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evils we were seeing or hearing about simply everywhere? My answer: There was no

other source. This was a very innocent planet, except for those great big brains.”
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Abstract

Brain processing capacity has traditionally been inferred from data on brain size.

However, recent studies have shown that similarly sized brains of distantly related

species can differ markedly in the number and distribution of neurons, their basic

computational units. Therefore, a finer-grained approach is needed to reveal the

evolutionary paths to increased cognitive capacity. This quantitative approach to

the evolution of brain processing capacity at the cellular level is relatively new,

since quick and reliable estimation of the number of neurons in whole brains or

large brain regions has only become possible in the past 15 years or so with the

introduction of the isotropic fractionator. This method of determining brain cellular

composition is applicable to a wide range of questions. We can assess intraspecific

variation, both at the individual and population level, examine the effect of sex

and age, and the study selection at the intraspecific level. At the other side of the

spectrum, we can study large macroevolutionary trends or try to isolate the effect

of specific selective pressures by comparing more closely related and ecologically

similar species. In this thesis, I explored variation in brain size and brain cellular

composition across vertebrates at both intraspecies and interspecies level.

In Chapter 1, we showed that different populations of the Madagascar ground

gecko can vary substantially in the number of brain neurons. There were no sex

differences in brain size, number of neurons, or neuron density, even though the

species is moderately sexually dimorphic. We also provided evidence that postnatal

neurogenesis in geckos does not only replace lost neurons but adds new ones and

that this is especially pronounced in the adult telencephalon.

In Chapter 2, we assessed the effect of artificial selection for large relative brain

size in guppies on the numbers of neurons. We discovered that it leads to a corre-

sponding increase in the number of neurons. Female guppies in the small-brained

and large-brained groups did not differ in neuron density, so the larger brains

translated linearly to an increase in neurons. This might explain a host of enhanced

cognitive abilities previously described in the large-brained guppies.
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In Chapter 3, we tested the social brain hypothesis by directly looking at neuron

numbers for the first time. Using Bayesian phylogenetic generalized linear mixed

models, we found no association between sociality and any measure of brain size or

proxy of brain capacity, showing that sociality in and of itself does not necessarily

lead to larger brains and intelligence. It seems that metabolic constraints and

possibly increased hypoxia tolerance outweigh any potential benefits of higher brain

processing capacity in this specific case and that the nature of social complexity

(organisational vs. relational) might be an important factor.

Finally, in Chapter 4, we reconstructed the evolution of brain neuron numbers

in amniotes. We analysed a dataset comprising brain sizes of almost 4000 species

of amniotes and neuron numbers in three major brain parts of 251 species. We

found that non-avian reptiles have rather low absolute numbers of neurons. Besides

their low encephalization (brain size relative to body size), they also feature lower

neuron densities, resulting in substantially fewer neurons per body mass compared

to endotherms. This holds despite the fact that, across amniotes, neuron densities

go down with increasing brain size. Using reversible jump MCMC, we were able to

identify significant changes in neuron-brain scaling along amniote phylogeny, without

any a priori hypotheses. We found that birds and mammals have independently

increased not only brain size, but also neuron density, converging on a similar

scaling relationship, while there were no significant shifts within non-avian reptiles

over the span of 325 million years. This again highlights the importance of energetic

constraints in brain evolution. Moreover, this difference between endotherms and

ectotherms is most pronounced in the cerebellum, not in the telencephalon. Other

two major increases in relative brain size and neuron density occurred in anthropoid

primates and core landbirds (Telluraves), again resulting in similar scaling.
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Abstrakt

Procesnı́ kapacita mozku bývá tradičně odhadována na základě velikosti mozku.

Z nedávných studiı́ však vyplývá, že u vzdáleně přı́buzných druhů s podobnou

velikostı́ mozku se může podstatně lišit počet neuronů, tedy základnı́ch výpočetnı́ch

jednotek, i jejich distribuce do různých částı́ mozku. Abychom tedy dokázali odhalit,

jakým způsobem se v evoluci kognitivnı́ kapacita měnı́, potřebujeme pracovat s daty

na jemnějšı́ škále. Takový kvantitativnı́ přı́stup k evoluci procesnı́ kapacity mozku

na buněčné úrovni je relativně nový. Možnost rychle zı́skat spolehlivé odhady počty

neuronů v celém mozku nebo jeho většı́ch částech je totiž k dispozici až v poslednı́ch

zhruba 15 letech dı́ky rozšı́řenı́ metody izotropnı́ frakcionace. Ta otevı́rá dveře

k řešenı́ celé řady otázek. S jejı́ pomocı́ můžeme zjišt’ovat vnitrodruhovou variabilitu

na úrovni jedinců i populacı́, podı́vat se na efekt pohlavı́ a věku, nebo studovat

selekci na vnitrodruhové úrovni. Z druhé strany spektra pak můžeme sledovat velké

makroevolučnı́ trendy nebo se zaměřit na porovnánı́ blı́zce přı́buzných a ekologicky

podobných druhů a pokusit se tak studovat vliv jednotlivých selekčnı́ch tlaků.

Ve své disertaci se zabývám variabilitou velikosti mozku a jeho buněčného

složenı́ mozku napřı́č obratlovci, a to jak na vnitrodruhové, tak na mezidruhové

úrovni. V kapitole 1 jsme ukázali, že různé populace gekona madagaskarského

se mohou významně lišit počtem neuronů v mozku. Zároveň jsme nenašli žádné

rozdı́ly mezi pohlavı́mi ve velikosti mozku, počtu neuronů ani hustotě neuronů,

přestože se jedná o druh s mı́rným pohlavnı́m dimorfismem. Prokázali jsme také, že

postnatálnı́ neurogeneze u gekononů nesloužı́ jen k nahrazenı́ ztracených neuronů,

ale že neuronů v průběhu života přibývá, což je obzvláště patrné v koncovém mozku

dospělců.

V kapitole 2 jsme zkoumali, jak se umělá selekce na většı́ relativnı́ velikost

mozku u živorodek Poecilia reticulata odrazı́ v počtech neuronů. Zjistili jsme, že

tato selekce má za následek odpovı́dajı́cı́ narůst v počtu neuronů. Samice živorodek

ze skupiny s malými a velkými mozky se mezi sebou nelišily v neuronálnı́ hustotě,

takže zvětšenı́ mozku se přı́mo lineárně promı́tlo do vyššı́ho počtu neuronů.
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Vysvětluje to lepšı́ výkon v celé řadě kognitivnı́ch úloh, který byl u těchto živorodek

selektovaných na relativně většı́ mozky popsán.

V kapitole 3 jsme provedli prvnı́ test hypotézy sociálnı́ho mozku s přı́mým

porovnánı́m počtu neuronů. Bayesiánské lineárnı́ smı́šené modely s fylogenetickou

korekcı́ neprokázaly žádné spojenı́ mezi socialitou a velikostı́ nebo procesnı́ kapa-

citou mozku. Ukázali jsme tak, že socialita sama o sobě k evoluci velkých mozků

a inteligence nestačı́. Metabolická omezenı́ a potenciálně vyššı́ tolerance k hypoxii

mohou v tomto konkrétnı́m přı́padě jı́t proti potenciálnı́m přı́nosům většı́ kapacity

mozku. Dalšı́m důležitým faktorem může být samotná povaha sociálnı́ komplexity

u rypošů (organizačnı́, nikoli relačnı́).

V kapitole 4 jsme rekonstruovali evoluci počtu neuronů u amniot. Analyzovali

jsme rozsáhlý dataset velikostı́ mozku, který čı́tal téměř 4000 druhů amniot, a počty

neuronů ve třech velkých částech mozku u 251 druhů. Ukázalo se, že neptačı́ plazi

majı́ poměrně malé absolutnı́ počty neuronů. Kromě nı́zké encefalizace (velikosti

mozku relativně k velikosti těla) majı́ také nižšı́ hustoty neuronů, takže v porovnánı́

s endotermnı́mi skupinami majı́ ve výsledku podstatně méně neuronů na stejnou

hmotnost těla, a to přesto, že u amniot obecně hustoty neuronů s rostoucı́ velikostı́

mozku klesajı́. Pomocı́ MCMC s reverzibilnı́mi skoky jsme detekovali významné

změny ve škálovánı́ počtu neronů s velikostı́ mozku a těla ve fylogenezi amniot, aniž

bychom museli specifikovat a priori hypotézy ohledně toho, ve kterých skupinách

k nim došlo. Zjistili jsme, že ptáci i savci nezávisle zvětšili nejen mozky, ale také

hustoty neuronů, přičemž obě skupiny konvergentně dospěly k podobnému škálovánı́.

Naproti tomu uvnitř neptačı́ch plazů žádné výrazné změny během 325 milionů

let evoluce neproběhly. Znovu to poukazuje na důležitou roli, kterou v evoluci

mozku hrajı́ energetická omezenı́. Tento rozdı́l mezi endotermnı́mi a ektotermnı́mi

amnioty je navı́c nejvýraznějšı́ v mozečku, nikoli v koncovém mozku. K dalšı́m

dvěma zvětšenı́m relativnı́ velikosti mozku a hustoty neuronů došlo u antropoidnı́ch

primátů a ptačı́ skupiny Telluraves, přičemž výsledné škálovánı́ u těchto dvou

skupin je opět podobné.
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INTRODUCTION

The brain is the most multifunctional organ, involved in virtually everything we

do. That makes it both an extremely attractive and extremely tricky subject of

study. We are on a quest to understand its working and how we, humans, got to

have such disproportionately large brains. Consequently, comparative neuroscience

has to deal with the fact that brain complexity cannot be reduced to any one

dimension; in fact, it would be foolish to assume that it can. That said, if we want to

make any progress in understanding brain evolution, settling down on a convenient

proxy for brain “capacity” or “complexity” is necessary. Brain mass or endocranial

volume (often used interchangeably) has been the favorite proxy in the field over

several decades. The obvious advantage of this approach is that volume can be

easily measured (and converted to mass by multiplying by brain tissue density

(Stephan, 1960), and only an intact skull is required, no need to obtain the actual

brain. This allows people to make use of vast museum collections and, importantly,

include fossil species. As a result, nowadays, datasets of mammalian and avian

brain sizes count thousands of species (Ksepka et al., 2020; Smaers et al., 2021;

Tsuboi et al., 2018). However, while convenient, this notion of “size” might be a

little too oversimplified. It completely ignores the relative sizes of major brain parts

and carries the implicit assumption (actually explicitly stated by Jerrison, 1985)

that brains of the same mass or volume are composed of the same number of neurons.

As it turns out, this assumption does not, in fact, hold. Although it has long

been clear from histological images and stereological counts that species and brain

parts can differ substantially in neuronal density, this fact went largely ignored in

studies of brain evolution. Given that the information processing capacity of the

brain depends on the number of neurons, neuron packing density, interneuronal

distance, and axonal conduction velocity (Dicke and Roth, 2016; Herculano-Houzel,

2017) as well as other physiological factors, it seems highly desirable to account for

these variables. Admittedly, estimating these numbers would have been extremely

time-consuming and not practical at a large scale, until recently.
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The situation somewhat changed with the advent of the isotropic fractionator –

a relatively fast and accurate method of counting cells in whole brains or brain

parts (Herculano-Houzel and Lent, 2005). Studies using this method challenged

some long-held ideas, such as the number of neurons in the human brain or its glia-

to-neuron ratio (Herculano-Houzel, 2012). They also confirmed that brains of the

same size are not necessarily composed of the same number of neurons; specifically,

primates feature much higher neuron densities than rodents, but they have similar

numbers of glial cells per brain mass (Herculano-Houzel et al., 2007, 2006). The

“neuronal scaling rules” (the allometric relationship between brain structure mass

and number of neurons) have subsequently been established in several high-level

mammalian clades: Afrotheria (Neves et al., 2014), Artiodactyla (Kazu et al., 2014),

Carnivora (Jardim-Messeder et al., 2017), Chiroptera (Herculano-Houzel et al.,

2020), Eulipotyphla (Sarko et al., 2009), Glires (Gabi et al., 2010), Marsupialia

(Santos et al., 2017), and Primates (Herculano-Houzel et al., 2007). These studies

revealed lineage-specific differences in neuronal densities and neuron allocation to

different brain parts within mammals.

Later, a surprising result came to light: birds seem to have much higher brain

neuron densities than mammals in general, especially in the pallium, making their

absolute neuron numbers comparable to those of much larger primates (Olkowicz

et al., 2016). This resolved a long-standing conundrum of how birds with rather

modestly sized brains can perform some impressive cognitive feats. Clearly, taking a

more in-depth look at the actual brain composition can yield solutions to problems

that have previously been hard to figure out. However, it also opens up a range of

new questions. The bird species included in the study were predominantly corvids

and parrots, known for their intelligent behaviour and high encephalization. So is

this brain composition common to all birds or is it specific to this clade? And is it

the case that birds increased their neuron densities, possibly due to the constraints

of flight that preclude having a large head, or are mammals the odd ones out

among amniotes and actually decreased brain neuron densities? To provide some
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answers, it is necessary to broaden the sampling of bird groups and to get data

on all sauropsids, including non-avian reptiles, as these are essential for making

inferences about evolutionary changes in amniotes. This is what I set out to do in

the main part of my thesis.

Another controversial aspect in the field of comparative neuroscience and cognition

is whether “cognitive capacity” is better explained by absolute or relative brain

size (or neuron numbers, for that matter), with evidence supporting both sides

of the argument (e.g. Benson-Amram et al., 2016; Deaner et al., 2007; Horschler

et al., 2019; Kotrschal et al., 2013; MacLean et al., 2014; Sol et al., 2007). On

the one hand, absolute numbers seem to make more sense, but we would have to

yield our primacy to other, much larger animals. Elephants and many cetaceans

have larger brains than humans in absolute terms (Haug, 1987). On the other

hand, the notion that brain size relative to body size governs cognitive capacity

does not have much theoretical justification besides humans coming on top. It

rests on the assumptions that a larger body requires proportionally more neurons

to control it and that any spare capacity above that is used for “higher cogni-

tion”, and both are somewhat contentious. Having a relatively larger brain may

(or may not) be the result of selection “on brain size”. (Of course, when we say

selection on brain size, we actually mean selection on some behaviour mediated

by brain function that also translates into an increase in brain size. This sort of

shorthand is so common in the literature that we might sometimes forget.) In fact,

the same relative brain size can arise from any combination of increase/decrease in

brain/body size (Smaers et al., 2012). Looking at both brain size and neuron num-

bers across large datasets might reveal some useful patterns, which is why I wanted

to examine the relationship between relative neuron densities and relative brain size.

The assumption that to maintain the same level of cognitive power, larger bodies

need more neurons (recently explicitly formulated as the cognitive equivalence

hypothesis (Triki et al., 2022)) can be directly tested at the intraspecies level. Hav-

ing robust data on individual variation and ontogenetic changes in brain size and
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neuron numbers is essential for testing this hypothesis and determining adequate

sample sizes for comparative studies. However, these data are rare and, on the

neuronal level, they were only available for mammals, specifically mice (Fu et al.,

2013; Herculano-Houzel et al., 2015b). Nothing was known about the individual

variation in animals that exhibit extended postnatal neurogenesis, potentially trans-

lating into a higher variation in neuron numbers in adulthood. We addressed this

question by looking at guppies and geckos. Additionally, there was no literature

about the effect of age on neuron numbers in non-mammalian species. It is possible

that neuron numbers decline much more slowly with advancing age in species with

prolonged neurogenesis; they might also stay stable or even increase. Lastly, sexual

differences in size or neuron numbers are well-documented in specific brain areas

(Guillamón and Segovia, 1997; Panzica and Melcangi, 2016; Reid and Juraska,

1992), but are less straightforward when it comes to the whole brain (Joel and

Fausto-Sterling, 2016). Using the gecko Paroedura picta as a model organism, we

addressed the extent of individual variation both within and between populations,

sex differences, and the effect of age on brain size and neuron numbers and densities

in the whole brain and the telencephalon.

Apart from the total number of brain neurons, we might be also interested in

numbers of neurons in specific brain areas. These will yield a more fine-grained

picture of the brain. Advances in whole-brain clearing have made it possible to

collect data on specific cell type counts in different brain areas in mammalian

species (Costantini et al., 2021; Murakami et al., 2018; Zhang et al., 2017), while

the isotropic fractionator is useful for quantifying neurons in larger brain compart-

ments. It turns out that high-level mammalian clades and even species within a

single order can differ substantially in neuron distribution. As a case in point, while

the brain of the African elephant contains 3 times more neurons than the human

brain, the vast majority of these is located in the cerebellum and only about 2%

in the cerebral cortex (Herculano-Houzel, 2009; Herculano-Houzel et al., 2014).

Humans have almost 20% of all neurons in the cerebral cortex, so the numbers

are flipped and they outnumber the elephant by a factor of 3. The elephant’s
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enlarged cerebellum is likely connected to processing sensory-motor information

from its unique appendage, the highly flexible and sensitive trunk. But in fact,

all mammals are characterized by having the majority of their neurons in the

cerebellum, although the preponderance is not quite as extreme as in the elephant

(Herculano-Houzel et al., 2015a). So it came as a bit of a surprise that in parrots

and corvids, most neurons are located in the telencephalon instead, while this is not

the case for the emu, domestic pigeon and junglefowl (Olkowicz et al., 2016). Only

a handful of outgroup species were included in that study, prompting the question

of whether there are distinct patterns of brain neuron distribution in different bird

groups and whether they are related to cognitive abilities.

The association between neuron numbers and densities and actual cognitive abilities

is still controversial, and animal “intelligence” is notoriously difficult to study,

especially across species. Devising tests that accurately reflect cognitive capacity

and are not biased by lack of motivation and interspecies differences in perception,

preferences and locomotion or manipulation abilities has proven tricky, but there

are comprehensive studies that include a wide range of species (e.g. Bryer et al.,

2022; MacLean et al., 2014). Studies comparing individuals of the same species

are much easier to perform. The guppy Poecilia reticulata has long been used as

a model organism for studying the effect of artificial selection for relative brain

size on various behavioural measures. Larger-brained guppies tend to outperform

smaller-brained ones, but it was not clear if and how the selection affects brain

cellular composition. This is another question that we were able to address using

the isotropic fractionator.
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CHAPTER 1

Individual and age-related variation of cellular brain
composition in a squamate reptile
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SUMMARY OF THE INCLUDED PUBLICATIONS

Chapter 1

To establish the extent of individual variation in neuron numbers in a species with

extensive adult neurogenesis and assess the effect of sex and age, we used the

Madagascar ground gecko (Paroedura picta). We examined brain size, neuron and

glial cell numbers and densities in the telencephalon and the rest of brain in 14

hatchlings, 10 young adults and 10 fully grown adults from one population and 10

fully grown adults from another population to assess interpopulation differences.

Surprisingly, the variation in brain size and neuron numbers across both populations

was similar to that of laboratory mice of the same age and sex from one population

(Herculano-Houzel et al., 2015b). There were no differences between the sexes in any

of the parameters, but the two populations differed significantly in everything but

neuron density, most notably in the number of non-neuronal cells. The hatchlings

had significantly smaller brains and fewer neurons than either of the adult groups

and the fully-grown adults had larger brains but not more neurons overall than the

young adults. In the telencephalon, however, fully-grown adults housed significantly

more neurons, suggesting that substantial neurogenesis leads to the addition of

new telencephalic neurons throughout life. Including adult, but not fully grown

animals in comparative studies thus may not significantly affect the results in terms

of absolute numbers of brain cells, but might slightly skew the results in terms of

neuron densities. Neuronal density seems to be the most conserved feature in this

species, in contrast to rodents (Herculano-Houzel et al., 2015b; Kverková et al.,

2018).

Chapter 2

It has previously been shown that guppies Poecilia reticulata selected for large

or small relative brain size differ in performance in a number of cognitive tasks

(Buechel et al., 2018; Kotrschal et al., 2015, 2013), with the larger-brained group

generally outperforming the smaller-brained one. To get to the bottom of this effect,

we looked at the cellular composition of brains of 53 adult female guppies that had
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been selected for either small or large relative brain size over 5 generations. The

large-brained guppies had substantially more neurons in both the whole brain and

the telencephalon, but they did not differ in neuron densities (i.e. followed the same

neuron-brain scaling). At the same time, there were some pronounced individual

differences in neuronal density within both groups. Unlike mice (Herculano-Houzel

et al., 2015b), larger-brained guppies thus exhibit a matching increase in the number

of neurons, potentially explaining their enhanced cognitive abilities. In terms of

neuron number variation, guppies are similar to geckos and mice. Interestingly,

absolute neuron densities in the guppy brain are the highest reported to date in

any vertebrate, suggesting that the previously established pattern of decreasing

neuron densities with increasing brain size (Herculano-Houzel et al., 2015a) holds

for all vertebrates. This high neuron-packing density might be part of the reason

why small-bodied animals with tiny brains are able to solve surprisingly complex

problems.

Chapter 3

The social brain hypothesis (SBH) posits that animals with complex social lives

require complex brains to deal with the associated cognitive demands. It has been

very influential, especially when it comes to theories about primate, and specifically

human, brain evolution. However, the empirical evidence for this hypothesis is

equivocal, with numerous studies finding support and more than a fair share finding

none (e.g. DeCasien et al., 2017; Dunbar, 1992; Powell et al., 2017; Shultz and

Dunbar, 2007; Vidal-Cordasco et al., 2020). These studies are usually heavily

confounded by differences in ecology but also by differences in the type of social

complexity. To avoid these pitfalls, we tested the hypothesis in an ecologically

uniform clade – the African mole-rats (Bathyergidae). These subterranean rodents

are all well adapted to underground life, with reduced eyes, powerful incisors for

digging their tunnels, and multiple physiological adaptations, including lowered

metabolic rates and high hypoxia tolerance (Begall et al., 2007; Ivy et al., 2020;

Yap et al., 2022). They feed mostly on underground plant parts. Despite being

very similar in all other aspects, they exhibit a wide array of social systems. Some
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are strictly solitary and territorial, the male and female meeting only for a short

time to mate and the young leaving upon weaning. Others are cooperative breeders

with colonies consisting of the breeding pair and their offspring who act as helpers.

Some have been classified as eusocial with life-long philopatry, even though these

definitions are somewhat blurry. The social species show complex vocalizations,

division of labour and dominance hierarchies (Begall et al., 2007).

African mole-rats thus represent a good model group to test the effect of

sociality on brain evolution without the confounding effects of differences in a host

of other factors. We measured absolute and relative brain size, neocortex ratio (the

ratio of neocortical volume to the rest of brain volume, a proxy for “intelligence”

previously used in testing the social brain hypothesis), numbers of neurons in

5 brain parts, and volumes of 8 brain parts in 11 species of African mole-rats.

We then used phylogenetic Bayesian generalized linear mixed models to look for

associations between these brain measures and sociality, either as a categorical

variable or as mean and maximum group size. We found no support for the social

brain hypothesis; there was either no effect of sociality or the effect found was in

the opposite direction, i.e. solitary species having more forebrain neurons, and the

neocortex ratio and neuron numbers going down with increasing group size. The

demands of social interactions clearly do not promote the evolution of larger brains

in these rodents, weakening the general support for the SBH. There might be two

reasons behind this, even if the SBH generally holds. First, competition rather than

cooperation might be the driving factor behind the previously reported increased

brain size in social species. Competitive “Machiavellian” interactions are not likely

to be selected for in species with extreme reproductive skew and cooperative breed-

ing, because they would decrease inclusive fitness. Second, metabolic constraints

might be too strong for any potential benefits of increased cognitive capacity to

outweigh the considerable cost of neural tissue. Sociality in mole-rats might have

evolved to deal with unfavorable environmental conditions and patchily distributed

food resources (Faulkes and Bennett, 2013), and, whether or not that is the case,

social species tend to occupy harsher environments (Burda et al., 2000), which

would exert more pressure to conserve energy at the expense of costly brains. In
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any case, this highlights the point that energetic constraints play a crucial role in

brain evolution and should always be taken into account.

Chapter 4

To uncover macroevolutionary patterns in brain cellular composition across am-

niotes, we compiled a large dataset of brain sizes for almost 4000 amniote species

and estimated numbers of neurons in three main brain parts in 144 species of birds

and non-avian reptiles, more than doubling the number of vertebrate species with

known neuron numbers. We then combined these with previously published data

and analysed the resulting dataset of 251 species. Using reversible-jump Markov

chain Monte Carlo analysis, we were able to detect significant shifts in neuron-brain

and neuron-body scaling along the amniote phylogeny with no prior assumptions

about the location of these shifts. It turns out that birds and mammals indepen-

dently increased the number of neurons for brain mass, arriving at similar levels,

with two other subsequent increases in core landbirds and anthropoid primates.

We suggest these convergent increases in neuron numbers coincide with the advent

of endothermy, an energetically expensive mode of life. Neurons are metabolically

costly and require a steady supply of energy; having large numbers of neurons

thus might not be advantageous for animals with low energy intake and expen-

diture, such as non-avian reptiles. Accordingly, we observed no major increase

in neuron-brain scaling within squamate reptiles and turtles in over 300 million

years of evolution. The scaling of neurons with brain and body mass is rather

conserved, with a handful of dramatic shifts, whereas mosaic changes in specific

brain regions are more frequent. There was an additional decrease in cerebellar

neurons in snakes, likely connected to the loss of limbs, as a similar pattern is

evident in all legless lizards. We also detected a secondary decrease in telencephalic

neurons in Accipitriformes, a clade within the core landbirds. However, our sample

included only four species, so this finding still needs to be confirmed.

The distribution of neurons to the three major brain parts, telencephalon,

cerebellum, and “rest of brain”, shows distinct patterns in different amniote groups.

Mammals and birds outside of Telluraves are characterized by the preponderance of
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cerebellar neurons that make up ∼60 to over 90% of all brain neurons. In Telluraves,

the telencephalon is the dominant fraction, containing ∼40 to 80% of brain neurons.

In non-avian reptiles, the cerebellum is much less developed, and holds typically

only about 20-30% of all brain neurons in squamates, with some turtles having

a larger cerebellar fraction of about 40%, and the cerebellum becomes dominant

in the Nile crocodile (and, presumably, all crocodilians), where it houses 49% of

brain neurons. The rest of brain (comprising the brain stem, mesencephalon, and

diencephalon) contains only a minor proportion of brain neurons in mammals and

birds (often less than 10%) but is more important in non-avian reptiles, where it

can be the dominant fraction, with over 50% of brain neurons. The distributions

of brain neurons are much more variable than the neuron-brain or neuron-body

scaling, especially in non-avian reptiles. It seems the overall “neuronal energy

budget” can be flexibly allocated to brain structures depending on species-specific

needs, with different regions or circuits having different per-neuron utility. A modest

volumetric increase in a neuron-dense structure such as the cerebellum translates

into a substantial number of added neurons. In fact, the cerebellum is the region

that truly sets apart ectothermic and endothermic amniotes, with the latter having

on average almost 60-fold more cerebellar neurons for equivalent body mass but

only about 7-fold larger brains.

We additionally calculated the strength of allometric integration between

the number of neurons in different brain parts and body size. It was similar in

all the identified grades except for primates, who exhibit a weaker allometric

integration, that is, they have much higher rates of evolution, and changes in

neuron-body scaling happen quickly. Primates also stand out in another aspect.

Across amniotes, there is a clear positive relationship between relative brain size

(brain mass for a given body mass) and relative neuron number (number of neurons

for a given brain mass). This is despite the fact that absolute neuron density

goes down with absolute brain mass. When we break the relationship down to

look at reptiles, birds, and mammals separately, it turns out that the trend is

very strong in birds, somewhat less pronounced in non-avian reptiles and non-

existent in mammals. However, primates are an exception among mammals and
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they show a clear significant relationship. Cases where increases in relative brain

size are coupled with increases in relative brain neuron numbers might represent

evolutionary “signatures” of selection for higher brain processing capacity. When

the brain is larger than expected for a given body size while neuron density is

simultaneously higher than expected for a given brain size, it seems likely that

selection favoured increased neuron numbers and therefore information processing

capacity.
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DISCUSSION AND PERSPECTIVES

In this thesis, I aimed to bridge the gap between the traditional study of brain

size evolution, which spans large phylogenetic scales but works with rather crude

data, and modern comparative neuroscience, which generates detailed data about

specific brain structures or circuits but only in a handful of model species. Using

the isotropic fractionator, I obtained novel data that go beyond brain size and

bring important insights to the study of vertebrate brain evolution. However, with

every progress made, new unforeseen issues emerge and often we are left with more

questions than answers. Clearly, there is still much that we do not understand

about the neural substrate of cognition and its evolution.

First of all, while we now have a better idea of how brain neuron numbers and

densities evolved in amniotes, we know very little about how this (or any) measure of

processing capacity even translates into cognitive capacity. There is an assumption

that any “spare” capacity can be used for what we call higher cognition. The

very concept of higher cognition is inherently anthropocentric in that we consider

human-like behaviour to be intelligent. And, more importantly, we do not have a

good idea of how costly it is in terms of neural tissue. As an example, vision is

extremely computationally demanding (up to 50% of primate cerebral cortex is

involved with image processing (Essen, 2004)), but somehow we do not consider

it to be the main driver of brain processing power (even though, coincidentally,

most species we consider intelligent are visually oriented). Associative areas occupy

a comparatively small percentage of the brain, whether in terms of volume or

neurons, suggesting animals do not need particularly large brains to be capable

of complex cognition. Given that even insects with miniature brains and modest

neuron counts are capable of impressive cognitive feats (Chittka and Niven, 2009),

or, if we want to stay in the realm of vertebrates, tiny-brained guppies perform

surprisingly well in a supposedly complex detour task (Lucon-Xiccato et al., 2017),

it begs the question of why should animals have big brains at all.

Yet, the association between more neurons and perceived “intelligence” seems pretty

72



robust across species. And larger brains clearly do confer some benefits, otherwise

they would not have evolved repeatedly in many lineages. Perhaps, we are neglecting

the fact that sensory inputs are necessary for any complex behaviour. While the

neural circuitry underpinning the cognitive processing itself might not need to

be extensive, dealing with the streams of sensory information can be a limiting

factor. After all, a blindfolded person would not fare very well on visual tasks. And

assembling puzzle pieces with tied hands would not go well either; motor control

is equally important (as proposed by the concept of embodied cognition (Foglia

and Wilson, 2013)). Another possibility is that more neurons afford better parallel

processing, larger capacity for memory and also redundancy. The longer you live,

the more you potentially have to remember and the higher the likelihood that some

neurons will be lost to damage during your lifespan. This might be partially behind

the association between longevity and brain size reported in mammals and birds

(González-Lagos et al., 2010; Jiménez-Ortega et al., 2020; Minias and Podlaszczuk,

2017; Smeele et al., 2022), even though learning speed (another potential driver of

brain size) is theoretically predicted to be more important in short-lived organisms

(Liedtke and Fromhage, 2019). At the same time, some reptiles are particularly

long-lived and they seem to do just fine with limited neuron numbers.

Disturbingly, we do not have a good grasp of “general intelligence” or know if such

a thing even exists in non-human animals. The evidence is mixed and taxon-specific;

mammals and birds seem to have it (Bastos and Taylor, 2020; Burkart et al., 2017),

while it is not present in a fish species capable of solving rather complex tasks

(Aellen et al., 2022). The tangled net of different facets of cognition that are being

used as proxies for intelligence in comparative studies complicates things further.

It would help to have at least a composite score of some kind or maybe stop trying

to treat cognition as one-dimensional and incorporate multiple proxies at once.

Another issue is the discordance between the obvious and robust correlation of

the number of telencephalic neurons with cognitive abilities at the interspecific

level (Herculano-Houzel, 2017; Sol et al., 2022) and the apparent lack of one at the

intraspecific level. This is still very much an uncharted territory, but one study
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examined the association between performance in a battery of tests and neuron

numbers in several brain parts in mice and found no links (Neves et al., 2020) and

neither did we between learning in spatial tasks and brain cellular composition

in geckos (Neves et al., 2020, Polonyiová et al., in prep). It is possible that the

tasks were not designed well to actually reflect what they sought to measure or

that the individual variation in the lab populations is not enough to translate

into measurable cognitive differences. In contrast to the above-mentioned studies,

in Chapter 2 we found that the guppies selected for larger brains and showing

enhanced cognitive performance did have more neurons (although the differences

in cognitive tasks were assessed at group level, not at individual level), suggesting

a within-species effect. This clearly deserves further study. It would be particularly

interesting to turn the experiment around and select for some sort of “intelligent”

behavior, to see whether there are any corresponding changes in the brain.

It is possible that we focus too much on brain parts associated with “higher

cognition” (although as mentioned before, the brain ultimately functions as a

unit and even the “non-thinking” parts provide some input for decision-making).

The cerebellum has been traditionally considered of low importance for cognition,

labeled instead a “center of coordination and balance” (although for arboreal

creatures such as our primate ancestors that is rather crucial for survival). Lately,

it is becoming clear that, at least in mammals, the cerebellum is directly involved

in cognitive functions (Beaton and Mariën, 2010; Barton, 2012; Smaers et al.,

2018). There is less evidence in birds, probably because it has not been studied

as much, but it seems likely that the avian cerebellum handles some cognitive

processes as well (Day et al., 2005; Spence et al., 2009). The cerebellum is ca-

pable of high-throughput processing of structured information, especially useful

in detecting sequences of any kind (Molinari et al., 2008), and can in principle

be used to off-load some expensive computations. This is analogous to modern

computing GPUs. Although originally designed with a very specific purpose of

processing graphic information, they have found use in computationally intensive

tasks such as machine learning. As a case in point, mormyrid fishes that rely on
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active electroreception for orientation and communication possess an extremely

enlarged cerebellar valvula that has been co-opted to process electrosensory stimuli

(Finger et al., 1981). New clues from comparative studies keep coming: the most

dramatic changes in neuron numbers throughout amniote evolution happened in

the cerebellum, the number of cerebellar neurons relative to body size is the best

predictor of innovativeness in birds (Sol et al., 2022), and apes are characterized by

rapid cerebellar expansion relative to the cortex (Barton and Venditti, 2014). All

of this suggests the “little brain” might play a bigger role than we currently recog-

nize. Another example of distributed processing is the modification of brain stem

structures in many fish species. Mammal-centric textbooks profess that the brain

stem is highly conserved and go as far as claiming it is rarely good for anything but

keeping you alive. It also generally contains very low neuron densities. Yet various

fishes have evolved elaborate modifications of the brain stem, most strikingly the

vagal lobes of cypriniform fishes, associated with their highly sensitive sense of

taste, but also the electric lateral line lobe in active electric fishes, or the bizarre

spiral vagal lobe of Heterotis niloticus receiving input from its special epibranchial

organ (Meek and Nieuwenhuys, 1998). Clearly, the telencephalon is the structure

most involved in what we classify as “thinking”, but maybe we should consider

that specific brain parts reflect adaptations to species-specific needs and are needed

for sensorimotor processing that cannot really be separated from cognition. Going

further, we would benefit from a more balanced approach with less focus on the

forebrain and more recognition of the mosaic-like evolvability of different brain parts.

Regardless of what the relationship between neural substrate and cognition turns

out to be, some argue that neuron numbers are not the best proxies for brain

processing capacity and that numbers of synapses should be used instead. Of course,

no single number is likely to adequately capture the complexity of the brain, but we

can try to come up with the best approximation. More neurons do not necessarily

mean more synapses, although it is reasonable to assume these two numbers might

be related. The number of connections probably scales with the number of neurons,

but this can substantially differ across brain structures or species and also in the
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degree of redundancy. So should we aim to count synapses instead?

At face value, this does seem reasonable. Individual neurons only work as a part

of a neural network and connections are of the utmost importance. But again,

the paucity of empirical data prevents any concrete claims. There is a theoretical

framework, however, that shows redundant synaptic connections enhance learning

(Hiratani and Fukai, 2018). Nevertheless, the sheer number of synapses might not

be a better proxy of processing capacity for the purposes of evolutionary analyses.

First of all, it might be difficult to get a representative figure for the species, as

individual differences due to plasticity can be expected to be substantially higher

than in neuron numbers. Larger sample sizes would therefore be required, which is

already the limiting factor for broad comparative studies.

More importantly, not all connections are beneficial. In fact, a recent study compar-

ing connections in the visual cortex of mice and macaques found that the monkeys

have two to five times fewer synapses per neuron (Wildenberg et al., 2021). This

should not be surprising and has been shown before in a larger sample of species

(Colonnier and O’Kusky, 1981), since the dendrites in larger brains have to be thicker

just to maintain passive cable properties (Bekkers and Stevens, 1990). As a result,

there might simply not be enough space to fit in more connections, especially in an

already densely packed primate brain. Given that macaques clearly outperform mice

when it comes to vision, this goes to show that just having more synapses might not

be particularly advantageous. Indeed, one of the crucial processes in postnatal brain

maturation is synaptic pruning, where excess interneural connections are being

removed (Chechik et al., 1998). While expanding neural circuits up to a point can

result in faster and more precise learning, hyperconnectivity might actually impair

performance due to inherent synaptic noise (Raman et al., 2019). Moreover, the

sheer number of connections in the brain is not very informative without accounting

for where these connections are, which is a whole new challenge altogether. Even in

the nematode Caenorhabditis elegans with its simple nervous system, over 40% of

all cell-cell connections are not conserved between adult individuals with the same
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genetic makeup (Witvliet et al., 2021). Neuronal circuitry can also be altered with

profound functional implications without necessarily manifesting as a change in the

quantity of connections; for example, autistic individuals exhibit a pattern of both

increased and decreased connectivity in certain brain areas (Hahamy et al., 2015).

In any case, there is simply no easy way to quantify synapses in whole brains in

a meaningful way and it seems out of reach in the foreseeable future. Moreover,

synapse complexity might add another dimension when comparing across large

phylogenetic scales (Emes et al., 2008; Grant, 2016).

A similar argument can be extended to neurons. They are by no means all the

same. Depending on whom you ask, hundreds to over a thousand of neuron types

exist; more than a hundred have been described in the rodent hippocampus alone

(Wheeler et al., 2015). One can conceive how certain types of neurons might have

different impacts and also put different constraints on other neuron types, depend-

ing on their connectivity. For example, the number of granule cells in the cerebellum

depends on the number of Purkinje cells but not vice versa and their ratio is species-

specific (Lange, 1975; Wetts and Herrup, 1983). We can imagine that increasing

the number of one or the other would not have the same effect. But again, at the

moment it would not be technically achievable to quantify individual neuron types

at scale. Although new studies using single-cell transcriptomics provide insightful

data to infer the evolutionary origins of certain brain parts and circuits (Colquitt et

al., 2021; Woych et al., 2022) and also about intraspecies variation in neuron type

distribution (Li et al., 2022), these methods are not suitable for quantifying the

numbers of neuronal populations across more than a few species. One way to pro-

ceed could be to look at more specific brain areas and start with broader categories

based on neurotransmitters to see if any patterns emerge. More generally, it makes

sense to venture into exploring connectomes if we are after functional implications.

This is becoming increasingly feasible, with a recent pioneering study analysing

connectomes of over 100 mammalian species derived from diffusion MRI data. Not

surprisingly, it showed that species differ mainly in local network topology while

the global architecture is much more conserved, and that connectome similarity

77



corresponds to phylogenetic distance (Suarez et al., 2022).

Neuron density itself might have some interesting implications. While, as we show,

it predictably scales with brain size across vertebrates, it is not without further

consequences. However, these are not straightforward and deserve more study.

Lower neuron density implies larger somata and more elaborate dendritic trees

(Beul and Hilgetag, 2019), with potentially finer modulation, whereas higher neuron

density implies smaller neurons with potentially shorter local connections and

better efficiency in terms of cost per bit (Niven et al., 2007). Intraspecifically,

neuron density is the best morphological predictor of several aspects of cortical

connectivity (Beul and Hilgetag, 2019). Interspecifically, the ability to discriminate

quantities was found to be associated with higher cortical and cerebellar neuron

density (rather than brain size or neuron numbers), but this is based on a very

small number of species – only nine mammals and three birds were included in the

analysis (Bryer et al., 2022).

We also need to consider that brains are not composed solely of neurons. Glial cells

have been neglected for a long time, relegated to simple “glue” that holds the brain

together. Now, the focus is shifting and we are becoming increasingly aware that

glial cells play more important roles than previously thought (Chung et al., 2015;

He and Sun, 2007; Khakh and Sofroniew, 2015). In an experimental study, mice

with grafted human astrocytes experienced enhanced long-term potentiation and

consequently better learning, while presumably having the same neuron numbers

(Han et al., 2013). This also highlights that functional properties of brain cells might

be as much as or more important than raw numbers. The diversity of glial cell

types and the glia-to-neuron ratio seem to increase predictably in the scala naturae

sense, from invertebrates to “higher vertebrates” and humans (Herculano-Houzel,

2014; Verkhratsky et al., 2019). However, we showed that densities of non-neuronal

cells are much more conserved than neuron densities across amniotes. This means

that non-avian reptiles actually have higher glia-to-neuron ratios than endotherms,

disrupting this apparent pattern (although it has to be noted that we did not
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distinguish non-neuronal cell types and they include non-glial endothelial cells).

The evolution of glial cells and the implications of altering the glia-to-neuron ratio

are certainly worth exploring in more detail.

Another crucial point is that metabolic constraints play an important role in brain

evolution. Balancing the energetic budget is the reason for many evolutionary

trade-offs and the brain is no exception; a number of such trade-offs have been

proposed under the auspices of the expensive tissue hypothesis (Aiello and Wheeler,

1995; Barrickman and Lin, 2010; Kotrschal et al., 2016; Mai and Liao, 2019; Tsuboi

et al., 2016). However, there does not have to be an obvious trade-off for this

principle to apply. There is no point in having stronger muscles, a more spacious

digestive tract or a larger brain, if the benefits do not outweigh the associated

cost and this internal “checkbook balancing” can be very complex and opaque.

Incidentally, uniquely among mammals, some mole-rats and bats show reptile-like

neuronal densities in the telencephalon, strengthening the proposition that energy

conservation is a crucial factor in brain evolution.

It is also possible that in some instances, the cost of growing neural tissue might

be more restricting than the upkeep cost. The need to grow a fully functional brain

within some timeframe available for development might also be a limiting factor.

There are correlations between brain size and incubation length and fledging age

in birds (Isler and Schaik, 2006; Iwaniuk and Nelson, 2003) and gestation length

and weaning age in mammals (Barton and Capellini, 2011; Isler and Schaik, 2009;

Weisbecker and Goswami, 2010). The reptile groups in which we observed the

highest relative numbers of neurons (Varanidae and Teiidae) also have the longest

incubation times among squamates (Birchard and Marcellini, 1996). Incubation

temperature itself might have some implications for brain development and function

(Amiel et al., 2017; Amiel and Shine, 2012; Clark et al., 2014; Coomber et al.,

1997; Siviter et al., 2017), although we did not find any differences in brain size

or composition in Madagascar ground geckos incubated at different temperatures

(Polonyiová et al. in prep). It might be an interesting line of study in viviparous
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reptiles, where the mother can behaviourally manipulate the temperature that the

embryos are exposed to. As an aside, avian and mammalian embryos develop at

much higher temperatures than any non-avian reptiles (While et al., 2018) and

body temperature might directly affect a range of physiological processes, including

energy consumption in neurons, which might be reduced in birds compared with

mammals (Eugen et al., 2022).

The high early-life cost in fast-maturing species might preclude generating too

many neurons; similarly, yolk size imposes growth limits on the embryo. All the

animals with exceptionally high neuron numbers that we have identified so far

are either mammals (circumventing the yolk issue altogether) with long gestation

and extended period of parental provisioning, or altricial birds with telencephalic

neurogenesis delayed well into the post-hatching period (Charvet and Striedter,

2011). This does not mean that altricial species necessarily invest more in the

brain, just that it is a handy preadaptation. As a case in point, pigeons and doves

are highly altricial, yet they do not exhibit the high neuron density observed in

Telluraves, and altricial rodents do not seem to have systematically more neurons

than precocial ones (Herculano-Houzel et al., 2011).

As discussed earlier, there is substantial mosaic evolution in the brain, especially

in non-avian reptiles and fish. The overall energy budget of the brain can thus be

flexibly allocated so that there are trade-offs within the brain, not observable if

we treat it as one unit. In consideration of this, it would be helpful to know more

about the relative costs of neurons in different brain parts and how variable it is

across species. While the energy budget per neuron is assumed to be conserved

(Herculano-Houzel, 2011), this has been studied only in a handful of mammals

and there can be substantial between-study variation (Karbowski, 2007). The

recent suggestion that birds have a more efficient neuron metabolism (Eugen et

al., 2022) should spark further investigation. It might once again turn out that

conclusions based on mammalian data do not generalize that well across vertebrates.
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This brings us to the obvious but nonetheless pertinent point that more data is

needed. Good phylogenetic coverage is integral for understanding the evolution

of any system, because to gain a deeper insight we need to observe both the

regularities and the exceptions. If we focus on a few “model” species, we cannot

even tell which is which. While there has been substantial progress on this front,

we can still do much better. The choice of species is understandably limited by

practical considerations, but we can try to be smart by focusing on species with the

highest potential to yield new valuable information, by considering their phyloge-

netic position, size, and other relevant characteristics. At this point, we need data

on amphibians, as outgroups to amniotes, and the realm of fishes is particularly

enticing. Actinopterygians represent an enormous radiation of ectotherms (with

very rare exceptions) in the aquatic environment. This somewhat reduces the

effect of widely different modes of locomotion and limb use observed in terrestrial

vertebrates (although there is still obvious variation), making it potentially easier

to identify other factors that lead to significant changes in neuron numbers and

distributions.

In this thesis, I presented new findings on several aspects of vertebrate brain

evolution that lay the groundwork for future research. While they considerably

expanded our knowledge and brought some novel insights, we have barely begun to

scratch the surface. To conclude, here are some takeaways for the study of evolution

of brain processing capacity and its implications for cognition that I have gleaned

from our own and others’ studies: we should expand phylogenetic coverage and

not assume general validity across clades, strive for a more fine-grained level of

analysis, try to integrate data on behaviour with data on the neural substrate, and

incorporate a multidimensional view instead of focusing on a single brain part or

taking the whole brain as a homogeneous unit. New technologies and capabilities

are rapidly emerging that should enable us to put some of these into practice.

Luckily for my future career, it amounts to enough work to last a lifetime.

81



REFERENCES

Aellen, M., Burkart, J.M., Bshary, R., 2022. No evidence for general intelligence in
a fish. Ethology 128, 424–436.
https://doi.org/10.1111/eth.13275

Aiello, L.C., Wheeler, P., 1995. The expensive-tissue hypothesis: The brain and the
digestive system in human and primate evolution. Curr. Anthropol. 36, 199–221.
https://doi.org/10.1086/204350

Amiel, J.J., Bao, S., Shine, R., 2017. The effects of incubation temperature on the
development of the cortical forebrain in a lizard. Anim. Cogn. 20, 117–125.
https://doi.org/10.1007/s10071-016-0993-2

Amiel, J.J., Shine, R., 2012. Hotter nests produce smarter young lizards. Biol.Lett.
8, 372–374.
https://doi.org/10.1098/rsbl.2011.1161

Barrickman, N.L., Lin, M.J., 2010. Encephalization, expensive tissues, and
energetics: An examination of the relative costs of brain size in strepsirrhines.
Am. J. Phys. Anthropol. 143, 579–590.
https://doi.org/10.1002/ajpa.21354

Barton, R.A., 2012. Embodied cognitive evolution and the cerebellum. Phil. Trans.
R. Soc. B 367, 2097–107.
https://doi.org/10.1098/rstb.2012.0112

Barton, R.A., Capellini, I., 2011. Maternal investment, life histories, and the costs
of brain growth in mammals. Proc. Natl. Acad. Sci. U.S.A. 108, 6169–6174.
https://doi.org/10.1073/pnas.1019140108

Barton, R.A., Venditti, C., 2014. Rapid evolution of the cerebellum in humans and
other great apes. Curr. Biol. 24, 2440–2444.
https://doi.org/10.1016/j.cub.2014.08.056

Bastos, A.P.M., Taylor, A.H., 2020. Kea show three signatures of domain-general
statistical inference. Nat. Commun. 11, 828.
https://doi.org/10.1038/s41467-020-14695-1
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H., Ströckens, F., 2022. Avian neurons consume three times less glucose than
mammalian neurons. Curr. Biol. 32, 4306-4313.e4.
https://doi.org/10.1016/j.cub.2022.07.070

Faulkes, C.G., Bennett, N.C., 2013. Plasticity and constraints on social evolution
in African mole-rats: ultimate and proximate factors. Philos. Trans. R. Soc. B:
Biol. Sci. 368, 20120347.
https://doi.org/10.1098/rstb.2012.0347

Finger, T.E., Bell, C.C., Russell, C.J., 1981. Electrosensory pathways to the
valvula cerebelli in mormyrid fish. Exp. Brain Res. 42, 23–33.
https://doi.org/10.1007/bf00235725

Foglia, L., Wilson, R.A., 2013. Embodied cognition. Wiley Interdiscip. Rev. Cogn.
Sci. 4, 319–325.
https://doi.org/10.1002/wcs.1226

85



Fu, Y., Rusznák, Z., Herculano-Houzel, S., Watson, C., Paxinos, G., 2013. Cellular
composition characterizing postnatal development and maturation of the mouse
brain and spinal cord. Brain Struct. Funct. 218, 1337–1354.
https://doi.org/10.1007/s00429-012-0462-x

Gabi, M., Collins, C.E., Wong, P., Torres, L.B., Kaas, J.H., Herculano-Houzel, S.,
2010. Cellular scaling rules for the brains of an extended number of primate
species. Brain Behav. Evol. 76, 32–44.
https://doi.org/10.1159/000319872

González-Lagos, C., Sol, D., Reader, S.M., 2010. Large-brained mammals live
longer. J. Evol. Biol. 23, 1064–1074.
https://doi.org/10.1111/j.1420-9101.2010.01976.x

Grant, S.G.N., 2016. The molecular evolution of the vertebrate behavioural
repertoire. Philos. Trans. R. Soc. B: Biol. Sci. 371, 20150051.
https://doi.org/10.1098/rstb.2015.0051

Guillamón, A., Segovia, S., 1997. Sex differences in the vomeronasal system. Brain
Res. Bull. 44, 377–382.
https://doi.org/10.1016/s0361-9230(97)00217-7

Hahamy, A., Behrmann, M., Malach, R., 2015. The idiosyncratic brain: distortion
of spontaneous connectivity patterns in autism spectrum disorder. Nat.
Neurosci. 18, 302–309.
https://doi.org/10.1038/nn.3919

Han, X., Chen, M., Wang, F., Windrem, M., Wang, S., Shanz, S., Xu, Q.,
Oberheim, N.A., Bekar, L., Betstadt, S., Silva, A.J., Takano, T., Goldman, S.A.,
Nedergaard, M., 2013. Forebrain engraftment by human glial progenitor cells
enhances synaptic plasticity and learning in adult mice. Cell Stem Cell 12,
342–353.
https://doi.org/10.1016/j.stem.2012.12.015

Haug, H., 1987. 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. 180, 126–142.
https://doi.org/10.1002/aja.1001800203

He, F., Sun, Y.E., 2007. Glial cells more than support cells? Int. J. Biochem. Cell
Biol. 39, 661–665.
https://doi.org/10.1016/j.biocel.2006.10.022

Herculano-Houzel, S., 2017. Numbers of neurons as biological correlates of
cognitive capability. Curr. Opin. Behav. Sci. 16, 1–7.
https://doi.org/10.1016/j.cobeha.2017.02.004

86



Herculano-Houzel, S., 2014. The glia/neuron ratio: how it varies uniformly across
brain structures and species and what that means for brain physiology and
evolution. Glia 62, 1377–91.
https://doi.org/10.1002/glia.22683

Herculano-Houzel, S., 2012. The remarkable, yet not extraordinary, human brain
as a scaled-up primate brain and its associated cost. Proc. Natl. Acad. Sci.
U.S.A. 109, 10661–10668.
https://doi.org/10.1073/pnas.1201895109

Herculano-Houzel, S., 2011. Scaling of brain metabolism with a fixed energy
budget per neuron: Implications for neuronal activity, plasticity and evolution.
PLoS One 6, e17514.
https://doi.org/10.1371/journal.pone.0017514

Herculano-Houzel, S., 2009. The human brain in numbers: a linearly scaled-up
primate brain. Front. Hum. Neurosci. 3, 31.
https://doi.org/10.3389/neuro.09.031.2009

Herculano-Houzel, S., Avelino-de-Souza, K., Neves, K., Porfı́rio, J., Messeder, D.,
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