. biology

Article

Comparative Study of Brain Size Ontogeny: Marsupials and
Placental Mammals

Carmen De Miguel !, Arthur Saniotis 1'%, Agata Cieslik 2

check for
updates

Citation: De Miguel, C.; Saniotis, A.;
Cieslik, A.; Henneberg, M.
Comparative Study of Brain Size
Ontogeny: Marsupials and Placental
Mammals. Biology 2022, 11, 900.
https://doi.org/10.3390/
biology11060900

Academic Editors: Carla Mucignat
and Sandro Krieg

Received: 11 April 2022
Accepted: 8 June 2022
Published: 10 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Maciej Henneberg -3

Biological Anthropology and Comparative Anatomy Research Unit (BACARU), School of Biomedicine,
The University of Adelaide, Adelaide 5005, Australia; karmen.demiguel@gmail.com (C.D.M.);
maciej.henneberg@adelaide.edu.au (M.H.)

Department of Anthropology, Ludwik Hirszfeld Institute of Immunology and Experimental Therapy,
Polish Academy of Sciences, Weigla 12, 53-114 Wroclaw, Poland; agata.cieslik@hirszfeld.pl

3 Institute of Evolutionary Medicine, University of Zurich, CH-8057 Zurich, Switzerland

*  Correspondence: arthur.saniotis@hirszfeld.pl

Simple Summary: This study examined brain/body ontogenetic growth in marsupials and compared
it with placental mammals. While marsupials display morphology and cerebral organization diverse
from placentals, their neocortical arrangement and cellular composition is unclear. Unfortunately,
knowledge of marsupial ontogenetic brain/body size allometry is limited. Since marsupial brain
structure and volume differ when compared with those of placentals, marsupials are considered to
possess simple behavioural patterns. This is misleading, since even at a basic observation, Australian
marsupials display many of the same mental capacities as other mammals. Consequently, the study
findings support further investigation into the intellectual abilities of marsupials.

Abstract: There exists a negative allometry between vertebrate brain size and body size. It has been
well studied among placental mammals but less is known regarding marsupials. Consequently,
this study explores brain/body ontogenetic growth in marsupials and compares it with placental
mammals. Pouch young samples of 43 koalas (Phascolarctos cinereus), 28 possums (Trichosurus
vulpecula), and 36 tammar wallabies (Macropus eugenii) preserved in a solution of 10% buffered
formalin, as well as fresh juveniles and adults of 43 koalas and 40 possums, were studied. Their brain
size/body size allometry was compared to that among humans, rhesus monkeys, dogs, cats, rats,
guinea pigs, rabbits, wild pigs, and mice. Two patterns of allometric curves were found: a logarithmic
one (marsupials, rabbits, wild pigs, and guinea pigs) and a logistic one (the rest of mammals).

Keywords: brain/body allometry; ontogenesis; brain variability; neuronal units; logarithmic/logistic curves

1. Introduction

Brain growth patterns in various mammals have been examined in the scientific
literature [1-7]. These patterns relate to the notion of allometry introduced by D’Arcy
Thompson in his book On Growth and Form [8]. Jerison’s extensive study of static brain/body
size allometry of adult vertebrates established a method for studying mammalian brains;
it did not, however, include their ontogenetic development [9]. Since, however, static
allometry is a result of variations in developmental (ontogenetic) processes [10], study of
ontogenetic brain size/body size allometry is important. This has been recently summarised
by Montgomery et al. [11], and further discussed by Packard (2019) and Tsuboi (2019) [12,13].
Marsupials, mammals who deliver their young at an early stage of foetal development due
to the lack of developed placenta and nurse them in pouches on their bodies, have been
less extensively studied for brain allometries than placental mammals.

In relation to brain composition, early comparative studies of mammalian brains
deemed them to be similarly fashioned, especially with regard to cerebral cortex volume
and neuron/glia density ratio [14-16]. It has been acknowledged that there exists a negative
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allometry of relation of the brain size to body size in ontogeny [7]. Hawkes and Finlay
also note that the frequency of neurogenesis in placental mammals tends to be fixed [7].
However, there is greater variability in marsupial brain development [7,17].

Although marsupials exhibit considerable diversity in their morphology, behaviour
and cerebral organization, their neocortical arrangement and cellular composition is not
as well understood as in placental mammals [5,16]. An exception is a commentary on low
neocortical neuronal density in the opossum (Didelphis virginiana) [15].

Due to their distinct reproductive method, marsupials allow us to study growth of the
pouch young and thus to easily observe stages of growth corresponding to intrauterine
stages in placental mammals [18-21]. Although earlier studies of brain growth in marsupi-
als do not usually include placental mammals in their comparisons [22-24], there has been
increasing interest in marsupial brain growth [5,14,21,25]. Moreover, it has been suggested
that developmental studies in marsupials constitute a relevant model for biomedical re-
search [26]. Like placental mammals, marsupials exhibit similar neocortical organization,
as well as distinct connectivity in cortical areas A1, S1,S2, V1, and V2 [5].

A recent study by Todorov et al. emphasizes that reproductive strategies and ma-
ternal investments can significantly shape the size of marsupials’ brains [27]. However,
knowledge of marsupial ontogenetic brain/body size allometry is limited. Consequently,
this study explores brain/body ontogenetic growth in marsupials and compares it with
placental mammals.

2. Materials and Methods

We studied the ontogeny of brain weight relative to body weight using pouch young
samples of 43 koalas (Phascolarctos cinereus), 28 possums (Irichosurus vulpecula), and
36 tammar wallabies (Macropus eugenii) preserved in a solution of 10% buffered formalin.
The whole animal was weighed to the nearest 0.01 g. The brain was extracted by dissection
and also weighed to the nearest 0.01 g. Furthermore, fresh juveniles and adults of 43 koalas
and 40 possums were studied and data on body weight and brain weight were recorded.

All the animals were collected under the University of Adelaide Animal Ethics Permit
5/3/96 and South Australian National Parks Permit K23749-02. The animals studied
died of natural or accidental causes in the Adelaide Hills or on Kangaroo Island. All the
procedures were conducted according to the University of Adelaide ethical guidelines
and regulations.

The method employed to obtain the data from the koala and possum samples is
described by De Miguel & Henneberg [28]. The wallaby sample of 59 juveniles and adults
was drawn from the collection of Kangaroo Island tammar wallabies prepared by Margy
Wright (Department of Applied & Molecular Ecology, University of Adelaide). Body
weights were taken in the field by Dr. Wright to the nearest 10 g, while the values for adult
wallaby brains were estimated from measurements of endocranial volume taken by filling
the skull with mustard seeds and measuring its volume to the nearest millilitre by C.D.M.

Data for the rest of the species analysed in this study were taken from the literature.
References are indicated next to corresponding figures. In some publications, raw data for
each specimen were available, but in most cases, only averages for each age group were
published. Some data were listed in tables but for some species they were extracted from
published scatterplots.

To ensure comparability of data for all species, brain sizes and body sizes were all
expressed as percentages of the average adult values. A number of regression curves were
fitted to the data for each species. They included linear, exponential, power, polynomial,
and logistic curves. The best fitting curves in each case were selected based on their
coefficients of determination (r?).

3. Results

We studied the growth of brain size compared to body size, both standardized on adult
(final) values. This approach provides for the comparability of animals of very different
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brain sizes and body sizes. Two kinds of curves fitted the data sets: they were either
logarithmic or logistic. All other types of regression gave poorer fits. Therefore, two types
of brain growth patterns could be discerned: “Model A” and “Model B” (Figures 1a and 2a).
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(a) Model A of brain size growth relative to body size growth, all
species together.
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(b) Brain growth in brushtail possum (Trichosurus vulpecula).
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(c) Brain growth in koala (Phascolarctus cinereus).

Figure 1. Cont.
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(d) Brain growth in tammar wallaby (Macropus eugenii).

Kangaroos
120

100 .

80

Brain mass as a percentage of average adult brain mass
@
3

P . y =11.858In(x) + 27.14
R?=0.9405
40
20
0
0 20 40 60 80 100 120

Body mass as a percentage of average adult body mass
(e) Brain growth in eastern grey kangaroo (Macropus giganteus).
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(f) Brain growth in guinea pig (Cavia porcellus). Data points represent
averages of brain and body weights for each age group (N =2-12).

Figure 1. Cont.
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(g) Brain growth in European rabbit (Oryctolagus cuniculus). Data points
represent average brain (N = 3-13) and body (N =4-59) weights for each

age group.
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(h) Brain growth in wild pig (Sus scrofa). Data points represent average
brain and body weights for each age group (N = 1-6).

Figure 1. (a) Data from Figure 1b-h. (b) Data collected for this study. (c) Data from De Miguel and
Henneberg, 1988 [28]. (d) Data from Janssens et al., 1997 and this study [24]. (e) Data from Nelson,
1988 [23]. (f) Data from Dobbing and Sands, 1970 [29]. (g) Data from Harel et al., 1972 [30]. (h) Data
from Dickerson and Dobbing, 1967 [31].
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(a) Model B of brain size growth relative to body size growth, all
species together.
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Humans, averages for age groups
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(b) Brain growth in humans (averages). Data points represent averages of
brain and body weights for each age group.
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(c) Brain growth in humans (single data).
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(d) Brain growth in rhesus monkeys (Macaca mulatta).
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(e) Brain growth in dogs (Canis familiaris). Data points represent averages
of brain and body weights for each age group (N = 3).

Figure 2. Cont.
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(f) Brain growth in cats (Felis catus). Data points represent averages of
brain and body weights for each age group (N = 3).
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(g) Brain growth in rats (Rattus norvegicus, black hooded). Data points
represent averages of brain and body weights for each age group (N = 6-37).
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(h) Brain growth in mice (Mus musculus).

Figure 2. (a) Data from Figure 2b-h. (b) Data from Passingham, 1975; Harel et al., 1972 [4,30].
(c) Data from Count, 1947; Dobbing and Sands, 1973; Connolly, 1950; Spector, 1956; Dickerson et al.;
1982; Zilles, 1972; Kretschmann et al., 1986 [1,32-37]. (d) Data from Holdt et al., 1975; Falk et al.,
1999 [3,38]. (e) Data from Agrawal et al., 1968 [39]. (f) Data from Agrawal et al., 1967 [40]. (g) Data
from De Souza and Dobbing, 1971 [41]. (h) Data from Agrawal et al., 1968 [42].

Model A is characterised by fast growth in early ontogeny followed by a gradual
slow-down of the growth velocity continuing into adulthood, but never ceasing completely
(Figure 1a). It is well described by a logarithmic curve of the general form:

BRAIN = 25 + 14 In (BODY) [%]

The logarithmic curve fits all species equally well (R? = 0.94-0.98), placental mam-
mal and marsupial alike (possum, koala, wallaby, kangaroo, guinea pig, rabbit, and pig)
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(Figure 1b-h). Exact values of coefficients for each species vary a little depending on each
exact data set.

Model B is characterised by fast, nearly linear growth in early ontogeny, followed by
a relatively sharp slow-down to reach the asymptotic stasis in adulthood. A slight decline
of brain size may happen at an old age. This pattern of growth is best approximated by
a logistic curve of the general form:

210

Yet again, the logistic equation provided good approximation (R? = 0.90-0.99) to the
growth of brain vs. body size in all placental mammal species falling into this group
(humans, rhesus monkeys, dogs, cats, rats, and mice) (Figure 2a—g).

4. Discussion

Brain growth compared to body size is similar among mammals; however, two pat-
terns (model A and model B) may be distinguished. Model A occurs in mammals whose
body size increases continuously during adult life, e.g., in marsupials [43]. Such continuous
body size increase after sexual maturity occurs in pigs [44], rabbits [45,46], and cavies [47],
and hence the Model A applies to them, too. Model B shows mammals, including humans,
whose body size stabilizes after reaching the adulthood. In both models, brain size remains
in clear relationship to body size. This study shows that the human brain is a mammalian
organ that, concerning its growth in size, is in no particular way exceptional. This is
evident when comparing it to the pattern of brain growth in other mammals. Human
brain anatomy is very similar to that of other primate brains [48]. The findings of our
study confirm Passingham’s argument that not only is the human brain growth rate within
an expected mammalian variation range, but also, that mammalian brain growth rates are
more similar than body growth rates [4]. It was Ramon y Cajal who noted that mammalian
brains have conserved similar anatomical features in relation to connectivity [49]. Recently,
a study by Halley [50] verified that the brain growth rate minimally differed in foetal
neurogenesis in placental mammals. However, this was not correlated to variations in
whole body or visceral organ growth rates. Thus, during prenatal development, the brain
growth rate of placental mammals is noticeably conserved [50]. It has been noted that the
development of the brain and body in different vertebrates follows different ontogenetic
pathways [11]. In mammals, there are two ontogenetic patterns of brain growth. In the first
instance, brain growth ceases before the body is fully developed. In the second instance,
brain growth is relative to body growth [11]. For instance, male eastern grey kangaroos
continue to grow (especially forelimb length) much longer after females have reached
mature size [51-54].

In our study, Model A indicates mammals which experience continued brain and
musculoskeletal growth with eventual slowing down with age. Model B includes various
species in which brain growth ceases around sexual maturity. Additionally, our study
promotes further examination of the correlation between musculoskeletal development and
motor neuron numbers in the brains of mammals. The basic idea here is that each motor
unit of skeletal muscle is represented by a cortical neuron. Thus, the larger number of
motor units is represented by larger number of cortical neurons, hence the greater brain size.
This idea is illustrated by a well-known model of cortical homunculus in which human
hands are represented by a large cortical area because of numerous neuronal units, while
feet have a smaller representation [55]. This example may be important when comparing
developmental differences in the mammals featured in Models A and B in the context
of the number of motor units. At this time, we may speculate that mammals in Model
A show a tendency towards increasing numbers of neurons controlling their growing
musculoskeletal system in motor cortices with consequent brain size growth, since these
neurons obviously form more connections and require appropriate glial cell support.



Biology 2022, 11, 900

9of 12

The volume of the hominin braincase has tripled in the last 3 million years (from about
450 mL to currently 1350 mL) [56]. However, evolutionary hominin brain size increase
matches the increase in hominin body size [57-60]. Interestingly, human brain volume
during the Holocene period has decreased by approximately 10% (100-150 mL or one
standard deviation) following a reduction in the human body’s robusticity [61,62].

It has been suggested that the quality of human brain functions depends more on
neurohormonal and neurotransmitter regulation than on its size [63]. Behavioural dif-
ferences between mammals may also result more from neurohormonal regulation than
brain size [60]. The nature of the increase in adult brain size requires further investigation,
especially in the areas of neuronal connectivity and structure which reveal differences
between mammalian species. For instance, it has been noted that while human frontal
lobes show greater connectivity in the gPFC than in the gPFC of other placental mammals,
the human frontal lobes are smaller than predicted in relation to non-human primates [64].
Another recent study (analysis of the connectome of 123 brains of various mammalian
species including humans) shows that brain connectivity in mammals is identical, as well as
being independent from structure and volume of the mammal’s brain [49]. The study also
contends that brain connectivity in all mammals follows a universal law of conservation
where the transmission of informational efficiency neural networks is equal. Both models
of brain size growth described here fit a number of mammals with different evolutionary
histories, positions in trophic chains, geographic locations, environmental settings, and
behavioural characteristics.

Due to the fact that the brain of marsupials differs in both structure and volume when
compared with that of placental mammals, marsupials are considered animals of rather
simple behaviour. However, even a basic observation of the Australian marsupials shows
that they display many of the same mental capacities as other mammals. They orientate well
in their environment and interact with other animals and with humans in adaptive ways.
Koalas, whose living environment is comparable to primates, display behaviours similar to
primates: thorough judgment of supports and three-dimensional structures during climbing
to treetops, and vertical clinging and leaping following careful judgment of the three-
dimensional environment for distances and supports (M.H. own observations). Kangaroos,
wallabies, wombats, and koalas can be tamed by humans, with whom they interact cogently
and make good companion animals. However, neurophysiological studies on marsupial
brain structure have not been combined with behavioural studies [65], especially in their
natural environment.

It seems, therefore, that the intellectual abilities of marsupials need more investigation,
as this would assist scientists in improving their knowledge of marsupial brain devel-
opmental patterns throughout their ontogeny. This would also provide a more feasible
comparison of brain/body ontogenetic growth with placental mammals.

Author Contributions: C.D.M. contributed to paper conceptualization, analysis and interpretation,
and preparation of first draft. A.S. contributed to stylistic/grammatical revisions, reviewing and
editing, and final draft. A.C. contributed to the discussion, interpretation, reviewing and editing, and
final draft. M.H. contributed to paper conceptualization, analysis and interpretation, preparation
of first draft, all figures, editing, and final draft. All authors have read and agreed to the published
version of the manuscript.

Funding: Wood Jones Bequest to the University of Adelaide and a small Australian Research Council grant.

Institutional Review Board Statement: The study was approved by the University of Adelaide
Animal Ethics Permit 5/3/96 and South Australian National Parks Permit K23749-02.

Informed Consent Statement: Not applicable.
Data Availability Statement: All data are available from authors on request.

Acknowledgments: Thanks to Margy Wright (Department of Applied & Molecular Ecology, Univer-
sity of Adelaide) for access to the collection and data of Kangaroo Island tammar wallabies. This
work was supported by a Small ARC Grant, the Wood Jones Bequest, and The University of Adelaide.



Biology 2022, 11, 900 10 of 12

Conflicts of Interest: Authors declare no conflict of interests.

References

1. Count, E.W. Brain and body weight in man: Their antecedents in growth and evolution. Ann. N. Y. Acad. Sci. 1947, 46, 993-1122.
[CrossRef]

2. Sacher, G.A,; Staffeldt, E.F. Elation of gestation time to brain weight for placental mammals: Implications for the theory of
vertebrate growth. Am. Nat. 1974, 108, 593-615. [CrossRef]

3.  Holt, A.B.; Cheek, D.B; Mellits, E.D.; Hill, D.E. Brain size and the relation of the primate to the non-primate. In Fetal and Postnatal
Cellular Growth: Hormones and Nutrition; Cheek, D., Ed.; John Wiley & Sons: New York, NY, USA, 1975; pp. 23—44. [CrossRef]

4.  Passingham, R. Rates of Brain Development in Mammals Including Man. Brain Behav. Evol. 1975, 26, 167-175. [CrossRef]
[PubMed]

5. Karlen, S.J.; Krubitzer, L. The functional and anatomical organization of marsupial neocortex: Evidence for parallel evolution
across mammals. Prog. Neurobiol. 2007, 82, 122-141. [CrossRef]

6. Weisbecker, V.; Goswami, A. Brain size, life history, and metabolism at the marsupial/placental dichotomy. Proc. Natl. Acad.
Sci. USA 2010, 107, 16216-16221. [CrossRef]

7. Hawkes, K; Finlay, B.L. Mammalian brain development and our grandmothering life history. Physiol. Behav. 2018, 193, 55-68.
[CrossRef]

8. Thompson, D.W. On Growth and Form; Cambridge University Press: Cambridge, UK, 1997.

9.  Jerison, H.J. Evolution of the Brain and Intelligence; Academic Press: New York, NY, USA, 1973.

10. Hallgrimsson, B.; Katz, D.C.; Aponte, ].D.; Larson, ].R.; Devine, J.; Gonzales, PN.; Young, N.M.; Roseman, C.C.; Marcucio, R.S.
Integration and the developmental genetics of allometry. Integr. Comp. Biol. 2019, 59, 1369-1381. [CrossRef]

11. Montgomery, S.H.; Mundy, N.I; Barton, R.A. Brain evolution and development: Adaptation, allometry and constraint. Proc. R.
Soc. B Boil. Sci. 2016, 283, 20160433. [CrossRef]

12.  Packard, G.C. The fallacy of biphasic growth allometry for the vertebrate brain. Biol. J. Linn. Soc. 2019, 128, 1057-1067. [CrossRef]

13.  Tsuboi, M. Biological interpretations of the biphasic model of ontogenetic brain-body allometry: A reply to Packard. Biol. J.
Linn. Soc. 2019, 128, 1068-1075. [CrossRef]

14. Dos Santos, S.E.; Porfirio, J.; Da Cunha, FEB.; Manger, P.R.; Tavares, W.; Pess6a, L.; Raghanti, M.A.; Sherwood, C.C,;
Herculano-Houzel, S. Cellular Scaling Rules for the Brains of Marsupials: Not as “Primitive” as Expected. Brain Behav. Evol. 2017,
89, 48-63. [CrossRef] [PubMed]

15. Haug, H. Brain sizes, surfaces, and neuronal sizes of the cortex cerebri: A stereological investigation of man and his variability
and a comparison with some mammals (primates, whales, marsupials, insectivores, and one elephant). Am. J. Anat. 1987, 180,
126-142. [CrossRef] [PubMed]

16. Stolzenburg, J.-U.; Reichenbach, A.; Neumann, M. Size and density of glial and neuronal cells within the cerebral neocortex of
various insectivorian species. Glia 1989, 2, 78-84. [CrossRef] [PubMed]

17.  Darlington, R.B.; Dunlop, S.A; Finlay, B.L. Neural development in metatherian and eutherian mammals: Variation and constraint.
J. Comp. Neurol. 1999, 411, 359-368. [CrossRef]

18. Renfree, M.B. Review: Marsupials: Placental Mammals with a Difference. Placenta 2010, 31, 521-526. [CrossRef]

19. Chavan, A.R; Griffith, O.; Wagner, G.P. The inflammation paradox in the evolution of mammalian pregnancy: Turning a foe into
a friend. Curr. Opin. Genet. Dev. 2017, 47, 24-32. [CrossRef]

20. Smith, KK. Going from s mall to large: Mechanical implications of body size diversity in terrestrial mammals. In Great
Transformations in Vertebrate Evolution; Dial, K.P.,, Shubin, N., Brainerd, E.L., Eds.; University of Chicago Press: Chicago, IL, USA,
2015; pp. 205-225.

21. Weisbecker, V.; Blomberg, S.; Goldizen, A.W.; Brown, M.; Fisher, D. The Evolution of Relative Brain Size in Marsupials Is
Energetically Constrained but Not Driven by Behavioral Complexity. Brain Behav. Evol. 2015, 85, 125-135. [CrossRef]

22. Renfree, M.; Holt, A.; Green, S.; Carr, J.; Cheek, D. Ontogeny of the Brain in a Marsupial (Macropus eugenii) Throughout Pouch
Life. Brain Behav. Evol. 1982, 20, 57-71. [CrossRef]

23.  Nelson, J.E. Growth of the brain. In The Developing Marsupial: Models for Biomedical Research; Tyndale-Biscoe, C.H., Janssens, PA., Eds.;
Springer: Berlin/Heidelberg, Germnay, 1988; pp. 86-100.

24. Janssens, P.A.; Hulbert, A.J.; Baudinette, R.V. Development of the pouch young from birth to pouch vacation. In Marsupial Biology:
Recent Research, New Perspectives; Saunders, N., Hinds, L., Eds.; University of New South Wales Press: Sydney, Australia, 1997;
pp- 71-89.

25. Suarez, R.; Paolino, A.; Kozulin, P; Fenlon, L.R.; Morcom, L.R.,; Englebright, R.; O'Hara, PJ.; Murray, PJ.; Richards, L.J.
Development of body, head and brain features in the Australian fat-tailed dunnart (Sminthopsis crassicaudata; Marsupialia:
Dasyuridae); A postnatal model of forebrain formation. PLoS ONE 2017, 12, €0184450. [CrossRef]

26. Tyndale-Biscoe, C.H.; Janssens, P.A. (Eds.) The Developing Marsupial: Models for Biomedical Research; Springer: Berlin, Germany,
1998; pp. 1-7.

27.  Todorov, O.S.; Blomberg, S.P.; Goswami, A.; Sears, K.; Drhlik, P; Peters, J.; Weisbecker, V. Testing hypotheses of marsupial brain

size variation using phylogenetic multiple imputations and a Bayesian comparative framework. Proc. R. Soc. B Boil. Sci. 2021,
288,20210394. [CrossRef]


http://doi.org/10.1111/j.1749-6632.1947.tb36165.x
http://doi.org/10.1086/282938
http://doi.org/10.1371/journal.pone.0184450
http://doi.org/10.1159/000118773
http://www.ncbi.nlm.nih.gov/pubmed/3936591
http://doi.org/10.1016/j.pneurobio.2007.03.003
http://doi.org/10.1073/pnas.0906486107
http://doi.org/10.1016/j.physbeh.2018.01.013
http://doi.org/10.1093/icb/icz105
http://doi.org/10.1098/rspb.2016.0433
http://doi.org/10.1093/biolinnean/blz075
http://doi.org/10.1093/biolinnean/blz149
http://doi.org/10.1159/000452856
http://www.ncbi.nlm.nih.gov/pubmed/28125804
http://doi.org/10.1002/aja.1001800203
http://www.ncbi.nlm.nih.gov/pubmed/3673918
http://doi.org/10.1002/glia.440020203
http://www.ncbi.nlm.nih.gov/pubmed/2524445
http://doi.org/10.1002/(SICI)1096-9861(19990830)411:3&lt;359::AID-CNE1&gt;3.0.CO;2-J
http://doi.org/10.1016/j.placenta.2009.12.023
http://doi.org/10.1016/j.gde.2017.08.004
http://doi.org/10.1159/000377666
http://doi.org/10.1159/000121581
http://doi.org/10.1371/journal.pone.0184450
http://doi.org/10.1098/rspb.2021.0394

Biology 2022, 11, 900 11 0f12

28.
29.

30.
31.
32.
33.
34.
35.
36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.
56.
57.
58.
59.
60.

61.
62.

De Miguel, C.; Henneberg, M. Encephalization of The Koala, Phascolarctos cinereus. Aust. Mammal. 1998, 20, 315-320. [CrossRef]
Dobbing, J.; Sands, J. Growth and development of the brain and spinal cord of the guinea pig. Brain Res. 1970, 17, 115-123.
[CrossRef]

Harel, S.; Watanabe, K.; Linke, I.; Schain, R. Growth and Development of the Rabbit Brain. Neonatology 1972, 21, 381-399.
[CrossRef] [PubMed]

Dickerson, ].W.T.; Dobbing, J. Prenatal and postnatal growth and development of the central nervous system of the pig. Proc. R.
Soc. London. Ser. B Boil. Sci. 1967, 166, 384-395. [CrossRef]

Dobbing, J.; Sands, J. Quantitative growth and development of human brain. Arch. Dis. Child. 1973, 48, 757-767. [CrossRef]
Connolly, C.J. External Morphology of the Primate Brain. Am. J. Biol. Anthropol. 1950, 8, 516-517.

Spector, W.S. Handbook of Biological Data; W.B. Saunders Company: Philadelphia, PA, USA; London, UK, 1956.

Dickerson, ].W.; Merat, A.; Yusuf, HK.M. Effects of malnutrition on brain growth and development. In Brain and Behavioural
Development; Dickerson, ] W.T., McGurk, H., Eds.; Surrey University Press: London, UK, 1982; pp. 73-108.

Zilles, K. Biometrische analyse der frischvolumina verschiedener prosencephaler hirnregionen von 78 menschlichen, adulten
gehirnen. Gegenbaurs Morphol. Jahrb. 1972, 118, 234-273.

Kretschmann, H.J.; Kammradt, G.; Krauthausen, I.; Sauer, B.; Wingert, F. Brain growth in man. Bibl. Anat. 1986, 28, 1-26.

Falk, D.; Froese, N.; Sade, D.S.; Dudek, B.C. Sex differences in brain/body relationships of Rhesus monkeys and humans. J. Hum. Evol.
1999, 36, 233-238. [CrossRef]

Agrawal, H.C.; Davis, ].M.; Himwich, W.A. Water content of dog brain parts in relation to maturation of the brain. Am. J.
Physiol. Content 1968, 215, 846-848. [CrossRef]

Agrawal, H.C; Davis, ].M.; Himwich, W.A. Water content of developing kitten brain. J. Neurochem. 1967, 14, 179-181. [CrossRef]
[PubMed]

De Souza, S.W.; Dobbing, J. Cerebral edema in developing brain: I. Normal water and cation content in developing rat brain and
postmortem changes. Exp. Neurol. 1971, 32, 431-438. [CrossRef]

Agrawal, H.C,; Davis, ].M.; Himwich, W.A. Developmental changes in mouse brain: Weight, water content and free amino acids.
J. Neurochem. 1968, 15, 917-923. [CrossRef] [PubMed]

Karkach, A. Trajectories and models of individual growth. Demogr. Res. 2006, 15, 347-400. [CrossRef]

Dzieciolowski, Z.M.; Clarke, C.M.H.; Fredric, B.]. Growth of feral pigs in New Zealand. Acta Theriol. 1990, 35, 77-88. [CrossRef]
Blasco, A.; Gomez, E. A note on growth curves of rabbit lines selected on growth rate or litter size. Anim. Prod. 1993, 57, 332-334.
[CrossRef]

Blasco, A.; Piles, M.; Varona, L. A Bayesian analysis of the effect of selection for growth rate growth curves in rabbits. Genet. Sel. Evol.
2003, 35, 21-41. [CrossRef]

Salvador, C.H.; Fernandez, F.A.S. Reproduction and growth of a rare, Island-endemic cavy (cavia intermedia) from Southern
Brazil. J. Mammal. 2008, 89, 909-915. [CrossRef]

Radinsky, L. The Fossil Record of Primate Brain Evolution; American Museum of Natural History: New York, NY, USA, 1979.
Assaf, Y.; Bouznach, A.; Zomet, O.; Marom, A.; Yovel, Y. Conservation of brain connectivity and wiring across the mammalian
class. Nat. Neurosci. 2020, 23, 805-808. [CrossRef]

Halley, A.C. Minimal variation in eutherian brain growth rates during fetal neurogenesis. Proc. R. Soc. B Boil. Sci. 2017,
284, 20170219. [CrossRef]

Jarman, PJ. Sexual dimorphism in Macropodoidea. In Kangaroos, Wallabies and Rat-Kangaroos; Grigg, G., Jarman, P., Hume, I, Eds.;
Surrey Beatty & Sons Pty Ltd.: Chipping Norton, Australia, 1989; pp. 433-447.

Jarman, PJ. Social behavior and organization in the Macropodoidea. In Advances in the Study of Behavior; Slater, PJ.B., Rosenblatt, J.S.,
Beer, C., Milinski, M., Eds.; Academic Press: San Diego, CA, USA, 1991; pp. 1-47.

Poole, W.; Carpenter, S.; Wood, J. Growth of Grey Kangaroos and the Reliability of Age Determination from Body Meausrements
I. The Eastern Grey Kangaroo, Macropus giganteus. Wildl. Res. 1982, 9, 9-20. [CrossRef]

Poole, W.; Carpenter, S.; Wood, J. Growth of Grey Kangaroos and the Reliability of Age Determination from Body Measurements
IL.* The Western Grey Kangaroos, Macropus fuliginosus fuliginosus, M. f. melanops and M. f. ocydromus. Wildl. Res. 1982,
9,203-212. [CrossRef]

Snell, R.S. Clinical Neuroanatomy, 7th ed.; Wolters Kluwer: Alphen aan den Rijn, The Netherlands; Lippincott Williams & Wilkins:
Philadelphia, PA, USA, 2010.

De Miguel, C.; Henneberg, M. Variation in hominid brain size: How much is due to method? Homo 2001, 52, 3-58. [CrossRef]
[PubMed]

Henneberg, M. Evolution of the human brain: Is bigger better? Clin. Exp. Pharmacol. Physiol. 1998, 25, 745-749. [CrossRef]
Henneberg, M.; Saniotis, A. Evolutionary origins of human brain and spirituality. Anthr. Anz. 2009, 67, 427-438. [CrossRef]
Saniotis, A.; Henneberg, M. An Evolutionary Approach Toward Exploring Altered States of Consciousness, Mind-Body Tech-
niques, and Non-Local Mind. World Futur. 2011, 67, 182-200. [CrossRef]

Saniotis, A.; Grantham, ].P.; Kumaratilake, J.; Henneberg, M. Neuro-hormonal Regulation Is a Better Indicator of Human
Cognitive Abilities Than Brain Anatomy: The Need for a New Paradigm. Front. Neuroanat. 2020, 13, 101. [CrossRef]
Henneberg, M. Decrease of human skull size in the Holocene. Hum. Biol. 1988, 60, 395-405.

Brown, P. Recent human evolution in East Asia and Australasia. Philos. Trans. R. Soc. B Biol. Sci. 1992, 337, 235-242. [CrossRef]


http://doi.org/10.1071/AM98315
http://doi.org/10.1016/0006-8993(70)90311-2
http://doi.org/10.1159/000240527
http://www.ncbi.nlm.nih.gov/pubmed/4657752
http://doi.org/10.1098/rspb.1967.0002
http://doi.org/10.1136/adc.48.10.757
http://doi.org/10.1006/jhev.1998.0273
http://doi.org/10.1152/ajplegacy.1968.215.4.846
http://doi.org/10.1111/j.1471-4159.1967.tb05890.x
http://www.ncbi.nlm.nih.gov/pubmed/6020706
http://doi.org/10.1016/0014-4886(71)90009-4
http://doi.org/10.1111/j.1471-4159.1968.tb11633.x
http://www.ncbi.nlm.nih.gov/pubmed/5682509
http://doi.org/10.4054/DemRes.2006.15.12
http://doi.org/10.4098/AT.arch.90-10
http://doi.org/10.1017/S000335610000698X
http://doi.org/10.1186/1297-9686-35-1-21
http://doi.org/10.1644/07-MAMM-A-056.1
http://doi.org/10.1038/s41593-020-0641-7
http://doi.org/10.1098/rspb.2017.0219
http://doi.org/10.1071/WR9820009
http://doi.org/10.1071/WR9820203
http://doi.org/10.1078/0018-442X-00019
http://www.ncbi.nlm.nih.gov/pubmed/11515396
http://doi.org/10.1111/j.1440-1681.1998.tb02289.x
http://doi.org/10.1127/0003-5548/2009/0032
http://doi.org/10.1080/02604027.2011.555250
http://doi.org/10.3389/fnana.2019.00101
http://doi.org/10.1098/rstb.1992.0101

Biology 2022, 11, 900 12 0of 12

63. Previc, EH. The Dopaminergic Mind in Human Evolution and History; Cambridge University Press: Cambridge, UK, 2009.

64. Elston, G.N.; Garey, L.J. Prefrontal cortex: Brodmann and Cajal revisited. In Prefrontal Cortex: Roles, Interventions and Traumas
Hauppauge; LoGrasso, L., Morretti, G., Eds.; Nova Science Pub Inc.: New York, NY, USA, 2019; pp. 245-259.

65. Bonney, K.; Wynne, C. Studies of learning and problem solving in two species of Australian marsupials. Neurosci. Biobehav. Rev.
2004, 28, 583-594. [CrossRef]


http://doi.org/10.1016/j.neubiorev.2004.08.005

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	References

