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Abstract
Due to their early emergence in mammalian evolution and absence of some characteristics found in their eutherian sister
group, marsupials have been commonly considered primitive in comparative analyses of the brain for decades. However, it
now appears that some rules that govern the cellular composition of marsupial brains are not shared with those proposed to
have applied to the mammalian ancestor, and some features such as the allocation of neurons across brain structures and
encephalization quotients are shared by Australasian marsupials, primates, and artiodactyls. These ﬁndings suggest that only
the brain of South American marsupials may be considered as a proxy of the ancestral mammalian brain, whereas Australasian marsupial brains seem as derived as any eutherian brain.

2.18.1

Introduction

Brain organization and architecture vary enormously across mammalian species as a result of evolution. Understanding this
evolution has been for a long time one of the main focuses of comparative neuroanatomy studies. Data provided by traditional
stains (Nissl, Golgi, and myelin) and later by endocasts, electrophysiological, immunochemical, or imaging techniques expanded
knowledge on the organization and the architecture of the brain, and also on the size and shape of brains of extinct and extant
mammals (Jerison, 1973, 2007). Brain size varies over a hundred thousand times in mammalian evolution (Count, 1947), with
the cerebral cortex being the region of the brain that varies the most in size and ranging from small and smooth to very large
and gyrated, to which complex cognitive abilities are attributed (Jerison, 1973; Hofman, 1985). Understanding the rules that govern
the relationship between the mass of different brain structures and the numbers and proportions of the different cell types that
compose them is essential to understand how brains are made and how they evolved in mammalian lineages.
Until recently, estimating absolute numbers of cells in the whole brain was a hard task that required elaborate sampling schemes
in time-consuming stereological approaches. Some characteristics of these unbiased techniques, such as the histological processing
of the samples or the speciﬁc training of the observer, can be time consuming and even crippling for large samples (HerculanoHouzel et al., 2015a). These techniques require that sampling strategies be restricted to structures with a homogeneous distribution
of cell bodies, so that heterogeneous structures must be subdivided. Moreover, tissue shrinkage or sectioning artifacts can constitute
constraints to the study of heterogeneously organized structures, such as the multilayered neocortex of mammals or the whole
brain. Still, during the 1980s, some investigators conducted comparative studies of the neocortex using early stereological
procedures that provided some novel morphometric data on the brain of various mammalian species (Haug, 1987; Stolzenburg
et al., 1989). However, their estimations of the cellular composition of the brain implicitly considered that all mammalian brains
were built the same way, with a shared relationship between the volume or mass of the cerebral cortex and its density of neurons
and glia/neuron ratio, combining glires, primates, carnivorans, cetaceans, and other mammals as if all were comparable.
In 2005, a new technique to estimate the absolute number of cells in a faster way and independently of tissue volume and
anisotropy became available, the isotropic fractionator (Herculano-Houzel and Lent, 2005). Brieﬂy, this nonstereological method
consists in turning a whole tissue such as the brain, or parts thereof, into a homogeneous (isotropic) “soup” of free nuclei in a known
volume of suspension. Assuming that each mammalian cell has one and only one nucleus (with the exception of erythrocytes),
determining the density of nuclei in partial aliquots representative of the suspension allows estimating the total number of cells
in the tissue that has been processed. In ﬁne, different cellular types can be quantiﬁed after appropriate labeling of their cell nuclei
by immunocytochemistry with speciﬁc antibodies. Although the tissue is necessarily destroyed by this procedure and analysis of
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spatial distribution of cells requires appropriate dissection of the tissue into subregions, this technique allows accurate estimations
of the absolute numbers of cells in a tissue of interest much more rapidly and without the drawbacks of the histological processing
inherent to stereological procedures (Herculano-Houzel et al., 2015a). Most importantly, this method yields results similar to those
obtained with what is still considered the golden standard, stereology, making it the perfect tool for quick and reliable estimations
of absolute numbers of cells in tissues such as the brain (Herculano-Houzel et al., 2015a).
For the last 10 years, our group has been using this technique to estimate the numbers of cells (neurons and nonneuronal cells)
that make up the brain of various eutherian mammalian species. One of the underlying goals has been to determine the allometric
scaling relationships between brain structure mass and the number of cells that compose them, which we refer to as the cellular
scaling rules of different brain regions. By determining the scaling rules that apply to different clades, one can then infer which rules
of construction of the mammalian brain are shared across clades (and therefore presumably conserved in evolution), and which are
distinct or even characteristic of given clades. Using the principle of parsimony, this logic can be applied to infer that the common
scaling rules shared by the majority of extant eutherian species must also have applied to ancestral mammalian brains (reviewed in
Herculano-Houzel et al., 2014a).
For example, we have found that the proportionality between brain structure mass and number of nonneuronal (glial and
vascular) cells is shared across the over 40 eutherian species examined so far, spanning 6 of the 10 groups of eutherians (Fig. 1),
and applies across all brain structures analyzed. This commonality indicates that the relationship between numbers of nonneuronal
cells and the mass of the structures they form, ie, the nonneuronal scaling rule that applies to mammalian brains, has been
maintained for at least 110 million years of evolution (Herculano-Houzel, 2014; Herculano-Houzel et al., 2014a). It is thus
possible that this shared nonneuronal scaling rule, universal to all eutherians analyzed so far, might apply not only to all extant
mammals but also to the last common ancestor of all mammals. In that case, marsupials should also share this nonneuronal scaling
rule with eutherians (Fig. 1).
In contrast, the relationship between brain structure size and number of neurons (ie, the neuronal scaling rule) differs both
across structures and eutherian orders analyzed, that is, the scaling of the mass of a brain structure as a function of its number
of neurons is structure speciﬁc and not universal (Herculano-Houzel et al., 2006, 2007, 2011, 2014b, 2015b; Azevedo et al.,
2009; Sarko et al., 2009; Gabi et al., 2010; Kazu et al., 2014; Neves et al., 2014; reviewed in Chapter XX). Indeed, one neuronal
scaling rule for the cerebral cortex is shared by afrotherians, artiodactyls, glires, and eulipotyphlans, but not by primates; a different
set of neuronal scaling rules apply to the cerebellum, one shared by the three ﬁrst clades, another to eulipotyphlans, and yet a third
one to primates (Herculano-Houzel et al., 2014a, 2015b). In the “rest of brain,” which is the ensemble of brain stem, diencephalon
and striatum, a dichotomous pattern is also observed between primates and nonprimates as for their neuronal scaling rules
(Herculano-Houzel et al., 2015b). In all cases, more neurons are found in primate structures than in nonprimate structures of
a similar size. In the light of phylogeny, these patterns of differences and similarities in neuronal scaling rules suggest that the ancestral rules for mammalian brains are those shared by the most cladesdthat is, extant afrotherians, artiodactyls, and glires

Figure 1 Phylogenetic relationships between therian mammalian orders with current cellular composition data available in literature. Phylogenetic
relationships across the six eutherian orders (Afrotheria, Glires, Primata, Scandentia, Artiodactyla, and Eulipotyphla; represented in blue) and the three
marsupial orders (Didelphimorphia or American marsupials; Dasyuromorphia; and Diprotodonta or Australasian marsupials; represented in purple) for
which the brain cellular composition has been published. Average times of basal diversiﬁcation of each clade are in millions of years ago (Mya),
according to Murphy et al. (2001, 2004), and Bininda-Emonds et al. (2007).
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(Herculano-Houzel et al., 2014a; reviewed in Chapter 2.07, What Modern Mammals Teach About the Cellular Composition of Early
Brains and Mechanisms of Brain Evolution).
Scaling rules apply not only within but also across brain structures. A fairly constant ratio of four neurons in the cerebellum for
every neuron in the cerebral cortex exists across all eutherian species (except for the elephant and brown bear; Herculano-Houzel,
2010; Herculano-Houzel et al., 2014b; Messeder et al., unpublished observations). A ratio of two neurons in the cerebral cortex to
every neuron in the rest of brain applies to afrotherians, glires, and eulipotyphlans, whereas larger and more variable ratios are
found in primates and artiodactyls (Herculano-Houzel et al., 2014a). Using the same principle of parsimony, we can thus infer
that early mammalian brains had numbers of neurons in ratios of 2:1 between the cerebral cortex and the rest of brain, and 4:1
between the cerebellum and cerebral cortex (and therefore 8:1 between the cerebellum and rest of brain; reviewed in HerculanoHouzel et al., 2014a, and in Chapter 2.07, What Modern Mammals Teach About the Cellular Composition of Early Brains and
Mechanisms of Brain Evolution).
The advent of the isotropic fractionator and these recent results on the cellular composition of eutherian brains thus allowed us
to infer hypothetical rules that govern how numbers of cells and cell size vary within brain regions and how they change in
evolution. However, although eutherian mammals are the most diversiﬁed infraclass of mammals in terms of species, they are
only one of three extant mammalian clades. To infer putative ancestral rules that possibly applied to ancestral mammalian brains,
we need to verify if the two other extant clades of mammals that diverged early from the ancestral eutherian mammals also share
those rules: the prototheria (or monotremata, represented by the extant three echidnas and one platypus species) and the metatheria
(or marsupialia, which include living animals such as the kangaroo, the opossum, the Tasmanian devil, and the koala, to name
a few). Although the gross anatomy and the organization of primary cortical sensory areas have been studied in monotremes (Krubitzer et al., 1995; see Kaas, 2011a for review), data on prototherian brains are scarce (and even nonexistent for their cellular composition) due to limited opportunities for study. Marsupials (or Marsupialia) have, on their side, been well studied as it is now
possible to have some species (such as the gray short-tailed opossum Monodelphis domestica) reproduce under laboratory conditions
as model species (Fadem et al., 1982; Saunders et al., 1989).
Marsupials emerged early, prior to modern eutherians, about 148 million years ago (Murphy et al., 2001, 2004; Bininda-Emonds
et al., 2007) and are the closest living relatives of placental (eutherian) mammals, with which they constitute the Theria group. Thus,
marsupials appear as a key group to test the ancestrality of the rules that governed the composition of the ancestral mammalian brain
inferred from extant eutherians (Herculano-Houzel et al., 2014a). Besides a report of low neuronal density in the neocortex of the
Virginia opossum, Didelphis virginiana, in comparison to other mammals, obtained with early stereological procedures (Haug,
1987), and two studies using the isotropic fractionator on the brain of the South American gray short-tailed opossum
M. domestica (Seelke et al., 2013, 2014), little was known about the cellular composition of marsupial brains until recently.
The aim of this chapter is to present our recent results on the cellular composition of the brains of 10 marsupial species,
including South American and Australasian representatives; to compare them with existing data for eutherian species; and to
discuss their importance in terms of evolution of the mammalian brain (Dos Santos et al., unpublished observations). In this
chapter, we ﬁrst brieﬂy review the contributions of neuroanatomical, physiological, and developmental studies on the gross
anatomy of the marsupial brain organization, the misconceptions that very often occur regarding their early emergence in
mammalian evolutionary history, and the common use of the brains of extant marsupialia as proxies for the ancestral mammalian brain. Next, we discuss the importance of data on cellular composition of the marsupial brains, and examine how they
conform or not to the nonneuronal and neuronal scaling rules that apply to most extant mammalian species. This way we establish the rules that governed the cellular composition of the ancestral mammalian brain and originated the brain size diversity
known in modern mammals. Finally, we present the idea that marsupials as a whole, an early diverged but now diverse group,
should not be considered as proxies when we aim to infer ancestral traits or features of the mammalian brain, as only South
American species conform to the rules shared by various eutherian clades.

2.18.2

Marsupial Brain Organization and a Priori Ideas About the Ancestral Mammalian Brain

Marsupials diverged about 148 million years ago in mammalian evolution (Murphy et al., 2001, 2004; Bininda-Emonds et al.,
2007). Marsupialia consists of nearly 350 extant species divided into four Australasian and three American orders (Nilsson
et al., 2010; Gallus et al., 2015; May-Collado et al., 2015). Together with eutherians, they form the mammalian group Theria, which
includes all mammals that give birth to live young, in contrast to the egg-laying Prototheria.
Studies on the gross neuroanatomy, connectivity, neocortical development, and physiology of the brain in some representative
marsupial species revealed that functionally equivalent structures are found in their brains as in eutherian brains (Saunders et al.,
1989; Rosa et al., 1999; Ashwell et al., 2008; Wong and Kaas, 2009; Watson et al., 2012). As found among eutherian species,
variation of overall brain size in marsupials is accompanied by relative expansion of the neocortical surface, such that brains range
from those of lissencephalic species, which have a small cap of neocortex covering only the dorsal parts of the hemispheres (as in
American opossums), to those of gyrencephalic species, in which the neocortex expands caudally and covers the entire midbrain (as
in Australasian species; Fig. 2). The cortical organization and brain sizes in marsupials comparable to eutherians have been shown
to be the result of an extended postnatal marsupial development (Weisbecker and Goswami, 2010, 2014).
Some features such as the corpus callosum or a distinct motor cortex area M1 have been considered absent from marsupial
brains (Beck et al., 1996). Nevertheless, the absence of a corpus callosum does not imply a deﬁciency of the interhemispheric
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Figure 2 External morphology aspects of marsupial brains. Lateral view of the left hemisphere of an American marsupial species [(A) big-eared
opossum, Didelphis aurita] and two Australasian marsupial species [(B) Tasmanian devil, Sarcophilus harrisii, and (C) western gray kangaroo, Macropus fuliginosus]. Different degrees of cortical folding are observed in marsupial species from the smooth brains of American species (as in A) to the
intermediately folded brains of Dasyurid species (as in B) and the highly folded brains of Diprotodont species (as in C). The degree of folding accompanies the expansion of the neocortex, which is reduced to a small dorsal cap in the opossum (A), expands ventrolaterally to cover most of the
midbrain tectum in the Tasmanian devil (B) or expand caudally, cover the tectum entirely, as in the kangaroo (C). This expansion of the neocortex
leads to a progressive migration of the rhinal sulcus (arrows) from a dorsal to a ventral position on the hemispheric wall. Scale bar, 1 cm.

connections, which are perfectly taken over by an enlarged anterior commissure in all marsupial species, and by both the anterior
commissure and the fasciculus aberrans bundle in diprotodont species (Putnam et al., 1968; Ebner, 1969; Heath and Jones, 1971;
see also Chapter 2.11, Evolution of Telencephalic Commissures: Conservation and Change of Developmental Systems in the Origin
of Brain Wiring Novelties in this volume). Despite the lack of a proper separated motor area M1 (Beck et al., 1996), results from
cortical stimulations and neuroanatomical studies considered that there is a total or partial overlapping of the motor and the
somatosensory areas in marsupials species suggesting the existence of a sensorimotor amalgam assuming motor control in this
group (Karlen and Krubitzer, 2007). Additionally, cerebral blood supply was found to be very different in marsupial brains
compared to eutherian and even prototherian brains. Instead of freely anastomosing capillary networks connecting arteries to their
accompanying veins as found in nonmarsupial mammals, arteries and veins are paired in marsupial brains and form capillary loops
as in some invertebrates and nonmammalian vertebrates (Sunderland, 1941; Scharrer, 1944).
The absence of features such as the corpus callosum, the primary motor area M1, cortical secondary sensory areas or even the
unusual cerebral blood circulation of their brain along with their early emergence in mammalian evolution have for many years
earned marsupials the epithet “primitive” in regard to mammalian brain evolution, to the point that allusions to their
ancestral-like brain are still common in some recent studies. This misconception that extant marsupials as a whole can be
considered proxies of ancestral mammals is largely due to studies on the size, gross anatomy, and connectivity of the cerebral cortex
of small American marsupial species (opossums). Indeed, these species have small, smooth brains with relatively little neocortex in
addition to body shapes that approximate those of early mammals (Kemp, 2004; Kaas, 2011a,b). However, recent studies on
encephalization quotients of both American and Australasian marsupial species showed that relative brain sizes of marsupials in
regard to body size are comparable to those of eutherian mammals and even of prosimian primates (Ashwell, 2008; Weisbecker
and Goswami, 2010, 2014).
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Cellular Composition and Scaling Rules for the Brain of Marsupials
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Estimations of the Cellular Composition of Marsupial Brains
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Estimation of numbers of cells in the brains of mammals, nonmammalian vertebrates, and even nonvertebrates has been the focus
of most of the studies of our group and also of other researchers around the world. These estimations brought an invaluable new set
of data (Herculano-Houzel et al., 2015b) applicable to various ﬁelds: neuroanatomy, cognitive studies, developmental studies,
physiology, and evolution. These data allowed us to establish the rules that govern the cellular composition of brains of dozens
of extant eutherian species, and through their comparison, to infer the scaling rules that applied to ancestral mammals and to
propose a mechanistic model from which arose the mammalian brain size diversity known today (Herculano-Houzel et al.,
2014a). Although being a considerable step to understand how mammalian brains are built, these scaling rules for eutherian
mammals needed to be compared to those of the other mammalian groups. This was not possible until recently as there were
no data available for absolute numbers of cells in monotremes and marsupials. At present, we count ﬁve published studies on
numbers of cells in marsupial brains, but only one brings enough reliable data to make this comparison possible, as we discuss
in the following sections.

2.18.3.1.1

Estimations by Stereological Methods

Until the late 1980s, with the study by Haug (1987), no clear report of numbers and densities of cells in marsupial brains was found
in the literature. Haug was the ﬁrst to make a comparison of estimated neuronal numbers and densities in the neocortex of various
mammals, including a single marsupial species, the Virginia opossum. Applying early stereological procedures to the cortical gray
matter of 42 mammalian species, he concluded that the opossum had a relatively low neuronal density in its neocortex. Later,
Cheung et al. (2010) also observed lower numbers of cortical neurons arranged in a unit column in two other marsupial species,
the South American gray short-tailed opossum and the Australasian tammar wallaby, than in rodents. Although they conﬁrmed the
results of Haug, Cheung, and colleagues showed that there was a signiﬁcant difference in numbers of neurons between the two
marsupial species in their study, with more neurons in a unit column in the tammar wallaby, a difference that they attributed to
the different cortical area selected for counting in that species.
Although informative, these stereological studies were done only on certain domains of the cerebral cortex and did not consider
other brain structures that can bring important and interesting information when trying to understand brain evolution.

2.18.3.1.2

Estimations Using the Isotropic Fractionator Method

Three recent detailed studies using the isotropic fractionator technique were made on the cellular composition of marsupial brains.
Two focused on the cellular composition of the American gray short-tailed opossum M. domestica during development (Seelke et al.,
2013) and across the primary sensory ﬁelds of its neocortex (Seelke et al., 2014). As in the stereological studies cited previously, the
latter focused essentially on the proportions of neuronal and nonneuronal cells in the different primary sensory areas (auditory A1,
somatosensory S1, and visual V1) and remaining portions of the neocortex, and concluded that the gray short-tailed opossum has
a lower number of cells, lower cellular density, lower proportion of neurons, and higher glia-to-neuron ratio than would be expected for a eutherian with a comparably sized neocortex (Seelke et al., 2014). Moreover, they reported that its cerebral cortex,
at 16% of brain mass, has well below the relative mass found in other mammals of similar cortical size (Seelke et al., 2014). In
addition to the neocortex, Seelke et al. (2013) explored the cellular composition of other structures of the Monodelphis brain,
such as the cerebellum and the remaining subcortical regions, for the ﬁrst time in a marsupial species. They showed that numbers
of cells varied in different manners across structures during development, but arrived at the same conclusion regarding low numbers
and proportions of neuronal cells in the different brain structures of adult Monodelphis when compared to those of eutherians
(Seelke et al., 2013). However, Seelke et al. (2013) discussed the possibility of a Monodelphis-speciﬁc case to explain these
observations.
Recently, we used the isotropic fractionator method to analyze the cellular composition of adult marsupial brains in a set of
10 species (Fig. 3), the largest set of marsupial species ever used in a comparative study of this kind, and to compare them to the
cellular composition of eutherian brains (Dos Santos et al., unpublished observations). We provided for the ﬁrst time data on the
cellular composition of different brain structures (cerebral cortex, cerebellum, hippocampus, olfactory bulbs, and the remaining
structures from brain stem to striatum, reported as “rest of brain”) of Australasian marsupial species, and included data on American species that refuted some of the results found in literature. To make comparisons with eutherians possible, we examined
marsupial species with body and whole brain masses that spanned similar ranges to those of eutherian mammals with data
already published.
We found that the mass of marsupial brain scales signiﬁcantly with body mass in a manner that overlaps with Afrotheria, Glires,
Scandentia, and Eulipotyphla but not Primata and Artiodactyla (Fig. 4A). Brain and body mass reported by Seelke et al. (2013)
overlap with our distribution (Fig. 4A, unﬁlled rectangle). However, when examining the scaling of the total number of brain
neurons with body mass across marsupial species, those examined by Dos Santos et al. (unpublished observations) aligned perfectly
with the distribution of nonprimate eutherians (Fig. 4A, black rectangles), the total number of brain neurons estimated for Monodelphis by Seelke et al. (2013) using the same method is about one order of magnitude smaller than expected for its body mass
(Fig. 4B). Because the relationships between numbers of neurons and mass across brain structures also showed that Monodelphis,
according to Seelke et al. (2013), had grossly smaller numbers of neurons than expected for the mass of the different brain
structures, we suggested that Monodelphis either was an outlier among marsupials (as suggested by the initial authors themselves;
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Figure 3 Phylogenetic relationships across marsupial species examined and overview of their brains. (A) Phylogenetic relationship across the
marsupial species examined in Dos Santos et al. (unpublished observations). South American species are shown in red, Australasian species in
green. Average times of basal diversiﬁcation of each clade are in millions of years ago (Mya, according to Murphy et al., 2001; Murphy et al.,
2004; Bininda-Emonds et al., 2007). Marmosops incanus, gray slender mouse opossum; Metachirus nudicaudatus, brown four-eyed opossum;
Didelphis aurita, big-eared opossum; Sarcophilus harrisii, Tasmanian devil; Macropus parma, Parma wallaby; Macropus rufogriseus, Bennett’s
wallaby; Macropus rufus, red kangaroo; Macropus fuliginosus, western gray kangaroo; Wallabia bicolor, swamp wallaby; Dendrolagus goodfellowi,
Goodfellow’s tree kangaroo. (B) Appearance of the mid-sagittal lateral view of the marsupial brains corresponding to the species on (A). All brains
are shown in mid-sagittal lateral view of the left hemisphere with anterior to the right and posterior to the left, except for the swamp wallaby
(Wallabia bicolor ; right hemisphere with anterior to the left and posterior to the right) and the red kangaroo (M. rufus; mid-sagittal lateral view of
the cerebellar left hemisphere). (C) Appearance of the dorsal or lateral view of the marsupial brains corresponding to the species on (A). Scale
bar, 1 cm.

Seelke et al., 2013) or its reported cellular composition was an underestimate. In addition, Dos Santos et al. (unpublished observations) found that the cerebral cortex represents 45–64% of brain mass across marsupial species, including American species,
which is far more than the 16% reported previously for M. domestica (Seelke et al., 2013). Besides this relative distribution of
mass similar to that of eutherian species, we also found that, regardless of its size relative to the brain, the cerebral cortex of marsupials holds a small percentage of c.15% of all brain neurons, in the same range as the 15–25% of all brain neurons found in the
cerebral cortex of other mammals (Herculano-Houzel et al., 2014a). Larger marsupial brains have relative larger cerebral cortices
and also relatively smaller cerebella and rest of brain; the latter represent, respectively, 15% and 30% of the whole brain mass,
and hold 80% and 4% of the total brain neurons.

2.18.3.2
2.18.3.2.1

Cellular Scaling Rules for Marsupial Brains and Comparison With Eutherian Mammals
Universality of the Nonneuronal Scaling Rules in Therian Mammals

In the last 10 years, studies by our group observed an almost linear scaling between brain structure mass and number of nonneuronal cells that was shared both across different brain structures (cerebral cortex, cerebellum, and rest of brain) and across the 38
eutherian species examined (Herculano-Houzel et al., 2006, 2007, 2011, 2014b, 2015b; Azevedo et al., 2009; Sarko et al., 2009;
Gabi et al., 2010; Kazu et al., 2014; Neves et al., 2014). The commonality suggests that this shared relationship has been maintained
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Figure 4 Relationships between brain mass, number of brain neurons, and body mass in therian mammals. Marsupial species are shown in black.
Total brain mass (A) and total number of neurons in the brain (B) scale with body mass similarly across marsupials and nonprimate species. Filled
black symbols, (Data from Dos Santos et al., unpublished observations) unfilled black symbols, Monodelphis (Data from Seelke, A.M.H., Dooley, J.C.,
Krubitzer, L.A., 2013. Differential changes in the cellular composition of the developing marsupial brain. J. Comp. Neurol. 521 (11), 2602–2620.).
Marsupial brains gain mass and neurons at a slower rate than they gain body mass as indicated by the exponents below unity that apply to these
species of 0.742 ! 0.061 (p < 0.0001; A) and 0.554 ! 0.041 (p < 0.0001; B). Still, marsupial data points fall well within the 95% conﬁdence interval
(dotted line) of the power functions plotted for Afrotheria, Glires, Scandentia, Eulipotyphla, and Artiodactyla with joint exponents of 0.693 ! 0.043
(p < 0.0001; A) and 0.439 ! 0.038 (p < 0.0001; B). Data from Dos Santos et al., unpublished observations.

for at least 110 million years of evolution (Herculano-Houzel, 2014; Herculano-Houzel et al., 2014a). The relationship we found
for marsupials (South American and Australasian) overlaps with that of eutherians (Fig. 5A), indicating that brain structures of
similar size are composed of similar numbers of nonneuronal cells across different modern therians as a whole, such that
marsupials and eutherians share a single, conserved allometric scaling rule for nonneuronal cells. This scaling rule consists of
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Figure 5 Marsupials share with eutherians a universal nonneuronal scaling rule. (A) Marsupial brain structures (black) gain mass as a single power
function of the number of nonneuronal (other) cells in the structure with a near-linear exponent of 1.049 ! 0.034 (p < 0.0001). This distribution
overlaps with that for eutherians (1.052 ! 0.017, p < 0.0001) indicating that there is actually a single nonneuronal scaling rule across Theria. (B)
The linear relationship originates in the lack of systematic variation in the density of nonneuronal cells in the different brain structures of therians as
they gain nonneuronal cells. Data from Dos Santos et al., unpublished observations.

very little and nonsystematic variation in the density of nonneuronal cells in all marsupial brain structures as they gain nonneuronal
cells (Fig. 5B), in contrast to neuronal densities that vary considerably across structures as they gain neurons (see Figs. 8–10). The
lack of signiﬁcant and systematic variation in nonneuronal cell densities (Fig. 5B) indicates that there is little variation in average
glial cell size (Mota and Herculano-Houzel, 2014).
While there is no universal relationship between the ratio of numbers of nonneuronal (other) cells and neurons in each structure
(O/N) and structure mass (Herculano-Houzel, 2014), this ratio does scale universally with neuronal density across marsupial
species and brain structures as it does for eutherian species (Fig. 6). We conclude that the extant nonneuronal scaling rules, that
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Figure 6 Marsupials share with eutherians the inverse relationship between O/N ratio and neuronal density. Marsupial variation of O/N as a function of neuronal density (in black; exponent "0.925 ! 0.022, p < 0.0001) overlaps with that found in eutherian species (exponent, "0.939 !
0.022, p < 0.0001). This variation occurs uniformly across all brain structures and therian species. Data from Dos Santos et al., unpublished
observations.

is, the addition of nonneuronal cells without systematic variation in average nonneuronal cell size, and in numbers that depend on
average neuronal cell size, were also ancestral and have likely been shared through common descent in all Theria, dating back to at
least 148 million years ago, prior to the divergence of Metatheria. Such descent without modiﬁcation implies that whatever
mechanisms regulate the addition of nonneuronal cells to brain structures must be highly constrained, resulting in very low levels
of variation in average glial cell size (Mota and Herculano-Houzel, 2014).

2.18.3.2.2

Neuronal Scaling Rules for the Brains of Marsupials and Comparison With Eutherian Mammals

Taken as a whole, the brain of South American and Australasian marsupials gains mass faster than it gains neurons across
species, as indicated by the exponent signiﬁcantly above unity (1.338 ! 0.056) for this relationship (Fig. 7). Moreover, the relationship between brain mass and number of brain neurons for marsupials overlaps with that for nonprimates eutherian species
(Fig. 7).

2.18.3.2.2.1

Marsupials Share With Nonprimate Mammals the Neuronal Scaling of the Cerebral Cortex

The mass of the marsupial cerebral cortex scales with its number of neurons raised to a signiﬁcant exponent of 1.329 ! 0.097
meaning that the structure gains mass faster that it gains neurons. This relationship overlaps with that for nonprimate, nonscandentian eutherian mammals (Fig. 8A), and originates in a decrease in cerebral cortical neuronal density as the structure gains neurons
(Fig. 8B). Because neuronal density varies with the inverse of average neuronal cell size (Mota and Herculano-Houzel, 2014), we
can infer that cortical expansion in all nonprimate, nonscandentian Theria occurred with an addition of neurons whose average size
increased predictably as a common function of the number of neurons in the cerebral cortex. Herculano-Houzel et al. (2014a)
proposed that the neuronal scaling rule shared by extant afrotherians, eulipotyphlans, glires, and artiodactyls was the ancestral
neuronal scaling rule that applied to the cerebral cortex of early mammals. The fact that acallosal South American and Australasian
marsupials also share this scaling between cortical mass and the number of cortical neurons with nonprimate, nonscandentian
eutherians conﬁrms the proposition that this relationship applied at least to the common ancestor of Theria and thus appears constrained for a number of mammalian species, with the only exception so far being primates (Dos Santos et al., unpublished observations; Herculano-Houzel et al., 2014a).

2.18.3.2.2.2

The Marsupial-Specific Neuronal Scaling of the Cerebellum

Until recently, three different scaling rules were known to apply to the cerebellum of extant eutherians: that of primates,
eulipotyphlans, and all nonprimate, noneulipotyphlans eutherians, with the latter considered as the ancestral rule that applied
at the origin of mammals, eulipotyphlans, and primates having diverged from this rule (Herculano-Houzel et al., 2014a;
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Figure 7 Neuronal scaling rule of the whole brain in marsupials is shared with all nonprimate therian mammals. Marsupial data points (black) fall
within the 95% conﬁdence interval of the plotted scaling relationship that applies jointly to nonprimate, nonscandentian eutherians (exponent,
1.496 ! 0.052, p ¼ 0.0001). The conformity indicates that in marsupials, as in nonprimate eutherians, the brain as a whole gains mass faster
than it gains neurons. Data from Dos Santos et al., unpublished observations.

see chapter XX). Dos Santos et al. (unpublished observations) found that the marsupial cerebellum also diverged from this
putative ancestral scaling rule. The marsupial cerebellum scales in mass with its number of neurons in a manner that is significantly different from the rules that apply separately to primates, eulipotyphlans and to the ensemble of afrotherians, glires,
and artiodactyls. For a same cerebellar mass, marsupials have fewer cerebellar neurons than primates and eulipotyphlans
but more cerebellar neurons than afrotherians, glires, or artiodactyls (Fig. 9A). The marsupial-speciﬁc relationship between
cerebellar mass and number of neurons originates from neuronal densities that are larger than those found in the cerebellum
of nonprimate, noneulipotyphlan eutherians with similar numbers of neurons (Fig. 9B). We have thus proposed that marsupials diverged from the ancestral therian scaling rules with changes that resulted in higher neuronal densities (ie, smaller
neurons) in the cerebellum compared to eutherian species with similar numbers of neurons in this structure (Dos Santos et
al., unpublished observations).

2.18.3.2.2.3

The Unique Marsupial Neuronal Scaling Rule of the Rest of the Brain

As for the cerebellum, the mass of the marsupial rest of brain was found to scale with its number of neurons according to
a scaling rule that lies in between the already known power functions that apply to primate and nonprimate eutherians, the
latter of which has been proposed to be the ancestral rule that applied to early mammalian species (Herculano-Houzel
et al., 2015b). For similar numbers of neurons, marsupials thus have a larger rest of brain mass than primate and nonprimate
eutherians (Fig. 10A; Dos Santos et al., unpublished observations). This intermediate relationship stems from neuronal densities in the marsupial rest of brain that are generally lower than those of eutherians possessing a similar number of neurons in
the structure: for a same number of neurons, marsupials have larger neurons in their rest of brain compared to eutherians
(Fig. 10B). The scaling of the rest of brain in marsupials then diverged from what is thought to be the ancestral rule (that
of afrotherians, artiodactyls, glires, and eulipotyphlans together) for all therian mammals. The lower neuronal densities in
the rest of the brain of marsupials are, however, the expected for the mass of the body, according to the relationship that
was found to apply to all eutherians examined so far (Fig. 11A; Herculano-Houzel et al., 2015b). Marsupials therefore have
a changed relationship between number of neurons and neuronal density in the rest of brain compared to nonprimate eutherians, and fewer neurons in the rest of brain for a similar body mass (Fig. 11B; Dos Santos et al., unpublished observations).
The divergence of marsupials from eutherians of increasing body mass in respect to the number of neuronal cells that compose
the rest of brain, the part of the brain that is directly connected to bodily sources and targets, supports the suggestion of
Herculano-Houzel et al. (2015b) that larger bodies do not necessarily require larger numbers of neurons in a particular relationship to operate them, as previously proposed by Jerison (1973).
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Figure 8 Marsupials share with nonprimate eutherians the neuronal scaling rules for the cerebral cortex. (A) The relationship between marsupial
cerebral cortex mass (black) and its number of neurons (exponent, 1.329 ! 0.097, p < 0.0001; not shown) overlaps with that of nonprimate, nonscandentian eutherians (plotted; exponent, 1.631 ! 0.040, p < 0.0001). (B) Neuronal density in the cerebral cortex of marsupials scales with its
number of neurons in conformity to the relationship that applies to nonprimate, nonscandentian eutherians (plotted; exponent, "0.631 ! 0.040,
p < 0.0001). Data from Dos Santos et al., unpublished observations.

2.18.3.2.3

Distinct Allocation of Neurons to the Different Brain Structures in American and Australasian Marsupials

Even though marsupials share a common neuronal scaling rule with nonprimate eutherians for their cerebral cortex and have
a clade-speciﬁc rule for their cerebellum, the coordinated and linear scaling relationship that exists between numbers of neurons
in the two structures for eutherians as a whole also applies to marsupials, as shown in Fig. 12. The proportionality between numbers
of neurons in the cerebellum and the cerebral cortex of both South American and Australasian marsupials obeys the same ratio of
4:1 (four neurons added to the cerebellum for one neuron added to the cerebral cortex) previously found for eutherian mammals
(Fig. 12; Herculano-Houzel, 2010; Herculano-Houzel et al., 2014a; Dos Santos et al., unpublished observations). The shared ratio
of numbers of neurons across structures in the face of different scaling rules within each structure supports our hypothesis that the
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Figure 9 Distinct neuronal scaling rules apply to the cerebellum of marsupials. (A) Although most of marsupial data points fall within the 95%
conﬁdence interval for the power function (exponent, 1.283 ! 0.035, p < 0.0001) of nonprimate, noneulipotyphlan eutherians, an analysis of the
residuals showed that marsupials species have systematically more cerebellar neurons than nonprimate, noneulipotyphlan eutherians with cerebella
of similar size. (B) This results from larger neuronal densities found in marsupial cerebellum than in nonprimate, noneulipotyphlan species. Data
from Dos Santos et al., unpublished observations.

factors that control the scaling of brain structure mass are independent from those factors that control the allocation of neurons
across brain structures in evolution (Herculano-Houzel et al., 2014a).
That factors exist that control the allocation of neurons to different brain structures independent of the scaling within each
structure is supported by the different proportionalities found between numbers of neurons in the cerebral cortex or in the
cerebellum against the rest of brain, where clear differences appear not only across eutherians (Herculano-Houzel et al., 2015b)
but also between the two groups of marsupials.
Australasian marsupials have more neurons in the cerebral cortex than any afrotherian, glire, eulipotyphlan, scandentian, or even
South American marsupials with a similar number of neurons in the rest of brain (Fig. 13A). These large numbers of cortical
neurons for a given number of neurons in the rest of brain in Australasian marsupials make these animals comparable to primates
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Figure 10 The neuronal scaling rules for the rest of brain of marsupials differ from those known in eutherian mammals. (A) Residuals calculated
for marsupial species using the relationship between rest of brain mass and number of neurons that applies to nonprimate eutherians (plotted; exponent, 1.847 ! 0.099) are signiﬁcantly different from zero, suggesting that the neuronal scaling rule that applies to the rest of brain of marsupials
(1.598 ! 0.274, p ¼ 0.0006; not shown) is signiﬁcantly different from that of nonprimate, nonscandentian eutherians as for a same mass of rest of
brain, marsupials have fewer neurons than eutherians. (B) The marsupial-speciﬁc relationship between rest of brain mass and number of neurons
stems from lower neuronal densities in the rest of brain of marsupials than in eutherians with similar numbers of neurons in the structure. Data from
Dos Santos et al., unpublished observations.

and artiodactyls, with an average ratio between the neurons of the cerebral cortex and the neurons of the rest of brain not
signiﬁcantly different from the ratio of Artiodactyls (Fig. 13B). In contrast, South American marsupial species have ratios between
numbers of neurons in the cerebral cortex and rest of brain that are comparable to those found in glires, eulipotyphlans, scandentians, and small afrotherians. A similar scenario is found in the cerebellum, in line with the ﬁnding that numbers of neurons scale
coordinately across the cerebral cortex and cerebellum: Australasian marsupials gain neurons in the cerebellum over the rest of brain
as fast as primates and artiodactyls, with Australasian species having larger numbers of neurons allocated to the cerebellum over the
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Figure 11 Marsupials share with eutherians the relationship between neuronal density in the rest of brain and body mass, but not between body
mass and number of neurons in the rest of brain. (A) Marsupial neuronal density in the rest of brain scales with body mass in a way that largely
conforms to the relationship that applies to eutherians as a whole, including primates (plotted; exponent "0.302 ! 0.020, p < 0.0001). (B) In
contrast, marsupial species fall typically below the 95% conﬁdence interval of the power function that relates number of neurons in the rest of brain
and body mass across nonprimate species (plotted; exponent 0.332 ! 0.022; p < 0.0001). Thus, for a similar body mass, marsupials have fewer
neurons in the rest of brain than nonprimate eutherians. Data from Dos Santos et al., unpublished observations.

rest of the brain compared to afrotherians, glires, and eulipotyphlans with similar numbers of neurons in the rest of brain
(Fig. 14A). Here again, Australasian species compare with primates and artiodactyls as to their average ratio between the neurons
in the cerebellum and the neurons in the rest of brain (Fig. 14B).
Thus, while the same neuronal scaling rule applies to the cerebral cortex of Australasian and South American species, as well as to
nonprimate eutherians, the allocation of neurons to this structure over the rest of brain differs signiﬁcantly across the two groups of
marsupials. This difference points to a dissociation between, on the one hand, the developmental mechanisms that tie numbers of
neurons to neuronal cell size and therefore neuronal density (and thus determine the ﬁnal mass of a brain structure such as cerebral
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Figure 12 The scaling relationship between cerebellar numbers of neurons and cortical numbers of neurons is shared by all Theria, including
marsupials. The number of cerebellar neurons scales across marsupial species (black) as a function of the number of cortical neurons with exponent
0.931 ! 0.076 (p < 0.0001; not plotted) that is similar to the exponent of the function that applies to the ensemble of all other therian orders
(plotted; exponent, 0.933 ! 0.042, p < 0.0001). The universality suggests that a highly constrained pattern of distribution of neurons to these two
brain structures exists and is shared by all therian mammals. South American marsupial species shown with filled black symbols; Australasian species
shown with unfilled symbols. Data from Dos Santos et al., unpublished observations.

cortex), and on the other hand, those mechanisms that regulate the allocation of neurons to different brain structures (for instance,
by regulating the size of the initial progenitor pool of each structure). This is in agreement with the recent suggestion that mammalian brain evolution has occurred through both concerted and mosaic changes in those cellular mechanisms that link neuronal
proliferation to average cell size within and across structures (Herculano-Houzel et al., 2014a).

2.18.4 Summary and Conclusions: What Marsupials Tell Us About Ancestral Mammalian Brain and Brain
Evolution
Our recent study on the cellular composition of marsupial brains (Dos Santos et al., unpublished observations) has offered novel
data that bring a new light on ancestral mammalian brains and evolution. We found that marsupials share with eutherians the nonneuronal scaling rules that applies jointly to all major brain divisions, thus supporting the view that these rules applied to the ancestral therian. The recent ﬁnding that eutherian nonneuronal scaling rules are also shared with birds (Olkowicz et al., 2016) suggests
that glial cells are added to brain structures according to universal rules that applied to the ancestor to all amniotes. Therefore, we
expect the same rules to apply to Monotremata. It will be interesting to test that prediction in the future.
We ﬁnd that South American and Australasian marsupials also share with nonprimate eutherians the neuronal scaling rule that
applies to the cerebral cortex, a commonality that indicates that these rules applied to the last Theria ancestor (and probably to the
ancestral mammalian cerebral cortex), with the cerebral cortex of primates diverging later (Herculano-Houzel et al., 2014a). This
conformity of marsupials as a whole to what we propose to be the ancestral scaling rules for the cerebral cortex apparently supports
the notion that the cerebral cortex of these species can be used as a proxy for the cerebral cortex of ancestral mammals. However, we
ﬁnd a clear distinction between the two major marsupial branches, Didelphimorphia and Australidelphia, in the allocation of
neurons to the cerebral cortex and rest of brain: while the former do share with several eutherian clades the ratio of 2:1 between
numbers of neurons in the two structures that we have proposed to be an ancestral characteristic (Herculano-Houzel et al.,
2014a), Australidelphia exhibits much larger ratios, comparable to those of primates and artiodactyls. One likely implication is
that the cerebral cortex of Australidelphia then not only has more neurons than that of Didelphimorphia with similar numbers
of neurons in the rest of brain, but also the cortex of the former exerts more complex processing of the information relayed by neurons
in the rest of braindpossibly even containing cortical neurons with purely motor functions, as in eutherians (see Kaas, Chapters 2.04,
The Organization of Neocortex in Early Mammals; 3.11, Evolution of Visual Cortex in Primates; and 3.15, Evolution of ParietalFrontal Networks in Primates). We therefore expect the cerebral cortex of Australidelphia to be more complex in organization,
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Figure 13 Australasian and South American marsupial species differ in the relationship between numbers of neurons in the cerebral cortex and
numbers of neurons in the rest of brain. (A) South American marsupials (filled black symbols) strictly overlap with the distribution of neurons in the
cerebral cortex as a function of the number of neurons in the rest of brain found for nonprimate, nonartiodactyl eutherians, whereas all but one Australasian species (unfilled black symbols) fall outside the 95% conﬁdence interval of this distribution approaching artiodactyls and primates. (B) As
a consequence, the ratio between numbers of neurons in the cerebral cortex and in the rest of brain of these Australasian species (6.2 ! 0.6)
compares to that of artiodactyls (7.3 ! 1.2) and differs signiﬁcantly from that of their South American counterparts (2.2 ! 0.3) and other nonprimate, nonartiodactyl eutherians. Data from Dos Santos et al., unpublished observations.

compared to Didelphimorphia, than predicted simply from the larger numbers of neurons in the cerebral cortex of the former. Thus,
while small extant Didelphimorphia may well represent a good proxy for the ancestral mammalian cerebral cortex, Australidelphia
present features as derived as those found in primates and artiodactyls, and thus marsupials as a clade should no longer be considered
“primitive” mammals simply because of their early emergence in mammalian evolution (in accordance to Pirlot, 1986). The report of
comparable encephalization levels between Australasian marsupials and eutherian mammals, including prosimian primates (Ashwell, 2008), reinforces the idea that extant marsupials as a whole are not as “ancestral-like” as would be expected from the simple
organization of the cerebral cortex of Didelphimorphia.
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Figure 14 Australasian and South American marsupials differ in the relationship between numbers of neurons in the cerebellum and numbers of
neurons in the rest of brain. (A) Australasian marsupial species have signiﬁcantly more cerebellar neurons than expected for the number of neurons
in the rest of brain, given the relationship that applies to nonprimate, nonartiodactyl eutherians, to which two of three South American species
conform (plotted power function; exponent, 1.169 ! 0.116, p < 0.0001). (B) As found in the cerebral cortex, Australasian species have high ratios
between cerebellar neurons and neurons in the rest of brain that are comparable to those of primates and artiodactyls but different from those of
South American marsupials as well as nonprimate, nonartiodactyl therians. Data from Dos Santos et al., unpublished observations.

While the lack of evidence of a distinct primary motor area in the South American opossum, Monodelphis, discussed previously, is
suggestive of a preserved early characteristic of the cerebral cortex in this species, it remains to be determined whether a purely motor
cortex exists in other Didelphimorphia, and in Australidelphia as a whole. Electrophysiological recording or brain imaging
techniques would need to be applied to these animals to clarify this enigma and gain a better understanding on the organization
of the cerebral cortex in a much wider range of marsupial species. However, at the moment, it seems impractically ambitious to
maintain a kangaroo or a Tasmanian devil quiet in a scanning device for imaging acquisition.
Examining the cellular composition of the cerebral cortex and rest of brain of small australidelphian marsupials, such as the
brushtail possum and the Tasmanian pigmy possum, and determining whether they share features with small Didelphimorphia
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or rather with other Australidelphia will also be key to understanding the changes to the cerebral cortex in the evolutionary history
of marsupials. Similarly, the distribution of neurons between the cerebral cortex and rest of brain of the Virginia opossum, the
largest Didelphimorphia, remains to be determined; our prediction is that it will conform to other Didelphimorphia.
To conclude, we can now say that while South American and Australasian marsupials share some cellular scaling rules with
eutherians, other features of their brains show enough derivation to make it inappropriate to refer to the brain of extant marsupials
as a whole as proxies of the early mammalian brain. The epithet “primitive,” if used at all, must be reserved to those few smallbrained South American species that do share with some other eutherians the features that have been identiﬁed as ancestral among
mammalsdand possibly only to their cerebral cortex. Still, one must keep in mind that, exactly because marsupials are the earliest
group to diverge in therian evolution, they also are the group that had the most time to evolve.
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