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Abstract
Brain size scales as different functions of its number of neurons across mammalian orders such as rodents, primates,
and insectivores. In rodents, we have previously shown that,
across a sample of 6 species, from mouse to capybara, the
cerebral cortex, cerebellum and the remaining brain structures increase in size faster than they gain neurons, with
an accompanying decrease in neuronal density in these
structures [Herculano-Houzel et al.: Proc Natl Acad Sci USA
2006; 103: 12138–12143]. Important remaining questions are
whether such neuronal scaling rules within an order apply
equally to all pertaining species, and whether they extend to
closely related taxa. Here, we examine whether 4 other species of Rodentia, as well as the closely related rabbit (Lagomorpha), conform to the scaling rules identified previously
for rodents. We report the updated neuronal scaling rules
obtained for the average values of each species in a way that
is directly comparable to the scaling rules that apply to primates [Gabi et al.: Brain Behav Evol 2010; 76:32–44], and examine whether the scaling relationships are affected when
phylogenetic relatedness in the dataset is accounted for. We
have found that the brains of the spiny rat, squirrel, prairie
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dog and rabbit conform to the neuronal scaling rules that
apply to the previous sample of rodents. The conformity to
the previous rules of the new set of species, which includes
the rabbit, suggests that the cellular scaling rules we have
identified apply to rodents in general, and probably to Glires
as a whole (rodents/lagomorphs), with one notable exception: the naked mole-rat brain is apparently an outlier, with
only about half of the neurons expected from its brain size
in its cerebral cortex and cerebellum.
Copyright © 2011 S. Karger AG, Basel

Introduction

Rodents are a monophyletic group [Lin et al., 2002]
which originated about 65 million years ago, in Laurasia
[Douzery et al., 2003; Horner et al., 2007], and which now
occupy a number of different niches on all continents. At
over 2,200 species, rodents make up the largest order of
mammals, representing over 40% of all mammalian species [Wilson and Reeder, 2005], and vary in adult size
from about 7 g (African pigmy mouse) to over 70 kg
(capybara). What are the rules and constraints that apply
to how their bodies and brains are built, and how are they
different from or similar to the rules that apply to other
mammals?
Suzana Herculano-Houzel
Instituto de Ciências Biomédicas, UFRJ
Av. Carlos Chagas Filho, 373
Ilha do Fundão, Rio de Janeiro, RJ 21941-902 (Brazil)
Tel. +55 21 2562 6390, E-Mail suzanahh @ gmail.com

It is often considered that mammalian brains in general vary in size as a power function of body size [Martin,
1981; Fox and Wilczynski, 1986], and that larger brains
are composed of relatively larger cerebral cortices, a cerebellum of constant relative size [Stephan et al., 1981;
Clark et al., 2001], larger neurons, resulting in lesser neuronal densities, and increasing glia/neuron ratios [Tower
and Elliot, 1952; Haug, 1987; Stolzenburg et al., 1989; Marino, 2006].
Applying a novel method developed by our group that
allows for the fast and reliable estimation of numbers of
neuronal and nonneuronal cells in any dissectable structure, the isotropic fractionator [Herculano-Houzel and
Lent, 2005], we have been able to determine the cellular
scaling rules that apply to rodent brains. Briefly, rodent
cerebral cortex and cerebellum increase in size as a function of their numbers of neurons raised to large powers
(1.8 and 1.4, respectively), while neuronal densities decrease and average neuronal sizes and the nonneuronal/
neuronal cell ratios increase [Herculano-Houzel et al.,
2006]. Rodents, therefore, seem to conform to the general rules obtained from a combination of mammals
from several orders [Haug, 1987]. In contrast, we later
found that primate cerebral cortex and cerebellum increase in size as linear functions of their numbers of neurons, with insignificant changes in neuronal density, average neuronal size, and nonneuronal/neuronal cell ratios [Herculano-Houzel et al., 2007; Gabi et al., 2010]. In
Eulipotyphla (insectivores), on the other hand, the cerebellum increases linearly in mass with its number of neurons, as in primates, while the mass of the cerebral cortex
scales hypermetrically with its number of neurons, as in
rodents [Sarko et al., 2009].
While the cellular scaling rules for cerebral cortex and
cerebellum differ across the three orders, recent evidence
raised the possibility that the scaling rules for the remaining areas might be shared across them. In rodents,
we reported originally that the ensemble of brainstem,
diencephalon, basal ganglia and olfactory bulb (called
‘rest of brain’ or RoB) scales in mass as a function of its
number of neurons raised to a large exponent of approximately 1.8 [Herculano-Houzel et al., 2006]. In primates,
our first study suggested that the mass of the RoB varied
linearly with its number of neurons [Herculano-Houzel
et al., 2007]. However, we recently found that, with a larger sample size of 11 species that included humans, and
after correcting for phylogenetic relatedness in the dataset, the variations in the mass of the primate RoB can be
described as a power function of its number of neurons
with an exponent of 1.4 [Gabi et al., 2010], more similar
2
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to rodents, although they are still best fit as a linear function of the number of neurons in the structure. In Eulipotyphla, as in primates, we also found that variations in
the mass of RoB are best described as a linear function of
its number of neurons [Sarko et al., 2009]. However, the
data points for the RoB are much more scattered than for
the other brain structures, and there is substantial overlap among the three orders that suggests that the neuronal scaling rules for this part of the brain might actually
be shared across rodents, primates and insectivores.
A proper, direct comparison across the scaling rules
that apply to these three mammalian orders is, however,
currently hampered by differences in the way the scaling
rules were initially reported for rodents. In our initial
study, we reported the power laws that describe variations
in the mass of different rodent brain structures as a function of their numbers of cells derived from individual values rather than species averages, and included the olfactory bulb in the RoB [Herculano-Houzel et al., 2006]. In
subsequent studies, we have calculated the power laws
that apply to species averages, not individuals, which
eliminates the confounding factor of intraspecific scaling, and systematically excluded the olfactory bulb from
the RoB, given that the olfactory bulb is often not available for analysis [Herculano-Houzel et al., 2007; Azevedo
et al., 2009; Sarko et al., 2009; Gabi et al., 2010]. It is necessary, therefore, to examine the cellular scaling laws that
apply to rodents in a manner that can be directly comparable to present and future datasets on other mammalian
groups.
Given the large diversity of rodent species and the
niches they occupy, other interesting issues are whether
the cellular scaling rules that we identified for the initial
6 rodent species also apply to rodents in general, whether
they are affected once phylogenetic relationships are taken into consideration, and whether they extend to a related clade, the lagomorphs, which together with rodents
compose the monophyletic group Glires [Liu and Miyamoto, 1999; Douzery and Huchon, 2004; Kullberg et al.,
2006].
Here, we update the scaling laws that apply to the previous dataset of 6 rodent species by using species averages and excluding the olfactory bulb from the RoB. This
yields scaling laws that can be directly compared with our
data from primates [Gabi et al., 2010] and insectivores
[Sarko et al., 2009]. Next, we extended our previous study
by applying the same method, the isotropic fractionator,
to estimate total numbers of neuronal and nonneuronal
cells in the cerebral cortex, cerebellum and the RoB, and
separately in the olfactory bulb, and to determine how
Herculano-Houzel /Ribeiro /Campos /
Valotta da Silva /Torres /Catania /Kaas

Table 1. Average data for the 11 species of Glires

Naked mole-rat

Mouse

Hamster

Rat

Spiny rat

Number

3

4

2

4

2

Body mass, g
Brain mass, g
Brain neurons
Brain other cells

23.385.9
0.39280.045
26.8883.34!106
24.1981.74!106

40.4811.6
0.40280.028
67.87810.41!106
33.8686.66!106

168.1813.6
0.96580.136
84.2289.89!106
70.64811.94!106

315.18102.9
223.5816.6
1.72480.292
2.07880.071
188.87812.62!106 202.0982.93!106
121.9187.11!106 181.2784.31!106

Cortical mass, g
Cortical neurons
Cortical other cells

0.18480.026
6.1581.06!106
8.4081.20!106

0.17380.015
13.6982.24!106
12.0683.67!106

0.44680.048
17.1483.62!106
41.8781.35!106

Cerebellar mass, g
Cerebellar neurons
Cerebellar other cells

0.04880.004
15.7482.85!106
5.4881.27!106

0.05680.005
42.2289.28!106
6.9581.50!106

0.14580.030
61.21812.35!106
7.4381.71!106

RoB mass, g
RoB neurons
RoB other cells

0.16080.019
4.9880.85!106
10.3181.84!106

0.17280.019
11.9681.58!106
14.8583.59!106

0.37580.057
5.8781.16!106
21.3388.88!106

0.68380.153
18.6884.24!106
47.2285.98!106

0.82480.006
13.4981.53!106
73.0782.69!106

Olf bulb mass, g
Olf bulb neurons
Olf bulb other cells

0.02180.001
2.3080.64!106
3.5781.55!106

0.01480.004
3.8981.25!106
5.4681.15!106

0.05580.011
5.7580.35!106
5.5182.28!106

0.07780.023
11.2683.68!106
9.6082.42!106

0.132
9.14!106
21.13!106

0.76980.113
31.0283.03!106
45.6985.68!106

0.92480.050
26.0982.16!106
71.8386.71!106

0.27280.038
0.33080.026
139.17811.18!106 162.5183.55!106
29.0086.28!106
36.3785.09!106

A ll data are averages 8 standard deviation. Averages for mouse, hamster, rat, guinea pig, agouti and capybara were calculated from
Herculano-Houzel et al. [2006]. RoB and whole brain do not include the olfactory bulb. n.a. = Not available; Olf = olfactory.

Animals
Three adult male naked mouse-rats (H. glaber), 2 adult male
spiny rats (Proechimys cayennensis), 3 North American prairie
dogs (Cynomys sp., 2 males and 1 female), 3 North American grey
squirrels (S. carolinensis, sex unknown) and 1 adult male laboratory rabbit (O. cuniculus) were analyzed. At this point, eventual
systematic differences between males and females in the cellular
composition of their brains can neither be examined nor ruled
out, given the predominance of males in our sample. However, we

expect that, due to the small intraspecific variability observed in
brain mass and number of neurons (of typically less than 15%; see
table 1), any eventual such sex differences will be probably relatively small compared to the variations of nearly 4 orders of magnitude analyzed here, and therefore of little impact towards our
conclusions. Naked mole-rats (3 males of 4–8 months of age) were
obtained from colonies in the Department of Biology at Vanderbilt University; spiny rats were obtained from colonies in the Federal University of São Paulo; prairie dogs were kindly provided by
Dr. Mohammad Abedin at Drexel University College of Medicine,
Philadelphia, Pa., USA; grey squirrels were wild-caught in Nashville, Tenn., USA, and the rabbit was obtained from the colony of
the Institute of Medical Biochemistry at the Federal University of
Rio de Janeiro. All animals bred in captivity were young adults of
a few months of age; the age of wild-caught animals could not be
determined. While the joint analysis of wild-caught and captivity-bred animals is not ideal, because of possible changes in brain
and body size associated with domestication, the reduction of
body size-corrected brain mass in Glires has been reported to be
very small or even negligible, i.e. 0% in the mouse, 8% in the laboratory rat, and 13% in the lab rabbit [Kruska, 2007]. Because this
variation is in the same range of intraspecific variation found in
our sample (table 1) and much smaller than the over 1,000-fold
variation across species, we believe that the comparison of captive
and wild-caught species is therefore warranted.
Both hemispheres were available for 1 spiny rat and 1 squirrel,
and the numbers provided refer to the sum of both hemispheres;
for all other animals, data are expressed as twice the numbers obtained for the available hemispheres. This is warranted by our
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these numbers scale together with brain size in 5 other
species: the Amazonian ground-dwelling spiny rat (Proechimys cayennensis), the North American prairie dog
(Cynomys sp.), the North American grey squirrel (Sciurus
carolinensis) and the African naked mole-rat (Heterocephalus glaber), as well as the domestic rabbit (Oryctolagus cuniculus), a lagomorph. We then determine whether
the brains of these 5 species conform to the rodent scaling
rules, apply the analysis of independent contrasts to control for phylogenetic relatedness in the expanded dataset,
and provide an updated set of scaling rules for Glires, to
be compared to the rules that apply to Primata and Eulipotyphla.
Materials and Methods

3

Guinea pig

Prairie dog

Grey squirrel

Rabbit

Agouti

Capybara

2

3

3

1

3

2

311.0849.1
3.65680.486
233.5684.08!106
228.0989.14!106

1,515.08230.6
5.32180.197
473.94878.74!106
417.35827.35!106

ca. 500
5.54880.306
453.66859.75!106
530.4885.60!106

4,600
9.132
494.20!106
630.80!106

2,843.38195.5
17.62881.900
795.11!106
951.68!106

47,500.083,535.5
74.73483.756
1,572.56872.64!106
3,197.938974.58!106

1.93880.231
43.5183.17!106
108.61812.78!106

2.58680.109
53.7786.04!106
183.45817.96!106

2.73080.178
77.3382.63!106
209.65813.00!106

4.448
71.45!106
254.80!106

8.91381.214
110.6482.58!106
416.2180.95!106

48.17582.714
306.50862.73!106
1,847.828512.39!106

0.50080.077
167.8582.18!106
36.2984.51!106

0.78980.093
350.08872.18!106
66.16839.27!106

0.87480.069
342.83871.18!106
110.8089.07!106

1.412
396.67!106
124.58!106

2.74280.196
6.63281.312
673.49848.14!106 1,157.8185.52!106
155.99832.98!106
570.94881.10!106

1.21880.178
22.1989.43!106
83.1888.14!106

1.94580.146
34.0980.59!106
167.7485.02!106

1.94380.146
33.49817.13!106
210.0283.42!106

3.272
26.08!106
251.42!106

5.97280.514
43.20!106
356.84!106

0.10380.013
6.0681.30!106
10.1584.22!106

n.a.
n.a.
n.a.

0.22680.019
25.1089.14!106
39.92815.87!106

0.156
18.76!106
22.94!106

finding that there are no systematic differences between total
numbers of neurons between the two hemispheres at least in mice
and rats [Herculano-Houzel et al., unpubl. observations]. Additionally, we analyzed the olfactory bulbs of 2 other grey squirrels
and 2 adult male Swiss mice (Mus musculus, obtained from the
colony at the Institute of Biomedical Sciences, UFRJ). Body
weights for Sciurus were not recorded, and therefore an average of
500 g was considered. All veterinary care and procedures reported herein were performed according to the ethical standards of
the Committee for the Ethical Use of Research Animals (CEUP)
of the Federal University of Rio de Janeiro.
Here, we also examine data reported previously by our own
group for 4 Swiss mice (M. musculus), 2 golden hamsters (Mesocricetus auratus), 4 Wistar rats (Rattus norvegicus), 2 guinea
pigs (Cavia porcellus), 3 agoutis (Dasyprocta primnolopha) and 2
capybaras (Hydrochoerus hydrochaeris [Herculano-Houzel et al.,
2006]). In the original report, RoB corresponded to the sum of the
olfactory bulb (which had been analyzed separately for all individuals except for mice) and the ensemble of brainstem, diencephalon, and basal ganglia. Here, we report the values for the olfactory bulbs separately from the RoB, which, as described in primates and insectivores [Herculano-Houzel et al., 2007; Sarko et
al., 2009; Gabi et al., 2010], amounts to the ensemble of brainstem,
diencephalon, and basal ganglia. For the mouse, we subtracted
from the originally reported RoB values [Herculano-Houzel et al.,
2006] the average values obtained here for the olfactory bulb. All
values in this study reported for RoB thus correspond to the ensemble of brainstem, diencephalon, and basal ganglia only, and
are therefore directly comparable to values provided in our previ-
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0.73780.162
58.1284.95!106
72.60819.68!106

19.92780.270
108.2584.40!106
779.178381.09!106
1.30280.031
28.5688.52!106
67.39825.02!106

ous studies for primates and insectivores [Herculano-Houzel et
al., 2007; Azevedo et al., 2009; Sarko et al., 2009; Gabi et al., 2010].
Similarly, all values for ‘whole brain’ refer to the sum of cerebral
cortex, cerebellum, and RoB, excluding the olfactory bulbs.
Dissection
All animals were sacrificed by inhalation of ether and perfused transcardially with 0.9% phosphate-buffered saline followed by 4% phosphate-buffered paraformaldehyde. Brains were
removed from the skull after transecting the spinal cord at the
level of the foramen magnum, weighed, and postfixed for 2 weeks
to 12 months by immersion in 4% phosphate-buffered paraformaldehyde. The cerebellum was dissected by cutting the cerebellar peduncles at the surface of the brainstem. Cerebral cortex in
all animals was defined as all cortical regions lateral to the olfactory tract, including hippocampus and piriform cortex, and dissected from each hemisphere by peeling it away from the subcortical structures, as described earlier [Herculano-Houzel et al.,
2006]. In this manner, the cerebral cortex includes the underlying
white matter down to, but not including, the surface of the striatum, therefore excluding the internal capsule. The olfactory bulb
was dissected and processed separately (except in the prairie dogs,
in which it was not available). All other brain structures (the ensemble of brainstem, diencephalon and striatum) were pooled
and processed together as RoB.
Isotropic Fractionator
Total numbers of cells, neurons, and nonneuronal (‘other’)
cells were estimated as described previously using the isotropic
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lular composition in the expanded dataset of 10 Glires, including
the rabbit but excluding the naked mole-rat (see text), while controlling for effects of phylogenetic relatedness in the dataset
[Felsenstein, 1985]. Standardized independent contrasts were
calculated using the PDAP:PDTREE module of Mesquite software version 2.7 [Maddison and Maddison, 2005]. Contrasts
were calculated from log-transformed data to evaluate how well
they are described by power functions. Phylogenetic relationships, shown in figure 1, are based on Blanga-Kanfi et al. [2009].
Branch lengths were transformed according to the method of Pagel [1992], which assigns all branch lengths to 1 with the constraint that tips are contemporaneous. The reported values for
the linear regressions of independent contrasts on log-transformed or raw data are least square regression slope, r2 and p
value. Reduced major axis slopes are similar to the reported least
square regression slopes.

Fig. 1. Phylogenetic relationships between the 11 Glires species

examined (data based on Blanga-Kanfi et al. [2009]).

fractionator method [Herculano-Houzel and Lent, 2005]. Briefly,
each dissected brain division is turned into an isotropic suspension of isolated nuclei of known, defined volume, kept homogeneous by agitation. The total number of nuclei in suspension – and
therefore the total number of cells in the original tissue – is estimated by determining the density of nuclei in small aliquots
stained with the fluorescent DNA marker DAPI (4,6-diamidino2-phenylindole dihydrochloride) under the microscope. For each
structure, at least four samples of the nuclear suspension are
counted independently, in different chambers of a hemocytometer, to determine the number of nuclei/ml of the suspension. The
reported values for total number of cells refer to the average nuclei/ml of the samples taken multiplied by the total volume of the
suspension. This consistently yields a coefficient of variation of
0.10, and never more than 0.15, across samples for a same structure. Once the total cell number is known, the proportion of neurons is determined by immunocytochemical detection of neuronal nuclear antigen (NeuN), expressed in all nuclei of most neuronal cell types and not in nonneuronal cells [Mullen et al., 1992].
Estimates of the proportion of NeuN-positive nuclei are considered reliable since the coefficient of variation among animals of
the same species is typically below 0.15. Numbers of nonneuronal
cells are derived by subtraction.
Data Analysis
All statistical analyses and regressions were performed in Statview (SAS, USA), using the average values obtained for each species. Correlations between variables were calculated using the
Spearman correlation coefficient. If a significance criterion of
p ! 0.05 was reached, regressions of the data to power functions
were calculated.
Phylogenetic Analysis
Phylogenetic independent contrasts were calculated to examine the scaling of the brain structures as a function of their cel-
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Results

We analyzed the numbers of neurons and other cells
that make up the brain of 11 Glires, whose phylogenetic
relationships are shown in figure 1. This dataset expands
the original dataset of 6 rodent species [Herculano-Houzel et al., 2006] and includes 10 rodent species belonging
to 7 different families (naked mole-rat, Bathyergidae;
mouse and rat, Muridae; hamster, Cricetidae; spiny rat,
Echimyidae; guinea pig and capybara, Caviidae; prairie
dog and grey squirrel, Sciuridae; agouti, Dasyproctidae),
and the closely related rabbit (order Lagomorpha). The
average data from this expanded dataset of 11 Glires are
presented in table 1 divided into four structures: cerebral
cortex (grey and white matter combined), cerebellum
(grey and white matter combined, including deep nuclei),
RoB, and olfactory bulb.
Across the 11 species examined, from the naked
mole-rat to the capybara, body mass varies 2,039!, from
slightly over 20 g in the former to almost 50,000 g in the
latter. Brain mass, in turn, is only 191! larger in the
capybara than in the naked mole-rat; cortical mass,
262!; cerebellar mass, 138!, and the RoB, 124!. In
contrast, the numbers of neurons in these structures
vary disproportionately to brain mass: numbers of neurons are only 58! larger in the capybara brain than in
the naked mole-rat; 50! larger in the cerebral cortex;
74! larger in the cerebellum, and 22! larger in the RoB
(table 1). The percentage of neurons in the whole brain
decreases significantly with increasing brain size, from
a maximum of 65.3% in the mouse to a minimum of
33.6% in the capybara (Spearman correlation coefficient: –0.882, p = 0.0053).
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5

Conformity to the Cellular Scaling Rules Identified for
the Previous Dataset
To examine whether the cellular composition of the
brains of the present 4 rodent and 1 Lagomorpha species
conform to the rules identified previously, we first recalculated the cellular scaling rules that apply to the original
set of 6 rodent species [Herculano-Houzel et al., 2006] by
using species averages, instead of the individual values,
and now excluding the olfactory bulb from the RoB.
These average scaling rules are shown in online supplementary table 1 (for all online suppl. material, see www.
karger.com/doi/10.1159/000330825). We find that the exponents recalculated from the species averages are very
similar to those reported originally from individual values: 1.748, 1.314 and 1.627 against the original 1.760, 1.370
and 1.772 for the cerebral cortex, cerebellum and RoB,
respectively. Because accounting for phylogenetic relatedness in the dataset does not modify the scaling exponents significantly (online suppl. table 2, previous dataset), with differences of typically only 1–2%, we used the
uncorrected scaling functions, obtained directly from
the dataset, for further analysis.
Next, we determined how the average numbers of neurons and other cells in each brain structure of the current
5 species depart from the expected values obtained by applying to each species the scaling rules obtained for the
previous rodent dataset (power functions shown in online suppl. table 3). For comparison, we also calculated
how much the numbers of neurons and other cells depart
from the expected values for the brain structures of each
of the species in the previous study, given the mass of each
structure. Percent deviations from the expected numbers
of neurons and other cells were calculated as [100 ! (observed – expected)] for each relationship.
Figure 2 shows that the mass of the cerebral cortex,
cerebellum and RoB in the new dataset conform to the
expected values from the total brain mass in each species
(fig. 2a). Additionally, we find that the spiny rat, the prairie dog, the grey squirrel and the rabbit have numbers of
neuronal and other cells that conform to the scaling rules
that apply to the previous set of species, with deviations
from the expected values that are comparable to those
found for the 6 species from which the scaling rules were
obtained (fig. 2b, c). Although the squirrel has systematically more neurons and other cells in the cerebral cortex,
cerebellum and RoB than expected from the mass of
these structures (34.7, 17.5 and 22.4% more neurons, and
38.2, 65.7 and 86.3% more other cells, respectively), most
of these deviations fall within the range observed for the
previous species (fig. 2, sq).
6
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0
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c

Fig. 2. With the exception of the naked mole-rat, the current Gli-

res deviate from the expected values in their cellular composition
by as much as the rodent species studied earlier. The y-axis shows
percent deviation from the values expected from the brain scaling
rules that apply to the original set of 6 rodent species [HerculanoHouzel et al., 2006]. a Deviation from the expected mass of cerebral
cortex (MCX), cerebellum (MCB), and RoB (MROB) for a given total
brain mass. b Percent deviation from the expected number of neurons in the brain (NBR), cerebral cortex (NCX) and cerebellum (NCB)
as well as in the density of neurons in the cerebral cortex (DNCX)
and in the cerebellum (DNCB) calculated from the respective structure mass. c Percent deviation from the expected number of other
cells in the brain (OBR), cerebral cortex (OCX) and cerebellum (OCB)
calculated from the respective structure mass. Deviations for the 6
rodent species studied earlier are shown in the unshaded area; the
5 new species are shown in the grey area. Species are arranged within each group by order of increasing brain mass. Species key: m =
mouse; h = hamster; r = rat; g = guinea pig; a = agouti; c = capybara; n = naked mole-rat; sp = spiny rat; p = prairie dog; sq = squirrel; rb = rabbit. The power functions used to calculate the expected
values are given in the online supplementary table 3.
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Table 2. Updated cellular brain scaling rules calculated from average species values in the expanded Glires dataset

Dependent
variable

Independent
variable

Power law

MBR
MCX
MCB
MROB
MOB

NBR
NCX
NCB
NROB
NOB

MBR = 8.055!10–13!NBR1.499
MCX = 1.758!10–13!NCX1.699
MCB = 7.337!10–12!NCB1.305
MROB = 4.175!10–12!NROB1.568
MOB = 6.429!10–11!NOB1.312

0.0001
<0.0001
<0.0001
0.0079
0.0020

1.253–1.746
1.478–1.921
1.130–1.479
0.987–2.149
0.662–1.963

MBR
MCX
MCB
MROB
MOB

OBR
OCX
OCB
OROB
OOB

MBR = 1.543!10–9!OBR1.114
MCX = 1.348!10–9!OCX1.132
MCB = 1.117!10–8!OCB1.002
MROB = 3.615!10–9!OROB1.073
MOB = 4.730!10–11!OOB1.307

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

1.000–1.228
1.022–1.242
0.817–1.186
0.896–1.250
0.895–1.719

MCX
MCB
MROB

MBR
MBR
MBR

MCX = 0.444!MBR1.068
MCB = 0.157!MBR0.934
MROB = 0.404!MBR0.919

<0.0001
<0.0001
<0.0001

1.037–1.099
0.855–1.013
0.891–0.948

DNCX
DNCB
DNROB
DNOB

MCX
MCB
MROB
MOB

DNCX = 32,708.330!MCX–0.424
DNCB = 330,434.755!MCB–0.271
DNROB = 18,825.204!MROB–0.467
DNOB = 43,304.548!MOB–0.395

<0.0001
0.0001
0.0005
0.0169

–0.498 to –0.350
–0.359 to –0.183
–0.660 to –0.273
–0.695 to –0.095

DOCX
DOCB
DOROB
DOOB

MCX
MCB
MROB
MOB

DOCX = 69,241.933!MCX–0.125
n.s.
n.s.
DOOB = 73,569.051!MOB–0.293

0.0088
0.5451
0.1682
0.0253

–0.209 to –0.041

p value
exponent

95% confidence
interval

–0.538 to –0.048

Power laws were calculated from the average species values listed in table 1, originally from Herculano-Houzel et al. [2006]. Species
included are mouse, hamster, rat, spiny rat, guinea pig, prairie dog, squirrel, rabbit, agouti and capybara. RoB and whole brain do not
include olfactory bulb.

Remarkably, however, we find that the naked mole-rat
has about 50% fewer neurons than expected in the cerebral cortex and cerebellum; this is the largest deviation
from the expected values observed for any of the 11 species (fig. 2b, n), with a corresponding deviation of neuronal density in these structures to about 50% less than expected, given that the mass of the cerebral cortex and cerebellum corresponds to the expected values from total
brain mass. In contrast, the number of neurons in the
RoB of the naked mole-rat deviates from the expected
values for RoB mass by about as much as the species from
which these scaling rules were derived (–32.1%, range:
–48.9% in hamster to 57.2% in mouse). These findings
indicate that the brains of 4 of the present species, including the closely related lagomorph, conform to the cellular
scaling rules described previously for 6 other rodent species, while the naked mole-rat seems to be an outlier, with
remarkably fewer neurons than expected in its cerebral
cortex and cerebellum.

Updated Cellular Scaling Rules
Given the conformity of the spiny rat, prairie dog,
squirrel and rabbit to the cellular scaling rules identified
previously, we next determined the cellular scaling rules
that apply to the brains of the expanded dataset of 10 Glires species (table 2). The naked mole-rat was excluded
from the calculations due to its apparent condition as an
outlier in the scaling relationships. Importantly, we find
that the updated scaling exponents are virtually identical
to those identified previously for the smaller set of 6 rodent species (online suppl. table 1), with the expected difference in the neuronal scaling rules that apply to the
RoB, which now does not include the olfactory bulb. This
similarity to the previous scaling rules further confirms
that the 4 species added, including the rabbit, conform to
the scaling rules that applied to the previous dataset. This
conformity is further seen in the plots of the relationships
between structure mass and number of neurons (fig. 3).
These plots, which depict the scaling rules calculated
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a

Fig. 4. Scaling of brain structure mass in the combined dataset as
a function of numbers of other cells. Each point represents the
average mass and number of other cells in the cerebral cortex (circles), cerebellum (squares) or RoB (triangles) of each Glires species. Black symbols represent this dataset, white symbols a previous dataset [Herculano-Houzel et al., 2006]. Power functions are
not plotted so as not to obscure the data points, which are largely
overlapping across structures.

b

c

Fig. 3. Scaling of brain structure mass in the combined dataset as
a function of numbers of neurons. Each point represents the average mass and number of neurons in the cerebral cortex (a, circles),
cerebellum (b, squares) or RoB (c, triangles) of a Glires species.
White symbols represent this dataset, black symbols a previous
dataset [Herculano-Houzel et al., 2006]. Species key: m = mouse;
h = hamster; r = rat; g = guinea pig; a = agouti; c = capybara; n =
naked mole-rat; sp = spiny rat; p = prairie dog; sq = squirrel; rb =
rabbit. Data for the naked mole-rat are shown, but the power functions plotted describe the relationships excluding the naked molerat, as shown in table 2.
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without the naked mole-rat, also illustrate how the numbers of neurons in the cerebral cortex and cerebellum of
this species fall strikingly short of the expected number
(fig. 3a, b), while its number of neurons in the RoB is closer to the expected one (fig. 3c). Indeed, adding the naked
mole-rat to the analysis alters the neuronal scaling exponents for the cerebral cortex, cerebellum and RoB from
1.699, 1.305 and 1.568 to 1.519, 1.160 and 1.533, respectively. In contrast to the structure-specific neuronal scaling rules, the functions that relate structure mass to the
number of other cells in the structure are remarkably
similar to one another (fig. 4). As for the original dataset,
these exponents are not significantly affected when phylogenetic relatedness among the species is accounted for
(online suppl. table 2).
Separating the olfactory bulb from the RoB allows us
to examine the cellular scaling rules that apply to that
structure among Glires. We find that the mass of the two
olfactory bulbs varies across species as a power function
of its number of neurons raised to an exponent of 1.312,
and as a power function of its number of other cells raised
to an exponent of 1.307 (fig. 5).
In each structure, with the exception of the olfactory
bulb, we find that neurons represent decreasing percentages of all cells in the structure with increasing structure
mass across species (Spearman correlation coefficients:
Herculano-Houzel /Ribeiro /Campos /
Valotta da Silva /Torres /Catania /Kaas

Neuronal density (n/mg)
Fig. 5. Scaling of olfactory bulb mass in the combined dataset as
a function of numbers of other cells. Each point represents the
average mass and number of neurons (black symbols) or other
cells (white symbols) in the two olfactory bulbs of each Glires species. Power functions, listed in table 2, are not plotted so as not to
obscure the data points. Values for the naked mole-rat are indicated by the letter ‘n’.

Other cell density (n/mg)

a

b

cerebral cortex, –0.927; cerebellum, –0.842; RoB, –0.879,
all values of p ! 0.02; olfactory bulb, p = 0.2997). Accordingly, the O/N ratio (number of other cells/number of
neurons) for each structure increases significantly (p !
0.05) together with increasing structure mass from a
minimum of 0.870 (mouse) to a maximum of 5.983 (capybara) in the cerebral cortex; a minimum of 0.121 (hamster) to a maximum of 0.493 (capybara) in the cerebellum,
and a minimum of 1.242 (mouse) to a maximum of 9.638
(rabbit) in the RoB, with no significant correlation with
structure mass in the olfactory bulb.
In all structures, neuronal densities decrease with increasing structure mass in nonoverlapping ways that can
be described as different power functions of structure
mass with negative exponents (table 2; fig. 6a). In contrast, other cell densities are much more overlapping
across structures, and do not vary significantly with
structure mass (fig. 6b).

Fig. 6. Neuronal densities are varied and decrease with increasing

structure mass, while other cell density is largely overlapping
across structures. Each point represents the average mass and
neuronal density (a, number of neurons/mg) or other cell density
(b, number of other cells/mg) in the cerebral cortex (circles), cerebellum (squares), RoB (triangles) and olfactory bulb (lozenges)
in the prior dataset (white symbols) or the current dataset (dark
symbols), with the exception of data for the naked mole-rat, which
are not plotted. Power functions, listed in table 2, are not plotted
so as not to obscure the data points.

Relative Distribution of Brain Mass and Neurons
Among Glires, the distribution of brain mass changes
significantly with increasing brain mass. The relative
mass of the cerebral cortex, expressed as the percentage
of whole brain mass, increases significantly with increasing brain mass (Spearman correlation coefficient: 0.830,
p = 0.0127), while the relative mass of the RoB decreases

significantly (Spearman correlation coefficient: –0.830,
p = 0.0127) and the relative mass of the cerebellum fails
to correlate with brain mass (Spearman correlation, p =
0.8553; naked mole-rat excluded from all calculations).
However, the distribution of neurons across these brain
structures does not change significantly with increasing
brain mass, with no significant correlation found between brain mass and the percent of all brain neurons
located in the cerebral cortex (p = 0.3000), cerebellum
(p = 0.1035) or RoB (p = 0.0710). Indeed, relative mass is
not correlated with relative number of neurons in the cerebral cortex (p = 0.9855) or in the RoB (p = 0.4437), and
only marginally so in the cerebellum (p = 0.0325). This
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indicates that the relative size is misleading, and the distribution of brain mass is not a valid proxy for the distribution of neurons: relatively larger cerebral cortices in
larger Glires brains do not hold relatively more neurons
than in smaller brains.
We have recently shown that, despite the faster increase in the mass of the cerebral cortex compared to the
cerebellum, numbers of neurons increase coordinately,
and linearly, in these two structures across species. We
find that, for the expanded dataset of Glires, numbers of
neurons also increase coordinately in the two structures
in a way that can be described as a power function of the
number of neurons in the cerebral cortex with an exponent of 1.101 (which decreases to 1.031 after accounting
for phylogenetic relatedness; p ! 0.0001), or even better
by a linear relationship of slope 3.914 (fig. 7). Remarkably,
although the number of neurons in the naked mole-rat
cerebral cortex and cerebellum seem smaller than expected from the animal’s brain mass (fig. 3), they are still
related in the same manner as in other Glires, such that
the addition of the naked mole-rat to the dataset leaves
the linear slope practically unaltered, at 3.987 (fig. 3).
Brain!Body Scaling
After calculating the scaling rules from the average
species values, we find that in our previous dataset of 6
rodent species [Herculano-Houzel et al., 2006], brain size
increased as a power function of body mass with an exponent of 0.761 (p = 0.0006, 95% confidence interval:
0.551–0.971); this exponent is decreased to 0.639 after accounting for phylogenetic relatedness in the dataset (p =
0.0002). For the expanded dataset of 10 species (excluding
the naked mole-rat), we find that whole brain mass varies
as a power function of body mass with a similar exponent
of 0.712 (p ! 0.0001), which also decreases to 0.616 (p !
0.0001) after accounting for phylogenetic relations. The
addition of the naked mole-rat hardly affects the scaling
exponents, which become 0.704 before and 0.625 after
correcting for phylogenetic relations, respectively (p !
0.0001). For consistency with the cellular scaling rules for
the brain, we shall consider the uncorrected exponent
calculated by excluding the naked mole-rat from the dataset.
The number of neurons in the whole brain and the different brain structures of Glires can be predicted from
either body mass or brain mass according to the equations described in table 3. Observed numbers of neurons
depart from the values predicted from body mass by an
average of 30.0 8 22.9%, while they depart from the values predicted from brain mass significantly less, by 18.6
10
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Fig. 7. Coordinated scaling of the numbers of neurons in the cer-

ebellum and cerebral cortex of Glires. Each point represents the
average number of neurons in the cerebellum (y-axis) and cerebral cortex (x-axis) of a species (black symbols = current dataset;
white symbols = previous dataset). Species key: m = mouse; h =
hamster; r = rat; g = guinea pig; a = agouti; c = capybara; n = naked
mole-rat; sp = spiny rat; p = prairie dog; sq = squirrel; rb = rabbit.
The scaling is best described as linear, with a slope of 3.914 without the naked mole-rat or 3.987 with it.

8 13.6% (2-tailed t test, p = 0.0060). Brain mass, therefore, is a better predictor of the number of brain neurons
than body mass, which suggests that although brain and
body mass are correlated across Glires, body mass is more
variable than brain mass for a given number of brain neurons.

Discussion

Here, we provide a set of updated cellular scaling rules
for Glires (rodents and lagomorphs), based on species averages, which, by virtue of excluding the olfactory bulb
from the RoB and whole brain, are directly comparable
to the cellular scaling rules reported previously for Eulipotyphla and primates [Sarko et al., 2009; Gabi et al.,
2010]. Our results demonstrate that, with the notable exception of the naked mole-rat, the 10 rodent species of 6
different families analyzed so far, as well as the closely
related rabbit, a lagomorph, conform to the same set of
brain scaling rules. Additionally, we find that the scaling
exponents that apply to the cellular composition of the
brain of Glires are not biased by phylogenetic relatedness
in the dataset (for instance, if a subset of the species investigated were closely related and thus skewed the relationship). That the scaling exponents that relate brain
Herculano-Houzel /Ribeiro /Campos /
Valotta da Silva /Torres /Catania /Kaas

Table 3. Scaling rules that predict brain neurons from body mass and brain mass calculated from average species values in the expanded Glires dataset

Dependent
variable

Independent
variable

Power law

MBR
MCX
MCB
MROB

MBD
MBD
MBD
MBD

MBR = 0.037!MBD0.712
MCX = 0.013!MBD0.760
MCB = 0.008!MBD0.660
MROB = 0.020!MBD0.656

<0.0001
<0.0001
<0.0001
<0.0001

0.549–0.875
0.583–0.936
0.483–0.836
0.508–0.803

NBR
NCX
NCB
NROB

MBD
MBD
MBD
MBD

NBR = 15,168,773.265!MBD0.451
NCX = 2,810,434.306!MBD0.431
NCB = 9,517,291.663!MBD0.482
NROB = 2,495,688.704!MBD0.339

<0.0001
<0.0001
0.0002
0.0015

0.310–0.592
0.302–0.560
0.310–0.653
0.173–0.504

NBR
NCX
NCB
NROB

MBR
MBR
MBR
MBR

NBR = 120,800,578.409!MBR0.641
NCX = 20,352,603.956!MBR0.613
NCB = 86,121,138.094!MBR0.691
NROB = 11,726,678.300!MBR0.487

<0.0001
<0.0001
<0.0001
0.0002

0.535–0.746
0.531–0.694
0.557–0.825
0.308–0.666

p value
exponent

95% confidence
interval

Power laws were calculated from the average species values listed in table 1, originally from Herculano-Houzel et al. [2006]. Species
included are mouse, hamster, rat, spiny rat, guinea pig, prairie dog, squirrel, rabbit, agouti and capybara. RoB and whole brain do not
include olfactory bulb.

mass to body mass are more affected than the cellular
scaling rules by accounting for phylogenetic relatedness
in our dataset suggests that the cellular scaling rules uncovered here apply to Glires in a more general manner
than the brain ! body mass relationships among species.
A comparison of the cellular scaling rules observed for
primates, insectivores and Glires shows that the cerebral
cortex varies in mass as different power functions of its
number of neurons in the different orders, with exponents of 1.0, 1.6 and 1.7, respectively [Sarko et al., 2009;
Gabi et al., 2010]. Cerebellar mass, in turn, scales in the
different orders with its number of neurons raised to exponents of 1.0, 1.0 and 1.3. Although different exponents
are also found to relate the mass of the RoB to its number
of neurons across the three orders (1.4, 1.0 and 1.6 in primates, insectivores and Glires, respectively), the equations that describe this relationship are less clearly discernible across the three orders than the neuronal scaling
rules that apply to the cerebral cortex and cerebellum.
This raises the interesting possibility that the ensemble of
brainstem, diencephalon and striatum, the evolutionarily oldest structures in the brain, share conserved neuronal scaling rules across the three mammalian orders; this
is possibly related to conserved functions of these structures across mammals, while the more recent cerebral
cortex and cerebellum have evolved different scaling
rules in each order, possibly related, for instance, to environmental requirements and selective pressure that are

The Outlier: Naked Mole-Rat
The conserved scaling relationships between brain
size and numbers of neurons among Glires, primates or
insectivores are presumably due to genetic factors that
regulate development within and across mammalian orders [Riska and Atchley, 1985; Bi et al., 2009; Gaglani et
al., 2009]. We do not assume that life history and mode
of living have no effect on the cellular composition of the
brain or brain size; in fact, several environmental factors
are know to impact the size of brain structures [e.g. Maguire et al., 2000; Campi and Krubitzer, 2010; AbdulKareem et al., 2011]. In most cases, however, these effects
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particular to each group. Importantly, we confirm our
previous observation that the relative expansion of the
cerebral cortex in larger brains does not reflect a relative
expansion in the number of cortical neurons, and find
that the linear relationship between numbers of cerebellar and cerebral cortical neurons observed in the previous
set of 6 rodent species also applies to the current extended dataset of Glires, with the same average of about 4 cerebellar neurons to every neuron in the cerebral cortex
[Herculano-Houzel, 2010]. This coordinate increase in
numbers of neurons in the cerebral cortex and cerebellum adds support to the notion that the two structures
operate together, and have also been evolving together
[Whiting and Barton, 2003; Ramnani et al., 2006; Balsters et al., 2010].
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are likely to be rather insignificant compared to the over
1,000-fold variation we investigate. It is remarkable,
therefore, that here we encounter for the first time a clear
outlier in the cellular scaling relationships that apply to
mammalian species: the African naked mole-rat, which,
despite having the expected distribution of mass among
its brain regions (that is, a normally proportioned cerebral cortex, cerebellum and RoB), contains only half of
the number of neurons expected in the cerebral cortex
and cerebellum from the mass of these structures. Although such a discrepancy could be accounted for if a
different set of neuronal scaling rules applied to the cerebral cortex and cerebellum of this species than to other Glires, a more likely explanation is that the discrepancy is due to regressive events, related to the strictly
fossorial lifestyle of this species, which would presumably occur after the development of a normal complement of brain neurons according to the same scaling
rules that apply to Glires as a whole. The naked mole-rat
has reduced eyes, a lateral geniculate nucleus that is reduced in volume by about a third due to regressive changes [Xiao et al., 2006], and a reduced visual cortex that is
apparently taken over by a relatively enlarged primary
somatosensory cortex [Catania and Remple, 2002], or
possibly lost. Thus, the 50% smaller number of cortical
neurons relative to the expected number in the naked
mole-rat might be related to the regression of the retinogeniculocortical system compared to the other rodents
that rely heavily on their visual system [Xiao et al., 2006],
possibly leading to neuronal loss in the cerebral cortex.
Interestingly, the similar 50% reduction in the number
of neurons in the naked mole-rat cerebellum is compatible with our previous suggestion that the number of
neurons in this structure might be adjusted proportionately to the number of cerebral cortical neurons during
the development of each individual [Herculano-Houzel,
2010]. However, regressive events in the cerebellum directly related to selective pressure, given the fossorial
lifestyle of this species, cannot at the moment be ruled
out. Additionally, the decreased numbers of cortical neurons in the naked mole-rat brain relative to the expected
numbers may also be related to the metabolic costs of life
under chronic environmental hypoxia due to burrowing,
even if globin expression in the brain is changed as an
adaptation that makes hypoxia more tolerable [Avivi et
al., 2010].
Predictions for Extinct Giant Rodent Species
The Amazonian capybara is currently the largest living rodent, but it is by no means the largest rodent ever:
12
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three now extinct larger rodent species that once roamed
the Americas are the Castoroides, estimated to weigh up
to 200 kg [Reynolds, 2002], Phoberomys, estimated to
weigh 700 kg [Sánchez-Villagra et al., 2003], and Josephoartigasia, predicted to weigh about 1,200 kg [Rinderknecht
and Blanco, 2008]. The estimated time of divergence of
these species from their common ancestor with the species in the present dataset implies that the same cellular
scaling rules that apply to the brains of modern Glires
must also have applied to them. This allows one to use
the present scaling rules to predict the neuronal composition of the brain of these species from their body size.
Keeping in mind that these predictions match observed
values with an average error of 30% for the extant Glires,
it can be estimated from their calculated body masses
that the giant Castoroides, Phoberomys, and Josephoartigasia had brains weighing 220, 537 and 793 g, respectively, holding a total of 3.7, 6.6 and 8.4 billion neurons.
For the sake of comparison, we have recently estimated
that the gorilla brain, at 486 g, holds approximately 33
billion neurons [Herculano-Houzel and Kaas, 2011]. Indeed, hypothetical primates with similar brain weights
of 200, 537 and 793 g would be expected to contain between 4 and 9 times more neurons: 16, 46 and 76 billion,
respectively [based on Herculano-Houzel et al., 2007].
Compared to the cellular scaling rules that apply to primates, therefore, the rodent/lagomorph way of building
large brains is found to be very volume-expensive, with
larger numbers of neurons coming at a great volumetric
cost (or, alternatively, with greater brains offering a disproportionately small benefit of added neurons). Without a corresponding benefit of proportionately larger
numbers of brain neurons, such an inflationary scaling
of brain size relative to its number of neurons, especially
when associated with a very large body that had to be
metabolically sustained, may have imposed serious constraints on giant Glires that may have contributed to
their extinction.
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