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Abstract

Evolution has generated mammalian brains that vary by
a factor of over 100,000 in mass. Despite such tremendous
diversity, brain scaling in mammalian evolution has tacitly
been considered a homogeneous phenomenon in terms of
numbers of neurons, neuronal density, and the ratio be-
tween glial and neuronal cells, with brains of different sizes
viewed as similarly scaled-up or scaled-down versions of a
shared basic plan. According to this traditional view, larger
brains would have more neurons, smaller neuronal densities
(and, hence, larger neurons), and larger glia/neuron ratios
than smaller brains. Larger brains would also have a cerebel-
lum that maintains its relative size constant and a cerebral
cortex that becomes relatively larger to the point that brain
evolution is often equated with cerebral cortical expansion.
Here | review our recent data on the numbers of neuronal
and nonneuronal cells that compose the brains of 28 mam-
malian species belonging to 3 large clades (Eulipotyphla, Gli-
res, and Primata, plus the related Scandentia) and show that,
contrary to the traditional notion of shared brain scaling,
both the cerebral cortex and the cerebellum scale in size as
clade-specific functions of their numbers of neurons. As a

consequence, neuronal density and the glia/neuron ratio do
not scale universally with structure mass and, most impor-
tantly, mammalian brains of a similar size can hold very dif-
ferent numbers of neurons. Remarkably, the increased rela-
tive size of the cerebral cortex in larger brains does not re-
flect an increased relative concentration of neurons in the
structure. Instead, the cerebral cortex and cerebellum ap-
pear to gain neurons coordinately across mammalian spe-
cies. Brain scaling in evolution, hence, should no longer be
equated with an increasing dominance of the cerebral cor-
tex but rather with the concerted addition of neurons to
both the cerebral cortex and the cerebellum. Strikingly, all
brains appear to gain nonneuronal cells in a similar fashion,
with relatively constant nonneuronal cell densities. As a re-
sult, while brain size can no longer be considered a proxy
for the number of brain neurons across mammalian brains
in general, it is actually a very good proxy for the number of
nonneuronal cells in the brain. Together, these data point
to developmental mechanisms that underlie evolutionary
changes in brain size in mammals: while the rules that deter-
mine how neurons are added to the brain during develop-
ment have been largely free to vary in mammalian evolution
across clades, the rules that determine how other cells are
added in development have been mostly constrained and to
this day remain largely similar both across brain structures
and across mammalian groups.
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Although the cellular composition of the brain is con-
sidered one of the major determinants of its computa-
tional capacities [Williams and Herrup, 1988], little was
actually known until recently about how it scales with
brain size, which varies by a factor of 100,000 across
mammalian species [Count, 1947]. Does brain size reflect
the number of brain neurons in the same manner across
all mammalian species? That is, do brains of a same size
always have similar numbers of neurons and larger brains
thus necessarily more neurons than smaller ones?

The Previous View: ‘All Brains Scale the Same’

Comparative studies of mammalian brain anatomy
with regard to brain scaling in evolution have largely been
either volumetric analyses or comparisons of cell density
across species small and large. The former studies have
established that brain size is related to body size by a pow-
er law of exponents inferior to 1.0 [Martin, 1981; Fox and
Wilczynski, 1986] such that brain size increases at a slow-
er pace than body size and at different rates across mam-
malian orders [Marino, 1998]. Within the brain, the ce-
rebral cortex increases faster in volume than do the re-
maining brain structures, gaining relative size in such a
way that larger brains are more and more dominated by
cortex but also at different rates across orders [Frahm et
al., 1982]. The relative increase in the size of the cerebral
cortex has come to be equated with brain evolution and
is often offered as an explanation for our cognitive supe-
riority compared to other species [Rakic, 2009]. In com-
parison, larger brains have isometrically larger cerebella,
which accompany almost linearly the size of the cerebral
cortex, and retain a stable relative size with increasing
brain size so that larger brains have cerebella of the same
relative volume. Depending on whether emphasis was
placed on the absolute size or on the relative size of these
structures as proxies for their absolute or relative num-
bers of neurons, these studies apparently supported ei-
ther a tendency towards relative expansion of the role of
the cerebral cortex in evolution [Clark et al., 2001] or the
coordinated evolution of the roles of the cerebral cortex
and cerebellum [Sultan, 2002] - both of which cannot be
simultaneously true.

Comparisons of cell densities, in turn, were often
made irrespectively of mammalian order and with a
heavy bias on analyses of the cerebral cortex ever since
Franz Nissl, based on visual inspection of the brains of
various unrelated species, observed that neurons are dis-
tributed more sparsely in larger brains [Nissl, 1898]. Fur-
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ther studies soon supported his observation, showing
that neuronal density declines in the cerebral cortex as a
power function of increasing brain volume across unre-
lated species with a negative exponent of -0.32 [Tower
and Elliott, 1952] and that the decrease in neuronal den-
sity with increasing brain size applies to a large group of
species comprising from the smallest insectivores [Stol-
zenburg etal., 1989] to primates, dolphins, elephants, and
whales [Tower, 1954; Garey and Leuba, 1986; Haug, 1987].

The decreased neuronal density in larger cerebral cor-
tices is attributable to 2 factors: increased neuronal size
(including the neuropil) and an increased relative num-
ber of interspersed glial cells. The glia/neuron ratio,
which expresses this relative number of glial cells distrib-
uted among the neurons [Friede, 1954], apparently in-
creases with brain size when compared across mamma-
lian species as diverse as cat, mole, opossum, baboon, dol-
phin, whale, elephant, and man [Hawkins and Olszewski,
1957; Haug, 1987]. Interestingly, the increased glia/neu-
ron ratio is not accompanied by any major variation in
glial density, which has been reported either to vary wide-
ly but independently of brain size [Haug, 1987] or to re-
main stable [Tower and Young, 1973; Stolzenburg et al.,
1989] across mammalian species of increasing brain size.
Because of these supposedly universal neuronal and glial
scaling rules, glia are widely said to be the most numer-
ous cell type in the brain [Doetsch, 2003; Nishiyama et
al.,, 2005] and to be 10-50X more numerous than neu-
rons in humans [Kandel et al., 2000]. Evidence for this
assertion, however, is scant.

We now know that these presumed scaling rules actu-
ally do not apply universally to mammals, as reviewed
next. In retrospect, the original views on brain scaling in
evolution were confounded by comparisons across few
species, irrespectively of mammalian order, and by unre-
liable or not directly comparable cell density measure-
ments. For instance, neuronal densities in human cere-
bral cortex have been estimated at as low as 8,750/mm?
[Tower and Elliott, 1952] and as high as 48,100/mm?
[Shariff, 1953], with intermediate estimates of 24,500/
mm? [Von Economo, 1926], 25,000/mm?® [Haug, 1987],
and 41,300/mm? [Pope, 1978]. Moreover, multiplying
such density estimates by the volume of the structure to
determine total numbers of neurons, as attempted by
Haug [1987] and Stevens [2001], necessarily yields num-
bers that are heavily biased by structure volume and thus
likely incorrect. Using modern stereology to determine
total numbers of cells in the brain and its main structures
in a volume-independent manner to then infer average
neuronal density and glia/neuron ratios would be a
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daunting task that would either require parcelling the
brain into hundreds of structures of homogeneous cell
density or very sophisticated sampling schemes. As a
consequence of all of these shortcomings, there were few
direct data on how total numbers of neuronal and glial
cells compare across species or on what scaling rules
apply to how different mammalian brains vary in size
as they gain neuronal and nonneuronal cells — until re-
cently.

A Nonstereological Approach to Determining Total
Numbers of Cells: The Isotropic Fractionator

The isotropic fractionator is a method developed
recently in our lab which allows the nonstereological de-
termination of the absolute number of neuronal and
nonneuronal cells in different brain regions [Herculano-
Houzel and Lent, 2005]. It consists of transforming
highly anisotropic brain structures into homogeneous,
isotropic suspensions of fixed, free cell nuclei which can
then be counted and identified immunocytochemically
as neuronal or nonneuronal. The method can be applied
either to the brain as a whole or to its dissected parts, such
as the cerebral cortex or cerebellum, whose respective
numbers of cells can next be added up in order to obtain
a whole-brain estimate. Estimates of total neuronal and
nonneuronal numbers in any brain structure can be ob-
tained in 24 h, with a coefficient of variation below 10%.
Since the estimates obtained are independent of brain
mass or volume, they can be used in comparative studies
of variation in brain size among species and in studies of
phylogenesis, development, adult neurogenesis, and pa-
thology.

We have so far used the isotropic fractionator to com-
pare the numbers of cells that compose the entire adult
brain [divided into the cerebral cortex (grey and white
matter combined), cerebellum (grey and white matter
and deep nuclei combined), and the rest of the brain
(RoB), excluding the olfactory bulb] of 28 mammalian
species that can be grouped into 3 large clades (fig. 1): 10
Glires (9 rodents and 1 lagomorph) [Herculano-Houzel
etal.,2006], 12 primates (including humans) [Herculano-
Houzel et al., 2007; Azevedo et al., 2009; Gabi et al., 2010]
plus the closely related tree shrew (order Scandentia; the
tree shrew is, however, not included in the primate data
set for quantification and will be analyzed separately),
and 5 Eulipotyphla (insectivores) [Sarko et al., 2009]. The
following is a review of the cellular scaling rules found to
apply within each of these clades or across them.
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Fig. 1. Phylogenetic relationships between the 10 Glires, 12 pri-
mate, 5 insectivore, and 1 scandentia species examined [data
based on Blanga-Kanfi et al., 2009; Purvis, 1995; Murphy et al.,
2004].

Different Body-Brain Relationships

Across the 28 species examined, body mass varies al-
most 10,000-fold, from about 8 g in the smoky shrew to
over 70 kg in humans, while brain mass varies by over
8,000, accompanied by a smaller 3,200 variation in
the total number of brain neurons. Variations in these
parameters are, as a whole, correlated with one another;
larger species tend to have larger brains and larger num-
bers of neurons in the brain. There is not, however, a sin-
gle universal relationship across these parameters that
applies to all 3 clades. Glires and Eulipotyphla seem to
share a body-brain relationship (Glires, Mpg = 0.037
Mgp®712; Eulipotyphla, Mg = 0.044 Mpp®7?”) which is,
however, clearly distinct from the body-brain relation-
ship that applies to primates (Mg = 0.029 Mpp®9?%
tig. 2a) in that, for similarly sized bodies, primates always
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Fig. 2. Scaling of brain structure mass and number of brain neurons as a function of body mass. Each point
represents the average brain mass (a) and number of neurons in the brain (b) of a species belonging to the mam-
malian orders indicated to the right. Power functions, listed in table 1, are not plotted so as not to obscure the

data points.

have larger brains than insectivores and Glires. Most im-
portantly, relationships between body mass and the num-
ber of brain neurons are distinct across the 3 groups (Gli-
res, Npgp = 15.17 X 10® X Mpp®#*}; Eulipotyphla, N =
8.19 x 10° X Mpp®’Y; Primata, Ngg = 5.94 X 10° X
Mpgp®89) in that, for a same body size, primates have even
larger numbers of neurons compared to Glires than ex-
pected from their brain mass, and insectivores have
smaller bodies than Glires with a similar number of brain
neurons (fig. 2b).

The heterogeneous scaling relationships between body
mass and the number of brain neurons can be accounted
for by the different scaling relationships between brain
mass and the number of brain neurons across the 3 clades.
Variations in brain mass can be described as power func-
tions of the number of brain neurons within each clade
(table 1). Brain mass increases rapidly with variation in
the number of brain neurons raised to the power of 1.5 in
Glires, but it increases approximately linearly with varia-
tion in the total number of brain neurons in primates or
insectivores (table 1). As a result, a brain with a 10X larg-
er number of neurons becomes 32X larger if it belongs to
a Glire but only about 10X larger in a primate or insecti-
vore.

The different scaling relationships that apply to brain
size, brain number of neurons, and body size among
themselves and across orders can be appreciated by rank-
ing the 28 species in the data set according to each of these
parameters (fig. 3). While insectivores have the smallest

New Views on Brain Scaling in Evolution

bodies and brains (fig. 3a, b), they outrank several larger
Glires in number of neurons (fig. 3c). Similarly, while Gli-
res and primates are largely overlapping in range of body
sizes (fig. 3a), it is the primates that have the largest num-
bers of neurons in the sample (fig. 3¢). Brain size, there-
fore, is not a universal proxy for the number of brain neu-
rons across mammals, which also bears no strict relation
to body size.

Different Brains Gain Neurons in Different Ways

Similarly sized cerebral cortices can contain remark-
ably different numbers of neurons in Glires and primates.
For instance, while the agouti cortex, at 17.7 g, holds 795
million neurons, the slightly smaller owl monkey cortex,
at 15.7 gand 1.5 billion neurons, contains almost twice as
many [Herculano-Houzel et al., 2006, 2007]. The larger
the mass of the cerebral cortex, the larger the discrepancy
in numbers of neurons between Glires and primates
(fig. 4a). This is because the structure is found to scale in
mass as different functions of its number of neurons
across the 2 clades: as a power function of exponent 1.7 in
Glires and as a power function of exponent 1.1 in pri-
mates (table 1) that is equally well fitted as a linear func-
tion [Gabi et al., 2010]. The Glire cerebral cortex, there-
fore, gains neurons in a very volume-costly manner, while
the primate cortex gains neurons more economically in
terms of resulting structure volume. The insectivore ce-
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Table 1. Cellular brain scaling rules compared across Glires, Primata, and Eulipotyphla

Dependent Independent Order Power law p value 95% CI
variable variable exponent
MBR MBD Glires MBR =0.037 X MBD0.712 <0.0001 0.549 to 0.875
Primata Mgg = 0.029 X Mpp®9?? <0.0001 0.742 to 1.102
Eulipotyphla Mgg = 0.044 X Mpp®7?7 0.0045 0.427 to 1.028
Ngr Mgp Glires Npr = 15.169 X 10° X Mpp?*! <0.0001 0.310 to 0.592
Primata Npgr = 5.938 X 10° X Mpp?8! <0.0001 0.607 to 0.995
Eulipotyphla Npr = 8.194 X 10% X Mpp®71” 0.0005 0.575 to 0.860
MBR NBR Glires MBR =8.055 X 10713 X NBR1'499 0.0001 1.253 to 1.746
Primata Mgg = 7.136 X 10710 x Ngg!130 <0.0001 1.050 to 1.211
Eulipotyphla Mpgg = 4.177 X 107° X Ngg!0° 0.0025 0.673 to 1.359
My Nex Glires Mcyx = 1.758 X 10713 X N 0% <0.0001 1.478 to 1.921
Primata Mcyx =5.674 X 107 X N 07 <0.0001 0.922 to 1.251
Eulipotyphla Mgy =8.060 X 10713 X N, ! 0.0814 -0.369 to 3.564
MCB NCB Glires MCB =7.337 X 10712 X NCB1.305 <0.0001 1.130 to 1.479
Primata Mcp =3.163 X 1070 X N7 <0.0001 0.896 to 1.056
Eulipotyphla Mg = 6.427 X 10710 x Ngh928 0.0012 0.759 to 1.297
Mgos Nros Glires Mpop = 4.175 X 10712 X Npop'~%® 0.0079 0.987 to 2.149
Primata Mgop = 2.144 X 107° X Npop!!*® <0.0001 0.940 to 1.456
Eulipotyphla Mpog = 1.946 X 10710 X Npog'?”’ 0.0722 -0.217 to 2.810
Mgzr Ogr Glires Mgr = 1.543 X 1077 % OBRIIIM <0.0001 1.000 to 1.228
Primata Mgg = 6.077 X 1070 X Opg'* <0.0001 0.994 to 1.085
Eulipotyphla Mgg = 1.449 X 100 X Opg''® 0.0009 0.844 to 1.366
Mcx Ocx Glires Mg = 1.348 X 1077 X Og 132 <0.0001 1.022 to 1.242
Primata My = 6.941 X 107° X O, 0% <0.0001 0.981 to 1.091
Eulipotyphla Mcg = 1.015 X 1077 X Og 14 0.00018 0.796 to 1.489
Mcp Ocp Glires Mcp = 1.117 X 1078 X O¢p!0? <0.0001 0.817 to 1.186
Primata Mcg =2.066 X 107 X O¢p’87 <0.0001 0.729 to 1.017
Eulipotyphla Mcg = 1.726 X 1077 X O¢gh0% 0.0730 -0.190 to 2.378
Mgos Oros Glires Mpog = 3.615 X 1077 X Opep"?”? <0.0001 0.896 to 1.250
Primata Mpog = 3.512 X 1077 X Orep"® <0.0001 0.945 to 1.186
Eulipotyphla Mpog = 2.819 X 1077 X Ogop®®% 0.0002 0.797 to 1.055
DNy My Glires DNy = 32,708.330 X Mcy 0424 <0.0001 -0.498 to —-0.350
Primata DNy = 53,989.501 X Mgy 168 0.0055 -0.275 to -0.062
Eulipotyphla DNy = 28,776.779 X My %3¢ 0.0424 -1.101 to —-0.037
DNc¢p Mcp Glires DNcp = 330,434.755 X M 227! 0.0001 -0.359 to -0.183
Primata n.s. 0.4548
Eulipotyphla n.s. 0.5485
DNROB MROB Glires DNROB =18,825.204 X MR0370‘467 0.0005 -0.660 to -0.273
Primata DNgop = 18,811.538 X Mgop 2% 0.0128 -0.383 to -0.058
Eulipotyphla n.s. 0.2301
DO¢y My Glires n.s. 0.0563
Primata n.s. 0.9445
Eulipotyphla n.s. 0.6892
DOCB MCB Glires n.s. 0.6235
Primata n.s. 0.4548
Eulipotyphla n.s. 0.3173
DOROB MROB Glires n.s. 0.4783
Primata n.s. 0.1317
Eulipotyphla n.s. 0.2301
O/N¢ DNy Glires O/N¢y = 3,701.943 X DN, 0718 <0.0001 -0.932 to -0.504
Primata O/Ng¢y = 2,601.518 X DN, 067 0.0011 -1.014 to -0.344
Eulipotyphla O/Ngy = 12,859.287 X DN, 0826 0.0130 -1.321 to -0.331
O/Ncp DNcp Glires n.s. 0.0721
Primata n.s. 0.5808
Eulipotyphla n.s. 0.7078
26 Brain Behav Evol 2011;78:22-36 Herculano-Houzel

sbibliothek Heidelberg
129.206.152.183 - 2/13/2014 6:55:20 PM

Downloaded by:



Table 1 (continued)

Dependent Independent Order Power law p value 95% CI
variable variable exponent
O/Nros DNrop Glires O/Ngog = 7,860.605 X DNpop 770 0.0005 -1.084 to -0.455
Primata O/Ngog = 8,656.512 X DNpop 7% 0.0003 -1.082 to -0.452
Eulipotyphla O/Npog = 1,109,425.471 X DNgog?®*  <0.0001 -1.304 to -1.105
Mcy Mgr Glires My = 0.444 X Mpg!0%8 <0.0001 1.037 to 1.099
Primata My = 0.557 X Mpgp! 0% <0.0001 1.035 to 1.103
Eulipotyphla Mcy = 0.526 X Mgg!®” 0.0007 0.800 to 1.233
MCB MBR Glires MCB =0.157 X MBRO'934 <0.0001 0.855t0 1.013
Primata Mg = 0.154 X Mpg?o% <0.0001 0.815 to 1.0002
Eulipotyphla Mg = 0.155 X Mpp'?® 0.0010 0.925 to 1.522
Mros Mgr Glires Mpgog = 0.404 X Mpp®?? <0.0001 0.891 t0 0.948
Primata Mpgog = 0.302 X Mpg?7%8 <0.0001 0.727 to 0.870
Eulipotyphla Mpog = 0.317 X Mpp?$* 0.0020 0.617 to 1.171
%My Mg Glires %Mcy = 43.647 X Mp?073 0.0005 0.044 to 0.103
Primata %Mcy = 57.284 X Myt 0.0017 0.031 to 0.097
Eulipotyphla n.s. 0.8091
%Mcp Mgr Glires n.s. 0.1331
Primata n.s. 0.0663
Eulipotyphla n.s. 0.1039
%Mpog Mpgr Glires %Mpop = 40.410 X Mpp 0083 0.0003 -0.115 to -0.052
Primata %Mpop = 30.142 X Mpp 2% 0.0001 -0.269 to -0.130
Eulipotyphla n.s. 0.3026
%Ny Mgr Glires n.s. 0.3000
Primata n.s. 0.5085
Eulipotyphla n.s. 0.3173
%Ncp Mpzr Glires n.s. 0.1035
Primata n.s. 0.6455
Eulipotyphla n.s. 0.2301
%Nrop Mg Glires %Nrop = 10.317 X Mpg 0174 0.0003 ~0.340 to -0.009
Primata %Nrop = 6.394 X Mpp 0283 0.0003 -0.393 to -0.173
Eulipotyphla n.s. 0.2301
%Ncx %My Glires n.s. 0.0710
Primata n.s. 0.5356
Eulipotyphla n.s. 0.9183
%Ncp %Mcp Glires n.s. 0.4248
Primata n.s. 0.1711
Eulipotyphla n.s. 0.2301
%Nrop %Mpros Glires n.s. 0.4437
Primata %Nprop = 0.103 X %Mpop!!> 0.0032 0.498 to 1.813
Eulipotyphla n.s. 0.0719

Power laws were calculated from the average species values and
are provided only where Spearman’s correlation between the 2 vari-
ables yielded a p < 0.05; in those cases, the p value and the 95% CI
refer to the function exponent. Where Spearman’s correlation was
not significant, its p value is provided.

Species included are: Glires: mouse, hamster, rat, spiny rat, guin-
ea pig, prairie dog, squirrel, rabbit, agouti, and capybara; primates:
mouse lemur, marmoset, galago, owl monkey, squirrel monkey, long-
tailed monkey, capuchin monkey, bonnet monkey, rhesus monkey,
baboon, and human, and Eulipotyphla: smoky shrew, short-tailed
shrew, hairy-tailed mole, star-nosed mole, and eastern mole.

Mgg = Brain mass (g); Mpp = body mass (g); Mcy, Mcp, Mgrop =
mass of the cerebral cortex, cerebellum, or RoB (g); Ngr, Ncy, Ncg,
Nrop = number of neurons in the brain, cerebral cortex, cerebellum,

or RoB; Oggr, Ocy Ocg, Orop = number of other cells in the brain, ce-
rebral cortex, cerebellum, or RoB; DNy, DN¢p, DNyop = density of
neurons in the cerebral cortex, cerebellum, or RoB (neurons/mg);
DOcy, DOcp, DOgrop = density of other cells in the cerebral cortex,
cerebellum, or RoB (other cells/mg); O/Nc¢y, O/Ncp, O/Ngop = ratio
between numbers of other cells and neurons in the cerebral cortex,
cerebellum, or RoB; %Mcy, %Mcp, %Mpop = relative mass of the ce-
rebral cortex, cerebellum, or RoB (as a percentage of the total brain
mass); %Ncy, %Ncg, %Npop = relative number of neurons in the ce-
rebral cortex, cerebellum, or RoB (as a percentage of the total number
of brain neurons). The RoB and whole brain do not include the olfac-
tory bulb.

* This exponent increases to 1.4 after correcting for phylogenetic
relatedness in the dataset [Gabi et al., 2010].
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Fig. 3. Different species ranking based on body mass, brain mass, and number of brain neurons. Species listed
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from left to right by increasing body mass (a), brain mass (b), or number of brain neurons (c). Notice that the
spacing between species is not drawn to scale.

rebral cortex, in turn, overlaps with Glires in its neuronal
scaling and shares a similarly large allometric exponent
of 1.6 (table 1; fig. 4a), increasing in size very rapidly as it
gains neurons.

The cerebellum, like the cerebral cortex, gains mass
faster than it gains neurons in Glires, with an allometric
exponent of 1.3 (table 1; fig. 4b). In primates and insecti-
vores, in contrast, cerebellar mass scales linearly with the
number of cerebellar neurons (table 1; fig. 4b). As a result,
primate and insectivore cerebella are found to contain
many more neurons than do Glire cerebella of a simi-
lar mass. For instance, the bonnet monkey cerebellum, at
5.7 g, contains 2 billion neurons; this is almost twice as
many as the capybara cerebellum at 6.6 g and 1.2 billion
neurons [Herculano-Houzel et al., 2006, 2007]. The east-
ern mole cerebellum, at 0.15 g, contains 158 million neu-
rons; this is over twice as many neurons as the hamster
cerebellum at 0.14 g and 61 million neurons has [Hercu-
lano-Houzel et al., 2006; Sarko et al., 2009].

Interestingly, the relationship between the mass of the
remaining brain structures that compose the RoB and
its number of neurons does not appear as clearly sepa-
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rated across the 3 clades, with a much larger overlap
among the data points (fig. 4c) and exponents (table 1;
the primate exponent increases to 1.4 after correction for
phylogenetic relatedness in the data set) [Gabi et al,
2010]. This raises the interesting possibility that the scal-
ing rules for the RoB, in contrast to the cerebral cortex
and cerebellum, are shared across Glires, primates, and
insectivores.

Despite the different scaling rules that apply to the
cerebral cortex and cerebellum across the 3 clades, we
find that both structures gain neurons coordinately
across the 28 species (fig. 5), as originally reported for
the initial data set of 19 species [Herculano-Houzel,
2010], at an average rate of 4.2 neurons in the cerebellum
to every neuron in the cerebral cortex. Such a coordi-
nated addition of neurons to the 2 structures is compat-
ible with the modern view of the integrated function of
the cerebral cortex and cerebellum and supports the no-
tion that the 2 structures are subject to similar selective
pressures and evolve concertedly [Whiting and Barton,
2003; Ramnani et al., 2006; Balsters et al., 2010]. The co-
ordinated scaling of their numbers of neurons is masked
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by their different mass scaling relationships, given that
the cerebral cortex increases in mass as it gains neurons
with a higher exponent than the cerebellum, as described
above, so that its relative mass increases in larger primate
and Glire brains.

Indeed, the distribution of mass in the brain does not
reflect the distribution of neurons across the cerebral cor-
tex and cerebellum. In none of the 3 clades is the relative
number of neurons in either structure (calculated as a
percentage of all brain neurons) correlated with the rela-
tive mass of the structure (Spearman’s correlation, p >
0.05; table 1). This indicates that a relatively larger cere-
bral cortex does not hold relatively more neurons in larg-
er brains. Rather, the cerebral cortex typically contains
around 20% of all brain neurons, while the cerebellum
holds 70-80% of all brain neurons [Herculano-Houzel,
2009] regardless of brain size and inclusive of the human
brain [Azevedo et al., 2009]. In primates and Glires, how-

New Views on Brain Scaling in Evolution

ever, larger brains do possess relatively fewer neurons
in the RoB; the percentage of brain neurons situated in
the RoB decreases with brain mass raised to the power of
-0.174 in Glires (p = 0.0415) and -0.283 in primates
(p = 0.0003; table 1).

Different Species and Brain Structures Gain
Nonneuronal Cells in the Same Manner

In contrast to the clade-specific rules that apply to how
the cerebral cortex and cerebellum scale in size as they
gain neurons, the rules that govern the addition of non-
neuronal (other) cells to the brain appear to be shared not
only across clades but also across brain structures. As
shown in figure 6, the cerebral cortex, cerebellum, and
RoB scale in size as similar, overlapping power functions
of their respective numbers of other cells raised to expo-
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nents of 0.9-1.1 (or as linear functions of their numbers
of other cells; table 1). As a result of the approximately
linear relationship between brain structure mass and the
number of other cells, we find that the 3 structures share
a similar range of densities of other cells which do not
correlate significantly with variations in structure mass

(tig. 7; table 1).

Average Neuronal Size Scales in a Structure- and
Clade-Specific Manner

In contrast to the relatively stable other-cell density,
neuronal cell densities are highly variable across species
and structures. In Glires and Eulipotyphla, the cerebral
cortex increases in size with an accompanying steep de-
crease in neuronal density (fig. 8a), which varies with cor-
tical mass raised to the power of -0.424 or —0.569, respec-
tively (table 1). In primates, there is only a slight decrease
in neuronal density in larger cortices, with an exponent
of -0.168 (table 1). On the other hand, the cerebellum
scales in size with no significant change in neuronal den-
sity in Eulipotyphla and primates and with a more mod-
est decrease in neuronal density in Glires (fig. 8b; table 1).
Likewise, only in Glires does an increase in RoB mass
correlate with a decrease in neuronal density, which var-
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Fig. 6. Shared scaling of brain structure mass in the combined
data set as a function of numbers of other cells. Each point repre-
sents the average mass and number of other cells in the cerebral
cortex, cerebellum, or RoB of each mammalian species in the data
set. Power functions are not plotted so as not to obscure the data
points, which are largely overlapping across structures.
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Fig. 7. Other-cell density is largely overlapping across structures.
Each point represents the average structure mass and other-cell
density (number of other cells/milligram) in the cerebral cortex,
cerebellum, or RoB of each species. O = Number of other cells.

ies with RoB mass raised to the power of -0.467 (fig. 8¢).
Consistent with the possibility that the RoB neuronal
scaling rules are shared across the 3 clades, however, the
distributions of neuronal densities in this structure are
fairly overlapping across the 3 clades.
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In light of the relatively constant other-cell densities
across structures, decreases in neuronal cell density can
be interpreted as an indication of increased average neu-
ronal size (which includes the cell soma as well as all of
the dendritic and axonal arbors and the pericellular
space; similarly, the average nonneuronal cell size in-
cludes all of their arbors and the pericellular space). Thus,
it can be inferred that the cerebral cortex scales in mass
as a function of a larger number of neurons of rapidly in-
creasing average size in Glires and Eulipotyphla and
slowly increasing size in primates, if at all; the cerebellum
scales in size as a function of increasing numbers of neu-
rons of relatively constant size in Eulipotyphla and pri-
mates but of increasing average mass in Glires, and the
RoB scales with more neurons of increasing average size
in Glires but of not significantly different size in primates
and Eulipotyphla.

New Views on Brain Scaling in Evolution

Glia/Neuron Ratio Scales Homogeneously with
Neuronal Density

Nonneuronal cells include all glial cell types, ependy-
mal cells, and endothelial cells. Because the latter are es-
timated to amount to at most 5% of all brain cells, given
the small relative volume of brain vasculature [Lauwers
et al., 2008], and because the relative number of ependy-
mal cells is most likely very small, the nonneuronal/neu-
ronal cell ratio serves as an upper limit of the glia/neuron
ratio and provides a reasonable approximation of its ac-
tual value. For simplicity, the nonneuronal/neuronal ra-
tio in our sample will hereinafter be referred to as the
glia/neuron ratio.

Contrary to what is commonly assumed in the litera-
ture [Marino, 2006], we find no general trend of larger
brains (or brain structures) having larger glia/neuron ra-
tios. Because of the different combinations of shared non-
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neuronal scaling rules and clade- and structure-specific
neuronal scaling rules, the glia/neuron ratio is found to
increase together with structure size only in the cerebral
cortex, cerebellum, and RoB of Glires and in the cerebral
cortex of Eulipotyphla (fig. 9a). Remarkably, however, we
find that the variation in the glia/neuron ratio accompa-
nies decreasing neuronal density in a manner that is over-
lapping across all structures and species (although it does
not reach significance within the cerebellum; fig. 9b; ta-
ble 1) and therefore appears to obey a shared scaling rule
that, like the addition of nonneuronal cells to brain tis-
sue, is clade and structure nonspecific. Moreover, analy-
sis of published data for the cerebral cortex shows that the
same inverse relationship between the glia/neuron
ratio and neuronal density is found across species as di-
verse as cetaceans, primates, elephants, and insectivores
(fig. 9¢). Because of the inverse relationship between neu-
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ronal density and average neuronal size, this finding sug-
gests that the glia/neuron ratio is directly related to the
average neuronal size: the larger the average neuronal
size in a structure, whatever the species, the larger the
glia/neuron ratio in the structure.

We have proposed [Herculano-Houzel et al., 2006]
that the universal scaling both of brain structure mass
with the number of other (glial) cells and of the glia/neu-
ron ratio with neuronal density results from the same
mechanism: the regulation of gliogenesis (which, we sug-
gest, generates cells of relative invariant average size
across species) by the size of the neuronal parenchyma
that is invaded by glial precursors in early postnatal de-
velopment [Sauvageot and Stiles, 2002; Bandeira et al.,
2009]. Glial precursor proliferation is density-dependent
and ceases once a steady-state glial density has been
achieved, most likely by cell-cell contact inhibition
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Fig. 10. Glia/neuron ratio scales with average neuronal size. The
scheme depicts 2 identical volumes of brain tissue which have
similar glial cell densities (dark grey) and different neuronal cell
densities owing to the different average neuronal cell sizes (light
grey). Because glial cells are proposed to occupy the tissue homo-
geneously and to not vary significantly in average cell mass to-
gether with brain size, changes in average neuronal size either
across structures or across species will result in corresponding
changes in the glia/neuron ratio. g = Glia; n = neuron.

[Zhang and Miller, 1996]. Given the relatively invariant
nonneuronal densities we and others [Tower and Young,
1973; Haug, 1987] observed both across brain structures
and species, we suggest that continued gliogenesis until
confluency is reached in a formerly purely neuronal tis-
sue is a candidate mechanism by which glial and neuro-
nal cell numbers are related in that the mass of a given
brain tissue is directly related to its number of glial cells
while the glia/neuron ratio depends simply on the aver-
age size of the neurons. Considering that the average size
of glial cells does not scale while the average neuronal size
may or may not scale, those structures with large neurons
will, by this mechanism, have large glia/neuron ratios
while those with small neurons will accordingly have
small glia/neuron ratios (fig. 10).

A Tree Shrew-Like Common Ancestor of Glires and
Primates?

A final point concerns the position of the tree shrew
along the distribution of brain size and number of neu-
rons. The tree shrew is currently classified in the order
Scandentia, which, together with Rodentia, Lagomorpha,
and Primata (as well as the Dermoptera, not analyzed
here) composes the superorder Euarchontoglires [Mur-
phy et al,, 2004]. The cellular composition of the tree
shrew brain can be predicted very well by the primate
neuronal scaling rules, deviating on average by only
12.5% of the predicted numbers of neurons in the differ-
ent brain structures, by 28.3% from the values predicted
by the Glires neuronal scaling rules, and by a larger 42.0%
from the predictions for Eulipotyphla. The good align-

New Views on Brain Scaling in Evolution

Large neurons, large g/n

Small neurons, small g/n

ment with primates suggests that orders Scandentia and
Primata, although considered sister clades, nevertheless
share the same neuronal scaling rules - just like the sister
orders Rodentia and Lagomorpha.

Intriguingly, in the distributions of brain structure
mass against numbers of neurons, the tree shrew is posi-
tioned approximately at the intersection between Glires
and primates (fig. 4, 8). Although this placing might be
meaningless since the 2 distributions are bound to inter-
sect at some point, it raises the interesting possibility that
the tree shrew brain is similar to the brain that once be-
longed to the original ancestral species that gave rise to
the extant Euarchontoglires, branching in the 2 direc-
tions that evolved into Glires and Primata, with their
clade-specific neuronal scaling rules.

Conclusions

By undertaking a systematic comparison of the quan-
titative neuronal and nonneuronal composition of differ-
ent mammalian brains, our long-term goal, through es-
tablishing what rules are shared among mammalian
brains (and thus might reflect characteristics inherited
and retained from a common ancestor) and what rules
differ across orders of mammals (and thus reflect phylo-
genetic variance across groups), is to uncover the brain
developmental mechanisms that have either been con-
served or subjected to changes in evolution. So far, by
comparing Euarchontoglires (Glires and Primata) and 1
group of Laurasiatheria (Eulipotyphla), we have found
that there are, indeed, some scaling rules that are shared
among clades (and even among brain structures); these
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are the rules that apply to how brain structures scale as
they gain nonneuronal (presumably glial) cells, with rel-
atively invariant nonneuronal cell densities and a glia/
neuron ratio that is inversely related to the average size of
the neurons in the structure. Brain size, as a consequence,
is a very good proxy for the number of nonneuronal (gli-
al) cells in the brain.

The rules that apply to the scaling of brain structures
as they gain neurons, in turn, are both clade and struc-
ture specific. Brain size, therefore, is not a good proxy for
the number of neurons in a brain in cross-order compar-
isons and is particularly misleading when making com-
parisons of cognitive abilities related to numbers of neu-
rons: an elephant brain, although larger, does not neces-
sarily have more neurons than a human brain and indeed
might have significantly fewer [Herculano-Houzel, 2009].
The impact of the clade-specific neuronal scaling rules
can already be appreciated in comparisons between sim-
ilar-sized rodents and primates: because of the higher
neuronal densities in primate brains compared to rodent
brains of equivalent size (about 40,000 neurons/mg in the
cortex of Aotus against 12,000/mg in the agouti, e.g.)
while maintaining similar nonneuronal cell densities
(which indicates that the average neuronal size is smaller
in primates than in rodents), primate brains contain
more neurons than do rodent brains of equivalent size.
The larger number of neurons per unit volume presum-
ably endows primates with a larger computational capac-
ity than rodent brains of equivalent size. This type of evo-
lutionary change allowed primate brains to accumulate
large numbers of neurons without becoming prohibitive-
ly large: a macaque brain of 6.4 billion neurons built with
the neuronal scaling rules that apply to Glires would, for
example, weigh 575 g instead of its actual 87 g. These
findings suggest that the divergence of primate evolution
away from the common ancestor with rodents involved
mechanisms that favored either a reduction in average
neuronal cell size or the ability to add neurons to brains
without making them larger, for instance through cir-
cuitry changes that favored local connectivity [Hercula-
no-Houzel et al., 2010].

The evolutionary implications of the clade- and struc-
ture-specific neuronal scaling rules with putatively uni-
versal glial scaling rules are intriguing; in mammalian
brain evolution, it appears that neurons (supposedly of
each of the various neuronal cell types, although that re-
mains to be examined) have been largely free to vary in
size across structures and species, while glial cells, how-
ever variable in their morphology [Walz, 2000; Barres,
2008], do not quite vary in size across species or even
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across structures, maintaining very similar properties
among mammals [Picker et al., 1981; Mishima and Hi-
rase, 2010] and even in amphibia [Kuffler et al., 1966]. We
do predict a small degree of variation in glial cell size in
correlation with neuronal cell size [Mota and Herculano-
Houzel, pers. observ.], and this is in agreement with re-
cent findings in the literature comparing mouse and
human astrocytes [Oberheim et al., 2009]. Since most of
these nonneuronal cells can be expected to be glial cells,
this finding is compatible with the idea that astrocytes
are homogeneously distributed within the gray matter
and occupy the parenchyma dividing it into polyhedric
territories of similar volume [Bushong et al., 2002; Ogata
and Kosaka, 2002; Nedergaard et al., 2003; Halassa et al.,
2007], as well as with the observation that gray matter
astrocytes in the cerebral cortex and hippocampus are
morphologically and electrophysiologically homoge-
neous [Mishima and Hirase, 2010]. Together with these
observations, our findings indicate that glial cell evolu-
tion is severely constrained, which in turn suggests that
glial cells as a whole perform such a fundamental job that
their structure and function can hardly be messed with.
This is in agreement with the intricate functional and
metabolic interactions between neurons and glia that
have been found to apply to human and rat brains alike
[Sibson et al., 1998; Magistretti et al., 1999; Shen et al.,
1999]. Indeed, the shared scaling of brain size with num-
bers of glial cells suggests that the glial characteristics
that apply today to extant brains were present in the com-
mon ancestor of the current 28 species over 90 million
years ago [Murphy et al., 2004]. Extending our analysis
to other mammalian clades should reveal whether the
shared glial scaling rules observed here apply to mam-
mals as a whole and thus reflect scaling rules that have
been maintained since the last common ancestor that
gave rise to mammals about 230 million years ago [Mur-
phy et al., 2004].
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