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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.  © 2015 S. 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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 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 
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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 

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, 2011c].

  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-

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.

D
ow

nl
oa

de
d 

by
: 

54
.7

0.
40

.1
1 

- 
10

/2
2/

20
17

 3
:0

7:
56

 A
M

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


 Herculano-Houzel/Catania/Manger/Kaas

 

Brain Behav Evol 2015;86:145–163
DOI: 10.1159/000437413

148

  Fig. 1.  Phylogenetic relationships between the 40 non-great ape species examined. 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]. * = 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 et al., 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 
the isotropic fractionator [Herculano-Houzel et al., 2015].

  It should be kept in mind that the numbers of neurons 
in the dataset correspond to the numbers of nuclei that 

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 × 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 × 10 6  to 257 × 10 9 ), 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-

D
ow

nl
oa

de
d 

by
: 

54
.7

0.
40

.1
1 

- 
10

/2
2/

20
17

 3
:0

7:
56

 A
M

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


 Cell Numbers in Mammalian Brains Brain Behav Evol 2015;86:145–163
DOI: 10.1159/000437413

151

 T
a

b
le

 2
.  C

er
eb

el
lu

m

Sp
ec

ie
s

O
rd

er
M

as
s, 

g
N

, n
O

, n
N

/m
g

O
/m

g
O

/N
So

ur
ce

So
re

x 
fu

m
eu

s
Eu

lip
ot

yp
hl

a
0.

02
0 ±

 0.
00

2
20

,8
70

,0
00

 ±
 4,

66
0,

00
0

5,
29

0,
00

0 ±
 2,

12
0,

00
0

1,
03

8,
66

6 ±
 21

4,
44

0
25

8,
07

3 ±
 85

,5
10

0.
25

3
Sa

rk
o 

et
 a

l.,
 2

00
9

Bl
ar

in
a 

br
ev

ic
au

da
Eu

lip
ot

yp
hl

a
0.

03
7 ±

 0.
00

5
33

,4
30

,0
00

 ±
 5,

82
1,

00
0

4,
41

0,
00

0 ±
 1,

28
0,

00
0

91
9,

94
2 ±

 19
,7

21
11

8,
73

6 ±
 25

,6
20

0.
13

2
Sa

rk
o 

et
 a

l.,
 2

00
9

H
et

er
oc

ep
ha

lu
s g

la
be

r
G

lir
es

0.
04

8  ±
 0.

00
4

15
,7

42
,2

70
 ±

 2,
84

9,
25

4
5,

48
2,

73
0 ±

 1,
27

4,
35

2
32

7,
28

0 ±
 48

,3
31

11
5,

74
8 ±

 32
,9

52
0.

35
6 ±

 0.
10

6
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
01

1
M

us
 m

us
cu

lu
s

G
lir

es
0.

05
6 ±

 0.
00

5
42

,2
19

,7
08

 ±
 9,

27
7,

64
7

6,
94

7,
79

1 ±
 1,

50
2,

77
3

74
6,

69
1 ±

 12
8,

54
1

12
3,

49
3 ±

 25
,7

15
0.

16
5 ±

 0.
01

7
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

6
A

m
bl

ys
om

us
 h

ot
te

nt
ot

us
A

fr
ot

he
ri

a
0.

08
4

34
,4

88
,3

79
 ±

 3,
20

7,
00

0
8,

15
5,

62
1 ±

 81
3,

00
0

40
9,

68
7 ±

 18
,6

67
96

,8
49

 ±
 5,

06
9

0.
23

6 ±
 0.

00
2

N
ev

es
 e

t a
l.,

 2
01

4
Pa

ra
sc

al
op

s b
re

w
er

i
Eu

lip
ot

yp
hl

a
0.

10
2 ±

 0.
00

5
10

0,
78

0,
00

0 ±
 13

,8
50

,0
00

7,
01

0,
00

0 ±
 1,

10
0,

00
0

99
7,

37
0 ±

 17
3,

03
0

68
,7

95
 ±

 7,
91

0
0.

07
0

Sa
rk

o 
et

 a
l.,

 2
00

9
Co

nd
yl

ur
a 

cr
ist

at
a

Eu
lip

ot
yp

hl
a

0.
13

8 ±
 0.

01
2

10
5,

92
0,

00
0 ±

 22
,1

00
,0

00
19

,4
80

,0
00

 ±
 6,

42
0,

00
0

77
6,

46
0 ±

 18
1,

53
0

13
9,

91
2 ±

 39
,7

20
0.

18
4

Sa
rk

o 
et

 a
l.,

 2
00

9
M

es
oc

ric
et

us
 a

ur
at

us
G

lir
es

0.
14

5 ±
 0.

03
0

61
,2

10
,0

00
 ±

 12
,3

51
,2

46
7,

43
0,

00
0 ±

 1,
71

3,
10

8
42

4,
00

2 ±
 3,

74
3

51
,3

32
 ±

 1,
05

4
0.

12
1 ±

 0.
00

4
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

6
Sc

al
op

us
 a

qu
at

ic
us

Eu
lip

ot
yp

hl
a

0.
15

3 ±
 0.

00
8

15
8,

55
0,

00
0 ±

 13
,6

30
,0

00
17

,5
10

,0
00

 ±
 3,

16
0,

00
0

1,
03

7,
39

0 ±
 63

,5
70

11
4,

66
0 ±

 20
,7

90
0.

11
0

Sa
rk

o 
et

 a
l.,

 2
00

9
El

ep
ha

nt
ul

us
 m

yu
ru

s
A

fr
ot

he
ri

a
0.

16
8

89
,3

12
,3

72
 ±

 2,
85

2,
00

0
23

,3
68

,6
28

 ±
 1,

27
9,

00
0

53
1,

49
4 ±

 10
,6

51
13

9,
02

8 ±
 5,

95
6

0.
26

1 ±
 0.

00
5

N
ev

es
 e

t a
l.,

 2
01

4
Ra

ttu
s n

or
ve

gi
cu

s
G

lir
es

0.
27

2 ±
 0.

03
8

13
9,

17
1,

88
2 ±

 11
,1

85
,6

75
29

,0
05

,6
17

 ±
 6,

28
2,

20
4

52
2,

68
8 ±

 10
8,

84
7

10
8,

55
5 ±

 29
,3

55
0.

20
9 ±

 0.
04

7
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

6
Pe

tr
od

ro
m

us
 te

tr
ad

ac
ty

lu
s

A
fr

ot
he

ri
a

0.
30

4
11

0,
65

3,
15

0 
±1

4,
94

8,
00

0
34

,6
57

,8
51

 ±
 15

,8
01

,0
00

36
2,

53
7 ±

 15
,7

80
11

0,
15

3 ±
 41

,8
31

0.
29

9 ±
 0.

10
2

N
ev

es
 e

t a
l.,

 2
01

4
Tu

pa
ia

 g
lis

Sc
an

de
nt

ia
0.

32
6 ±

 0.
01

8
18

5,
28

0,
00

0 ±
 16

,9
80

,0
00

19
,9

80
,0

00
 ±

 1,
51

0,
00

0
57

1,
46

0 ±
 83

,2
00

61
,6

00
 ±

 7,
99

0
0.

10
8

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
7

Pr
oe

ch
im

ys
 ca

ye
nn

en
sis

G
lir

es
0.

33
0 ±

 0.
02

6
16

2,
51

2,
05

0 ±
 3,

55
3,

84
8

36
,3

72
,9

50
 ±

 5,
09

4,
06

8
49

4,
33

8 ±
 28

,4
66

11
0,

12
2 ±

 6,
71

6
0.

22
4 ±

 0.
02

6
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
01

1
M

ic
ro

ce
bu

s m
ur

in
us

Pr
im

at
a

0.
39

1
22

1,
38

6,
14

0
17

,4
33

,8
60

56
6,

20
5

44
,5

88
0.

07
9

G
ab

i e
t a

l.,
 2

01
0

Ca
vi

a 
po

rc
ell

us
G

lir
es

0.
50

0 ±
 0.

07
7

16
7,

85
4,

92
5 ±

 2,
17

5,
97

3
36

,2
90

,0
75

 ±
 4,

50
6,

18
6

33
9,

75
5 ±

 48
,0

69
72

,8
24

 ±
 2,

21
6

0.
21

6 ±
 0.

02
4

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
6

Ca
lli

th
rix

 ja
cc

hu
s

Pr
im

at
a

0.
73

0 ±
 0.

03
9

36
1,

37
0,

00
0 ±

 28
,5

30
,0

00
49

,4
90

,0
00

 ±
 6,

77
0,

00
0

49
4,

97
0 ±

 25
,7

40
68

,1
70

 ±
 12

,2
10

0.
13

7
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

7
Cy

no
m

ys
 sp

.
G

lir
es

0.
78

9 ±
 0.

09
3

35
0,

08
4,

81
3 ±

 72
,1

77
,8

51
66

,1
55

,1
87

 ±
 39

,2
68

,8
21

44
0,

65
8 ±

 39
,5

54
84

,8
02

 ±
 54

,2
86

0.
19

2 ±
 0.

12
3

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

01
1

Sc
iu

ru
s c

ar
ol

in
en

sis
G

lir
es

0.
87

4 ±
 0.

06
9

34
2,

83
2,

18
0 ±

 71
,1

81
,7

98
11

0,
79

7,
82

0 ±
 9,

07
0,

63
9

39
2,

36
3 ±

 74
,2

94
12

7,
68

2 ±
 19

,2
12

0.
33

6 ±
 0.

09
0

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

01
1

O
to

lem
ur

 g
ar

ne
tti

i
Pr

im
at

a
1.

19
6 ±

 0.
10

5
74

3,
50

0,
00

0 ±
 52

,4
50

,0
00

65
,9

60
,0

00
 ±

 20
,2

90
,0

00
62

3,
08

0 ±
 45

,7
20

54
,4

60
 ±

 11
,8

90
0.

08
9

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
7

O
ry

ct
ol

ag
us

 cu
ni

cu
lu

s
G

lir
es

1.
41

2
39

6,
67

1,
25

0
12

4,
57

8,
75

0
28

0,
92

9
88

,2
29

1.
22

2
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
01

1
A

ot
us

 tr
iv

irg
at

us
Pr

im
at

a
1.

73
2 ±

 0.
21

8
1,

04
0,

00
0,

00
0 ±

 20
,0

00
,0

00
14

5,
27

0,
00

0 ±
 45

,0
30

,0
00

60
5,

08
0 ±

 90
,5

70
82

,8
90

 ±
 15

,5
80

0.
14

0
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

7
D

en
dr

oh
yr

ax
 d

or
sa

lis
A

fr
ot

he
ri

a
1.

91
8

36
0,

92
9,

35
0

77
,5

70
,6

50
18

8,
18

0
40

,4
44

0.
21

5
N

ev
es

 e
t a

l.,
 2

01
4

Pr
oc

av
ia

 ca
pe

ns
is

A
fr

ot
he

ri
a

2.
05

8
48

8,
37

3,
00

0 ±
 42

,3
22

,0
00

91
,0

05
,0

00
 ±

 30
,1

80
,0

00
24

2,
41

5 ±
 46

,9
50

46
,3

65
 ±

 19
,7

11
0.

18
2 ±

 0.
04

6
N

ev
es

 e
t a

l.,
 2

01
4

D
as

yp
ro

ct
a 

pr
ym

no
lo

ph
a

G
lir

es
2.

74
2

67
3,

48
8,

08
5 ±

 48
,1

45
,9

60
15

5,
98

6,
91

5 ±
 32

,9
78

,5
20

25
3,

20
8 ±

 39
,4

47
57

,9
45

 ±
 7,

40
5

0.
23

4 ±
 0.

06
6

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
6

Sa
im

iri
 sc

iu
re

us
Pr

im
at

a
4.

30
0

1,
82

0,
00

0,
00

0
13

3,
02

0,
00

0
42

4,
00

0
30

,9
40

0.
07

3
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

7
Ce

bu
s a

pe
lla

Pr
im

at
a

4.
6

2,
49

0,
00

0,
00

0
24

5,
81

0,
00

0
54

0,
31

0
53

,4
40

0.
09

9
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

7
M

ac
ac

a 
fa

sc
ic

ul
ar

is
Pr

im
at

a
5.

64
2

2,
57

2,
60

0,
00

0
13

5,
40

0,
00

0
45

5,
97

3
23

,9
99

0.
05

3
G

ab
i e

t a
l.,

 2
01

0
M

ac
ac

a 
ra

di
at

a
Pr

im
at

a
5.

74
8

2,
03

8,
55

4,
16

0
45

3,
56

5,
84

0
35

4,
65

5
78

,9
08

0.
22

2
G

ab
i e

t a
l.,

 2
01

0
H

yd
ro

ch
oe

ru
s h

yd
ro

ch
ae

ris
G

lir
es

6.
63

2 ±
 1.

31
2

1,
15

7,
81

0,
00

0 ±
 5,

51
5,

43
3

57
0,

94
0,

00
0 ±

 81
,1

05
,1

48
17

7,
98

2 ±
 34

,8
89

86
,5

74
 ±

 4,
90

2
0.

49
3 ±

 0.
06

8
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

6
M

ac
ac

a 
m

ul
at

ta
Pr

im
at

a
7.

69
4

4,
55

0,
00

0,
00

0
93

1,
03

0,
00

0
59

0,
80

0
12

1,
01

0
0.

20
5

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
7

Su
s s

cr
of

a 
do

m
es

tic
us

A
rt

io
da

ct
yl

a
8.

12
8

1,
85

8,
32

0,
31

3
34

8,
71

0,
93

8
22

8,
63

2
42

,9
02

0.
18

8
K

az
u 

et
 a

l.,
 2

01
4

A
nt

id
or

ca
s m

ar
su

pi
al

is
A

rt
io

da
ct

yl
a

11
.4

58
2,

25
7,

21
4,

07
4

46
7,

24
4,

67
6

19
6,

99
9

40
,7

79
0.

20
7

K
az

u 
et

 a
l.,

 2
01

4
D

am
al

isc
us

 d
or

ca
s p

hi
lli

ps
i

A
rt

io
da

ct
yl

a
13

.4
02

2,
40

1,
71

2,
67

0
44

3,
91

8,
45

6
17

9,
20

6
33

,1
23

0.
18

4
K

az
u 

et
 a

l.,
 2

01
4

Pa
pi

o 
an

ub
is 

cy
no

ce
ph

al
us

Pr
im

at
a

13
.7

45
7,

79
4,

90
7,

30
0

52
5,

97
7,

70
0

56
7,

10
9

38
,2

67
0.

06
7

G
ab

i e
t a

l.,
 2

01
0

Tr
ag

ela
ph

us
 st

re
ps

ic
er

os
A

rt
io

da
ct

yl
a

31
.7

76
4,

04
2,

49
4,

14
1

1,
26

6,
09

9,
60

9
12

7,
21

8
39

,8
45

0.
31

3
K

az
u 

et
 a

l.,
 2

01
4

Po
ng

o 
py

gm
ae

us
Pr

im
at

a
35

.0
6 ±

 4.
34

26
,3

00
,0

00
,0

00
 ±

 2,
47

0,
00

0,
00

0
2,

20
0,

00
0,

00
0

75
0,

14
3

62
,7

50
0.

08
4

H
er

cu
la

no
-H

ou
ze

l a
nd

 K
aa

s, 
20

11
G

or
ill

a 
go

ril
la

Pr
im

at
a

37
.5

6
26

,4
00

,0
00

,0
00

2,
90

0,
00

0,
00

0
70

2,
87

5
77

,2
10

0.
11

0
H

er
cu

la
no

-H
ou

ze
l a

nd
 K

aa
s, 

20
11

G
ira

ffa
 ca

m
elo

pa
rd

al
is

A
rt

io
da

ct
yl

a
67

.7
3

8,
87

8,
07

6,
56

3
5,

52
0,

36
0,

93
8

13
1,

08
0

81
,5

05
0.

62
2

K
az

u 
et

 a
l.,

 2
01

4
H

om
o 

sa
pi

en
s

Pr
im

at
a

15
4.

02
 ±

 19
.2

9
69

,0
30

,0
00

,0
00

 ±
 6,

65
0,

00
0,

00
0

16
,0

40
,0

00
,0

00
 ±

 2,
17

0,
00

0
47

1,
66

0 ±
 90

,3
93

10
1,

02
0 ±

 19
,8

00
0.

23
2 ±

 0.
01

9
A

ze
ve

do
 e

t a
l.,

 2
00

9
Lo

xo
do

nt
a 

af
ric

an
a

A
fr

ot
he

ri
a

1,
17

1.
62

8
25

0,
70

8,
52

7,
53

6
38

,5
07

,2
29

,9
64

21
3,

98
3

32
,8

66
0.

15
4

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

01
4

 A
ll 

nu
m

be
rs

 re
fe

r t
o 

th
e 

w
ho

le
 c

er
eb

el
lu

m
 (b

ot
h 

br
ai

n 
ha

lv
es

), 
in

cl
ud

in
g 

th
e 

de
ep

 n
uc

le
i. 

Th
e 

ce
re

be
llu

m
 o

f C
al

lim
ic

o 
go

eld
ii 

w
as

 n
ot

 a
va

ila
bl

e 
fo

r a
na

ly
sis

. N
 =

 N
eu

ro
ns

; O
 =

 o
th

er
 c

el
ls.

D
ow

nl
oa

de
d 

by
: 

54
.7

0.
40

.1
1 

- 
10

/2
2/

20
17

 3
:0

7:
56

 A
M

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


 Herculano-Houzel/Catania/Manger/Kaas

 

Brain Behav Evol 2015;86:145–163
DOI: 10.1159/000437413

152

 T
a

b
le

 3
.  R

oB

Sp
ec

ie
s

O
rd

er
M

as
s, 

g
N

, n
O

, n
N

/m
g

O
/m

g
O

/N
So

ur
ce

So
re

x 
fu

m
eu

s
Eu

lip
ot

yp
hl

a
0.

07
2  ±

 0.
01

0
5,

56
0,

00
0 ±

 1,
49

0,
00

0
8,

28
0,

00
0 ±

 1,
44

0,
00

0
75

,9
41

 ±
 11

,8
70

11
4,

88
0 ±

 17
,8

60
1.

48
9 ±

 0.
29

4
Sa

rk
o 

et
 a

l.,
 2

00
9

Bl
ar

in
a 

br
ev

ic
au

da
Eu

lip
ot

yp
hl

a
0.

11
3 ±

 0.
00

9
6,

34
0,

00
0 ±

 63
6,

20
0

13
,3

20
,0

00
 ±

 1,
12

0,
00

0
55

,9
24

 ±
 2,

13
0

11
7,

73
6 ±

 5,
84

0
2.

10
2 ±

 0.
09

6
Sa

rk
o 

et
 a

l.,
 2

00
9

H
et

er
oc

ep
ha

lu
s g

la
be

r
G

lir
es

0.
16

0 ±
 0.

01
9

4,
98

1,
31

7 ±
 85

3,
02

6
10

,3
10

,3
50

 ±
 1,

84
3,

57
2

31
,6

74
 ±

 8,
48

4
64

,1
45

 ±
 3,

79
0

2.
12

5
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
01

1
M

us
 m

us
cu

lu
s

G
lir

es
0.

17
2 ±

 0.
01

9
11

,9
60

,0
00

 ±
 1,

57
7,

02
2

14
,8

50
,0

00
 ±

 3,
59

0,
59

1
64

,3
01

 ±
 6,

62
3

79
,8

39
 ±

 11
,2

49
1.

24
2

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
6

Pa
ra

sc
al

op
s b

re
w

er
i

Eu
lip

ot
yp

hl
a

0.
22

8 ±
 0.

00
9

7,
13

0,
00

0 ±
 92

0,
00

0
31

,3
80

,0
00

 ±
 1,

50
0,

00
0

31
,2

76
 ±

 3,
18

0
13

7,
96

0 ±
 7,

18
0

4.
40

1 ±
 0.

37
5

Sa
rk

o 
et

 a
l.,

 2
00

9
Co

nd
yl

ur
a 

cr
ist

at
a

Eu
lip

ot
yp

hl
a

0.
24

4 ±
 0.

02
6

8,
16

0,
00

0 ±
 2,

18
0,

00
0

31
,5

50
,0

00
 ±

 5,
95

0,
00

0
33

,4
75

 ±
 8,

56
0

12
8,

99
0 ±

 17
,8

20
3.

86
6 ±

 1.
69

2
Sa

rk
o 

et
 a

l.,
 2

00
9

A
m

bl
ys

om
us

 h
ot

te
nt

ot
us

A
fr

ot
he

ri
a

0.
28

9 ±
 0.

01
3

9,
07

0,
35

8 ±
 1,

06
9,

00
0

16
,8

34
,6

42
 ±

 3,
27

6,
00

0
31

,6
16

 ±
 5,

12
4

58
,8

80
 ±

 13
,9

83
1.

83
9 ±

 0.
14

4
N

ev
es

 e
t a

l.,
 2

01
4

Sc
al

op
us

 a
qu

at
ic

us
Eu

lip
ot

yp
hl

a
0.

37
0 ±

 0.
04

2
16

,5
60

,0
00

 ±
 2,

99
0,

00
0

45
,6

90
,0

00
 ±

 4,
82

0,
00

0
44

,6
20

 ±
 4,

90
0

12
3,

60
0 ±

 2,
55

0
2.

75
9 ±

 0.
37

9
Sa

rk
o 

et
 a

l.,
 2

00
9

M
es

oc
ric

et
us

 a
ur

at
us

G
lir

es
0.

37
5 ±

 0.
05

7
5,

87
0,

00
0 ±

 1,
16

2,
05

9
21

,3
30

,0
00

 ±
 8,

87
8,

85
7

15
,6

11
 ±

 71
5

55
,8

04
 ±

 15
,1

74
3.

55
6

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
6

El
ep

ha
nt

ul
us

 m
yu

ru
s

A
fr

ot
he

ri
a

0.
40

1 ±
 0.

06
3

14
,0

12
,5

33
 ±

 3,
25

8,
00

0
28

,9
97

,4
67

 ±
 7,

90
6,

00
0

34
,5

20
 ±

 2,
70

2
70

,9
67

 ±
 8,

56
6

2.
04

8 ±
 0.

08
8

N
ev

es
 e

t a
l.,

 2
01

4
M

ic
ro

ce
bu

s m
ur

in
us

Pr
im

at
a

0.
50

0
11

,0
14

,6
40

50
,8

65
,3

60
22

,0
29

10
1,

73
1

4.
61

8
G

ab
i e

t a
l.,

 2
01

0
Ra

ttu
s n

or
ve

gi
cu

s
G

lir
es

0.
68

3 ±
 0.

15
3

18
,6

78
,7

58
 ±

 4,
24

3,
90

9
47

,2
21

,2
43

 ±
 5,

97
9,

98
2

27
,8

13
 ±

 6,
17

1
71

,7
60

 ±
 18

,4
75

2.
58

7
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

6
Pr

oe
ch

im
ys

 ca
ye

nn
en

sis
G

lir
es

0.
82

4 ±
 0.

00
6

13
,4

92
,0

39
 ±

 1,
53

3,
12

0
73

,0
68

,8
98

 ±
 2,

69
1,

44
9

16
,3

81
 ±

 1,
97

3
88

,6
67

 ±
 2,

65
8

5.
46

2
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
01

1
Pe

tr
od

ro
m

us
 te

tr
ad

ac
ty

lu
s

A
fr

ot
he

ri
a

0.
89

4 ±
 0.

02
2

12
,2

31
,8

11
 ±

 18
8,

00
0

28
,2

04
,1

89
 ±

 5,
40

8,
00

0
13

,6
96

 ±
 54

7
31

,7
16

 ±
 6,

83
0

2.
30

0 ±
 0.

40
7

N
ev

es
 e

t a
l.,

 2
01

4
Tu

pa
ia

 g
lis

Sc
an

de
nt

ia
0.

91
9 ±

 0.
07

2
22

,4
80

,0
00

87
,0

80
,0

00
25

,9
00

10
0,

32
0

3.
87

4
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

7
Ca

vi
a 

po
rc

ell
us

G
lir

es
1.

21
8 ±

 0.
17

8
22

,1
91

,8
25

 ±
 9,

43
1,

63
8

83
,1

83
,1

75
 ±

 8,
13

9,
96

6
18

,9
90

 ±
 10

,5
22

69
,5

28
 ±

 16
,8

55
4.

03
5

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
6

Ca
lli

th
rix

 ja
cc

hu
s

Pr
im

at
a

1.
48

9 ±
 0.

31
7

29
,7

20
,0

00
 ±

 9,
35

0,
00

0
14

5,
91

0,
00

0 ±
 27

,8
30

,0
00

19
,6

50
 ±

 2,
84

0
98

,3
70

4.
90

9
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

7
Sc

iu
ru

s c
ar

ol
in

en
sis

G
lir

es
1.

94
3 ±

 0.
15

6
33

,4
93

,4
01

 ±
 17

,1
28

,7
90

21
0,

02
3,

93
3 ±

 3,
41

5,
06

0
17

,6
16

 ±
 9,

98
9

10
8,

48
2 ±

 7,
80

8
7.

24
6

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

01
1

Cy
no

m
ys

 sp
.

G
lir

es
1.

94
5 ±

 0.
14

6
34

,0
90

,6
00

 ±
 58

9,
36

1
16

7,
74

2,
73

3 ±
 5,

02
5,

29
0

17
,5

90
 ±

 1,
33

5
86

,5
42

 ±
 6,

79
3

4.
92

3
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
01

1
Ca

lli
m

ic
o 

go
eld

ii
Pr

im
at

a
2.

08
6

53
,9

11
,4

80
19

4,
52

8,
52

0
25

,8
44

93
,2

54
3.

60
8

G
ab

i e
t a

l.,
 2

01
0

O
to

lem
ur

 g
ar

ne
tti

i
Pr

im
at

a
2.

13
1 ±

 0.
02

1
20

,8
00

,0
00

 ±
 12

,2
80

,0
00

14
7,

44
0,

00
0 ±

 64
,5

00
,0

00
9,

73
0 ±

 5,
92

0
69

,0
40

7.
08

8
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

7
A

ot
us

 tr
iv

irg
at

us
Pr

im
at

a
3.

10
4

49
,3

40
,0

00
31

3,
46

0,
00

0
15

,9
00

10
0,

99
0

6.
35

3
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

7
O

ry
ct

ol
ag

us
 cu

ni
cu

lu
s

G
lir

es
3.

27
2

26
,0

85
,0

00
25

1,
41

5,
00

0
7,

97
2

76
,8

38
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
01

1
D

en
dr

oh
yr

ax
 d

or
sa

lis
A

fr
ot

he
ri

a
3.

32
8

44
,6

71
,4

71
15

2,
46

6,
52

9
13

,4
23

45
,8

13
3.

41
3

N
ev

es
 e

t a
l.,

 2
01

4
M

ac
ac

a 
fa

sc
ic

ul
ar

is
Pr

im
at

a
4.

29
4

65
,4

49
,6

20
26

0,
17

0,
38

0
15

,2
42

60
,5

89
3.

97
5

G
ab

i e
t a

l.,
 2

01
0

Pr
oc

av
ia

 ca
pe

ns
is

A
fr

ot
he

ri
a

4.
31

7 ±
 0.

62
5

69
,3

58
,2

40
 ±

 76
2,

00
0

16
2,

98
4,

76
0 ±

 6,
10

5,
00

0
16

,4
36

 ±
 2,

55
6

38
,3

53
 ±

 4,
13

8
2.

35
1 ±

 0.
11

4
N

ev
es

 e
t a

l.,
 2

01
4

Sa
im

iri
 sc

iu
re

us
Pr

im
at

a
5.

00
4

65
,5

30
,0

00
30

2,
59

0,
00

0
13

,0
90

60
,4

70
4.

61
8

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
7

D
as

yp
ro

ct
a 

pr
ym

no
lo

ph
a

G
lir

es
5.

97
2 ±

 0.
51

4
43

,2
04

,3
20

35
6,

83
5,

68
0

6,
83

0
56

,4
08

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
6

M
ac

ac
a 

ra
di

at
a

Pr
im

at
a

7.
44

8
61

,3
59

,0
00

61
6,

64
1,

00
0

8,
23

8
82

,7
93

10
.0

50
G

ab
i e

t a
l.,

 2
01

0
Ce

bu
s a

pe
lla

Pr
im

at
a

8.
43

0
61

,8
50

,0
00

50
6,

11
0,

00
0

7,
34

0
60

,0
40

8.
18

3
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

7
M

ac
ac

a 
m

ul
at

ta
Pr

im
at

a
9.

20
4 ±

 0.
87

1
12

1,
90

0,
00

0
96

6,
52

0,
00

0
12

,4
10

98
,4

20
7.

92
9

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
7

Su
s s

cr
of

a 
do

m
es

tic
us

A
rt

io
da

ct
yl

a
13

.8
50

58
,7

09
,8

36
1,

09
6,

82
1,

41
4

4,
23

8
79

,1
92

18
.6

82
K

az
u 

et
 a

l.,
 2

01
4

Pa
pi

o 
an

ub
is 

cy
no

ce
ph

al
us

Pr
im

at
a

17
.2

35
27

8,
15

0,
76

0
1,

07
9,

80
9,

23
6

16
,1

36
62

,6
56

3.
88

2
G

ab
i e

t a
l.,

 2
01

0
H

yd
ro

ch
oe

ru
s h

yd
ro

ch
ae

ris
G

lir
es

19
.9

27
 ±

 0.
27

0
10

8,
25

0,
00

0 ±
 4,

40
0,

00
0

77
9,

17
0,

00
0 ±

 38
1,

90
0,

00
0

5,
43

4
39

,2
34

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
6

A
nt

id
or

ca
s m

ar
su

pi
al

is
A

rt
io

da
ct

yl
a

25
.8

10
70

,4
85

,0
00

1,
31

9,
28

0,
62

4
2,

73
1

51
,1

15
18

.7
10

K
az

u 
et

 a
l.,

 2
01

4
D

am
al

isc
us

 d
or

ca
s p

hi
lli

ps
i

A
rt

io
da

ct
yl

a
30

.0
06

86
,4

28
,1

26
2,

13
6,

07
1,

87
6

2,
88

0
71

,1
88

24
.7

18
K

az
u 

et
 a

l.,
 2

01
4

Tr
ag

ela
ph

us
 st

re
ps

ic
er

os
A

rt
io

da
ct

yl
a

61
.7

16
10

6,
59

0,
23

0
3,

40
8,

77
9,

52
3

1,
72

7
55

,2
33

31
.9

80
K

az
u 

et
 a

l.,
 2

01
4

G
ira

ffa
 ca

m
elo

pa
rd

al
is

A
rt

io
da

ct
yl

a
70

.6
80

14
2,

69
7,

62
5

4,
87

8,
86

4,
87

6
2,

01
9

69
,0

28
34

.1
90

K
az

u 
et

 a
l.,

 2
01

4
H

om
o 

sa
pi

en
s

Pr
im

at
a

11
7.

66
0 ±

 45
.4

2
69

0,
00

0,
00

0 ±
 12

0,
00

0,
00

0
7,

73
0,

00
0,

00
0 ±

 1,
45

0,
00

0,
00

0
6,

56
0 ±

 2,
11

5
69

,8
50

 ±
 20

,0
26

11
.2

03
 ±

 2.
35

2
A

ze
ve

do
 e

t a
l.,

 2
00

9
Lo

xo
do

nt
a 

af
ric

an
a

A
fr

ot
he

ri
a

56
4.

67
4

74
1,

70
4,

84
4

27
,4

04
,3

06
,1

56
1,

31
4

48
,5

31
36

.9
48

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

01
4

 A
ll 

va
lu

es
 re

fe
r t

o 
th

e 
en

se
m

bl
e 

of
 b

ra
in

st
em

, d
ie

nc
ep

ha
lo

n 
an

d 
ba

sa
l g

an
gl

ia
, f

or
 b

ot
h 

sid
es

 o
f t

he
 b

ra
in

. N
 =

 N
eu

ro
ns

; O
 =

 o
th

er
 c

el
ls.

D
ow

nl
oa

de
d 

by
: 

54
.7

0.
40

.1
1 

- 
10

/2
2/

20
17

 3
:0

7:
56

 A
M

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


 Cell Numbers in Mammalian Brains Brain Behav Evol 2015;86:145–163
DOI: 10.1159/000437413

153

 T
a

b
le

 4
.  O

lfa
ct

or
y 

bu
lb

Sp
ec

ie
s

O
rd

er
n

M
as

s, 
g

N
, n

O
, n

N
/m

g
O

/m
g

O
/N

So
ur

ce

Ca
lli

th
rix

 ja
cc

hu
s

Pr
im

at
a

5
0.

00
8 ±

 0.
01

4
2,

10
8,

07
8 ±

 98
3,

42
0

2,
54

7,
92

2 ±
 96

0,
10

4
23

2,
30

9 ±
 13

7,
60

5
26

9,
38

3 ±
 10

5,
56

3
1.

20
9

Ri
be

ir
o 

et
 a

l.,
 2

01
4

So
re

x 
fu

m
eu

s
Eu

lip
ot

yp
hl

a
3

0.
01

2 ±
 0.

00
2

3,
33

0,
00

0 ±
 1,

05
0,

00
0

2,
76

0,
00

0 ±
 13

0,
00

0
28

9,
80

6 ±
 12

4,
35

0
23

5,
24

9 ±
 44

,6
20

0.
82

9 ±
 21

4
Sa

rk
o 

et
 a

l.,
 2

00
9

M
us

 m
us

cu
lu

s
G

lir
es

4
0.

01
4 ±

 0.
00

4
3,

89
3,

30
0 ±

 1,
24

6,
39

6
5,

45
6,

70
0 ±

 1,
15

4,
50

2
25

7,
47

5 ±
 34

,0
36

37
1,

20
4 ±

 75
,5

73
1.

45
4 ±

 0.
26

0
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

6
H

et
er

oc
ep

ha
lu

s g
la

be
r

G
lir

es
3

0.
02

1 ±
 0.

00
1

2,
30

3,
03

0 ±
 63

6,
09

9
3,

57
1,

97
0 ±

 1,
54

8,
86

1
10

8,
89

5 ±
 22

,9
57

16
7,

99
1 ±

 62
,4

42
1.

51
6 ±

 0.
25

4
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
01

1
Bl

ar
in

a 
br

ev
ic

au
da

Eu
lip

ot
yp

hl
a

5
0.

02
6 ±

 0.
00

3
8,

09
0,

00
0 ±

 93
5,

90
0

4,
91

0,
00

0 ±
 73

0,
00

0
31

8,
16

4 ±
 34

,9
50

19
3,

63
1 ±

 31
,4

50
0.

60
7 ±

 0.
12

5
Sa

rk
o 

et
 a

l.,
 2

00
9

M
ic

ro
ce

bu
s m

ur
in

us
Pr

im
at

a
2

0.
03

0 ±
 0.

00
8

7,
63

6,
91

2 ±
 11

9,
08

8
9,

72
3,

08
8 ±

 84
2,

57
6

27
0,

89
4 ±

 61
,9

46
34

1,
90

0 ±
 54

,3
11

1.
27

3
Ri

be
ir

o 
et

 a
l.,

 2
01

4
Co

nd
yl

ur
a 

cr
ist

at
a

Eu
lip

ot
yp

hl
a

4
0.

04
0 ±

 0.
00

5
10

,5
50

,0
00

 ±
 4,

29
0,

00
0

7,
47

0,
00

0 ±
 97

0,
00

0
25

4,
72

0 ±
 74

,6
20

18
5,

12
4 ±

 19
,3

70
0.

70
8 ±

 0.
32

8
Sa

rk
o 

et
 a

l.,
 2

00
9

Pa
ra

sc
al

op
s b

re
w

er
i

Eu
lip

ot
yp

hl
a

3
0.

04
9 ±

 0.
00

8
16

,7
50

,0
00

 ±
 6,

37
0,

00
0

10
,9

10
,0

00
 ±

 3,
40

0,
00

0
33

3,
59

0 ±
 81

,5
90

21
7,

44
0 ±

 41
,3

70
0.

65
1 ±

 0.
16

8
Sa

rk
o 

et
 a

l.,
 2

00
9

El
ep

ha
nt

ul
us

 m
yu

ru
s

A
fr

ot
he

ri
a

2
0.

05
0 ±

 0.
01

0
9,

69
3,

53
4 ±

 1,
74

5,
00

0
4,

91
9,

46
6

19
4,

67
8 ±

 5,
70

8
97

,8
72

0.
50

7
N

ev
es

 e
t a

l.,
 2

01
4

A
ot

us
 tr

iv
irg

at
us

Pr
im

at
a

6
0.

05
0 ±

 0.
01

2
7,

92
5,

46
8 ±

 3,
11

4,
92

4
8,

36
0,

53
2 ±

 3,
21

3,
10

6
15

5,
87

9 ±
 62

,2
41

16
2,

92
2 ±

 44
,2

09
1.

05
5

Ri
be

ir
o 

et
 a

l.,
 2

01
4

M
es

oc
ric

et
us

 a
ur

at
us

G
lir

es
2

0.
05

5 ±
 0.

01
1

5,
74

7,
93

0 ±
 34

7,
20

3
5,

50
7,

17
0 ±

 2,
27

7,
60

5
10

5,
41

8 ±
 27

,4
98

96
,1

97
 ±

 21
,2

37
0.

97
2 ±

 0.
45

5
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

6
Ra

ttu
s n

or
ve

gi
cu

s
G

lir
es

5
0.

07
4  ±

 0.
02

2
11

,1
03

,2
72

 ±
 3,

20
2,

76
6

9,
23

8,
72

8 ±
 2,

25
0,

72
8

15
2,

37
3 ±

 26
,9

13
12

6,
21

0 ±
 8,

03
3

0.
84

8 ±
 0.

14
5

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
6

Sc
al

op
us

 a
qu

at
ic

us
Eu

lip
ot

yp
hl

a
3

0.
08

2 ±
 0.

00
5

34
,6

10
,0

00
 ±

 5,
96

0,
00

0
17

,7
80

,0
00

 ±
 2,

06
0,

00
0

42
3,

52
0 ±

 94
,9

50
21

5,
23

0 ±
 14

,6
00

0.
51

4 ±
 0.

15
4

Sa
rk

o 
et

 a
l.,

 2
00

9
M

ac
ac

a 
m

ul
at

ta
Pr

im
at

a
1

0.
08

8
8,

47
3,

80
0

11
,0

06
,2

00
96

,2
93

12
5,

07
0

1.
29

9
Ri

be
ir

o 
et

 a
l.,

 2
01

4
Tu

pa
ia

 g
lis

Sc
an

de
nt

ia
16

0.
10

0 ±
 0.

03
2

12
,7

00
,0

00
 ±

 3,
58

4,
95

2
20

,0
68

,0
00

 ±
 6,

54
1,

83
8

13
0,

17
3 ±

 17
,4

51
20

5,
87

6 ±
 51

,5
96

1.
58

0
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

7
Ca

vi
a 

po
rc

ell
us

G
lir

es
2

0.
10

3 ±
 0.

01
3

6,
06

5,
70

0 ±
 1,

29
5,

33
5

10
,1

54
,3

00
 ±

 4,
22

0,
09

8
58

,5
60

 ±
 5,

34
0

96
,7

93
 ±

 29
,0

11
1.

63
7 ±

 0.
34

6
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

6
Pr

oe
ch

im
ys

 ca
ye

nn
en

sis
G

lir
es

1
0.

13
2

9,
14

1,
54

0
21

,1
28

,4
60

69
,2

54
16

0,
06

4
2.

31
1

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

01
1

O
ry

ct
ol

ag
us

 cu
ni

cu
lu

s
G

lir
es

1
0.

15
6

18
,7

65
,0

00
22

,9
35

,0
00

12
0,

28
8

14
7,

01
9

1.
22

2
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
01

1
Pe

tr
od

ro
m

us
 te

tr
ad

ac
ty

lu
s

A
fr

ot
he

ri
a

2
0.

15
9 ±

 0.
00

9
12

,8
28

,3
65

 ±
 38

0,
00

0
14

,7
75

,6
35

80
,8

05
 ±

 3,
08

4
91

,3
69

1.
14

1
N

ev
es

 e
t a

l.,
 2

01
4

O
to

lem
ur

 g
ar

ne
tti

i
Pr

im
at

a
11

0.
20

0 ±
 0.

01
6

30
,2

37
,0

60
 ±

 9,
64

5,
48

0
34

,2
44

,0
00

 ±
 7,

15
5,

55
6

14
9,

21
9 ±

 47
,5

90
17

0,
50

5 ±
 39

,4
63

1.
13

3
Ri

be
ir

o 
et

 a
l.,

 2
01

4
Sc

iu
ru

s c
ar

ol
in

en
sis

G
lir

es
9

0.
21

2 ±
 0.

02
2

28
,8

45
,7

24
 ±

 7,
90

3,
41

2
39

,0
15

,9
42

 ±
 12

,8
12

,3
16

13
7,

53
2 ±

 38
,2

36
18

5,
35

9 ±
 58

,0
50

1.
47

8 ±
 0.

77
6

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

01
1

Pr
oc

av
ia

 ca
pe

ns
is

A
fr

ot
he

ri
a

1
0.

28
6

20
,9

09
,4

90
14

,7
90

,5
10

73
,1

10
51

,7
15

0.
70

7
N

ev
es

 e
t a

l.,
 2

01
4

D
as

yp
ro

ct
a 

pr
ym

no
lo

ph
a

G
lir

es
3

0.
73

7 ±
 0.

16
2

58
,1

24
,0

85
 ±

 4,
95

2,
79

5
72

,5
95

,9
15

 ±
 19

,6
82

,8
05

88
,0

08
 ±

 14
,9

73
10

7,
30

1 ±
 1,

95
8

1.
23

9 ±
 0.

23
3

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
6

Su
s s

cr
of

a 
do

m
es

tic
us

A
rt

io
da

ct
yl

a
1

0.
82

2
9,

19
5,

50
0

77
,5

54
,5

00
11

,1
87

94
,3

48
8.

43
4

K
az

u 
et

 a
l.,

 2
01

4
A

nt
id

or
ca

s m
ar

su
pi

al
is

A
rt

io
da

ct
yl

a
1

1.
20

0
15

,9
98

,4
00

10
5,

20
1,

60
0

13
,3

32
87

,6
68

6.
57

6
K

az
u 

et
 a

l.,
 2

01
4

H
yd

ro
ch

oe
ru

s h
yd

ro
ch

ae
ris

G
lir

es
2

1.
30

2 ±
 0.

03
1

28
,5

60
,3

10
 ±

 8,
51

5,
58

8
67

,3
89

,6
90

 ±
 21

,0
15

,4
16

21
,8

64
 ±

 6,
01

8
51

,5
44

 ±
 17

,9
81

2.
33

3 ±
 0.

18
0

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
6

G
ira

ffa
 ca

m
elo

pa
rd

al
is

A
rt

io
da

ct
yl

a
1

2.
05

2
24

,6
78

,0
00

23
2,

38
4,

50
0

12
,0

26
11

3,
24

8
9.

41
7

K
az

u 
et

 a
l.,

 2
01

4
Tr

ag
ela

ph
us

 st
re

ps
ic

er
os

 
A

rt
io

da
ct

yl
a

1
5.

54
6

38
,3

31
,5

62
36

2,
73

1,
43

8
6,

91
2

58
,9

13
8.

52
3

K
az

u 
et

 a
l.,

 2
01

4
Lo

xo
do

nt
a 

af
ric

an
a

A
fr

ot
he

ri
a

1
41

.8
86

90
8,

37
1,

98
6

2,
85

7,
87

8,
01

4
21

,6
87

68
,2

30
3.

14
6

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

01
4

 A
ll 

va
lu

es
 re

fe
r t

o 
bo

th
 o

lfa
ct

or
y 

bu
lb

s. 
N

 =
 N

eu
ro

ns
; O

 =
 o

th
er

 c
el

ls.

D
ow

nl
oa

de
d 

by
: 

54
.7

0.
40

.1
1 

- 
10

/2
2/

20
17

 3
:0

7:
56

 A
M

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


 Herculano-Houzel/Catania/Manger/Kaas

 

Brain Behav Evol 2015;86:145–163
DOI: 10.1159/000437413

154

 T
a

b
le

 5
.  W

ho
le

 b
ra

in

Sp
ec

ie
s

O
rd

er
n

Bo
dy

 m
as

s, 
g

Br
ai

n 
m

as
s, 

g
N

eu
ro

ns
O

th
er

 c
el

ls
%

 N
eu

ro
ns

So
ur

ce

So
re

x 
fu

m
eu

s
Eu

lip
ot

yp
hl

a
3

7.
8  ±

 0.
1

0.
17

6 ±
 0.

00
7

36
,4

60
,0

00
 ±

 4,
56

7,
00

0
22

,8
60

,0
00

 ±
 3,

95
6,

00
0

61
.3

 ±
 1.

4
Sa

rk
o 

et
 a

l.,
 2

00
9

Bl
ar

in
a 

br
ev

ic
au

da
Eu

lip
ot

yp
hl

a
5

16
.2

 ±
 1.

6
0.

34
7±

.0
.0

18
55

,1
90

,0
00

 ±
 6,

12
6,

00
0

33
,5

50
,0

00
 ±

 1,
22

2,
00

0
64

.8
 ±

 2.
3

Sa
rk

o 
et

 a
l.,

 2
00

9
H

et
er

oc
ep

ha
lu

s g
la

be
r

G
lir

es
3

23
.3

 ±
 5.

9
0.

39
2 ±

 0.
04

5
26

,8
75

,4
62

 ±
 3,

34
0,

08
7

24
,1

91
,2

05
 ±

 1,
73

9,
10

2
52

.5
 ±

 3.
3

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

01
1

M
us

 m
us

cu
lu

s
G

lir
es

4
40

.4
 ±

 11
.6

0.
40

2 ±
 0.

02
8

67
,8

73
,7

41
 ±

 10
,4

06
,1

94
33

,8
58

,7
59

 ±
 6,

65
7,

11
9

65
.3

 ±
 2.

3
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

6
Pa

ra
sc

al
op

s b
re

w
er

i
Eu

lip
ot

yp
hl

a
3

42
.7

 ±
 9.

1
0.

75
9 ±

 0.
02

4
12

3,
60

0,
00

0 ±
 12

,4
70

,0
00

78
,2

60
,0

00
 ±

 6,
09

5,
00

0
61

.2
 ±

 4.
1

Sa
rk

o 
et

 a
l.,

 2
00

9
Co

nd
yl

ur
a 

cr
ist

at
a

Eu
lip

ot
yp

hl
a

4
41

.1
 ±

 4.
7

0.
80

2 ±
 0.

04
6

13
1,

33
0,

00
0 ±

 21
,2

29
,0

00
83

,0
40

,0
00

 ±
 19

,0
46

,0
00

61
.3

 ±
 6.

3
Sa

rk
o 

et
 a

l.,
 2

00
9

A
m

bl
ys

om
us

 h
ot

te
nt

ot
us

A
fr

ot
he

ri
a

2
79

.0
0.

81
2 ±

 0.
04

4
65

,0
74

,0
00

 ±
 2,

12
4,

00
0

46
,6

31
,0

00
 ±

 52
7,

00
0

N
ev

es
 e

t a
l.,

 2
01

4
M

es
oc

ric
et

us
 a

ur
at

us
G

lir
es

2
16

8.
1 ±

 13
.6

0.
96

5 ±
 0.

13
6

84
,2

20
,0

00
 ±

 9,
89

3,
37

1
70

,6
40

,0
00

 ±
 11

,9
42

,0
86

54
.3

 ±
 1.

3
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

6
Sc

al
op

us
 a

qu
at

ic
us

Eu
lip

ot
yp

hl
a

3
95

.3
 ±

 9.
8

0.
99

9 ±
 0.

08
0

20
3,

52
0,

00
0 ±

 14
,5

87
,0

00
10

1,
74

0,
00

0 ±
 11

,8
23

,0
00

66
.7

 ±
 1.

4
Sa

rk
o 

et
 a

l.,
 2

00
9

El
ep

ha
nt

ul
us

 m
yu

ru
s

A
fr

ot
he

ri
a

2
45

.1
1.

04
0 ±

 0.
08

2
12

9,
19

0,
60

3 ±
 4,

42
4,

00
0

78
,5

94
,3

97
 ±

 7,
73

3,
00

0
N

ev
es

 e
t a

l.,
 2

01
4

Ra
ttu

s n
or

ve
gi

cu
s

G
lir

es
4

31
5.

1 ±
 10

2.
9

1.
72

4 ±
 0.

29
2

18
8,

86
7,

83
2 ±

 12
,6

22
,3

83
12

1,
91

4,
66

8 ±
 7,

10
6,

72
9

60
.7

 ±
 2.

4
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

6
M

ic
ro

ce
bu

s m
ur

in
us

Pr
im

at
a

1
60

.0
1.

79
9

25
4,

71
1,

18
0

13
8,

94
8,

82
0

64
.7

G
ab

i e
t a

l.,
 2

01
0

Pr
oe

ch
im

ys
 ca

ye
nn

en
sis

G
lir

es
2

22
3.

48
5 ±

 16
.6

2.
07

8 ±
 0.

07
1

20
2,

09
0,

11
3 ±

 2,
93

1,
24

5
18

1,
27

4,
88

7 ±
 4,

31
0,

10
3

52
.7

 ±
 1.

0
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
01

1
Pe

tr
od

ro
m

us
 te

tr
ad

ac
ty

lu
s

A
fr

ot
he

ri
a

2
13

2.
5

2.
44

0 ±
 0.

10
9

15
6,

83
0,

79
5 ±

 20
,6

00
,0

00
10

3,
34

9,
00

0 ±
 15

,6
10

,0
00

N
ev

es
 e

t a
l.,

 2
01

4
Tu

pa
ia

 g
lis

Sc
an

de
nt

ia
2

17
2.

5 ±
 3.

5
2.

75
2 ±

 0.
01

1
26

1,
40

0,
00

0
19

9,
65

0,
00

0
56

.7
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

7
Ca

vi
a 

po
rc

ell
us

G
lir

es
2

31
1.

0 ±
 49

.1
3.

65
6 ±

 0.
48

6
23

3,
55

7,
27

5 ±
 4,

08
5,

74
1

22
8,

08
7,

72
5 ±

 9,
14

1,
55

4
50

.6
 ±

 1.
4

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
6

Cy
no

m
ys

 sp
.

G
lir

es
3

1,
51

5 ±
 23

0.
6

5.
32

1 ±
 0.

19
7

43
7,

94
3,

76
7 ±

 78
,7

42
,2

30
41

7,
34

9,
56

7 ±
 27

,3
50

,0
23

51
.0

 ±
 4.

2
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
01

1
Sc

iu
ru

s c
ar

ol
in

en
sis

G
lir

es
3

50
0

5.
54

8 ±
 0.

30
6

45
3,

66
0,

19
7 ±

 59
,7

52
,6

98
53

0,
47

6,
46

9 ±
 5,

60
5,

83
7

46
.0

 ±
 3.

0
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
01

1
Ca

lli
th

rix
 ja

cc
hu

s
Pr

im
at

a
3

36
1.

0 ±
 1.

4
7.

78
0 ±

 0.
65

4
63

5,
80

0,
00

0 ±
 11

5,
73

0,
00

0
59

0,
74

0,
00

0 ±
 70

,8
10

,0
00

51
.7

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
7

O
ry

ct
ol

ag
us

 cu
ni

cu
lu

s
G

lir
es

1
4,

60
0

9.
13

2
49

4,
20

5,
00

0
63

0,
79

5,
00

0
43

.9
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
01

1
O

to
lem

ur
 g

ar
ne

tti
i

Pr
im

at
a

3
94

6.
7 ±

 10
2.

6
10

.1
50

 ±
 0.

06
0

93
6,

00
0,

00
0 ±

 11
5,

36
0,

00
0

66
6,

59
0,

00
0 ±

 63
,5

00
,0

00
58

.4
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

7
D

en
dr

oh
yr

ax
 d

or
sa

lis
A

fr
ot

he
ri

a
1

1,
15

0
12

.8
00

50
4,

57
2,

83
4

41
3,

57
4,

00
0

N
ev

es
 e

t a
l.,

 2
01

4
A

ot
us

 tr
iv

irg
at

us
Pr

im
at

a
2

92
5 ±

 35
15

.7
30

1,
46

8,
41

0,
00

0
1,

19
5,

13
0,

00
0

55
.1

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
7

Pr
oc

av
ia

 ca
pe

ns
is

A
fr

ot
he

ri
a

2
2,

51
7

16
.8

53
 ±

 1.
49

5
75

5,
65

3,
00

0 ±
 72

,1
45

,0
00

62
0,

62
2,

00
0 ±

 37
,6

16
,0

00
N

ev
es

 e
t a

l.,
 2

01
4

D
as

yp
ro

ct
a 

pr
ym

no
lo

ph
a

G
lir

es
3

2,
84

3 ±
 19

6
17

.6
28

 ±
 1.

90
0

79
5,

11
2,

07
0

95
1,

67
7,

93
0

45
.5

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
6

Sa
im

iri
 sc

iu
re

us
Pr

im
at

a
2

85
9

30
.2

16
3,

24
6,

43
0,

00
0

2,
07

3,
03

0,
00

0
61

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
7

M
ac

ac
a 

fa
sc

ic
ul

ar
is

Pr
im

at
a

1
5,

70
0

46
.1

62
3,

43
9,

00
4,

62
0

3,
15

4,
41

5,
38

0
52

.2
G

ab
i e

t a
l.,

 2
01

0
Ce

bu
s a

pe
lla

Pr
im

at
a

1
3,

34
0

52
.2

08
3,

69
0,

52
0,

00
0

3,
29

7,
74

0,
00

0
52

.8
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

7
M

ac
ac

a 
ra

di
at

a
Pr

im
at

a
1

8,
01

2
61

.4
70

3,
75

5,
62

0,
30

0
4,

87
8,

87
9,

70
0

43
.5

G
ab

i e
t a

l.,
 2

01
0

Su
s s

cr
of

a 
do

m
es

tic
us

A
rt

io
da

ct
yl

a
1

10
0,

00
0

64
.1

80
2,

22
4,

11
2,

55
3

4,
69

5,
78

3,
70

5
32

.1
K

az
u 

et
 a

l.,
 2

01
4

H
yd

ro
ch

oe
ru

s h
yd

ro
ch

ae
ris

G
lir

es
2

47
,5

00
 ±

 3,
53

6
74

.7
34

 ±
 3.

75
6

1,
57

2,
56

0,
38

5 ±
 72

,6
41

,4
26

3,
19

7,
92

9,
61

5 ±
 97

4,
58

3,
71

7
33

.6
 ±

 5.
8

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
6

M
ac

ac
a 

m
ul

at
ta

Pr
im

at
a

1
3,

90
0

87
.3

46
6,

37
6,

16
0,

00
0

7,
16

2,
90

0,
00

0
47

.1
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

7
A

nt
id

or
ca

s m
ar

su
pi

al
is

A
rt

io
da

ct
yl

a
1

25
,0

00
10

6.
07

4
2,

72
4,

59
5,

23
3

5,
91

2,
78

4,
57

5
31

.5
K

az
u 

et
 a

l.,
 2

01
4

Pa
pi

o 
an

ub
is 

cy
no

ce
ph

al
us

Pr
im

at
a

2
8,

00
0

15
1.

19
4

10
,9

48
,0

86
,4

40
9,

17
5,

53
8,

56
4

54
.4

G
ab

i e
t a

l.,
 2

01
0

D
am

al
isc

us
 d

or
ca

s p
hi

lli
ps

i
A

rt
io

da
ct

yl
a

1
60

,0
00

15
4.

71
8

3,
05

8,
81

4,
22

7
9,

34
3,

24
6,

55
9

24
.7

K
az

u 
et

 a
l.,

 2
01

4
Tr

ag
ela

ph
us

 st
re

ps
ic

er
os

A
rt

io
da

ct
yl

a
1

21
8,

00
0

30
6.

86
0

4,
91

1,
65

1,
54

9
16

,9
77

,1
83

,5
80

22
.4

K
az

u 
et

 a
l.,

 2
01

4
G

ira
ffa

 ca
m

elo
pa

rd
al

is
A

rt
io

da
ct

yl
a

1
47

0,
00

0
53

7.
21

8
10

,7
51

,2
87

,6
50

37
,9

12
,9

32
,3

50
23

.5
K

az
u 

et
 a

l.,
 2

01
4

H
om

o 
sa

pi
en

s
Pr

im
at

a
4

70
,0

00
1,

50
8.

91
0 ±

 29
9.

14
0

86
,0

60
,0

00
,0

00
 ±

 8,
12

0,
00

0,
00

0
84

,6
10

,0
00

,0
00

 ±
 9,

83
0,

00
0,

00
0

50
.5

 ±
 3.

6
A

ze
ve

do
 e

t a
l.,

 2
00

9
Lo

xo
do

nt
a 

af
ric

an
a

A
fr

ot
he

ri
a

1
5,

00
0,

00
0

4,
61

8.
62

0
25

7,
04

3,
47

3,
41

2
21

6,
05

7,
98

2,
33

7
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
01

4

 A
ll 

va
lu

es
 re

fe
r t

o 
th

e 
w

ho
le

 b
ra

in
 (b

ot
h 

sid
es

), 
no

t i
nc

lu
di

ng
 th

e 
ol

fa
ct

or
y 

bu
lb

s. 
N

ot
 li

st
ed

 a
re

 C
al

lim
ic

o 
go

eld
ii,

 G
or

ill
a 

go
ril

la
 a

nd
 P

on
go

 p
yg

m
ae

us
, f

or
 w

hi
ch

 n
ot

 a
ll 

br
ai

n 
st

ru
ct

ur
es

 w
er

e 
av

ai
la

bl
e.

D
ow

nl
oa

de
d 

by
: 

54
.7

0.
40

.1
1 

- 
10

/2
2/

20
17

 3
:0

7:
56

 A
M

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


 Cell Numbers in Mammalian Brains Brain Behav Evol 2015;86:145–163
DOI: 10.1159/000437413

155

 T
a

b
le

 6
.  R

el
at

iv
e 

di
st

ri
bu

tio
ns

 o
f m

as
s a

nd
 n

um
be

rs
 o

f n
eu

ro
ns

 a
cr

os
s b

ra
in

 st
ru

ct
ur

es

Sp
ec

ie
s

O
rd

er
M

BR
A

IN
, g

%
 M

C
x

%
 M

C
b

%
 M

Ro
B

%
 N

C
x

%
 N

C
b

%
 N

Ro
B

So
ur

ce

So
re

x 
fu

m
eu

s
Eu

lip
ot

yp
hl

a
0.

17
6

47
.6

11
.4

41
.0

26
.9

57
.7

15
.4

Sa
rk

o 
et

 a
l.,

 2
00

9
Bl

ar
in

a 
br

ev
ic

au
da

Eu
lip

ot
yp

hl
a

0.
34

7
56

.7
10

.6
32

.6
27

.9
60

.6
11

.5
Sa

rk
o 

et
 a

l.,
 2

00
9

H
et

er
oc

ep
ha

lu
s g

la
be

r
G

lir
es

0.
39

2 ±
 0.

04
5

46
.9

 ±
 2.

3
12

.3
 ±

 1.
5

40
.8

 ±
 1.

0
23

.2
 ±

 5.
1

58
.3

 ±
 3.

9
18

.5
 ±

 1.
5

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

01
1

M
us

 m
us

cu
lu

s
G

lir
es

0.
40

2 ±
 0.

02
8

41
.7

 ±
 2.

8
13

.5
 ±

 0.
8

44
.8

 ±
 2.

8
19

.6
 ±

 4.
1

59
.0

 ±
 5.

0
21

.3
 ±

 2.
4

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
6

Pa
ra

sc
al

op
s b

re
w

er
i

Eu
lip

ot
yp

hl
a

0.
75

9
56

.5
13

.4
30

.0
12

.7
81

.5
5.

8
Sa

rk
o 

et
 a

l.,
 2

00
9

Co
nd

yl
ur

a 
cr

ist
at

a
Eu

lip
ot

yp
hl

a
0.

80
2

52
.4

17
.2

30
.4

13
.1

80
.7

6.
2

Sa
rk

o 
et

 a
l.,

 2
00

9
A

m
bl

ys
om

us
 h

ot
te

nt
ot

us
A

fr
ot

he
ri

a
0.

81
2 ±

 0.
04

4
54

.1
10

.3
35

.6
33

.1
53

.0
13

.9
N

ev
es

 e
t a

l.,
 2

01
4

M
es

oc
ric

et
us

 a
ur

at
us

G
lir

es
0.

96
5 ±

 0.
13

6
46

.3
 ±

 1.
5

14
.9

 ±
 1.

1
38

.8
 ±

 0.
5

20
.7

 ±
 6.

7
72

.3
 ±

 6.
2

6.
9 ±

 0.
6

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
6

Sc
al

op
us

 a
qu

at
ic

us
Eu

lip
ot

yp
hl

a
0.

99
9

47
.6

15
.3

37
.0

14
.1

77
.8

8.
1

Sa
rk

o 
et

 a
l.,

 2
00

9
El

ep
ha

nt
ul

us
 m

yu
ru

s
A

fr
ot

he
ri

a
1.

04
0 ±

 0.
08

2
45

.3
16

.2
38

.6
20

.0
69

.1
10

.8
N

ev
es

 e
t a

l.,
 2

01
4

Ra
ttu

s n
or

ve
gi

cu
s

G
lir

es
1.

72
4 ±

 0.
29

2
44

.8
 ±

 1.
8

15
.8

 ±
 1.

1
39

.4
 ±

 2.
6

16
.4

 ±
 1.

2
73

.7
 ±

 3.
5

9.
9 ±

 2.
2

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
6

M
ic

ro
ce

bu
s m

ur
in

us
Pr

im
at

a
1.

79
9

50
.5

21
.7

27
.8

8.
8

86
.9

4.
3

G
ab

i e
t a

l.,
 2

01
0

Pr
oe

ch
im

ys
 ca

ye
nn

en
sis

G
lir

es
2.

07
8 ±

 0.
07

1
44

.5
 ±

 0.
9

15
.8

 ±
 0.

7
39

.7
 ±

 1.
6

12
.9

 ±
 1.

3
80

.4
 ±

 0.
6

6.
7 ±

 0.
7

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

01
1

Pe
tr

od
ro

m
us

 te
tr

ad
ac

ty
lu

s
A

fr
ot

he
ri

a
2.

44
0 ±

 0.
10

9
50

.8
12

.5
36

.6
21

.6
70

.6
7.

8
N

ev
es

 e
t a

l.,
 2

01
4

Tu
pa

ia
 g

lis
Sc

an
de

nt
ia

2.
75

2 ±
 0.

01
1

52
.9

 ±
 6.

1
11

.8
 ±

 0.
7

35
.3

 ±
 5.

4
15

.9
75

.5
8.

6
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

7
Ca

vi
a 

po
rc

ell
us

G
lir

es
3.

65
6 ±

 0.
48

6
53

.1
 ±

 0.
7

13
.6

 ±
 0.

3
33

.3
 ±

 0.
4

18
.6

 ±
 1.

7
71

.9
 ±

 2.
2

9.
5 ±

 3.
9

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
6

Cy
no

m
ys

 sp
.

G
lir

es
5.

32
1 ±

 0.
19

7
48

.6
 ±

 2.
4

14
.8

 ±
 1.

6
36

.5
 ±

 1.
4

12
.4

 ±
 0.

8
79

.7
 ±

 2.
0

7.
9 ±

 1.
2

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

01
1

Sc
iu

ru
s c

ar
ol

in
en

sis
G

lir
es

5.
54

8 ±
 0.

30
6

49
.2

 ±
 2.

1
15

.8
 ±

 1.
3

35
 ±

 1.
1

17
.2

 ±
 1.

6
75

.1
 ±

 6.
2

7.
7 ±

 4.
8

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

01
1

Ca
lli

th
rix

 ja
cc

hu
s

Pr
im

at
a

7.
78

0 ±
 0.

65
4

71
.6

 ±
 3.

0
9.

4 ±
 0.

4
19

.0
 ±

 3.
2

37
.8

 ±
 5.

6
57

.6
 ±

 6.
0

4.
6 ±

 1.
0

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
7

O
ry

ct
ol

ag
us

 cu
ni

cu
lu

s
G

lir
es

9.
13

2
48

.7
15

.5
35

.8
14

.5
80

.3
5.

3
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
01

1
O

to
lem

ur
 g

ar
ne

tti
i

Pr
im

at
a

10
.1

50
 ±

 0.
06

0
66

.8
 ±

 1.
5

12
.2

 ±
 1.

2
21

.0
 ±

 0.
3

18
.9

 ±
 0.

8
79

 ±
 1.

9
2.

2 ±
 1.

1
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

7
D

en
dr

oh
yr

ax
 d

or
sa

lis
A

fr
ot

he
ri

a
12

.8
00

59
.0

15
.0

26
.0

19
.6

71
.5

8.
9

N
ev

es
 e

t a
l.,

 2
01

4
A

ot
us

 tr
iv

irg
at

us
Pr

im
at

a
15

.7
30

70
.2

10
.0

19
.7

24
.7

71
.9

3.
4

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
7

Pr
oc

av
ia

 ca
pe

ns
is

A
fr

ot
he

ri
a

16
.8

53
 ±

 1.
49

5
62

.2
12

.2
25

.6
26

.1
64

.7
9.

1
N

ev
es

 e
t a

l.,
 2

01
4

D
as

yp
ro

ct
a 

pr
ym

no
lo

ph
a

G
lir

es
17

.6
28

 ±
 1.

90
0

50
.5

 ±
 1.

6
15

.6
 ±

 0.
6

33
.9

 ±
 1.

1
14

.1
80

.4
5.

4
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

6
Sa

im
iri

 sc
iu

re
us

Pr
im

at
a

30
.2

16
69

.2
14

.2
16

.6
41

.8
56

.2
2.

0
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

7
M

ac
ac

a 
fa

sc
ic

ul
ar

is
Pr

im
at

a
46

.1
62

78
.5

12
.2

9.
3

23
.3

74
.8

1.
9

G
ab

i e
t a

l.,
 2

01
0

Ce
bu

s a
pe

lla
Pr

im
at

a
52

.2
08

75
8.

8
16

.1
31

.0
67

.4
1.

7
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

7
M

ac
ac

a 
ra

di
at

a
Pr

im
at

a
61

.4
7

78
.5

9.
4

12
.1

44
.1

54
.3

1.
6

G
ab

i e
t a

l.,
 2

01
0

Su
s s

cr
of

a 
do

m
es

tic
us

A
rt

io
da

ct
yl

a
64

.1
80

65
.8

12
.7

21
.6

13
.8

83
.6

2.
6

K
az

u 
et

 a
l.,

 2
01

4
H

yd
ro

ch
oe

ru
s h

yd
ro

ch
ae

ris
G

lir
es

74
.7

34
 ±

 3.
75

6
64

.5
 ±

 0.
4

8.
8 ±

 1.
3

26
.7

 ±
 1.

7
19

.4
 ±

 3.
1

73
.7

 ±
 3.

1
6.

9 ±
 0.

0
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
00

6
M

ac
ac

a 
m

ul
at

ta
Pr

im
at

a
87

.3
46

79
.9

8.
8

10
.5

26
.8

71
.3

1.
9

H
er

cu
la

no
-H

ou
ze

l e
t a

l.,
 2

00
7

A
nt

id
or

ca
s m

ar
su

pi
al

is
A

rt
io

da
ct

yl
a

10
6.

07
4

64
.9

10
.8

24
.3

14
.6

82
.8

2.
6

K
az

u 
et

 a
l.,

 2
01

4
Pa

pi
o 

an
ub

is 
cy

no
ce

ph
al

us
Pr

im
at

a
15

1.
19

4
79

.5
9.

1
11

.4
26

.3
71

.2
2.

5
G

ab
i e

t a
l.,

 2
01

0
D

am
al

isc
us

 d
or

ca
s p

hi
lli

ps
i

A
rt

io
da

ct
yl

a
15

4.
71

8
71

.9
8.

7
19

.4
18

.7
78

.5
2.

8
K

az
u 

et
 a

l.,
 2

01
4

Tr
ag

ela
ph

us
 st

re
ps

ic
er

os
A

rt
io

da
ct

yl
a

30
6.

86
0

70
.6

10
.0

19
.4

15
.5

82
.3

2.
2

K
az

u 
et

 a
l.,

 2
01

4
G

ira
ffa

 ca
m

elo
pa

rd
al

is
A

rt
io

da
ct

yl
a

53
7.

21
8

74
.2

12
.6

13
.2

16
.1

82
.6

1.
3

K
az

u 
et

 a
l.,

 2
01

4
H

om
o 

sa
pi

en
s

Pr
im

at
a

1,
50

8.
91

0 ±
 29

9.
14

0
81

.7
 ±

 3.
1

10
.2

 ±
 1.

2
7.

8 ±
 3.

0
19

.0
 ±

 1.
8

80
.2

 ±
 1.

8
0.

8 ±
 0.

3
A

ze
ve

do
 e

t a
l.,

 2
00

9
Lo

xo
do

nt
a 

af
ric

an
a

A
fr

ot
he

ri
a

4,
61

8.
62

0
62

.1
25

.6
12

.3
2.

2
97

.5
0.

3
H

er
cu

la
no

-H
ou

ze
l e

t a
l.,

 2
01

4

 A
ll 

va
lu

es
 re

fe
r t

o 
th

e 
pe

rc
en

ta
ge

 o
f m

as
s o

r n
um

be
r o

f n
eu

ro
ns

 c
on

ta
in

ed
 in

 th
e 

st
ru

ct
ur

e 
in

 c
om

pa
ri

so
n 

to
 th

e 
w

ho
le

 b
ra

in
, n

ot
 in

cl
ud

in
g 

th
e 

ol
fa

ct
or

y 
bu

lb
s. 

N
ot

 li
st

ed
 a

re
 C

al
lim

ic
o 

go
eld

ii,
 G

or
ill

a 
go

ril
la

 a
nd

 P
on

go
 p

yg
-

m
ae

us
, f

or
 w

hi
ch

 n
ot

 a
ll 

br
ai

n 
st

ru
ct

ur
es

 w
er

e 
av

ai
la

bl
e.

 C
x 

= 
C

er
eb

ra
l c

or
te

x;
 C

b 
= 

ce
re

be
llu

m
. 

D
ow

nl
oa

de
d 

by
: 

54
.7

0.
40

.1
1 

- 
10

/2
2/

20
17

 3
:0

7:
56

 A
M

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


 Herculano-Houzel/Catania/Manger/Kaas

 

Brain Behav Evol 2015;86:145–163
DOI: 10.1159/000437413

156

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 , 

a b

c d

  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 2  = 0.956, p < 0.0001;  a ), excluding 

the mouse lemur and human data points (the worst fit, with expo-
nent 1.105 ± 0.127, r 2  = 0.904, p < 0.0001;  b ), including the mouse 
lemur but excluding human (exponent 0.989 ± 0.080, r 2  = 0.944,
p < 0.0001;  c ), and including human but excluding mouse lemur 
(exponent 1.210 ± 0.088, r 2  = 0.944, p < 0.0001;  d ). sqm = Squirrel 
monkey. 

Co
lo

r v
er

si
on

 a
va

ila
bl

e 
on

lin
e

D
ow

nl
oa

de
d 

by
: 

54
.7

0.
40

.1
1 

- 
10

/2
2/

20
17

 3
:0

7:
56

 A
M

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


 Cell Numbers in Mammalian Brains Brain Behav Evol 2015;86:145–163
DOI: 10.1159/000437413

157

when either all species (including the human and mouse 
lemur;  fig. 2 a) or only the center species in the distribu-
tion (excluding the two extremes, human and mouse le-
mur;  fig.  2 b) 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 c), but in turn 
the mouse lemur is the outlier in the relationship that ex-
cludes it but includes the human cerebral cortex ( fig. 2 d). 
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 a), and adding the mouse to the scaling relationship 
changes it little, while still excluding the naked mole-rat 
( fig. 3 b). The naked mole-rat should therefore be includ-
ed with caution in comparative studies of rodents.

b

a

c

  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, r 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, r 2  = 0.975, p < 0.0001), and still 
excludes the naked mole-rat.  c  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 2  = 0.905, 
p < 0.0001), which is a linear relationship.   
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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 

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. 3 c).

  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.  3 c). 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 

a

b

c

  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 2  = 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 (r 2  = 0.766, p < 0.0001).  c  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 2  = 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. 4 a) [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. 4 b) [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. 4 c). However, it will 

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.

a

b

c
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  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 2  = 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 2  = 0.715, p < 0.0001).  c  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 2  = 0.872, p < 0.0001).   
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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 c), 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. 5 a). 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.  5 b). 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-

a

b

c

  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 2  = 
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 2  = 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 2  = 0.962, p < 0.0001).  c  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 (r 2  = 0.875,
p < 0.0001) that excludes most primates.   
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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], it is only the neuronal density in the RoB (and 
thus average neuronal cell mass) that varies uniformly 
with increasing body mass: as shown in  figure 6 c, 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. 6 a), cerebellum ( fig. 6 b) or RoB ( fig. 6 c), 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.

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 4 c, then 
one possibility is that the driving force behind this diver-
gence was a shift in the body × 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 × brain relationship. If artiodactyls shared with 
all mammals the relationship between neuronal density in 
the RoB and body mass ( fig. 5 c) but showed a faster de-
crease in neuronal density for the number of RoB neurons 
compared to other species ( fig. 4 c), 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 c). 
In contrast, if artiodactyls shared with other nonprimate 
mammals both the scaling of neuronal density in the RoB 
and body mass ( fig. 5 c) 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 c). 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 2  = 0.873, p < 0.0001), is not significantly differ-
ent from 1/3 – the exponent that relates body length to 

  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 2  = 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.                 
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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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