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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 corresponding 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.

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 ammniotes, 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.



Abstrakt

Procesni kapacita mozku byva tradi¢né odhadovéana na zékladé velikosti mozku. Z nedédvnych
studii v8ak vyplyva, Ze u vzdalené pribuznych druhi s podobnou velikosti mozku se miize
podstatné ligit pocet neurontu, tedy zékladnich vypocetnich jednotek, i jejich distribuce do
ruznych c¢asti mozku. Abychom tedy dokézali odhalit, jakym zptsobem se v evoluci
kognitivni kapacita méni, potfebujeme pracovat s daty na jemné&jsi Skéle. Takovy
kvantitativni pristup k evoluci procesni kapacity mozku na bunééné trovni je relativné novy.
Moznost rychle ziskat spolehlivé odhady poc¢ty neurond v celém mozku nebo jeho vétsich
castech je totiz k dispozici az v poslednich zhruba 15 letech diky rozsifeni metody izotropni
frakcionace. Ta otevira dvefe k FeSeni celé Fady otazek. S jeji pomoci muzeme zjistovat
vnitrodruhovou variabilitu na drovni jedinci i populaci, podivat se na efekt pohlavi a véku,
nebo studovat selekci na vnitrodruhové trovni. Z druhé strany spektra pak mizeme sledovat
velké makroevoluéni trendy nebo se zaméfit na porovnani blizce piibuznych a ekologicky
podobnych druhti a pokusit se tak studovat vliv jednotlivych selekénich tlak.

Ve své disertaci se zabyvam variabilitou velikosti mozku a jeho bunééného slozeni
mozku napfi¢ obratlovci, a to jak na vnitrodruhové, tak na mezidruhové trovni. V kapitole 1
jsme ukéazali, Ze rizné populace gekona madagaskarského se mohou vyznamné lisit poctem
neurontt v mozku. Zaroveh jsme nenagli zddné rozdily mezi pohlavimi ve velikosti mozku,
po¢tu neurontt ani hustoté neuronti, pfestoze se jednd o druh s mirnym pohlavnim
dimorfismem. Prokazali jsme také, Ze postnatalni neurogeneze u gekononi neslouzi jen
k nahrazeni ztracenych neuront, ale Ze neuront v pribéhu zZivota pribyva, coz je obzvlasté
patrné v koncovém mozku dospélc.

V kapitole 2 jsme zkoumali, jak se uméla selekce na vétsi relativni velikost mozku
u zivorodek Poecilia reticulata odrazi v po¢tech neurontii. Zjistili jsme, Ze tato selekce mé za
nésledek odpovidajici nartist v poétu neuronil. Samice Zzivorodek ze skupiny s malymi
a velkymi mozky se mezi sebou neliSily v neurondlni hustoté, takze zvétseni mozku se piimo
linearné promitlo do vySsitho poCtu neuront. Vysvétluje to lepsi vykon v celé radé
kognitivnich tloh, ktery byl u téchto Zivorodek selektovanych na relativné veétsi mozky
popsan.

V kapitole 3 jsme provedli prvni test hypotézy socidlniho mozku s pfimym porovnanim
poc¢tu neuront. Bayesianské linearni smiSené modely s fylogenetickou korekci neprokézaly
zadné spojeni mezi socialitou a velikosti nebo procesni kapacitou mozku. Ukéazali jsme tak, zZe
socialita sama o sobé k evoluci velkych mozki a inteligence nesta¢i. Metabolickd omezeni a
potencialné vyssi tolerance k hypoxii mohou v tomto konkrétnim pripadé jit proti
potencialnim pfinostim vétsi kapacity mozku. Dalsim dulezitym faktorem muZe byt samotna
povaha socialni komplexity u rypost (organizaéni, nikoli rela¢ni).

V kapitole 4 jsme rekonstruovali evoluci poctu neurond u amniot. Analyzovali jsme
rozsahly dataset velikosti mozku, ktery ¢ital témét 4000 druhd amniot, a pocty neuront ve

tfech velkych ¢astech mozku u 251 druht. Ukazalo se, Ze neptac¢i plazi maji pomérné malé



absolutni po¢ty neuronii. Kromé nizké encefalizace (velikosti mozku relativné k velikosti téla)
maji také nizsi hustoty neuronii, takZze v porovnani s endotermnimi skupinami maji ve
vysledku podstatné méné neuronti na stejnou hmotnost téla, a to presto, Zze u amniot obecné
hustoty neuronii s rostouci velikosti mozku klesaji. Pomoci MCMC s reverzibilnimi skoky
jsme detekovali vyznamné zmény ve Skalovani poctu neronti s velikosti mozku a téla ve
fylogenezi amniot, aniz bychom museli specifikovat a priori hypotézy ohledné toho, ve
kterych skupinach k nim doslo. Zjistili jsme, Ze ptéci i savci nezavisle zvétsili nejen mozky,
ale také hustoty neuronti, pficemz obé skupiny konvergentné dospély k podobnému skélovani.
Naproti tomu uvnitt neptacich plazti zZadné vyrazné zmény béhem 325 miliont let evoluce
neprobéhly. Znovu to poukazuje na dilezitou roli, kterou v evoluci mozku hraji energeticka
omezeni. Tento rozdil mezi endotermnimi a ektotermnimi amnioty je navic nejvyraznéjsi
v mozecCku, nikoli v koncovém mozku. K dalsim dvéma zvétSenim relativni velikosti mozku a
hustoty neurontt doslo u antropoidnich priméti a ptaéi skupiny Telluraves, pricemz vysledné

gkalovani u téchto dvou skupin je opét podobné.



Introduction

The variation in brain sizes and cognitive abilities in vertebrates, their interrelationship and
correlates have long been a central theme in comparative neuroscience, evolutionary biology
and comparative psychology. Despite remarkable progress accomplished during the past
decade, some key concepts remain controversial. First, there is still no clear consensus on the
relationship between ‘‘brain size” and cognitive abilities.

Traditionally, relative brain size was taken to be the most relevant factor, whether
expressed as the encephalization quotient (Jerison, 1973), or as residuals from regression of
brain size on body size (e.g. Clutton-Brock and Harvey, 1980). It is supposed to control for
the parts of the brain that are involved in managing somatic tissue and represent the ‘‘excess”
brain capacity that is involved in higher cognition. Perhaps the ubiquity of this assumption is
based on an intuitive understanding that the relative size of an organ gives us some clue
about its relative importance, coupled with the fact that humans have much larger brains
than expected for their body size. Recently, this view has been challenged by the idea that
absolute brain size better corresponds to actual brain processing capacity and the body has
little do to with it (e.g. Deaner et al., 2007; MacLean et al., 2014).

However, it is neurons and their connections that provide the substrate for cognition.
More specifically, the number of neurons, neuron packing density, interneuronal distance and
axonal conduction velocity have been suggested as factors that determine information
processing capacity, which is thought to govern general intelligence (Dicke and Roth, 2016;
Herculano-Houzel, 2017). This has been mostly ignored in practice, probably because it is
laborious to count neurons in whole brains, while it is easy to weigh them.

With the introduction of the isotropic fractionator method, it has become technically
feasible to relatively quickly determine numbers and densities of neurons and non-neuronal
cells in whole brains and their parts (Herculano-Houzel and Lent, 2005). The method has
been independently shown to produce reliable results, comparable to the much lengthier and
less effective stereological techniques (Bahney and Bartheld, 2014; Miller et al., 2014).

By using this approach, it transpired that brains of mammals and birds belonging to
distantly related clades differ starkly in neuronal densities, neuronal numbers and allocation
of neurons into brain compartments (reviewed in (Herculano-Houzel et al., 2015a; Olkowicz
et al., 2016). This means that knowledge of neuronal scaling rules is indispensable for
comparing the information processing capacities of brains on larger phylogenetic scales.
However, neuron counts were available only for a limited number of species of mammals and
birds.

To understand the evolution of brain size and complexity in tetrapods, it is imperative
to include data on non-avian reptiles and amphibians, yet such data are sorely lacking.
Brains of reptiles are generally understudied and comprehensive data on comparative
quantitative neuroanatomy are virtually non-existent. Reptiles show the lowest

encephalization among amniotes, with absolute brain sizes generally lower than those of



mammals or birds (Jerison, 1973). The only larger dataset of whole brain and brain region
sizes in reptiles was compiled by Platel more than 40 years ago (Platel, 1980, 1976, 1975) and
it comprises data on about 50 species of squamates (Squamata) and turtles (Chelonia). Since
then, there has not been much development except for smaller-scale studies (e.g. Font et al.,
2019; Ngwenya et al., 2013; Northcutt, 2013).

To get out of the rut caused by reliance on old datasets, we increased phylogenetic
coverage, including data on ectotherms, and we adopted a more fine-grained approach by
counting neurons and glial cells in whole brains and major brain parts. At this neuronal level,
we assessed individual variation, effect of sex and age, response to selection pressures, as well
as large patterns of evolutionary changes in brain composition and scaling. By addressing
these questions, we can get to the heart of a much larger mystery: what underlies the
apparent differences in cognition across species, what evolutionary forces shape them and

what is the underlying neural substrate.

Aims

1. To establish the extent of individual variation in ectothermic vertebrates with extended
neurogenesis.

2. To explore the effect of artificial selection for relative brain size on the cellular composition
of the brain.

3. To test the social brain hypothesis at the neuronal level in an ecologically uniform clade.

4. To reconstruct the evolution of brain size, neuron numbers and densities in amniotes.

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 had 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., 2015; Kverkova 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 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, suggesting that the previously established
pattern of decreasing neuron densities with increasing brain size holds for all vertebrates
(Herculano-Houzel et al., 2015a). 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 life under ground, 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 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 breeding, 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 unfavourable 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 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 amniotes, 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 of amniotes. 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 independently 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 expenditure, 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 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 much 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 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.

Conclusions

We found out that the inter-individual and interpopulation variation in the number of neurons
and neuron densities in a reptile is comparable to that in mammals, despite the reptile brain
growing through adulthood. Ectothermic vertebrates might have a tighter relationship between
brain size and neuron number at the intraspecific level than endotherms, but robust data on
individual variation and ontogenetic changes in birds are still missing.

Using the guppy model, we showed that selection can very quickly lead to increases in
neuron numbers that apparently translate into improved cognitive abilities. This attests to a
high evolvability in this trait, as these fish came from the same genetic background and have
only been selected for 5 generations. However, more dramatic changes seem to be rather rare, as
the ‘“neuronal scaling rules” are quite conserved within smaller clades and truly dramatic shifts
happened only a handful of times within amniotes.

Differences between reptiles and endotherms are more profound than we previously
realized. At the same time, birds and mammals converged on a similar scaling despite having
different brain organization. Convergent brain processing capacity increases in endotherms,
coupled with no substantial changes within non-avian reptiles imply an important role of
energetic constraints. This ties in well with the fact the African mole-rats show a pattern
opposite to the social brain hypothesis and their overall neuron numbers seem to be constrained
by the demands of underground life.

We found pronounced differences in brain neuron distributions between reptiles, birds, and
mammals. Moreover, mammals show uncoupling of the evolution of relative brain size and
relative neuron numbers, unlike the other groups. This could have important implications for

the use of brain size as a proxy for information processing capacity.
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