
average glial cell mass and their addition to the tissue in numbers that depend on the total neuronal mass of the parenchyma (Mota
and Herculano-Houzel, 2014).
It remains to be investigated whether the average size of particular glial cell types is indeed mostly invariant across unrelated
species. However, given the role of astrocytes and oligodendrocytes in providing metabolic support to neurons and synapses (Pellerin and Magistretti, 1994; Lee et al., 2012), it is indeed likely that these cells are not as free to vary in size as neurons are (Mota and
Herculano-Houzel, 2014). Importantly, whereas there seems to be biological 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 that limits
how many glial cells ﬁll a given volume of tissue may sufﬁce.

2.07.8

What Does Not Change due to Physical Properties

While all small mammalian cortices are smooth, all large mammalian cortices share one characteristic that jumps to the eye:
although the cortex remains a single sheet, it is no longer smooth, but rather folded into sulci and gyri (Fig. 16). Because of this
obvious distinction between small and large cortices, cortical expansion has long been associated with increased gyriﬁcation (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).
Against those expectations, 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 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. 17A; 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 varied 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. 17B; Mota and Herculano-Houzel, 2015). This is the function predicted for the conﬁguration of minimal effective
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Figure 10 Clade-speciﬁc scaling of neurons/surface area. (A) The average number of neurons per square millimeter of the cerebral cortical surface
is much larger in primates than in marsupials, and larger in these than in rodent or artiodactyl cortices of similar numbers of neurons. The number
of neurons per square millimeter does not vary signiﬁcantly with increasing numbers of cortical neurons in primates (r2 ¼ 0.127, p ¼ 0.3117) or in
marsupials (r2 ¼ 0.342, p ¼ 0.1679), but decreases signiﬁcantly with increasing numbers of cortical neurons in rodents (exponent: "0.177 # 0.049,
r2 ¼ 0.812, p ¼ 0.0369) and approaches signiﬁcance in artiodactyls (exponent: "0.362 # 0.094, r2 ¼ 0.882, p ¼ 0.0610). (B) The number of
neurons per square millimeter does not vary signiﬁcantly with increasing cortical surface area in primates (r2 ¼ 0.013, p ¼ 0.7553) or in marsupials
(r2 ¼ 0.202, p ¼ 0.3113), but decreases signiﬁcantly with increasing numbers of cortical neurons in rodents (exponent: "0.155 # 0.035, r2 ¼ 0.865,
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free energy of the cerebral cortex, and 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 thickness (Mota and HerculanoHouzel, 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 particular cortex, in particular the relationship between total surface area and cortical
thicknessdand, as shown earlier (Fig. 9A), this relationship is particular to each mammalian order. 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. 2A).
Interestingly, there is a second variable in cortical folding that differs across clades: the exact placement of the folds, that is, the
spatial pattern of folding. This pattern is characteristic enough of each clade that it allows the ready identiﬁcation of the clade to
which a gyrencephalic species belongs: carnivorans have fortune cookie-shaped cortices with concentric gyri; primates have
a distinctive lateral sulcus and gyri at right angles to each other; artiodactyls have no major sulcus, but rather many gyri that
run in parallel to each other and orthogonally to the pyriform cortex; rodents have folds concentrated in the occipital cortex,
whereas marsupial cortices have a relatively smooth occipital cortex, with folds concentrated anteriorly (Fig. 16; Welker,
1990). We suggest that the clade-speciﬁc spatial pattern of cortical folding is related to the placement of ﬁrst folds in early embryonic development of the cortex, which serve as seeds for the placement of ﬁrst-order folds in cortical expansion (Tallinen et al.,
2016).

2.07.9

Inferences About Early Mammalian Brains and Mechanisms of Brain Evolution

As reviewed earlier, it turns out that some features in mammalian brain organization and its cellular composition are indeed
ﬂexible across species, and clade speciﬁc, while others are universal, applying to all clades examined so far. At this point, there
is reasonable consensus as to what are the main phylogenetic relationships across mammalian clades, although several issues
persist, including the timing of mammalian origin and clade diversiﬁcation (Murphy et al., 2004; Bininda-Emonds et al.,
2007; Meredith et al., 2011). Mapping clade-speciﬁc scaling rules onto the mammalian phylogenetic tree, considering that
the ﬁrst mammals were very small (Rowe et al., 2011), and applying the principle of parsimonydthat the most likely scenario
in evolution is the simplest one, with the least changesdit is possible to use those differences and similarities across extant
mammals to inform about what early mammalian brains were made of and looked like, and how they evolved over time, giving
rise to the current diversity.
The simplest case is that of nonneuronal (glial) scaling rules: the relationship between brain structure mass and number of
nonneuronal cells in the structure, as reviewed earlier, is shared not only across all mammalian species examined so far (and
even birds; Olkowicz et al., 2016) but also across brain structures. The most complex explanation for the shared relationship
across extant mammalian species would be that the precise same relationship between brain structure mass and number of
glial cells appeared de novo in each brain structure, in each clade. The simplest scenario, on the other hand, is that the shared
scaling rule that applies to modern mammalian species already applied to the ancestral mammal to all clades examined in
our data set, which lived around 218 million years ago (Meredith et al., 2011), and has remained conserved since then. This
is the scenario illustrated in the evolutionary tree depicted in Fig. 11B, one that we expect to extend further to Xenarthra,
Chiroptera, and Perissodactyla as well, clades that we have not been able to examine yet. Interestingly, in the case that
the modern glial scaling rules already applied 218 million years ago, we can infer how many glial cells composed the brain
of the earliest mammalian species by simply applying the mathematical equation that relates brain (or brain structure) size to
the number of glial cells in it that apply to modern mammals. Further, we can infer from the near-linearity of that equation,
which stems from the lack of a systematic change in nonneuronal cell density across extant mammalian brain structures
(Fig. 12A), that the average cell size of glial cells has varied little since the ﬁrst mammals appeared (Fig. 13; Mota and
Herculano-Houzel, 2014).
The next simplest scenario is that of the evolution of the neuronal composition of the cerebral cortex. As shown in Fig. 2,
the same relationships between the mass of the cerebral cortex, neuronal density, and the number of neurons in the structure
apply to all extant nonprimate mammalian species examined, whose phylogenetic relationship is shown in the tree in
Fig. 2C. Given that the same neuronal scaling rules apply to the cerebral cortex of six widely diverse mammalian clades,

=
p ¼ 0.0220) and in artiodactyls (exponent: "0.273 # 0.050, r2 ¼ 0.937, p ¼ 0.0321). (C) The number of neurons per square millimeter does not
vary signiﬁcantly with increasing cortical thickness in primates (r2 ¼ 0.060, p ¼ 0.4936) or in marsupials (r2 ¼ 0.555, p ¼ 0.0894), but decreases
signiﬁcantly with increasing numbers of cortical neurons in rodents (exponent: "0.408 # 0.134, r2 ¼ 0.754, p < 0.0001) and in 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 results). All values are for a single cortical hemisphere.
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Figure 11 Glial scaling rules are shared among extant mammalian clades, 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. (2014a,b). Data on carnivorans from Messeder et al. (unpublished results). Data on marsupials from Dos
Santos et al. (unpublished results).

only not to primates, the most parsimonious interpretation is that the shared rule already applied to the common ancestor to
these six clades, around 180 million years ago, and has been conserved since then in all cladesdexcept primates (HerculanoHouzel et al., 2014b). Thus, even though no fossil tissue of this common ancestor will most likely ever be found to be
preserved enough for analysis, it can be inferred that the cortex of early mammalia forms such as Hadrocordium wui (Luo
et al., 2001), with an estimated mass of only 0.020 g (Herculano-Houzel et al., 2014b), was composed of only 3.6 million
neurons. Accordingly, we have proposed that as early mammals gained neurons in their cerebral cortex, these neurons also
became larger on average, at a rate that was tied to the increase in numbers of cortical neurons, leading to the predictably
lower neuronal cell densities shown in Fig. 2B. Primates later appeared with changes in the neuronal scaling rules that
allowed numbers of neurons to increase without the same rapid increase in structure mass that is observed in other mammals
(Herculano-Houzel et al., 2014b). 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 cerebral cortex of the
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Figure 12 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. (2014b). Data on carnivorans from Messeder et al. (unpublished
results). Data on marsupials from Dos Santos et al. (unpublished results).

new animals as numbers of neurons increased. Recent evidence that dendritic size and branching increases faster across
rodents than primates (Elston and Manger, 2014) supports this hypothesis.
A similar logic can be applied to the cerebellum (Fig. 3), in which case the neuronal scaling rules shared across modern
afrotherians, glires, carnivorans, and artiodactyls can be inferred to have also applied to the eutherian ancestor (Fig. 3C),
rather than to have appeared independently four times (Herculano-Houzel et al., 2014b). Resolving whether these rules
also applied to the ancestor to all therians, from which marsupials then diverged, will require examining the cerebellum
of monotremes. Again, we have proposed that as early mammals gained neurons in their cerebellum, these neurons also
became larger on average, at a rate that was tied to the increase in numbers of cerebellar neurons, leading to the predictably
lower neuronal cell densities shown in Fig. 3B. Primates, and also eulipotyphlans, later appeared with independent changes
in the neuronal scaling rules that allowed increases in numbers of cerebellar neurons to become uncoupled from increasing
average neuronal size (Herculano-Houzel et al., 2014b). Marsupials, on the other hand, still exhibit decreasing neuronal
densities indicative of increasing average neuronal cell size as their cerebellum gains neurons (Dos Santos et al., unpublished
results). However, these animals systematically display larger neuronal densities in the cerebellum compared to other nonprimate mammalian species, which suggests that when marsupials appeared, average neuronal cell size in the cerebellum
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Figure 13 Estimated average mass of individual neuronal cells is highly variable across brain structures and species, but average mass of glial cells
is not. (A) Estimated average cell mass of individual neuronal cells (mN, in picograms) and of individual glial cells (mG, also in picograms) are plotted
for each of three clades, along with the neuronal fraction of the tissue (fN), that is, the fraction of tissue mass that consists of neurons. Plots show
mN and mG on a similar scale to evidence how the former is much more variable than the latter. Notice that fN is typically between 0.6 and 0.7, that
is, neurons represent 60–70% of the mass of different brain structures in different species. (B) Small variations in the neuronal fraction of brain
tissue mass (fN) do not correlate systematically with variations in the average neuronal cell mass (mN). (C) Small variations in the neuronal fraction
of brain tissue mass (fN) do correlate systematically with variations in the average glial cell mass (mG) across all structures and species analyzed.
Cerebral cortex, circles ; cerebellum, squares ; rest of brain, triangles. Data plotted from Mota, B., Herculano-Houzel, S., 2014. All brains are made of
this: a fundamental building block of brain matter with matching neuronal and glial masses. Front. Neuroanat. 8, 127.

became smallerdbut, from that new “starting point,” continued to scale predictably with increasing numbers of cerebellar
neurons just as in the ancestral cerebellum.
While we have previously suggested that the neuronal scaling rules for the rest of brain were shared across afrotherians, glires,
eulipotyphlans, and artiodactyls (Herculano-Houzel et al., 2015b), the recent addition of marsupials and carnivorans to the analysis suggests a different interpretation: that marsupials, eulipotyphlans, carnivorans, and artiodactyls share neuronal scaling rules
for the rest of brain, and afrotherians and glires share a different set of rules (Fig. 4). Because of the conformity of the early branching
marsupials to the scaling rules that apply to later-branching groups, it is thus possible that the neuronal scaling rules shared by these
modern groups applied in early mammals (Fig. 4C).
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Figure 14 Glia/neuron ratio varies universally not with structure mass, but with neuronal density. (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. (2014a,b). Data on carnivorans from Messeder et al. (unpublished results). Data on marsupials from
Dos Santos et al. (unpublished results).

Cortical expansion is a trend in most mammalian clades, with the exception of eulipotyphlans and chiropterans (Saﬁ et al.,
2005)dalthough it must be kept in mind that cortical expansion is not mandatory in mammalian evolution: very small
animals with small brains and cortices are found in many mammalian clades, even if not all. Because ancestral mammals
were small (Rowe et al., 2011), presumably with a very small cortex, cortical expansion has probably occurred independently
in all mammalian lineages. We can infer that the ﬁrst mammals had a ratio of twice as many neurons in the cerebral cortex as in
the rest of brain (Fig. 6A), and four times as many neurons in the cerebellum as in the cerebral cortex (Fig. 5C). Australasian
marsupials, carnivorans, primates, and artiodactyls seem to have diverged away from this ancestral distribution of neurons in
the brain with increased ratios between numbers of neurons in the cerebral cortex and the rest of brain, while maintaining the
same four neurons in the cerebellum for every neuron in the cerebral cortex. In other words, the expansion of the numbers of
neurons in the cerebral cortex has been linked to a proportional expansion of numbers of neurons in the cerebellum in
mammalian evolution (Herculano-Houzel, 2010; Herculano-Houzel et al., 2014b). In each clade, the volume of the cerebral
cortex then expands over the volume of the cerebellum (and rest of brain) depending on the neuronal scaling rules that tie
average neuronal cell size to numbers of neurons in each structure.
From the small size of the brain of early mammalian fossils (Rowe et al., 2011), we can also infer that early mammals were
lissencephalic, and thus had small cortical surfaces that expanded with the square of their thickness, as in all modern lissencephalic mammals examined (Mota and Herculano-Houzel, 2015). We propose that gyrencephaly appeared in each
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Figure 15 There is a universal relationship between neuronal mass and glial mass in brain structures across all species. (A) The glia/neuron ratio
(NG/NN) (that is, the ratio between numbers of glial and neuronal cells) varies as a single power function of the estimated average cell mass of individual neuronal cells (mN, in picograms) of exponent 0.922 # 0.035 (r2 ¼ 0.898, p < 0.0001). (B) The number of glial cells in the tissue, NG, varies
across structure and species as a single power function of the neuronal mass in the tissue (mNNN), which is the product of average neuronal cell
mass (mN) and number of neurons in the tissue (NN). Exponent: 0.877 # 0.022 (r2 ¼ 0.952, p < 0.0001). (C) Total glial mass in each structure
(mGNG) varies as a universal power function of total neuronal mass in each structure (mNNN) of exponent 0.911 # 0.019 (r2 ¼ 0.968, p < 0.0001)
across all structures and species. Cerebral cortex, circles; cerebellum, squares; rest of brain, triangles. Data plotted from Mota, B., Herculano-Houzel,
S., 2014. All brains are made of this: a fundamental building block of brain matter with matching neuronal and glial masses. Front. Neuroanat. 8, 127.

What Modern Mammals Teach About the Cellular Composition of Early Brains and Mechanisms of Brain Evolution

175

Marsupialia

Rodentia

Primata

Carnivora

Artiodactyla

Figure 16 Clade-speciﬁc folding pattern of the cerebral cortex. Brains were scaled to appear with similar sizes for comparison and are thus not
shown to scale. Species shown, from left to right: marsupials, Macropus eugenii and Macropus fuliginosus; rodents, Cavia porcellus and Hydrochoerus
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Images from the Mammalian Brain Collection (www.brainmuseum.org).

mammalian clade not because of the evolution of new mechanisms that lead to folding, but because in each clade, the cerebral
cortex starts expanding faster in surface area than with the square of average cortical thickness (the only condition that maintains lissencephaly; Mota and Herculano-Houzel, 2015). Clade-speciﬁc scaling of the distribution of the cortical volume into
surface area and thickness in the face of a shared relationship between cortical volume and number of neurons can be reconciled in our model in which all morphological aspects of the brain covered here are accounted for by variations in only three
parameters: (1) the number of symmetrical divisions of early progenitors (which expand the proliferating subventricular zone,
and thus contribute directly to expanding the cortical surface), (2) the number of asymmetrical divisions that progenitors
undergo (which expand the cortex radially and thus contribute directly to increasing the cortical thickness), and (3) the average
size (volume or mass) of the adult neurons (which contributes to both cortical surface area and thickness; Mota and
Herculano-Houzel, unpublished observations). According to our proposition, while nonprimate mammalian cortical volumes
scale similarly as they gain neurons, this volume is then distributed sideways, and radially, in different fashions across mammalian clades. The recent surge in interest in identifying genetic and cellular mechanisms that lead to cortical expansion in
different mammals (eg, Martínez-Cerdeño et al., 2012; Stahl et al., 2013; Wong et al., 2015) should soon allow the investigation of how mechanisms of cortical expansion compare across species.

2.07.10 What Difference Does It Make?
If one considers that larger bodies of similar morphology have unchanging degrees of freedom of movement and the same
relative disposition of sensory surfaces, then operating them should in principle not require larger brains with more neurons.
Still, it is reasonable to expect growing sensory surfaces and numbers of muscle ﬁbers to require more neurons to monitor or
operate themdor perhaps larger sensory surfaces and more muscle ﬁbers allow the survival of more neurons in development,
thus adjusting neuronal populations to the size of their targets (Watson et al., 2012). However, it appears that the increase in
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Figure 17 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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number of motor neurons that accompanies larger bodies is very modest, described by a power function of exponent 0.184
across marsupial species (Watson et al., 2012) or an even smaller 0.127 in primates (Sherwood, 2005). With such small exponents, a 10-fold larger body, with presumably a 10-fold larger muscle mass to be innervated, would be expected to have at best
1.5-fold as many motor neurons. In contrast, we ﬁnd that 10-fold larger bodies come with 2.5- to up to 6-fold more brain
neurons (that is, the number of brain neurons scales with body mass raised to an exponent of 0.4–0.8, depending on the
clade). Even in the spinal cord as a whole, directly connected to the body, we found that numbers of neurons scale with
body mass raised to an exponent of only 0.360 across primate species (Burish et al., 2010); that is, a 10-fold larger body comes
with only 2.3 times as many neurons. Thus, even if a larger body requires a larger number of neurons to operate it, the increase
in number of brain neurons with increasing body mass cannot be accounted for by the simple demand for a larger number of
neurons imposed by larger body mass.
The faster expansion of the total number of brain neurons compared to the expansion of the number of neurons that deal
directly with bodily functions thus suggests that the majority of neurons added to larger brains are not strictly involved in operating
the body. As a consequence, with increased numbers of brain neurons must come an increased capacity to process information
beyond what would be strictly necessary to operate the body. This scenario is well illustrated by the scaling of brain over spinal
cord: as the primate spinal cord gains neurons, the number of neurons in the rest of brain, which also contains structures directly
associated with bodily organs, scales proportionately (that is, linearly), but the number of neurons in the cerebral cortex and cerebellum scales much faster, with the number of spinal cord neurons raised to 1.6–2.1 (Burish et al., 2010).
Interestingly, while all clades gain brain neurons faster than could be accounted for by the increase in body mass (that is,
numbers of brain neurons scale with body mass raised to exponents signiﬁcantly larger than 0.184; Watson et al., 2012), only
primates and artiodactyls exhibit a signiﬁcantly faster expansion in the number of neurons in the cerebral cortex over the number
of neurons in the rest of brain. In particular, we have estimated that the number of neurons in the primate motor cortex (area M1)
scales roughly with the number of neurons in the spinal cord squared. As a result, while there are fewer than two neurons in the
motor cortex for every spinal cord neuron in small primates, the ratio reaches to 20:1 in human and chimpanzee (HerculanoHouzel et al., 2016). We have proposed that the increasing numerical preponderance of cortical motor neurons over the rest of brain
and spinal neurons with increasing body mass in primates results in corticalization of motor control, with increasing dependence
on the motor cortex for the control of ﬁne movements in humans and chimpanzees (Herculano-Houzel et al., 2016). Similarly, we
found that the numbers of neurons in visual and auditory cortices scale faster than the numbers of neurons in the respective
thalamic and collicular nuclei (Collins et al., 2013; Wong et al., 2013). It seems therefore that, at least in primates, cortical expansion leads to increased ratios of cortical to subcortical neurons that could contribute to adding complexity and ﬂexibility to information processing in larger brains.
But what drove cortical expansion? Why is there a trend not only for absolute enlargement of the cerebral cortex (ie, more
neurons), but also its relative expansion over other brain structures, which occurs as more cortical neurons also become larger
neurons? Larger average neuronal cell size used to be an expected consequence of adding more neurons because of the ensuing
increase in cortical mass that comes with more neurons; with longer distances to cover, the average neuron would have to at least
have longer axons of probably larger caliber as well. However, the fact that primate cortices gain neurons with no signiﬁcant
decrease in neuronal density argues against such a mandatory increase in average neuronal cell size. Additionally, the absolute
mass of the cerebral cortex (or brain), not relative size, is the best correlate of cognitive abilities across species so far (Deaner
et al., 2007; MacLean et al., 2014). Thus, it is in principle more cortical neurons, and not larger neurons, that provide a cognitive
advantage.
A recent observation led to the suggestion that the addition of neurons to the cortex accompanied by larger average neuronal size
(and therefore lower neuronal densities) has one advantage that would lead to brains of both increasing numbers of cortical
neurons and relatively larger cortices: it is associated with decreasing daily sleep time (Herculano-Houzel, 2015). Across a variety
of mammalian species, it appears that the best correlate of daily sleep time so far is the ratio between neuronal density and surface
area, which should determine the rate at which sleep-inducing metabolites produced during waking accumulate in the parenchyma
(Fig. 18A). The smaller this ratio, the more slowly metabolites should accumulate, and thus the longer the animal should be able to
remain awake; daily sleep time, therefore, should decrease with decreasing ratios of neuronal density per surface area (D/A). Importantly, across nonprimate species, the addition of neurons of increasing average cell size (that is, decreasing neuronal densities)
leads to a steep decrease in D/A, and simultaneously to a highly signiﬁcant decrease in daily sleep time (Fig. 18B and C;
Herculano-Houzel, 2015). Across primate species, on the other hand, more neurons are not signiﬁcantly larger neurons, and
thus D/A does not fall steeply enough with increasing numbers of cortical neurons to lead to a signiﬁcant drop in daily sleep
time (see Chapter 2.06, The Evolution of Mammalian Sleep in this volume for a review).
Because early mammals can be inferred to have had small cerebral cortices made of small numbers of small neurons (that is,
with very high neuronal densities), as reviewed earlier, they presumably also had very high D/A ratios, and therefore probably
spent most hours of the day asleep. In that scenario, increased numbers of neurons that came with larger average neuronal cell
size would have led to lower D/A ratios, and thus a slightly decreased total daily sleep timedwith the accompanying advantage
that more time would become available for the new species to feed, and thus afford both a larger body and a larger number of
cortical neurons. Through the increase in waking hours and thus energy intake, adding larger neurons to the cerebral cortex
would thus become self-reinforcing, possibly driving the tendency for brains and bodies to become larger in mammalian
evolution.
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Figure 18 Increasing numbers of cortical neurons are associated with a decrease in total daily sleep across nonprimate species through a decrease
in density per surface area (D/A) (neuronal density/mm2). (A) Total daily sleep requirement scales as a power function of neuronal density/mm2 with
an exponent of 0.133 # 0.023 across all 24 mammalian species examined (r2 ¼ 0.601, p < 0.0001). (B) Neuronal D/A decreases steeply with
increasing number of cortical neurons as a power function of exponent "1.694 # 0.080 across nonprimates (r2 ¼ 0.971, p < 0.0001) and less
steeply across primates (exponent: "1.233 # 0.144, r2 ¼ 0.924, p < 0.0001). Numbers indicate the number of daily sleep hours associated with
different values of D/A. (C) Total daily sleep requirement decreases as a power function of the number of cortical neurons across nonprimates
(exponent: "0.266 # 0.034, r2 ¼ 0.809, p < 0.0001), but not across primates (p ¼ 0.2597). Red, primates; orange, eulipotyphlans; green, glires;
blue, afrotherians; pink, artiodactyls; gray, scandentia.
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2.07.11 Conclusions
The comparative analysis of the cellular composition of the brains of extant mammalian shows that there is not a single way to
put brains together. Yet, there is remarkable consistency across enough clades that inferences can be drawn about how early
mammalian brains were built. Such consistency implies that there are not many degrees of freedom to brain evolution. Indeed,
the current range of diversity in cerebral cortical morphology may be accounted for by clade-speciﬁc changes in just three
parameters that deﬁne the lateral expansion of the cortex, its radial expansion, and the average neuronal cell volume; an additional parameter then accounts for the relative distribution of neurons into the cerebral cortex and rest of brain, and another for
the cerebellum. It will be interesting to see these predictions based solely on comparative neuroanatomy become complemented by direct investigations on the cellular developmental mechanisms that generate brain diversity.
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