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Abstract

Comparative studies amongst extant species are one of the
pillars of evolutionary neurobiology. In the 20th century,
most comparative studies remained restricted to analyses of
brain structure volume and surface areas, besides estimates
of neuronal density largely limited to the cerebral cortex.
Over the last 10 years, we have amassed data on the num-
bers of neurons and other cells that compose the entirety of
the brain (subdivided into cerebral cortex, cerebellum, and
rest of brain) of 39 mammalian species spread over 6 clades,
as well as their densities. Here we provide that entire dataset
in a format that is readily useful to researchers of any area of
interest in the hope that it will foster the advancement of
evolutionary and comparative studies well beyond the
scope of neuroscience itself. We also reexamine the relation-
ship between numbers of neurons, neuronal densities and
body mass, and find that in the rest of brain, but not in the

cerebral cortex or cerebellum, there is a single scaling rule
that applies to average neuronal cell size, which increases
with the linear dimension of the body, even though there is
no single scaling rule that relates the number of neurons in
the rest of brain to body mass. Thus, larger bodies do not
uniformly come with more neurons - but they do fairly uni-
formly come with larger neurons in the rest of brain, which
contains a number of structures directly connected to sourc-
es or targets in the body. ©2015S. Karger AG, Basel

Introduction

The availability of datasets on mammalian brains that
make comparative studies possible has been instrumental
for the advancement of evolutionary neuroscience. Most
notable have been the datasets on the volumes of brain
structures in 51 species of bats, 48 primates and 28 ‘insec-
tivores’ (currently recognized as a combination of afro-
therians and eulipotyphlans) published by Heinz Ste-
phan’s group [Stephan et al., 1981a, b], on cortical sur-
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faces and volumes for 44 mammalian species compiled by
Hofman [1985, 1988], and on neuronal and glial cell den-
sities for 11 species studied initially by Tower and Elliott
[1952] and Tower [1954], and later extended to another
42 species by Haug [1987].

Although restricted in their scope to mostly structure
volumes and to cell densities in the cerebral cortex, those
datasets were, for a few decades, the major references for
studies on brain evolution that established the basic no-
tions that there is both concerted [Finlay and Darlington,
1995] and mosaic [Barton and Harvey, 2000] scaling
across brain structure volumes in evolution, that larger
brains were composed of more and larger neurons, re-
sulting in smaller neuronal densities and increasing glia/
neuron ratios in a uniform manner across species [Tower
and Elliot, 1952; Haug, 1987; Stolzenburg et al., 1989; Ma-
rino, 2006], and that larger brains have relatively larger
cerebral cortices but a cerebellum of constant relative size
[Stephan et al., 1981a, b; Clark et al., 2001], with presum-
ably larger relative numbers of neurons in the cerebral
cortex over the rest of the brain.

Since 2005, with the development of the isotropic frac-
tionator, a new, nonstereological method to determine
the numbers of neuronal and nonneuronal cells that com-
pose brain structures [Herculano-Houzel and Lent, 2005]
that gives results comparable to those obtained with care-
ful stereological analysis [Herculano-Houzel et al., 2015],
we have been able to expand our understanding of brain
evolution by examining the scaling relationships between
the mass of brain structures and the number of cells that
compose them. Through the analysis of 42 species of pri-
mates (including the human) [Herculano-Houzel et al.,
2007; Azevedo et al., 2009; Gabi et al., 2010; Ribeiro et al.,
2014], glires [Herculano-Houzel et al., 2006, 2011; Ri-
beiro et al., 2014], eulipotyphlans [Sarko et al., 2009],
scandentians [Herculano-Houzel et al., 2007], afrotheri-
ans [Herculano-Houzel et al., 2014a; Neves et al., 2014]
and artiodactyls [Kazu et al., 2014], we have been able to
challenge a number of the initial notions regarding mam-
malian brain evolution. Specifically, we could show that
while there is indeed a shared, single relationship between
numbers of nonneuronal cells and the mass of brain
structures across species, with relatively unchanging non-
neuronal densities, neuronal densities do not vary uni-
formly across all species and brain structures [reviewed
in Herculano-Houzel, 2011a, 2014; Herculano-Houzel et
al., 2014b], that glia/neuron ratios vary with average neu-
ronal cell size, not brain structure mass, across different
brain structures and mammalian species [Mota and Her-
culano-Houzel, 2014], that the relationship between the
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number of brain neurons and body mass differs across
mammalian orders [Herculano-Houzel, 2011b; Hercula-
no-Houzel et al., 2014b], and that relatively larger cere-
bral cortices do not hold relatively more of all brain neu-
rons [Herculano-Houzel, 2010; Herculano-Houzel et al.,
2014b]. We could also show that the apparent uniform
scaling of the energetic requirement of the brain with
brain mass across species [Karbowski, 2007] is actually a
spurious mathematical consequence of the apparent scal-
ing of neuronal density across the brains included in that
analysis, which conflated primates and nonprimates,
then already known to have different relationships be-
tween brain mass and neuronal density [Herculano-Hou-
zel et al.,, 2006, 2007]. Rather, the energetic requirement
of the brain scales linearly with the number of neurons in
the brain, and uniformly across rodents and primates, de-
spite the different neuronal scaling rules that apply to
these orders [Herculano-Houzel, 2011¢].

The analysis of our new dataset on numbers of neu-
rons and nonneuronal cells that compose mammalian
brains allowed us to propose a new synthesis of the mech-
anisms of brain evolution [Herculano-Houzel et al.,
2014b]. Briefly, we propose that the evolution of mam-
malian brains of a wide range of masses has been the re-
sult of both concerted and mosaic changes in the distri-
bution of neurons across brain structures and in the
relationship between number of neurons and average
neuronal cell size (including the cell body and all arbors).
In most mammalian groups, the addition of neurons to
individual brain structures has been accompanied by pre-
dictable increases in the average size of neurons in each
structure (as inferred from changes in neuronal cell den-
sities), which allowed us to infer the ancestral neuronal
scaling rules for each structure. From those ancestral scal-
ing rules, we inferred that the primate cerebral cortex and
cerebellum, the eulipotyphlan cerebellum, and the artio-
dactyl rest of brain (RoB) diverged with changes in the
predicted mechanism that ties the number of neurons to
the average size of the neurons generated. The distribu-
tion of neurons to the cerebral cortex and cerebellum, two
structures generated by different progenitor cell popula-
tions, has varied little from what we infer to have been the
ancestral mammalian rule of about 4 neurons in the cer-
ebellum to every neuron in the cerebral cortex. At the
same time, the allocation of neurons to the ensemble of
these two structures has departed greatly from the in-
ferred ancestral ratio of 2 neurons in the cerebral cortex
(and 8 in the cerebellum) for every neuron in the RoB to
much larger and variable ratios in primates and artiodac-
tyls (while still maintaining the ratio between numbers of
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neurons in the cerebellum and cerebral cortex) [Hercula-
no-Houzel et al., 2014b].

In the spirit of making this new body of data available
for researchers with complementary interests and exper-
tise to ours who will be able to advance the understanding
of brain evolution in a much wider sense, here we provide
the full dataset that we have generated on the mass and
numbers of neuronal and nonneuronal cells that com-
pose the brain as a whole and subdivided in its four major
structures (cerebral cortex, cerebellum, olfactory bulb
and RoB). All data have been thoroughly checked for con-
sistency regarding the brain structures included, because
of inconsistencies in a few of the original studies [Hercu-
lano-Houzel et al., 2006; Sarko et al., 2009], guaranteeing
that comparisons across species are valid (for example,
that numbers for ‘cerebral cortex” always include the hip-
pocampus, and that numbers for ‘RoB’ and ‘whole brain’
always exclude the olfactory bulb). We also report new
observations on the scaling of neuronal density with body
mass that shed light on the different factors that may con-
trol cell size across brain structures.

The Dataset

Our full dataset consists of 42 mammalian species
across 5 orders (Glires, Primata, Scandentia, Eulipotyph-
la and Artiodactyla) and the superorder Afrotheria. For
two of these species (the orangutan and gorilla), data were
available only for the cerebellum, and although these al-
low the inference of numbers of neurons in the whole
brain, and in the cerebral cortex in particular [Herculano-
Houzel and Kaas, 2011], we have limited the data pre-
sented here to the cerebellum alone. The phylogenetic re-
lationships amongst the species, compiled according to
Price et al. [2005], Purvis [1995], Blanga-Kanfi et al.
[2009], Douady et al. [2002], Shinohara et al. [2003] and
Murphy et al. [2001], are illustrated in figure 1. A total of
86 brains (or hemispheres) were analyzed, and all data are
provided in tables 1-6. All data provided are averages +
standard deviation across individuals where more than
one individual of each species was available, or data ob-
tained for single individuals. All data are reported for the
two sides of the brain together, even when the original
data were collected from a single hemisphere, in which
case results were multiplied by 2.

Values are reported here for the cerebral cortex (de-
fined as all structures lateral to the olfactory tract), which
includes the hippocampus and subcortical white matter,
the cerebellum, which includes the cerebellar cortex, sub-
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cortical white matter and deep cerebellar nuclei, olfactory
bulbs, where available, and RoB. The RoB amounts to the
ensemble of brainstem, diencephalon and striatum. Be-
cause the olfactory bulbs are not always available for anal-
ysis, we chose to report values for ‘whole brain’ as the sum
of cerebral cortex, cerebellum and RoB, excluding the ol-
factory bulbs.

All analyses were made across average values so as not
to confound intraspecific and interspecific allometric re-
lationships [Armstrong, 1990]. All analyses were per-
formed with JMP 9.0 (SAS). Although we report the best
currently known phylogenetic relationships across the
species in the dataset (fig. 1), we do not correct the re-
ported allometric relationships for phylogenetic related-
ness across the species included. As shown before, ac-
counting for phylogenetic relatedness hardly changes the
exponent of these strong allometric relationships [Gabi et
al., 2010]. Most importantly, however, we wish to address
directly the mathematical relationships across some of
the most basic variables related to how mammalian brains
are built, and we do not wish these to be affected by as-
sumptions of phylogenetic relationships that have been
known to change upon reexamination, such as those for
‘insectivores’ (now assigned to the distant clades Afro-
theria and Eulipotyphla).

Brain Structures

The mass of all brain structures reported refers to
paraformaldehyde (PFA)-fixed brains postfixed for at
least 2 weeks. The brains of glires, primates, scandentians
and eulipotyphlans were stored in 4% PFA until pro-
cessed; the brains of all afrotherians and artiodactyls were
stored in an antifreeze solution after fixation and cryo-
protection in 30% sucrose [Herculano-Houzel, 2012].
While the mass may vary slightly from the fresh mass de-
pending on the time of postfixation, shrinkage and other
alterations in tissue mass due to the substitution of water
with the glycerol-based antifreeze are minor concerns in
studies of allometric relationships, where data typically
span 3 or more orders of magnitude, although future us-
ers of this dataset must keep in mind that they are likely
sources of extraneous, nonbiological variation in tissue
mass. Most importantly, however, any alterations in tis-
sue mass or volume due to fixation or storage in antifreeze
have no effect on the estimates of numbers of cells re-
ported here, since they were obtained with the isotropic
fractionator [Herculano-Houzel and Lent, 2005], a non-
stereological method.
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110-100 Mya

100-90 Mya

-90 Mya

Giraffa camelopardalis
Damaliscus dorcas phillipsi
Antidorcas marsupialis
Tragelaphus strepsiceros
Sus scrofa domesticus
Sorex fumeus

Blarina brevicauda
Parascalops breweri
Scalopus aquaticus
Condylura cristata
Oryctolagus cuniculus

~80 Mya

Cynomys sp.
Sciurus carolinensis

—E Mus musculus
Rattus norvegicus
—— Mesocricetus auratus

_[: Cavia porcellus
Hydrochoerus hydrochaeris

—— Dasyprocta prymnolopha
Proechimys cayennensis

Heterocephalus glaber

[: Otolemur garnettii
Microcebus murinus

Callimico goeldii
Callithnix jacchus
Cebus apella
Saimin sciureus
Aotus trivirgatus
Macaca mulatta
Macaca fascicularis
Macaca radiata
Papio anubis cynocephalus
Homo sapiens
Tupaia glis

Loxodonta africana

’E Procavia capensis
Dendrohyrax dorsalis
——— Amblysomus hottentotus

Elephantulus myurus
Petrodomus tetradactylus

Marsupials

Artiodactyla

Eulipotyphla

Glires

Primata

Scandentia

Afrotheria

Color version available online

Fig. 1. Phylogenetic relationships between the 40 non-great ape species examined. Compiled according to Price

etal. [2005], Purvis [1995], Blanga-Kanfi et al. [2009], Douady et al. [2002], Shinohara et al. [2003] and Murphy
etal. [2001]. * = Divergence points to which the dates refer.
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As mentioned above, most of the data were obtained
from single hemispheres and multiplied by 2 to refer to
the entire structures or brain. This allowed one brain
hemisphere to be kept for histological analysis, while the
other was used for the quantitative analysis discussed
here. In all cases, dissections started with a mid-sagittal
section through the whole brain. From the available
hemisphere, the olfactory bulb was dissected by a trans-
verse cut at the olfactory tract immediately proximal to
the bulb, which left the olfactory tract included in the
RoB. The cerebellum was dissected next by cutting the
cerebellar peduncles at the surface of the brainstem. The
cerebral cortex in all animals was defined as all cortical
regions lateral to the olfactory tract, including the hippo-
campus, amygdala and piriform cortex, and dissected
from each hemisphere in small brains by peeling it away
from the subcortical structures, as described earlier [Her-
culano-Houzel et al., 2006], or from a complete series of
coronal sections after removing the brainstem by a trans-
verse cut along the plane anterior to the superior collicu-
lus and posterior to the hypothalamus. In this manner,
the cerebral cortex includes the underlying white matter.
All other brain structures (the ensemble of brainstem,
diencephalon and striatum) were pooled and processed
together as RoB.

The Method

Some authors have expressed concerns about the iso-
tropic fractionator, the method whereby the numbers of
cells reported here were obtained [e.g. Carlo and Stevens,
2013; Charvet et al., 2015]. Concerns about the validity of
estimates obtained with the isotropic fractionator in com-
parison to stereology were dispelled when two groups es-
tablished independently that the isotropic fractionator
yields estimates of cell numbers that are comparable in
value and variation to those obtained with stereology for
matching [Miller etal., 2014] or neighboring [Bahney and
von Bartheld, 2014] tissue. The data presented here can
therefore be considered to be at least as reliable as data
obtained with stereological methods. Most importantly,
given the time and histological effort required for stereol-
ogy, the determination of total numbers of neurons for
structures that include widely different subregions such
as those in the entire cerebral cortex, entire cerebellum or
entire brainstem, would not have been possible without
theisotropic fractionator [Herculano-Houzel etal.,2015].

It should be kept in mind that the numbers of neurons
in the dataset correspond to the numbers of nuclei that
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express the universal neuronal nuclear marker NeuN
[Mullen et al., 1992]. NeuN is known not to be expressed
in some particular neuronal cell types such as Purkinje
cells, mitral cells of the olfactory bulb, inferior olivary and
dentate nucleus neurons [Mullen et al., 1992], neurons in
the substantia nigra pars reticulata of the gerbil [Kumar
and Buckmaster, 2007], and possibly others as yet un-
identified. While this of course impacts the total number
of cells identified as neurons, and unduly inflates the pop-
ulation identified as other cells (nonneurons), we expect
this impact to be negligible, given that these specific neu-
ronal subpopulations are very small compared to the
structures that they integrate and which were analyzed
here - the entire cerebral cortex, cerebellum or RoB.

It should also be kept in mind that, for most species,
only one individual was available for study, and typically
only one of the two brain halves was used for quantifica-
tion with the isotropic fractionator. This means that this
dataset does not address individual differences or scaling
rules across individuals, which are known not to be an
extension of allometric rules across species either in terms
of brain x body mass [Armstrong, 1990] or in the rela-
tionship between brain structure mass and number of
neurons [Herculano-Houzel et al., 2015]. Importantly,
since only averages or single individual values for a spe-
cies are reported in the dataset, their use in comparative
studies will not confound intraspecific and interspecific
variation. Moreover, although intraspecific variation can
be as large as 50% in brain structure mass or number of
neurons in the mouse [Herculano-Houzel et al., 2015], in
the scope of comparative studies, which typically span
several orders of magnitude, such variation is usually in-
significant.

Numbers of Cells

Although our dataset still excludes the very extremes
of brain size in mammals, it ranges from very small
shrews (Sorex fumeus, Blarina brevicauda) to the African
elephant (Loxodonta africana), spanning body masses
from 8 to 5,000,000 g and brain masses from 0.2 to over
4,000 g. Total numbers of neurons span from 36 million
to 257 billion (that is, 36 x 10° to 257 x 10°), and total
numbers of other (nonneuronal) cells range from 23 mil-
lion to 216 billion (table 5). Importantly, in all species,
the majority of neurons (53-98%) are located in the cer-
ebellum, leaving the cerebral cortex with typically 15-
25% of all brain neurons, and the RoB with not more than
21% and often less than 10% of all brain neurons (ta-

Herculano-Houzel/Catania/Manger/Kaas

Downloaded by:

54.70.40.11 - 10/22/2017 3:07:56 AM


http://dx.doi.org/10.1159%2F000437413

S[[e2 1910 = QO mwﬁOhﬁoz =N .w_w%ﬂmﬁ.m JI0J 9[qe[reAe J0U Ssem :RNNDM 02117 JO WN[[2Qa1ad oY, ‘To[dnu nmuwﬁ aM mﬁ_ﬁﬁﬁu:_ Awm\rﬁmﬂ urerq rﬁOﬂv WNT[2(aI33 A[OYM 3] 0] J9JaI sIaquunu [Ty

¥10T “Te 32 [9ZNOH-OUR[MIIH FST°0 998°C¢ €86°C1T ¥96°6TT'L0S8E 9€5°£TS 80L°0ST 8TYILI'T  ELRYIORY vuvdLLfp VIUOPOXOT
600T “[B 312 0paAdZY  610°0FTECO  00861F0T0OT0T €6£06F099° 1LY 000°0L1°TF000°000°070°9T  000000°059°9F000°000°0€0°69  6T'61FTOFST BJewWId suaids ouioy

F10T “Te 32 nzey 90 S0S‘T8 080°T€T 8¢6°09€0TS S €95°9£0°8.8°8 €4,9  eldpeponry syppavdojaund vffo.sr

110 ‘Seey] pue [9ZnOH-Oue[MOIH 01T°0 01TLL SL8T0L 000000°006C 000°000°00%*9T 95°LE BJeWIJ v][1405 D]jH0D
110 ‘Seed] pue [9ZNOH-OUR[NOIIH #80°0 0S2T9 €F1°0SL 000000°00Z°C 000°000°0L%TF000°00000€°9T FEFFI0'SE ejewtiq snavwiSAd o3uod
¥10T “[e 39 nzey| €1€0 S¥8‘6€ 81T°LT1 609660°99C°T IPIv6r THOY 9,L1€  elAdEpOnIY so.a015da.1s sniydvjadvi],

010T “[e 32 198D £90°0 L9T8¢ 601°£9S 00L°LL6°STS 00€°L06V6L L SvLET eewtld  snyvydasoudd siqnuv ordvg

¥10T “[e 39 nzey| ¥81°0 €T1°cE 90T°6L1 9SV'816°chY 0£9TILT0VT ovel  eheponty  isdiyd svaop snosipunq

¥10T “Te 39 nzey] £0T°0 6LL0F 666961 9LIVVT LIV VLOFITLSTT 8SH'11 e[fyoeponay syprdnsiou svoiopuy

¥10T “[e 39 nzey 881°0 206Th T€9'8TT 8€6°01L8YE €1€°0T€ 88T 8TI'8 elyoeponty SNI1SIULOP 1J0.10S NS

£00T “T® 32 [PZNOH -OUB[NIIH S0T°0 0T0°TTT 008065 0000€0°T€6 000000055 ¥ ¥69°'L ejewg vpvnU VIVIVN
900 “[e 12 [PZNOH-OURNIIdH  890'0F €670 206V FVL598 688VEFT86'LLT 8F1°SOT 18 F000°0¥6°0LS €EPSIS'SFO000I8LST T TIETFTEY9 SAD  SHaDL04pAY sni20204pAY
0102 “Te 3 1qeD (4440 8068 G59vse 078°595°€ST 09T9%55°8€0°T 8VL'S ejewLIq DIvIPYL VIVIVN

010T “Te 3 1qeDH €500 666€T €L6'SSY 00000%S€T 000009TLST wo's ejewLq SISV VIVID

L00T “[® 3 [9ZNOH-OUR[NOISH 6600 orves 0T€0¥S 000018°S¥CT 000°000°06¥C 9% BJewWId vjjadv $192)
LO0T “[® 12 [9ZNOH-OUR[NOIH €L0°0 076°0¢ 0009y 000020°€€ T 000000°0Z8°T 00€¥ ejewLq SHAANLIS LHUIDS
900T “[® 13 [PZNOH-OURMIIBH  990'0F¥E€T0 SOV LFSV6'LS LYY 6€ F80T'EST 0TS'8L6°TEFST6'986°GST 096°SY 187 FS80°88%°€L9 WL sy vydojouwdid vposdisvq
F10T “[e 32 S2AN  9F0'0F T8I0 TIL6TFS9€9F 05697 ¥ STV THT 000°081°0€ 00050016 000TTETH F000°CLE 88T 850°C CHIyoY sisuadv) viav20id

F10T “[e 39 Saa9N S1T0 24404 081881 0590LS°LL 0S€°676°09¢€ 816'1 BLIDYIOLY stvsiop xvidyopuaq

£00T “[& 32 [9ZNOH-OUR[NOIOH 0P1°'0  08S'STF068C8 0£506F080°509 000°0€0°S¥ F000°0LTSFT 000000°0ZF000°000°070°T ~ 8TTOFTELT Bjewg SnIDSAIALL STIOY
10T “[¢ 32 [9ZNOH-OUR[NOIH wel 67788 67608 0SL8LSVTT 0ST1L9°96€ [434! S snjnand snvjopfi0
LO0T “[€ 12 [9ZNOH-OUR[NOIdH 6800 068°TIF09%%S 0TL‘STF080°€T9 000°06Z°0+000°096°S9 000°0S¥%TS F000°00S €¥L SOT'0F96T'T ejewtig 113oULYE AN1UI3]0IO
110T “[e 39 [PZNOH-OUB[IIBH  060'0F9€€°0  TIT6IFT89'LTI V6T VLFEIETOHE 6£9°0£0°6F0T8°L6L0OTT 86L T8 ILF08TTESTE 690°0F¥L8°0 SO SISUIUL[0IDI SNINIDS
110C “[e 39 [PZNOH-OUB[MIIdH  €ZI'0FCT61°0  98THSFT08V8 ¥S5°6€ F859°0FF 178°89T'6€ F L8T°SST°99 TS8LLTTLF E18F80°0SE €60°0F68L°0 SaII[D ds sduioud)
L00T “[® 12 [9ZNOH-OUR[NOIH LETO  OITTIFOLIBY 0VL'STF0L6V6V 000°0LL°9F 000°067 67 000°0€S8TF000°0LE T9€ 6€0°0F0€L0 el snifoovl Xru1|p)
900 “T& 32 [PZNOH-OUR[NOH  $T0'0F9ICT0 9TTTFVYI8TL 690°8% FSSL6EE 981°90S Y FSL006Z°9€ €L6'SLTTFSTOVSS LIT LLO'0F005°0 SO snjjaos0d viav)
0102 “[e 3 1qeD 6L0°0 88SF¥ S0T‘99S 098°€EV LT 0p1°98¢ 17T 16€°0 ejewLq SHULINUL S1Q220UN

1102 “[® 32 [9ZNOH-OUR[MOIH  9Z0'0F¥TT0 91L'9FTTIOIL 99¥‘8T F8EET6F 890760°S F0S6°TLE 9€E 8F8°€SS ‘€ F0S0TIS TIT 920°0F0€€°0 SO sisuauuadv) sunjraosd
LO0T “[e 12 [9ZNOH-OUR[NOIdH 801°0 066°LF009T9 00T€8F09F 145 000°0TS TF000°086°61 00008691 F000°08T°S81T 810°0F97€°0 enuapuedg sy8 dn .
P10T “[BIR SN TOT'0F66C°0 1E8 TV FESTOTT 08L'STFLESTIE 000°T08STF1S8°LS9VE 00087671+ 0ST°€S9°0TT ¥0€°0 BLIDWIONY  Snjd1ovppija) snuiopoisad

900T “[€ 32 [PZNOH-OUR[MIH  LF0'0F60T0  SSE'6TFSSS'SOT  LP8‘80T F889CTS $0TTBT'9F L19°00°6T SL9S8T TTFT88TLI'6ET 8€0°0FTLT0 SaII[D SNOISaL0U SIIDY
P10 “[BIR SA3N  S00'0F19C°0 956°SF8T06ET 1S9'0T F6V°1€S 000°6LT° T F87989€°€T 000TS8TFTLETIE 68 891°0 BLIDYJOLY snandu snjnjuvydajq

600 “[e 12 O IeS 0IT'0  06L0TF099FTT 0£5°€9F06€°LE0T 000°09T°€F000°0TS 2T 000°0€9°€T F000°0SS8S T 8000F€s1°0  eydbioding snatgonby sndojpag

900C “[® 12 [PZNOH-OURMOIBH  $00'0F ITI°0 ¥SO'TFTEETS EVLEFTO0VTY 80T€IL TF000°0€VL 9IVTISETIF000°01C 19 0€0°0FSFT°0 SO SNIDANY SNJII0SIN
600C “[e 12 OjIeS P8I0 0TL6EFTI66ET  0CST8TFOIV'9LL 000°0TF*9F 00008761 000°001°TZF000°0C6°SOT 710078610 eydbioding DJDISL DAMAPUOD

600 “Te 32 03Ies 0£0°0 0T6°LFS6L89 0€0°€LTFOLEL66 000°00T‘TF0000T0°Z 000°0S8°€TF000°082°00T S000F201°0  ejydbroding Hama.q sdoppasvind

PI0T “Te 9 SIAN T00'0F9€T0 690°S ¥ 6¥8°96 L9981 ¥ L89°60% 000°€T8FIT9°SSTS 000°L0T€ F6LE 88T TE ¥80°0 BLIY)OIFY s1nj0JU2I0Y SNULOSAIqUIY

900T “[e 32 [PZNOH-OUR[MIH  LI00FSIT'0  SIL'STFE6VETL 17S8TIF169°9%L €LLTOS TFI6LLYEY LV9'LLT'6F80L6ITTY S00°0F950°0 SO SnpnasnuL SNy
110C “[e 39 [PZNOH-OUBMIIdH  90T'0F9S€'0  TS6TEF8YLGIT TEE8Y F08T'LTE TSEVLTTFOELTSY'S VST6V8 TFOLTTYLST ¥00°0F8%0°0 SaII[D 410qv]3 snjoiydas04a1aF
600 “Te 32 03IeS TET0  0T9'STFIELBIT 1TL61FTH6'616 00008Z°TF000°01%F 000°TZ8°SF000°0€P €€ S000F££00  eydbroding bpnvoiAdLq vuLvlg

600 “Te 312 0xIes €5T0  0IS'S8FELOBST  OPFPITF9998€0°T 000°0ZT‘TF00006C°S 000°099% F000°0L8°0C 200°0F020°0 epydfyoding snauinf xa.og

221n0g N/O Sw/0 Sur/N u‘Q u ‘N 3 ‘ssey 19pI0 sapadg

wmnfypRQgaId)) ‘g ajqelL

WV 9S:20°€ L102/22/0T - TT'0V'0L'VS
Aq papeojumoq

151

:145-163

86

10.1159/000437413

>

Brain Behav Evol 2015

DOI

Cell Numbers in Mammalian Brains


http://dx.doi.org/10.1159%2F000437413

'S[[02 1210 = (O SUOINAN] = N "UTeIq 3] JO SAPIs [}0q 10§ ‘erfSued [eseq pue uofeydodualp ‘Wa)sUIRIq JO I[qUIISUI AY) 0] 12JoI SAN[BA [[Y

P10T ¢ 32 [9ZNOH-OUR[NIISH 8¥6'9¢ 1€58¥y PIET 9ST1°90€ V0¥'LT Y8 V0L TVL ¥L9'%9S BLIDYIONY puILp V)UOpPOXOT
600T “[€32 OpaAdZY  TSCTFEOTTI 9200CF 05869 STITF0959  000°000°0S% T +000°000°0€L L 000°000°0ZT +000000°069 TrSYF099°LTT Ejewrd suaidvs ouoH

$10T “[e 39 nzey 061'%¢ 82069 610°C 9L8%98°8L8F ST9L69TVT 089°0Z eploeponty sijop4vdojouvs vffv.1o

$10T “[e 39 nzey| 086'T¢ €€T'SS LTLT €TS6LL80VE 0€2065°901 9119 ejdeponty 50420152415 smyydv]aspi],

$10T “[e 39 nzey 8IL¥C 881°1L 088°C 9L8°TLO9ETT 9T1'8TH98 900°0¢ ejloeponty 1sdijjuyd spaiop snosypund

F10T “Te 39 nzey 0TL'8T SITTS 1€L°T $T908T61¢ T 000°S8%0L 018'ST e1oepony syidnsivui svoiopiuy

900 “[e 32 [9ZNOH -OUB[NDISH VET6E yev's 000°006 T8E F0000LT‘6LL 0000077 +000°05Z°801 0LT0FLT6'61 SMD  SHIVYP04PAY Snid0y04pAH
0T0T “Te 3 198D 88'¢ 959T9 9€1°91 9€7°608°6L0°T 09L°0ST8LT SETLT ejewrtid snppydasoudd signuv oidvq

$10T “[e 39 nzey| 78981 T61°6L 8¢TY VIV 1T8°960°T 9€8°60L8S 058°¢T eploeponty SN21SIULOP 1J0.105 NS

£00T “Te 3 [9ZNOH-OUR[NOISH 606°L 0T¥'86 0T¥T1 000025996 000006121 1L8°0F¥0T6 BRI YU DIVIVN
L00T “Te 13 [PZNOH-OU[NOISH €81'8 07009 0vEL 000011905 00005819 0€¥7'8 EJeWLI] vjjad $193)
010T “Te 3 1qeDH 0S0°0T €6LT8 8€T8 000179919 000°65€T9 8T¥'L ejewliq DIvIpLL DIVIDI

900T “Te 13 [PZNOH-OU[NOIH 80795 0€8°9 089°5€8°95¢ 0TEF0T ey FIS0FTLE'S SO vydojouwdid viorddsvq
L00T “T® 33 [9ZNOH-OURNOISH 819% 04709 060°€T 000065C0€ 000°0€5°59 ¥00°'S ejewIq SH2INIOS LIUIDS
P10T “[BIR SN FITOFISET 8ETFFESEBE 9SS TFIEYIT 000°S0T*9F09L¥86TIT 000T9LF0¥T8SE69 STO0FLIET eHRyoY sisuadv) viavIoid

010T “[e 3 1qeD SLE'E 68509 st 08€°0L1°09C 0796759 6Ty BjewWI suv|nopsvf VIV

F10T “Te 32 SaAN €Iv'e €18°SH €Th'el 675997 TST 1LV 1L9TY 8T¢'€ BLIYIOLY sysiop Xvidyoipua

110T “[e 32 [9ZNOH-OUR[NIISH 8€89L TL6'L 000°ST#15C 00058097 (2443 ST snnowund sngvjopdio
£00T “T¢ 32 [PZNOH-OUR[NIIH €5€°9 066001 006°ST 00009¥%¢T¢ 0000 6% {U%3 ejewrtig SnJVBIIALLY SNIOY
L00T “Te 33 [PZNOH-OUR[NOISH 880°L 07069 0T6'SF0€EL6 000°00S¥9F000°0F¥*L¥ T 000°082°CT F000°008°0C 120°0FI€ET'T ejewLd HUIDS INW3]030)
0107 “Te 32 1qeD 809'¢ ¥ST€6 ¥¥8°sT 0TS8TS V61 08¥°116°¢S 980°C EJeWLId #p[a03 o)

1102 “[¢ 32 [9ZNOH -OUR[NIIIH €°6'7 €6L9FTVS98 SECTFO065 LT 06T°STO'SFEELTVLLIT 19€685 +009060 7€ T 0FSH6'T SoID ds sduoudd
1102 “[® 32 [9ZNOH -OUR[NIISF oVT'L 808°LF 78801 6866 F919°LT 090°STH'€FE€6°€T0°01T 06L8TT LI F IOV €6V EE 9STOFEV6'T ST SISUDUI04DI SMINLS
L00T “Te 13 [PZNOH-OUR[NOISH 6067 0££86 0¥8TF059°61 000°0€8°£TF000°016°SY T 000°0S€6F000°0TL6T LICOF68Y'T EIRWLI] snioovl X1u31v)
900 “[® 32 [9ZNOH -OUR[NIISH Se0¥ SG8°91 F87S'69 TTSOTF066'8T 996°6ET'8FSLIEST'E8 8E9'TEV 6 FSTT61TT 8LT'0F8IT'T ST snjja2s0d viav)
L00T “Te 13 [PZNOH-OU[NOISH VL8'€ 0T€001 006°ST 0000808 000°08%CT CTLO0F6160 enuapuedg sy8 viwdn,
$10T “Te 19 S9N LO7'0+00€C 0€89F9TLTE LVSF969°€1 000°80%‘S F681F70T'8C 000°88T FII8TETTT TT0'0F¥68°0 eLIDYIOLY snjd1ovp.41}) snuwoaposiad

1102 ¢ 32 [9ZNOH -OUBNIIAH 9%'S 8S9TFL99°88 €L6TF18€°91 6V 169°TF868°890°CL 0TT€ES TF6E0°TOVCT 900'0F 780 SO sisuauualp) s(unf2204d
900 “[® 32 [9ZNOH -OUR[NIISH L8S°C SLV'8TF09LTL TLI9OFETI8'LT T86°6L6'SFEVTITT'LY 606°€HT Y F8SLLIST €ST0F€89°0 SIID SNIIBaAL0U SNIIDY
0T0T “Te 3 198D 819% TELTOT 620CT 09€°598°0S 0F9F10TT 0050 EJewWLId SRULINUL S1Q2I0IN

¥10T “[BI0SIAN 8800 F8¥0'C 9958 F L96°0L T0LTFOTSTE 000°906°LF L9V*L66°8T 000°8ST € FEESTIOFT €90°0F10¥7°0 BLRYIONY snandut snjnjuvydajq

900T “Te 19 [9ZNOH-OU[NOISH 955°¢ VLT'STF¥08°SS STLFTIT9ST £58°8/8°8F000°0€€TT 6S0T9TTF000°0L8°S LSO'0FSLED ST SNIDAND SNJIOI0SIN
600C “[e 12 OYIBS  6LE'0F6SLT 0SSTF009°€T1 0067 F0T9F¥ 000°0Z8‘7 F000069°S¥ 000°066°CF000°095°91 TH0'0F0LEO e[ydfyoding snayonbo sndojpag

P10T “[EIR SN FHT0F6€8'T €86°C1 08885 PTI'SF919°TE 0009LT°€ FTHIPEB9T 000690°T ¥85€°0L0°6 €10°0F68C°0 eHRgoyY SnjojudROY snuloskiquiy

600C “[e 12 OIS T69'1F998°¢ 0T8°LI F066°8T1 09S°8FSLV €€ 000°056°S F0000SS € 000°08T‘CF000°091°8 920'0F¥HT0 e[qddroding IDIS1L DANIAPUOD

600T “Te IR ONIBS  GLEOFIOVF 08TLF096°LET 08T°€F9LTTE 000°00S‘T F000°08€‘T€ 000076 F000°0€1°L 600°0F82C°0 epydfoding 11amalq sdojpasvivg

900T “Te 13 [PZNOH-OUR[NOIH Wl 6V 11 F6E8°6L €799F 10€F9 165°065°€ F000°0S8F1 TTO'LLS TF000096°TT 610°0FCLI°0 SO Syl Sy
10T “[& 32 [9ZNOH-OUR[MOISH Sere 06L€FSFIF9 P8V 8FVLITE TLS'EP8 TFOSE0TE0T 9T0°€S8FLIET86Y 610°0F091°0 SIMD 410qu]3 snjpyda204a32F
600C “[e 12 OYIBS  960°0FC01'C 0¥8'SFIEL LT 0€TTFYT6'SS 000°0TT‘TF000°0TECT 00Z‘9€9F000°0¥€9 600°0FE€TT0 e[ydbroding ppnvoiAaiq vulvlg

600 “[B R OIS $6T0F68F'1 098°LT F088F11T LS TIFIV6'SL 000°0%¥%TF000°08C°8 000°06¥%T F000°095°S 0T0°0F2L00 eyd&yoding snauinf xaiog

ERRITIN N/O Sw/0 Sur/N u‘Q u‘N 3 ssepy 19pIQ sapadg

doy e 3lqel

WV 9S:20°€ L102/22/0T - TT'0V'0L'VS
Aq papeojumoq

Herculano-Houzel/Catania/Manger/Kaas

145-163

86

10.1159/000437413

>

Brain Behav Evol 2015

DOL

152


http://dx.doi.org/10.1159%2F000437413

*S[[02 12YJ0 = O SUOINAN = N 'Sq[Nq £10)OBJ[0 )0q 0} IJAI SIN[eA [[Y

P10T “[e 39 [9ZNOH-OUR[NOI9H II'e 0€T89 L89°TT P10°8L8°LS8T 986°TLEB06 988°T¥ 1 BLIYIOLY DuvILLp VIUOPOXOT
$10T “Te 39 nzey €798 €16°8S T16%9 SEVTELTIE 79S°T€€°8€ 9SS 1 ejdpeponty s0.42015da.43s sniydvjasvi ],

PT0T “Te 32 nzey L1576 8YTETI 9z0°CI 005F8€°TET 000°8L9FT 750°T 1 efoeponty syppvdojouivd vffo.nn

9002 “[® 12 [9ZNOH-OUR[MIIDH 08T°0F€EET 186 LT F¥PS 1S 810°9F¥98°1¢C 9TH'STO TTF069°68€L9 88S°STS'8FOIE 0958 1€0°0F20¢'T [4 SOID  SLAVII0IPAY SN120Y0PAH]
¥10T “Te 39 nzey 9L5°9 899°L8 zeeel 009°102‘S0T 00%866°ST 00C°1 1 eif1oeponay stpidnsiow svaiopluy

$10T T 39 nzey yer'8 8VEV6 LSTTT 00S¥SSLL 005°S61°6 80 T e[eponty SNI1SIULOP DJO.S SN

900€ “Te 12 [9ZNOH -OUR[NIIH CETOF6ETT 8S6 TFI0E°LOT €L6VT1F800°88 S08T8961 FS16°S6STL S6L°TS6VFS80VCI8S 9T'0FLELO € SO vydojouwidid vyoo.disvq
FI0T “Te 19 SaAdN £0L°0 STLTS 0TT€L 0TS06LFT 06%6060T 98T°0 1 eLIRYIOY s1suadvd v1AvI04d

1102 “Te 33 [9ZNOH-OUR[NOI9H 9LL0F8LY'T 0S0°8S F6SE°SST 9€TBEFTES LET 9TETISTCIFTV6'SI0°6E TIV'E06°LFHTLSV88T 7200+ 2ITO0 6 SO SISUaUL|04vI SHANDS
F10T “Te 39 0IqRy cel'l €9V 6EFS0S0LT 06S° LV F61T°6V1 9SGSSTLF000FPTVE 08¥SP96F090°LET0E 910°0+00T°0 1T ejewLd 11aUIDE IN1Hd]0}0

10T “Te 19 saAdN 8401 69€°16 $80°€ F508°08 SE9'SLLYT 000°08€ F59€878°CL 600°0F651°0 [4 LYoy snjA10vpY.41a] SNUL0LPOLIAT

1102 “Te 32 [9ZNOH-Oue[MdIoH el 610°LV1 887°0C1T 000°5€6CT 000°G9L8T 9¢1°0 T SaID snna1unI sndvjo3ddiQ
110T “Te 19 [9ZNOH-OUuB[NII9H 11€C ¥90°091 $ST69 09%°8C1°1¢C 0vSIv1‘6 «€ro 1 SO stsuauuadva sduipa01d
900T “Te 19 [9ZNOH-Oue[NOISH 9FE0FLEIT 110°6TF€6L°96 0V€‘SF0958S 860°0TTFF00EFSTOT SEE'S6TTF00LG909 €10°0F€0T°0 [ S9ID snjjaa.0d viav)
£00T “T® 19 [9ZNOH-OUR[MIIDH 08S°T 965 1S F9.8°S0T TSV LIFELIOET 8€8 TS 9F 0008900 7S6V8S€F000°00LTT 7€0°0F001°0 91 eluUapueds sy8 viwdng,
10T “[e 39 o1rqry 66T'1 0£0°STT £67°96 00Z900°TT 008€L¥'8 880°0 1 ejewitid v vIVIVN

6007 “Te 19 O3Ies PSI'0+¥15°0 009FTF0€T'SIT 05676 F07S €T 000°090CTF000°08L°LT 000°096‘SF000°019F7€ S00°0F280°0 € eydAyoding snarpnbp sndojwog

900T “Te 2 [9ZNOH-OUR[MIIY SYT'0F8¥8°0 €€0°8F01C9CT €16°9TFELETST 8TL0STTFYTLBET'6 99LTOTEFTLTCOT'TT 720°'0F¥%L0°0 S SO SnI1SaA40U SNV
9002 “[® 13 [9ZNOH-OUR[MIIIH SSY0FTL60 LETTTF L6196 86V LTF8TIVG01 S09°LLTTFOLILOS S 0T LYEFOE6'LYL'S T10°0+550°0 C SO SNIDIND $NJadliI0SaN
10T “[e 19 o1raqry SS0°T 60T VY FTT6°T91 TPTT9F6L8°SST 90TCITEFTES09ES YT6FITCF89V'ST6L ZI0°0F0S0°0 9 ejewitid SnpSAIALL SO

PT0T “Te 19 SaMN £0S°0 TL8L6 80L'SF8L9T61 99%616% 000°SVLTFVES€69°6 010°0+050°0 [4 BLIDYIOLY snindus snjnjupydagq

600¢ “Te 19 O3Ies 89T°0F 1590 0LE TFFOFFLIT 06S 18F065°€E€ 000°00%€F000°016°01 000°0LE9F000°0SL9T 800°0F6¥0°0 € eydfioding toma.q sdojposvivg

600C “Te 32 0Y1eS 8CC'0F80L°0 0LE6TFFTIG8T 0T9FLF0TLFST 000°0L6F000°0L¥ L 000°06ZFF000°0SS°0T S00°'0F0%0°0 i4 eydfyoding vjv)si vanjdpuo)y

10T “[e 39 o11aqry €LTT TIEFSF006°THE 6 T19F¥680LT 9LSTV8F880°E€TL6 880611 FC16°9€9°L 800°0F0€0°0 4 ejewtld SnuLInL snqasotN

600T “Te 12 O3Ies SCI'0FL09°0 0SF TEFIE9°C61 0S6VEFPITBIE 000°0€LF000°016F 006°S€6F000°060°8 €00°0F920°0 S e[ydfoding ppnvilaaig vulLvlg

110T “Te 33 [9ZNOH-OUR[NOI9H PSTOF9IST THFTOF166°L91 LS6TTFS68801 198°8VS TF0L6TLSE 660°9€9F0€0°€0ET 1000+ 120°0 € SO 42qu}8 snppydasosaro
900T “Te 32 [9ZNOH-OUR[MIIY 09T 0F¥S¥'T €LS'SLFVOTTLE 90 FEFSLYLST T0SPSTTF00L9SF'S 96€9VT TF00€€68°C ¥00°'0+¥10°0 i4 SO SNINISNUL SHAU
600¢ “Te 19 O3Ies VIT+678°0 029FF F6¥T'SET 0SEFCIF908°68T 000°0€T F000°09LT 000°0S0°T F000°0€€‘E 200°'0+2I0°0 € eyd&yodinyg snaunf xaiog

10T “Te 39 o11aqry 60T'T €95°G0T F€8€°69T S09°LET F60ETET F0T°096 FTT6'LVST 0TH€86F8L0801°C ¥10°0F800°0 S ejewi Snyovl XtiypwD

22109 N/O Sw/0 Su/N u‘Q u ‘N 3 ssepn u 19pI0 saradg

qmnq EOHUN.EO ‘v o|qel

WV 9S:20°€ L102/22/0T - TT'0V'0L'VS

153

:145-163

86

10.1159/000437413

>

Brain Behav Evol 2015

DOI

Cell Numbers in Mammalian Brains

Aq papeojumoq


http://dx.doi.org/10.1159%2F000437413

*3[qe[TRAR 9I9M SIIN)INI)S UTRIq [[e JOU YOTYM 10 ‘SnavuiSAd oSuod pue vjjio8 v]j1ion) 1p]aos 021w,y dIe PI)ST] J0N 'sq[nq A10)9eJ[0 Y} SUIPNIOUT JOU (SIPIS YJ0q) UTRIq S[OYM Y] 0) I2Ja1 SINTRA [[Y

$10T “Te 19 [9ZNOH-OUR[MIIH LEETB6°LSOITT TIV'ELV EVO'LST 0T9°'819% 000°000°S 1 BLIDONY vuvaLLfp VIUOPOXOT
600T T 19 0paAdZY 9'€FG 09 000°000°0€8°6 F000°000°019V8 000000018 F 00000009098 0V1'66CF016'80ST 000°0Z 4 BRI suaidvs outo

$10T “Te 30 nzey S'€T 0SETE6TIHLE 0S9°L8TTISL 0T 81C'LES 0000L¥ 1 eifjoeponty sippvdojaud vffv.rn

F10T “Te 39 nzey ¥ee 08S°€8T°LL69T 6VS 159116 098'90¢ 000812 1 ejdeponty so.4a015da.435 sniydv]advL],

P10T “[e 39 nzey L¥T 65SS°OPTEVE6 LTTT18850°E 8TL VST 00009 1 ejd1oeponty 1sdijjnyd soiop snosyvuin(

0102 “[e 32 19D ¥'vs ¥95°8€S°SLT‘6 0¥%°980°8%6°01 YOI IST 0008 4 ejewrtd snjpydasouds signuv ordvq

$10T “Te 30 nzey SIE SLST8LTI6S €€TS6STTLT 20901 000°ST 1 eidjdeponty sipidns.iow svaL0puy

£00T “[e 33 [9ZNOH-Oue[NdIdH Ly 000°006°TT‘L 000°091°9LE9 9vE'L8 006°€ 1 el DD VIVIDI
900T “Te 39 [9ZNOH-OUBMIISH 8'GF9€E LIL'€8S VL6FSTI6T6°LOTE 9TH TH9 TLF S8E 095 TLS T 9SLEFVELVL 9€G€F 005 LY 4 SO S1VD0.4pAY] SNI20YI04PAH
¥10T “Te 30 nzey 1'ee S0L€8L'S69F €SS TITYTTT 081°%9 000°00T 1 ejdeponty SNO1ISIULOP f04)S SNG

010T “Te 12 198D 54 00£°6L8°8L8F 00€°0T9°SSLE 0LV 19 T10°8 1 BJewLI] vIvIpvL VIVIVN

£00T “[e 39 [9ZNOH-Oue[NdIoH 8¢S 000°0%L°L6TE 000°0TS069°€ 80C°CS 0ve'e 1 ejewrtld vjjadv snqaD
010T “Te 32 198D TS 08€'STHPSTE 029'700°6€¥°€ w919 00L‘S 1 ejewrtlq S1D[nIISLf VIVIVIN

£00T “[e 32 [9ZNOH-Oue[NdIoH 19 000°0€0°€£L0T 000°0€7°9¥T°€ 91T°0¢ 658 4 ejewrd SNaIn1os Lvg
900€ “[e 3 [9ZNOH-Oue[ndIdH S'Sy 0€6°LL91S6 0L0°TITS6L 006’ T+829°LT 961 FEV8T € SO vydojouudid vioidds
F10T “Te 19 S98oN 000°9T9°L€ ¥000°TT90T9 000°SVTTLF000°€59°SSL S6V T+€5891 L1ST [4 BLIDONY sisuadpd viavr0id

£00T “[e 33 [9ZNOH-Oue[ndIaH 1'ss 000°0€T°S6T‘T 000°0T¥89%‘1 0€L°ST SEFGT6 4 ejewrtld snpSiaLL snjoy
F10T “Te 39 $9M9N 000F7LS €T FE8TLSTOS 008°CT 0ST'T 1 BLIDONY S1pS.L0p XDIAOoIpUd

£00T “Te 32 [9ZNOH-OUR[NOISH 789 000°005°€9 F000°065°999 000°09€‘STTF000°000°9€6 090°0F0ST 0T 9TOTFL9¥6 € ejewrtd 132UV ANtd]010
110T “Te 32 [9ZNOH-OURNIISH 6'¢y 000°56£°0€9 000°S0T V67 (4389 009% 1 SO snjnatund sn3vjo1fiQ
£00T “[e 33 [9ZNOH{-Oue[ndIdH LTS 0000180 F000°0%L06S 000°0€L‘STTF000°008°S€9 $S9°0F08L°L PIF019¢ € 'Rt snifoavl x1yav)
110T “Te 32 [9ZNOH-OUR[NIISH 0EF097 LE8°S09°S F 69V 9LV 0€S 869TSL6SFL61099°CSH 90€°0F8%SS 005 € SO SISUdUI04YI SNINLIS
110T “Te 32 [9ZNOH-OUB[NIISH TYFOIS €T0°0SELTF LIS 6VE LTV 0STTYLBLF LILEV6'LEY L6TOFITES 9'0€TFSIST € SO ds sdutoud)
900€ “[€ 39 [9ZNOH-Oue[NIIoH ¥1F9°0S PSS T 6FSTLL80'8TT IPL'S80F FSLT LSS €ET 987'0F959°¢ T6V+0T1E 4 SO snjja240d viav)
£00T “[e 39 [9ZNOH-Oue[ndIoH L9 000°059°661 000°00¥°19C T10°0FTSLT SEFSTUI [4 EQuapueds sy8 viwdn,
$10T “Te 19 S9N 0000T9‘STF000°6¥€°€0T 00000907 FS6.L0€8°9ST 60T°0F 07T STel 4 BLIDYIONY sn]A1DpYL} SNUL0LPOLII]

110T “Te 32 [9ZNOH-OUB[NIISH] 0TFLTS €OTOTE T FL8SFTLT T8I SPTTE6 TFEIT060°T0T 1L0°0F8L0°C 99T FG8%°€TT [4 SO sisuauualvd sAuity204dq
0102 “Te 32 198D LYo 078'876°8¢€1 08T TILYST 66L°1 009 1 et SnunUL SnqaJ0LtN

900T “T& 32 [9ZNOH-OURNOIOH ¥TFL09 6TL90T LF8I9VI6TTT €8€TTITI FT€E8L98 88T T6TOFFTLT 6TOTFI'SIE ¥ SAID snLSanlou snjvy
$10T “Te 19 S9N 000°€ELLFLOET6S L 000'¥CY 7 F€09061°6C1T 780°0F0%0'T ey 4 BLDYIONY snndus snjnjuvydalg

600C “[e 32 031eg VI1FL99 000°€T8 TTF000°0%L 10T 000°£8SPTF000°0TS€0T 080°0F 6660 8'6FE€S6 ¢ eydboding snaypnbw sndojvg

900T “Te 32 [9ZNOH-OUR[NOISH CIFEPS 980°T¥6 11 F000°0¥9°0L 1L€°€68°6F000°02TF8 9ET'0F596°0 9CIFI1891 [4 SO SNIDINDY snjadti0saN
FT0T “Te 12 $2A9N 000°£TSF000T€9°0F 0007CT‘TF000F7L0°S9 ¥P0'0FCI8°0 0°6L [4 BLIDONY snjojua1joY snuiosdjquiy

600T “Te 19 OyIes €9FET9 000°9%0°61 F000°0%0°€8 000°62Z° 1T F000°0€E TET 9%0°0F208°0 FFUTY v eydhoding vIvIsL Danjdpuo)

600T “Te 39 O)Ieg TP+T19 000°560°9F000°09C 8L 000°0L¥‘TT F000°009°€TT ¥Z0'0F6SL°0 T6+LTY ¢ eydhoding r1amaiq sdojpasvivd

900 “[e 33 [9ZNOH-Oue[NdIdH €TFESY 6T1°LS9°9F65L8S8°EE 61907 01 F 1HL°€LS L9 820°0F20¥'0 ITIFV 0V ¥ SO snpnosnud snjy
110T “Te 32 [9ZNOH-OUR[NIISH €EFGTS TOT'6ELTFSOTTI6TFT L800FE € FTIV'SL89T SP0'0FT6€°0 6'SFEET € SO 12qv}8 snpydasosalof
600T “Te 19 OYIes €TFBY9 000°TTTTF0000SS €€ 000°9ZT°9F000°061°SS 8T0°0'FLYE0 9T+T91 s eydbodiny vpnuolA2iq vULIvlg

6007 “Te 9 oxIes VIFET9 000956°€ F000°098°CC 000°£95Y F000°09%°9€ LO00F9LT0 T0+8L ¢ eydboding snawnf xaiog

20IN0§  SUOINAN] % S[[99 IO SUOININ. S ‘ssewr urerg 3 ‘ssewr Apog u I2pI0 saradg

ureiq [0y M *s 3|qeL

WV 9S:20°€ L102/22/0T - TT'0V'0L'VS
Aq papeojumoq

Herculano-Houzel/Catania/Manger/Kaas

145-163

86:

>

10.1159/000437413

Brain Behav Evol 2015

DOL

154


http://dx.doi.org/10.1159%2F000437413

"WN[[Q190 = q0) X100 [BIAId)) = X)) "A[(B[IBAR 9I9M SINIONIIS UTRIq [[& JOU YDIYM 10] ‘Snavui

-84d 08uog pue vjj1i08 vjjri00) 1p]a08 021w, ATk PAISI[ JON 'SqINq 101980 a1} SUTPN(OUT J0U ‘UTeIq S[OYM 3]} 0} uosLIedwod UT 2INJONI)S AY) UT PIUTEIUOD SUOINIU JO JqUUNU J0 ssew Jo a8ejuadtad a1 0) 19501 sanfea [[y

$10T “Te 12 [9ZNOH -OUR[NIIIH €0 §'L6 (a4 €Tl 9'sT 179 079'819% BLIOYIOLY DUVILLD VIUOPOXOT
600 “Te 32 OpaAZY €080 8 TFC08 8 TF06L 0€EF8L TIFT0I TEFLTI8 0FT'662F016'805°T elRwWLI] suaidps outop

F10T “Te 32 nzey| €1 9°C8 191 43 9Tl THL 81T'LES efjoeponay sypvdojouin) vffv.in

$10T “Te 32 nzey| (44 €8 g'sT ¥61 00T 9°0L 098'90€ e[k1oeponty 50.40015d2.435 sniydvjaSv.],

$10T “Te 39 nzey 8T S'8L L'81 ¥'61 L'8 6'1L 81LFST elf1eponty 1sdipiyd svaiop snosipuincq

010T “Te 32 1qeD ST TIL €9 s 6 S6L POTIST BIRWILL] snypydajoudd siqnuv o1dvg

P10T “Te 32 nzex 9T 8T8 91 € 801 679 $£0°901 e[k1oeponty syvidnsivus spaiopuy

£00T “Te 12 [9ZNOH-OUB[NIISH 61 €L 897 sor 8’8 6'6L 9bE'L8 eIRWLL] DIV VIVIVI
9007 “[e 12 [9ZNOH-OUB[NOIH 00769 IEFLEL reFvel LTFL9T 1788 POFSFH9 9SLEFFELTL SO SLVHP04pAYY S1I20Y04PAH
$10T “Te 12 nzey| 9¢ 9°¢8 g€l 91T LTl 859 08T%9 e[foeponry SN21JSIULOP 1JOLIS SNS

010C “Te 9 1qeD 91 €7S 1844 et ¥'6 S'8L LV'19 elRWLI] DIVIPY.L VIVIVIN

L00T “T® 3 [9ZNOH-OUR[NOIH L1 VL9 0'TE 191 8'8 SL 80T°CS eIRWLL] vjjdv snqaD
0107 “[e 3 1qeD 61 8L €'€C €6 44! S'8L 91°9% elRWLI] suvnapsof vIVIVN

£00T “Te 12 [9ZNOH -OUB[NIIIH 0 [ 8'1¥ 991 THI T69 91T'0¢ elRWLI] SNAANIIS LIS
9007 “[e 3 [9ZNOH-OUR[NOIH ¥'s 708 |54 '1F6°¢E 9°0F9°SI 9TFS0S 006’ TF8T9°LL 2D vydojouwidid vpooiddsnq
FT0T “Te 12 SIAN 6 L%9 1'9¢ 9'sT (44! 9 S6F TFES891 RLIOYIOLY sisuadp) piavr0id

£00T “Te 12 [9ZNOH-OUB[NIIDH ¥e 6'1L L¥T L'61 00T TOoL 0€L'ST eIRWLL] snppSiaLy snjoy
FT0T “Te 12 SIAN 68 SIL 961 0'9¢ 0°ST 0°6S 008°CI RLIOYIOTY sivs.iop xvilijoipuacy

L00T “Te 3 [9ZNOH-OUR[NOIdH T'1F27¢ 6 TF6L 80F6'81 €0F01C TIFCT STF8'99 090°0F0ST°0T elewWLI] 1130108 AN112]0)0)
110C :_w 19 [9ZNOH-OURNIISH [ €08 (41 ]°¢G¢ (e | L'8Y ®€re SaI[H SnINIIUNI wS%ESu\QO
L00T “Te 1 [9ZNOH -OUR[NIIIH 0IF9% 09F9°LS 9CFLE TEFO061 ¥0F¥'6 0EFIIL $S9°0F08L°L eIRWILL] snipavl x1y3v)
10T “[e 32 [9ZNOH-OUR[NOIH STFLL TIFI'SL 9IFTLL 'TFSE CIF8SI TFT6V 90€'0F8¥S'S SO SISUIUI]0DI SNNIOS
1102 “Te 32 [9ZNOH -OUR[MOIAF] TIF6'L 0TFL6L 8OFHTI PIFS9E 9TFFI VTFI8Y LETOFITE'S SAID “ds sdwoud)
900 “Te 3 [9ZNOH-OUB[NIIIH 6€FS6 TTF6IL LTF9°81 YoFEes €0F9€l LOFTES 98F'0F959°¢ SO snjjaoiod viav)
L00T T8 3 [9ZNOH-OUR[NOIDH 9'8 (X 6'ST PSFESE LOFSTI T9%6CS T10°0FTSLT enuapuedg syd vidn,
FI0T “Te 19 $949N 8L 9'0L 91T 9'9¢ STl 8'0S 60T°0F0FH'T BLIDYIOLY snA3ovpY) SNUL0LPOLId]

10T “e 19 [9ZNOH -OUR[NOISF] LOFL9 90F¥ 08 CTF6TI 9TFL6E LOFSST 60FS T TL0'0F8L0°C oI stsuauuadva sfunraold
010T “Te 32 1qeD ¥ 698 8’8 8'LC L'1e S0S 66L'1 BIRWLL] SULINUL SHAIIOLIN

9007 “[& 12 [9ZNOH-OUR[NOIDH TTF66 SEFLEL TIFPIL 9TF6E IRE X STFSF T6TOFFTILT 21D snarSaniou snyvy
FI0T “Te 19 $949N 801 169 002 9'8¢ 91 [ 4 780°0F0F0'T BLIAYIOLY snundus snmuvydogg

600T “Te 32 Ox1eg 18 8LL 184! 0°LE €61 9 6660 eydfodimng snaypnby sndogpag

900€ “Te 12 [9ZNOH-OUB[NIISH 90769 TIFETU L9FL0T G0F88E ITF6F1 STIFE9F 9ET'0F596°0 S2I[D SMIINY SNJIIII0SIINT
FT0T “Te 12 SIAN 6¢1 0°¢S ree 9's¢ €01 'S PH0'0FTI80 BLIOYIOLY snjojua10Y snuosdjquey

600 “Te 10 OyIes 9 L08 el ¥0¢ TLI ¥'Ts 2080 e[ydfoding vIvISL PNIApU)

600T “Te 12 O3Ies 8's S'18 L 0°0€ yel §'98 65L°0 eydfodimng 11amaq sdojposvivg

900€ “Te 32 [9ZNOH-OUB[NIIDH VTFEIC 0'SF0°6S IPF961 §TF8T 8OFGET 8TFLTH 820°0F20¥'0 S SnnIsnuL SHjy
10T “& 12 [9ZNOH-OUB[NIIAF] GTFS8I 6'€FE8S 'SFTET 0TF8 0¥ SIFETI CTT6O SPO'0FT6£°0 [ 0) 12qv]8 smppydaroazof]
600 “Te 32 OyIeS SIr 909 6LT 9T¢E 90T L'9S L¥E0 eydfodimg DpNYIIAILG VUL

600€ “Te 32 OIeg ¥'S1 L'LS 69T 0¥ i 9'LY 9LT°0 eydfoding snauinf xaiog

3omog 92N 9% PN % ON % AU 9 O % O % 8 NIvaERy 19pI0 sapadg

$9IN)ONIIS UTRIq SSOIO SUOINAU JO SIOQUUNU PUL SSBW JO SUONNALISIP 2ATJE[RY 9 d|qeL

WV 9S:20°€ L102/22/0T - TT'0V'0L'VS
Aq papeojumoq

155

145-163

86

10.1159/000437413

>

Brain Behav Evol 2015

DOI

Cell Numbers in Mammalian Brains


http://dx.doi.org/10.1159%2F000437413

ble 6). This translates into a smaller range of 6-742 mil-
lion neurons in the RoB (table 3), in contrast to 6 million
to 16 billion neurons in the cerebral cortex (table 1), and
16 million to as many as 251 billion neurons in the cer-
ebellum (table 2). In comparison to the cerebral cortex
and cerebellum, the number of neurons in the RoB is
thus remarkably small: no species has over 1 billion neu-
rons in the RoB, even in the primate and artiodactyl
brains with several billion neurons in the cerebral cortex
and cerebellum.

Outliers

As described previously [Azevedo et al., 2009; Hercu-
lano-Houzel, 2009, 2012], the availability of data on the
cellular composition of the cerebral cortex of humans and
various other primates allowed us to establish that the hu-
man cerebral cortex is not an outlier in its cellular com-
position, when compared to other primate brains. The
human cerebral cortex, in particular, is not an outlier in
the number of neurons for its mass. As shown in figure 2,
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Fig. 2. The human cerebral cortex is not an outlier in its neuronal
scaling rule. All graphs show how the mass of the cerebral cortex
varies with the number of neurons in the structure for the same
data points for the non-great-ape primate species in the dataset.
Power functions plotted differ across graphs, as indicated: includ-
ing the mouse lemur (ml) and human (h) data points (the best fit,
with exponent 1.087 + 0.073, r? = 0.956, p < 0.0001; a), excluding
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the mouse lemur and human data points (the worst fit, with expo-
nent 1.105 + 0.127, r? = 0.904, p < 0.0001; b), including the mouse
lemur but excluding human (exponent 0.989 + 0.080, r? = 0.944,
p < 0.0001; c), and including human but excluding mouse lemur
(exponent 1.210 + 0.088, r* = 0.944, p < 0.0001; d). sqm = Squirrel
monkey.
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when either all species (including the human and mouse
lemur; fig. 2a) or only the center species in the distribu-
tion (excluding the two extremes, human and mouse le-
mur; fig. 2b) are used to calculate the relationship be-
tween cortical mass (including white matter) and number
of cortical neurons, the human data point is well within
the 95% confidence interval. The human cerebral cortex
is only outside the confidence interval when the mouse
lemur is included in the comparison (fig. 2¢), but in turn
the mouse lemur is the outlier in the relationship that ex-
cludes it but includes the human cerebral cortex (fig. 2d).
The discordance reflects the influence of extreme data
points in the calculation of fitted functions, but impor-
tantly neither mouse lemur nor human are outliers in
comparison to the relationships that either include or ex-
clude both. Instead, it is another species - of the genus
Saimiri - that systematically sits outside the confidence
intervals because of its atypically high neuronal density
and absolute number of neurons in the cerebral cortex.
Still, because of its relatively central position in the distri-
bution of primate species, the inclusion or exclusion of
Saimiri does not markedly affect the scaling rules that ap-
ply to primates. It is those species that have either very
small or very large brains that possibly have a much larg-
er impact on scaling relationships.

One such clear outlier in the allometric scaling rules
that we have described previously is the naked mole-rat,
which has only about half the number of neurons expect-
ed in a rodent cerebral cortex and cerebellum of its size,
possibly due to regressive events such as reduced eyes,
lateral geniculate nucleus and visual cortex [Catania and
Remple, 2002, Xiao et al., 2006] caused by its strictly fos-
sorial lifestyle [Jarvis and Sherman, 2002]. As shown in
figure 3, calculating the neuronal scaling rules that apply
to the rodent cortex with the exclusion of the two smallest
species, mouse and naked mole-rat, places the latter, but
not the former, outside the 95% confidence interval

Fig. 3. Naked mole-rat (nmr) and elephant are outlier species.
a The power law that relates the mass of the cerebral cortex to its
number of neurons calculated across glires species without the na-
ked mole-rat and the mouse (exponent, 1.519 + 0.112, 2 = 0.953,
p < 0.0001) still includes the mouse (m) data point in its 95% con-
fidence interval, but excludes the naked mole-rat. b A better fit to
the same data points is found when the mouse is included in the
analysis (exponent, 1.699 + 0.096, 12 = 0.975, p < 0.0001), and still
excludes the naked mole-rat. ¢ The elephant is a clear outlier to the
relationship that describes the variation of the number of cerebel-
lar neurons as a power law of the number of neurons in the cerebral
cortex across all species, with exponent 1.007 + 0.054 (r* = 0.905,
p < 0.0001), which is a linear relationship.

Cell Numbers in Mammalian Brains

(fig. 3a), and adding the mouse to the scaling relationship
changes it little, while still excluding the naked mole-rat
(fig. 3b). The naked mole-rat should therefore be includ-
ed with caution in comparative studies of rodents.
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Another outlier in our dataset is the giraffe, probably
because the individual in our dataset was still a juvenile,
and therefore while its numbers of neurons had probably
already reached adult levels, its brain mass was still below
the average reported for the species, thus presumably
skewing scaling relationships for numbers of cells and
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densities calculated with the inclusion of the giraffe [Kazu
et al., 2014]. In agreement with the possibility that adult
numbers of neurons had already been reached while brain
structure mass was still growing, the giraffe matches the
scaling rules across numbers of neurons in the cerebral
cortex and cerebellum (fig. 3c).

Finally, we have reported that while the elephant cere-
bral cortex fits the neuronal scaling rules that apply to
afrotherians and other nonprimates, its cerebellum is an
obvious outlier, with over twice the number of neurons
expected for an afrotherian cerebellum of its mass and 10
times the number of neurons that would be expected for
the number of neurons in the elephant cerebral cortex,
holding an extraordinary 98% of all brain neurons [Her-
culano-Houzel et al., 2014] (fig. 3c). Thus, we recom-
mend not including the naked mole-rat, the giraffe and
the elephant in comparative analyses, except for the pur-
pose of examining these species directly.

Allometric Rules

Our dataset on the cellular composition of mammali-
an brain structures has made possible a number of discov-
eries on the scaling rules that apply to the construction
and evolution of mammalian brains, many of which have
been the subject of previous reviews [Herculano-Houzel,
2011, 2012; Herculano-Houzel et al., 2014b]. Amongst
the most notable is the finding that distinct neuronal scal-
ing rules apply to the primate cerebral cortex in compar-
ison to all other mammalian species in the dataset.
Nonprimate cortices scale with decreasing neuronal den-
sities as the number of neurons increases, which suggests
that the increases in neurogenesis across species that nec-
essarily underlie increased numbers of neurons in evolu-
tion are coupled to an increasing average size of neurons

Fig. 4. Neuronal density does not scale uniformly with number of
neurons across structures and clades. a Average neuronal density
in the cerebral cortex (neurons per mg, N/mg) scales across
nonprimate species as a power function of the number of cortical
neurons with exponent -0.632 + 0.042 (r> = 0.904, p < 0.0001, cal-
culated without the naked mole-rat and the giraffe). b Average
neuronal density in the cerebellum scales across nonprimate, non-
eulipotyphlan species (also excluding the elephant) as a power
function of the number of cerebellar neurons with exponent —0.290
+0.037 (1= 0.766, p < 0.0001). ¢ Average neuronal density in the
RoB scales across nonartiodactyl species (also excluding the ele-
phant) as a power function of the number of neurons in the struc-
ture with exponent —0.393 + 0.080 (r? = 0.439, p < 0.0001).
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(which we define as including all of their arbors, besides
the cell body). Primates have diverged away from the
common ancestor with other lineages with an uncoupling
between increased numbers of neurons and changed av-
erage neuronal cell size (fig. 4a) [Herculano-Houzel et al.,
2014b]. As a result, primate cortices contain many more
neurons than nonprimate cortices of a similar mass. The
magnitude of the discrepancy can be observed in table 1,
where the different species of all six orders and superor-
ders have been listed in ascending order of cortical mass.
Perusing table 1 makes clear the numerical advantage that
primates have in comparison to other groups in terms of
numbers of neurons in the cerebral cortex, even when the
human cerebral cortex is compared to the much larger
African elephant cortex.

We found that different neuronal scaling rules apply
to the cerebellum of primates and eulipotyphlans in com-
parison to the ensemble of afrotherians, glires and artio-
dactyls, with neuronal densities that decrease with in-
creasing numbers of neurons in the latter but not in the
former (fig. 4b) [Herculano-Houzel et al., 2014b]. Again,
perusing table 2 shows the larger number of neurons
found in eulipotyphlan cerebella compared to even larger
cerebella of glires and afrotherians. The much larger
number of neurons in primate cerebella than in even larg-
er artiodactyl cerebella is also documented in table 2.

In contrast, we reported recently that the neuronal
scaling rules for the RoB are shared by primates, glires,
afrotherians and eulipotyphlans, but not by artiodactyls
[Herculano-Houzel et al., 2014b]. These latter animals
have far fewer neurons in their RoB than nonartiodactyls
in the dataset with an even smaller RoB (table 3). The dif-
ference translates into far smaller neuronal densities in
the artiodactyl RoB than expected for its number of neu-
rons or RoB mass, compared to the scaling rules that ap-
ply to the RoB of other species (fig. 4c). However, it will

Fig. 5. Neuronal density in the RoB, but not in the cerebral cortex
or cerebellum, scales uniformly with body mass. a The power law
that fits the variation in average neuronal density in the cerebral
cortex (neurons per mg, N/mg) as a function of body mass across
the entire dataset excludes most primate species (exponent, —0.267
+0.021, r* = 0.822, p < 0.0001). b The power law that describes the
variation in average neuronal density in the cerebellum as a func-
tion of body mass, calculated across nonprimate, noneulipotyph-
lan species, excludes both these orders as well as the elephant (ex-
ponent, -0.156 + 0.017, r? = 0.715, p < 0.0001). ¢ In contrast, the
power law that describes the variation in average neuronal density
in the RoB with increasing body mass, calculated across all species,
includes many representatives of all clades, including artiodactyls
and the elephant (exponent, —0.300 + 0.019, r> = 0.872, p < 0.0001).
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be argued here that artiodactyls are not outliers in their
neuronal scaling rules for the RoB; rather, once other re-
lationships are taken into consideration, as shown below,
once again it is primates who have deviated away from the
scaling rule that applies to other mammalian clades.
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Larger Neurons in Larger Bodies

Although artiodactyls share a similar range of brain
masses with primates, the former are typically much larg-
er animals than primates of similar brain mass or number
of neurons. Since the RoB includes a number of structures
that are directly connected to targets or sensory sources
in the body, we examined the possibility that the very low
neuronal densities found in the artiodactyl RoB, which
indicate very large average neuronal sizes [Mota and Her-
culano-Houzel, 2014], are related to the large body mass
of these animals, in comparison to all other mammals in
the dataset.

We found that neuronal densities in the artiodactyl
RoB are indeed much better aligned across all species in
the dataset as a function of body mass (fig. 5¢), to the
point that they can be well described by a single power
function, with lower neuronal densities (and thus larger
average neuronal mass) in animals with larger body mass.
In contrast, although there is also an overall trend for low-
er neuronal densities in the cerebral cortex and cerebel-
lum of larger animals, fitting a single power law to the
entire dataset here excludes the primate cerebral cortex
(fig. 5a). Similarly, the power law that fits the cerebellum
of glires, afrotherians and artiodactyls excludes not only
the cerebellum of primates and eulipotyphlans, but also
the elephant (fig. 5b). Thus, while neurons in the RoB
seem to increase uniformly in average mass with increas-
ing body mass across all mammalian orders analyzed,
neurons in the cerebral cortex and cerebellum vary sig-
nificantly across mammalian orders in how average neu-
ronal cell mass scales with increasing body mass. This is
consistent with the existence of different neuronal scaling
rules that govern how average neuronal cell size in the
cerebral cortex in primates and in the cerebellum of pri-

Fig. 6. The number of neurons in each brain structure does not
scale uniformly with body mass across all clades. a The number of
neurons in the cerebral cortex scales across nonprimate species as
a power function of body mass with exponent 0.474 + 0.021 (r* =
0.940, p < 0.0001), which clearly excludes all primates in the data-
set larger than the mouse lemur. b The number of neurons in the
cerebellum scales across nonprimate, noneulipotyphlan species
(also excluding the elephant) as a power function of body mass
with exponent 0.535 + 0.027 (r? = 0.933, p < 0.0001). In contrast,
the number of cerebellar neurons scales across eulipotyphlans and
primates jointly as a power function of exponent 0.782 + 0.039
(r?=0.962, p < 0.0001). ¢ The number of neurons in the RoB scales
across nonprimate species (including the elephant) as a power
function of body mass with exponent 0.317 + 0.021 (1> = 0.875,
p < 0.0001) that excludes most primates.
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mates and eulipotyphlans scale with numbers of neurons
compared to other species, as we have suggested [Hercu-
lano-Houzel et al., 2014b].

If it remains the case that the scaling rules that link av-
erage neuronal cell size to numbers of neurons in the RoB
have diverged in artiodactyls, as shown in figure 4c, then
one possibility is that the driving force behind this diver-
gence was a shift in the body x brain relationship in the
species of this clade. However, as seen in figure 6, artio-
dactyls are a much closer fit to the scaling relationship
between body mass and number of RoB neurons (as also
found for the cerebral cortex and cerebellum) that applies
to nonprimate species, while primates clearly have their
own body x brain relationship. If artiodactyls shared with
all mammals the relationship between neuronal density in
the RoB and body mass (fig. 5¢) but showed a faster de-
crease in neuronal density for the number of RoB neurons
compared to other species (fig. 4c), as we had initially pre-
sumed [Herculano-Houzel et al., 2014b], then the number
of neurons in the artiodactyl RoB should scale faster with
body mass than in other species - but it does not (fig. 6¢).
In contrast, if artiodactyls shared with other nonprimate
mammals both the scaling of neuronal density in the RoB
and body mass (fig. 5¢) and the scaling of neuronal den-
sity with the number of RoB neurons, and primates were
instead the outliers as shown in figure 7, then artiodactyls
would be expected to share with nonprimates the scaling
of number of RoB neurons with body mass, as is indeed
the case (fig. 6¢). It thus appears more likely that the scal-
ing rules that apply to the RoB have diverged not in artio-
dactyls, but rather in primates, as they did in the cerebral
cortex and cerebellum, as indicated in figure 7.

While the neuronal scaling rules that apply to the RoB
might thus have diverged not in artiodactyls, but in pri-
mates, it remains that for all species in the dataset, includ-
ing primates, neuronal densities in the RoB decrease with
increasing body mass, indicating that average neuronal
mass in the RoB increases together with increasing body
mass. Of all brain neurons, it is those situated in the RoB
that are most directly related to the body, as many neu-
rons in these structures, from the medulla to the dien-
cephalon, are directly connected to structures in the body
through sensory or motor nerves. Those neurons that are
directly connected to bodily structures must have their
fibers increase, at least in length, within the RoB (as in the
body) as the body grows and those targets become more
distant. Indeed, the exponent of the single power law that
relates neuronal density in the RoB to body mass, -0.301
+0.019 (r* = 0.873, p < 0.0001), is not significantly differ-
ent from 1/3 - the exponent that relates body length to
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Fig. 7. Neuronal density in the RoB is better described to scale uni-
formly with number of neurons across nonprimates than across
nonartiodactyls. Average neuronal density in the RoB (neurons
per mg, N/mg) scales across nonprimate, nonelephant species as a
power function of the number of neurons in the RoB with expo-
nent —0.914 + 0.118 (r> = 0.712, p < 0.0001). Notice that while the
95% confidence interval still excludes most artiodactyls, it explains
much better the variation in neuronal density in the structure than
the fit shown in figure 4c, which included primates but excluded
artiodactyls.

body volume. It thus appears that all mammalian species
in the dataset have neurons that become larger (longer)
within the brain as body mass increases, with no distinc-
tion across orders. We suggest that it is this physical con-
straint that makes neurons in the RoB become larger
(longer) with increasing body mass across all clades.
Importantly, and in contrast to the hypothesis that
larger bodies require more neurons to operate them [Jer-
ison, 1973], itis only the neuronal density in the RoB (and
thus average neuronal cell mass) that varies uniformly
with increasing body mass: as shown in figure 6c, pri-
mates are clear outliers, such that there is no single scaling
rule that relates numbers of neurons in the RoB to body
mass across all mammalian species in the dataset. Inter-
estingly, although clear relationships exist between brain
mass and the number of neurons in the cerebral cortex
(fig. 6a), cerebellum (fig. 6b) or RoB (fig. 6¢), primates are
in all three cases subject to a different scaling rule, with
more neurons for a given body mass compared to other
mammalian clades. The clade specificity indicates that,
while larger bodies have neurons in the RoB that are on
average larger in proportion to the linear dimension of
the body, the number of brain neurons is not dictated
simply by body mass, either in the RoB or elsewhere.
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Conclusion

As mentioned above, the main focus of our work has
been the investigation of the scaling relationships that ap-
ply to mammalian brains and what they teach about the
evolutionary origins of brain diversity in mammals. We
expect the dataset that we have generated to be useful to
researchers interested in many other aspects of diversity:
how it is related to lifestyle, habitat, diet; how it evolved
within particular clades; how it is constrained by physical
aspects of brain morphology and function. As our re-
search on brain diversity continues to grow, we will con-
tinue to expand our dataset on the cellular composition
of different brain structures across mammalian species
and clades and make it available to the scientific commu-

nity. In the near future, we will be able to add chiropter-
ans, carnivores, marsupials and cetaceans to the dataset,
as well as a subdivision of nonneuronal ‘other’ cells into
the underlying cell types (endothelium, astrocytes, oligo-
dendrocytes and microglial cells).
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