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Chapter 5
Intelligence: Evolutionary Biological
Foundations and Perspectives

Thomas W. Holstein

Abstract Although the term intelligence is now used in a wide variety of fields to
explain the emergence of complex causalities, intelligence is understood here pri-
marily as the ability of neural systems to solve problems in cognitive decision-
making processes. Cognition and intelligent behavior are therefore primary objects,
but not subjects, of chance-driven biological evolution. Recent work in neurobiol-
ogy and comparative genomics has now shown how, starting from simple neural
systems, forms capable of solving comparably complex problems in cognitive pro-
cesses have evolved in all major groups of the animal kingdom. Although this cog-
nition is based on the same basic cellular elements (neurons), it is realized in central
nervous structures (brains), some of which have developed quite differently in ani-
mal evolution. By comparing the nervous systems of animals capable of higher
intelligent sensory performance, the first common properties and principles are now
becoming apparent, which are prerequisites for the emergence of higher intelligent
systems (e.g., the density, but not number, of neuronal elements). Such common
rules are probably also constraints in the development of artificial intelligent
systems.

1 Introduction

The biological foundations of intelligence and our consciousness are one of the
most exciting topics at the interface of biology and psychology, and they are of
fundamental importance for the self-understanding of humans and our cognitive
ability. For a long time, this topic was treated from an anthropocentric point of view,
accepting that humans are a product of biological evolution, but at the same time
claiming a special position for humans. An essential prerequisite for intelligence or
intelligent cognition and intelligent behavior is without doubt the ability of indi-
viduals to develop a form of self-reflection and consciousness. For a long time,
hominids, primates, and mammals in the broader sense had a unique selling point in
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that it was assumed that only these animals had developed the corresponding cor-
relate for consciousness in the form of the cerebral cortex during evolution.

In a September 2020 editorial in the American journal Science, two papers were
presented under the title “Shared consciousness” (Nieder et al., 2020; Stacho et al.,
2020), in which it was shown for the first time at the level of neuroanatomy and
neuropsychology that in birds, when performing a complex “thinking task,” neuro-
nal responses are activated in the brain that correlate with the perception of stimuli
of problem solving. Such activity appears to be the neural correlate and a marker of
both consciousness and long-established cognitive abilities in these birds
(Herculano-Houzel, 2020; Kabadayi et al., 2016; MacLean et al., 2014; Olkowicz
et al., 2016).

This work raises a number of new questions that are fundamental to our under-
standing of the biological evolution of intelligence. They also pose the question of
the special position of humans on a new basis: What are ultimately the molecular
and cellular foundations of human intelligence? Does intelligence exist in other
animal groups and on what principles is it based? If consciousness and intelligence
have arisen multiple times in the animal kingdom in a convergent evolution, what is
the significance of this for the development of “artificial intelligence”? This essay
will attempt to provide an overview of recent work on the properties and evolution
of neural systems that may provide answers to these questions.

2 Basics of Neuronal Cognition

The epitome of neural cognition is without doubt the human brain. Its immense
complexity—it consists of a hundred billion neurons of an as yet unknown number
of different types, each neuron capable of connecting to tens of thousands of other
neurons—makes a holistic understanding of its functioning extremely difficult.
However, the human brain has evolved from simpler forms in the more than 500 mil-
lion years of its evolution. Much of current knowledge of the individual elements of
our nervous system is therefore based on comparison with simpler and more acces-
sible systems in invertebrates and vertebrates. For example, the large neurons of the
marine snail Aplysia allow a detailed study of neuronal architecture and physiology
during various forms of associative learning (Kandel et al., 2021). Additionally, the
importance of ion channels in the formation of the action potential during excitation
conduction was discovered in the giant axons of squid (Hodgkin & Huxley, 1952;
Kandel et al., 2021). Although single neurons represent the functional units of ner-
vous systems, they alone cannot explain the specific properties of neuronal systems;
these always rely on multicellular circuits of neurons with emergent functional
properties (Bosch et al., 2017). Understanding the earliest evolutionary examples of
nervous systems is thus essential for understanding their function (Fig. 5.1).
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Fig. 5.1 A diffuse nervous network without brain and ganglia, like the nervous system of cnidar-
ians, probably stood at the beginning of the evolution of nervous systems. The nerve network of
the freshwater polyp Hydra vulgaris, shown by expression of a nerve-specific membrane protein
(red) and cell nuclei stained with a DNA dye (DAPI) (blue). In Hydra, however, a high density of
sensory neurons is established around the mouth opening (hypostome) of the polyp, which are
important for the act of capture and feeding. There is a wide spectrum of different neurotransmit-
ters expressed in subpopulations of neurons. Such simple neural networks are capable of complex
behavioral patterns, such as the act of capture with cnidocytes or the different forms of locomotion
(see Fig. 5.2), and are currently being studied in cellular and neurobiological terms. (Image ©
Bertulat & Holstein)

3 The First Nervous Systems

Nervous systems appeared very early in the evolution of animals and were certainly
present before the emergence of bilaterally symmetrical animals—also known as
Bilateria. Of the lineages that diverged prior to the radiation of Bilateria in the
Cambrian (“Cambrian explosion”), nervous systems are present only in cnidarians
(Cnidaria) and comb jellies (Ctenophora), but not in sponges (Chapman et al., 2010;
Watanabe et al., 2009). The nervous systems of Cnidaria and Bilateria share many
similarities, while there are differences in Ctenophora due to the limited number of
neurotransmitters; also, their phylogenetic position is still open (Bosch et al., 2017;
Moroz et al., 2014).

Cnidaria, which include medusae (jellyfish) and polyp-forming groups (hydras,
anemones, corals), possess a nervous system that, unlike the nervous systems of the
Bilateria, does not function as a centralized nervous system (CNS), but rather rep-
resents a diffuse neuronal network that operates without a brain or ganglia (Fig. 5.1).
By comparing this simple neuronal system with the more complex systems, funda-
mental design principles of a CNS can be explored, including its contribution to
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higher neural functions such as consciousness and intelligent behavior (Bosch
et al., 2017).

It is fascinating to see the complex behavioral patterns that Cnidaria already pos-
sess. The sophistication of their behavior was first recognized in the eighteenth cen-
tury when Abraham Trembley described the locomotion of the freshwater polyp
Hydra (Trembley, 1744) (Fig. 5.2).

However, medusae also possess a wide variety of behavioral patterns that are
used not only for locomotion but also for prey capture and sexual reproduction.
How all these behavioral patterns come about via a diffuse network of neurons is
currently not understood at all (Bosch et al., 2017; Rentzsch et al., 2019). It is also
entirely counterintuitive that in Cnidaria, the simple neural network exhibits sen-
sory cells and organs comparable in complexity with the sensory outputs of verte-
brates. For example, cnidarian cells are highly specialized neuronal cells that, with
their nematocysts and ciliary mechano- and chemoreceptors, are among the most
complex cell types in the animal kingdom (David et al., 2008; Holstein & Tardent,
1984; Niichter et al., 2006), and cube jellyfish have evolved lens eyes, known only
from the higher Bilateria, for orientation in space.

In recent years, in addition to the classic freshwater polyp Hydra and its related
marine colonial forms (e.g., Hydractinia echinata), medusae (Clytia hemispherica
and Aurelia aurita) and the sea anemone Nematostella vectensis have been studied
in the laboratory and their genomes have been decoded (Chapman et al., 2010; Gold
et al., 2019; Leclere et al., 2019; Putnam et al., 2007). As a result, several basal
nervous systems are available for functional analyses, which can also be used to
understand the origin of complex behaviors at the molecular level. The genomes and
transcriptomes that have now been sequenced show that these behavioral patterns
are based on an unexpectedly high genetic complexity of cnidarian neural networks.
The diversity of synaptic proteins, small neurotransmitters, neuropeptides, as well
as their processing machinery is as complex as that we know from “higher” animals,
e.g., insects and vertebrates.

Thus, it can be concluded that the cellular and molecular repertoire of our ner-
vous system evolved in the common ancestors of Cnidaria and Bilateria at a very
early stage of evolution (>500 million years ago). Yet the primary function of the
nervous system was probably “only” used for simple sensory and motor coordina-
tion. Nevertheless, given the complex behavioral patterns of these animals, it is
currently debated to what extent these simple neural networks have properties
beyond neural coordination, or whether higher neural functions require the central-
ization of the nervous system. The fact that the evolution of the CNS of Bilateria is
closely linked to the existence of a second dorso-ventral body axis, which is still
lacking in Cnidaria, suggests that certain circuits of the nervous system first evolved
in Bilateria. Here, evolution led to ganglia and central nervous structures, which
allowed for a higher neuronal density and thus a higher number of synaptic contacts.

The formation of a CNS can be understood as an evolutionary trend that occurred
at the beginning of Bilateria evolution. Comparative genomic studies show com-
monalities in the ontogeny of the nervous system, including its central nervous ele-
ments, in all related groups of Bilateria, including the brain (Hirth et al., 2003;
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Fig. 5.2 The Geneva naturalist Abraham Trembley meticulously observed the freshwater polyp in
its behavior and published his findings in 1744 in the influential book “Mémoires pour servir a
I’histoire d’un genre de polypes d’eau douce.” Plate 3 describes various patterns of movement of
the hydras, which are about 1 cm long: One is a caterpillar-spinner-like locomotion (Figs. 1-4) in
which the animal alternately contracts and stretches while the fixed aboral pole (b) follows the oral
end with the tentacles and is thus lifted from one location to the next. The other movement involves
summersaulting of the aboral end (foot) (Figs. 5-9). In addition, the animals may move vertically
or in a vessel (Fig. 10) and attachment to the water surface (Fig. 11). Trembley was not only an
“observational naturalist,” but also a founder of experimental biology (discovery of regeneration in
Hydra) with great impact on the philosophers of his time

Reichert, 2005). They fall into three major groups, the Deuterostomia,
Lophotrochozoa, and Ecdysozoa. The Deuterostomia, which include vertebrates
(vertebrates) as the largest group with humans, form the nervous system on the
dorsal side (Notoneuralia), whereas Lophotrochozoa and Ecdysozoa form the
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Fig. 5.3 Phylogenetic tree representing the evolutionary relationship between cephalopods
(Cephalopoda) and corvids (Corvidae) and great apes (Hominidae). (Modified from: Biological
Reviews 96 (2021) 162—178 © 2020 The Authors. Biological Reviews published by John Wiley &
Sons Ltd on behalf of Cambridge Philosophical Society. Image sources: © CCBY-SA: snail, echi-
noderm, chiton; © CCBY-NC-ND: octopus; © jenesesimre, stock.adobe.com: octopus, squid,
arthropod, clam; © artbalitskiy, stock.adobe.com: monkey, corvid, fish, amphibian, reptile)

nervous system on the ventral side (Gastroneuralia). Recent findings suggest that
forms with a CNS have evolved independently (convergently) in the three major
groups, which are capable of higher neuronal outputs and thus intelligent behavior
according to behavioral criteria (Roth, 2015; Roth & Dicke, 2005, 2012) (Fig. 5.3).

4 Cognition in Invertebrates

Insects possess the most complex brains of the Ecdysozoa. They belong to the
arthropods, whose nervous system is derived from simple progenitors with an oral
nerve ring and ventral nerve cords containing ganglia. The tripartite brain has so-
called “mushroom bodies” (corpora pedunculata) in its anterior part, which occupy
half of the brain volume in honeybees and whose neuronal density is an order of
magnitude greater than in vertebrates (Reichert, 2005; Roth, 2015) (Strausfeld &
Hirth, 2013). The region has been identified as a substrate for the evolution of cogni-
tive and social functions and has an impressive repertoire and flexibility of behav-
ioral patterns for foraging, spatial orientation, and social interaction (Roth, 2015).
Bees are also characterized by their great learning behavior and appear to be capable
of building cognitive maps for spatial orientation that can be retrieved in a context-
dependent manner (Roth, 2015), although this is still under debate (Cruse & Wehner,
2011; Wehner & Menzel, 1969).

The most complex brains of the Lophotrochozoa—and of all animals outside of
vertebrates—are found in the cephalopod molluscs, including octopuses (Octopoda),
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squids (Theutidae), and cuttlefish (Sepiida) (Albertin et al., 2015; Wanninger &
Wollesen, 2019). As a member of the large group of molluscs (Mollusca), which
also includes bivalves and gastropods, their nervous systems are derived from sim-
ple forms with an oral nerve ring and ganglia-containing ventral nerve cords, as
found in annelids (polychaete). The nervous system of squid contains approximately
550 million neurons, of which approx. 90% are in the arms and optic nerves and
10% are in the brain proper. The brain is divided into a ventral motor section and a
dorsal section, to which sensory information processing and higher cognitive func-
tions are attributed (Albertin et al., 2015; Roth, 2015; Shomrat et al., 2008). The
vertical lobe of an octopus brain is its most complex part and key structure for the
circuits involved in learning and memory processes (Albertin et al., 2015; Shomrat
et al., 2008; Young et al., 1971). It contains more than half of the neurons in the
brain, with approximately 26 million neurons (Roth, 2015). It consists of two types
of neurons: interneurons that can form “en passant” synapses to primarily visual
afferents and projection neurons that connect to the subvertical lobe. This creates a
highly ordered network with millions of intersecting fibers.

In the recently published first description of the genome of Octopus bimaculoi-
des, it was shown that the molecular basis of this highly complex brain is based,
among other things, on neuronal adhesion proteins that are responsible for the for-
mation of synaptic contacts between neurons (Albertin et al., 2015). In the Octopus
genome, 168 genes encoding for cell adhesion proteins (protocadherins) are pres-
ent. They result from tandem gene duplication and an expansion of this gene family
that is primarily expressed in neural tissue. The function of protocadherins has been
studied primarily in mammals, where they are required for neuronal development
and survival as well as synaptic specificity; however, they arise here by complex
splicing rather than gene duplication. The expression of protocadherins in squid
neural tissues suggests a central role for these genes in establishing and maintaining
the organization of the cephalopod nervous system as known from mammals
(Albertin et al., 2015).

The highly complex molecular and morphological structure of octopus brains
enables us to understand why so many “intelligent” behaviors have been described
in these animals. For example, an “Octopus is not only good at remembering where
tasty food can be found, but after a journey far from home, it often returns home by
the shortest route it had never taken before.” (Roth, 2015). As with bees, there is
debate as to whether squids have a “mental map” (Roth, 2015) and the extent to
which they are capable of “learning by observation” (Fiorito & Chichery, 1995;
Fiorito & Scotto, 1992; Roth, 2015).

However, these reports of intelligent behavior in squid have now taken on a new
quality, as it has been shown that squids are also capable of exercising self-control
in a reward-delay task (Schnell et al., 2021a, b; Schnell & Clayton, 2019). The abil-
ity to overcome immediate gratification in favor of a better but delayed reward is
considered an important cognitive skill for effective decision making, goal-directed
behavior, and future planning (Mischel & Underwood, 1974; Santos & Rosati,
2015; Schnell et al., 2021a, b; Schnell & Clayton, 2019). In humans, the ability to
exercise self-control has been linked to children’s cognitive performance: children
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who were able to delay a reward longer,! also performed better on intellectual tasks
(Mischel, 2015; Mischel et al., 1989). To test self-control in squid, Schnell and col-
leagues gave the animals a task that also measured an individual’s ability to forgo
immediate reward (Schnell et al., 2021a, b). Squid maintained delay times for up to
50-130 s. To test learning performance, squid had to learn to associate the reward
with one of two stimuli; they then had to learn to associate the reward with the alter-
native stimulus. Again, squid that were able to delay their reward longer than others
had better learning performance (Schnell et al., 2021a, b). The work showed that
squid can tolerate delays in order to obtain food of higher quality or quantity, which
is ultimately comparable to the situation in mammals (Schnell et al., 2021a, b).

5 Cognition in Vertebrates

Humans (Homo sp.) belong to a genus that is member of the family of great apes
(Hominidae) and thus to mammals (Mammalia). The study of complex cognition
has traditionally been limited to hominids and related groups within primates, as
these have been considered the pinnacle of cognitive complexity, although there has
been increasing evidence that there are other mammals, as well as birds (Aves), that
possess brains capable of cognitive performance comparable to that of primates
(MacLean et al., 2014; Olkowicz et al., 2016). Examples include cetaceans (Fox
et al.,, 2017; Marino, 2002), elephants (Plotnik et al., 2006, 2011), or parrots
(Pepperberg, 2006; Pepperberg et al., 2013) and corvids (Boeckle & Bugnyar, 2012;
Emery & Clayton, 2004). The fact that corvids possess cognitive abilities equivalent
to those of monkeys (Clayton & Emery, 2005; Emery & Clayton, 2005; Giintiirkiin
& Bugnyar, 2016; Kabadayi et al., 2016) has therefore raised the question of whether
complex cognition has evolved repeatedly and independently in vertebrates
(Roth, 2015).

Mammalia and Aves diverged into two distinct groups of amniotes® approxi-
mately 300 million years ago, and their brains—like the nervous systems of all
vertebrates—can be traced back to the simplest precursors of chordates 550 mil-
lion years ago (Fig. 5.3). According to general doctrine, however, there are funda-
mental differences in brain anatomy and neuroarchitecture between apes and corvids
(Jarvis et al., 2005). According to this view, the mantle layer (pallium) of the cere-
brum in birds does not possess layering as in mammals (this powerful layering has
earned the mammalian pallium the name “cerebral cortex”), and therefore birds
would not possess a cerebral cortex (Giintiirkin & Bugnyar, 2016;

!'Children were presented with one marshmallow and given a choice—eat it immediately or wait
to get two later. The experiment also became known as the Marshmallow Test (Walter Mischel
2014, Settlers, ISBN 9783827500434).

2Amniotes are terrestrial vertebrates that can reproduce independently of water through embryonic
shells, whereas amphibians depend on it for embryonic development and produce tadpoles as lar-
val stages postembryonically.
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Herculano-Houzel, 2020). However, this assumption of an absent cerebral cortex
has been challenged because, like our cerebral cortex, the pallium of birds also
derives embryonically from the same section of the developing brain with all molec-
ular markers, and it has a comparably high number and density of neurons
(Giintiirkiin & Bugnyar, 2016; Herculano-Houzel, 2020; Puelles et al., 2013). In the
new work, it is now shown that the avian pallium has a similar neuronal organiza-
tion and layering as the mammalian cortex and has neurons (Stacho et al., 2020) that
can neurophysiologically represent what is perceived (Nieder et al., 2020), which is
a hallmark of consciousness (Herculano-Houzel, 2020).

Therefore, an intriguing question is to what extent within vertebrate cognition
and the capacity for consciousness already existed in the common ancestor of birds
and mammals (Bshary & Brown, 2014; Herculano-Houzel, 2020; Nieder et al.,
2020). Although the evolution of squid and comparison with other animal groups
suggests that there was convergent evolution of higher cognition and consciousness
(Roth, 2015), there do appear to be certain structural and embryological common-
alities within vertebrates that resulted in the evolution of neuronal structures with
particularly high neuronal density being built only in certain regions, which then
enabled the emergence of higher intelligent systems. Therefore, in addition to birds,
the biological foundations of cognition in primates/hominids, the group of mam-
mals to which we humans belong, will be conclusively addressed.

6 Hominid Cognition

It has long been assumed that the high cognitive performance and intelligence that
characterize hominids and humans are closely related to, or even explained by, the
size and complexity of the brain and cerebral cortex (cortex cerebri) (Fig. 5.3).
Indeed, within hominids there has been an extremely rapid increase in brain size
since the split of the great apes and genus Homo in the late Miocene 6—7 mil-
lion years ago (Harrison, 2010), particularly in human evolution, while brain size
has changed less among the different great ape groups within hominids.

The large increase in size of the human brain was accompanied by significant
restructuring of the digestive system and feeding and social behaviors (Fonseca-
Azevedo & Herculano-Houzel, 2012; Roth & Dicke, 2005, 2012).

Repeated attempts have been made to correlate high cognitive performance in
mammals in general with brain size. In 2005, Roth and Dicke determined the avail-
able data on brain size in various mammals and examined the correlation to brain
cognitive performance (Roth & Dicke, 2005, 2012). This showed that while abso-
lute brain size can vary by up to five orders of magnitude within mammals (ranging
in weight from 0.1 g for the smallest brains in insectivores and bats to 9000 g in
large whales), the human brain is far from the largest (weighing slightly less than
1.35 kg). This is also true when considering the relative size of the brain (brain size/
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body size), thereby compensating for allometric effects,’ again hominids are in the
middle range (Roth & Dicke, 2005, 2012). The data therefore do not allow for a
simple correlation between brain size and cognitive performance.

A clearer picture emerges for the structures of the cortex relevant for cognition,
where the most neurons among recent primates are found in humans (Sousa et al.,
2017). The neurobiological substrate of general intelligence in mammals is consid-
ered to be the frontal lobe (prefrontal cortex) located at the front of the brain (Duncan
et al., 2000). It is directly involved in linking sensory information to the cognitive-
mental processes of thinking, action planning, and decision making (Roth & Dicke,
2005, 2012). Although the human prefrontal cortex is particularly large (Roth &
Dicke, 2005, 2012), recent comparative studies in primates have fundamentally
questioned the disproportionate size of the human prefrontal cortex (Roth & Dicke,
2005, 2012; Semendeferi et al., 2002), an issue that remains the subject of current
research (Hayashi et al., 2021).

Since neither absolute nor relative brain size is a unique feature of the human
brain, the question arises as to what biological properties of the brain distinguish
humans from their closest recent hominid relatives, the chimpanzees (Pan troglo-
dytes) and pygmy chimpanzees or bonobos (Pan paniscus). Thus, the view is gain-
ing ground that the key to the unique capabilities of the human brain is expressed
less in its absolute or relative size, or even in the number of neurons and glia, but
rather in more subtle components such as a greater diversity of neuronal cell types
or more complex patterns of neuronal connectivity (Sousa et al., 2017). Moreover,
these changes must be evolutionarily young, i.e., they must have started at the earli-
est with the strong brain development of hominids in the early Miocene (15—18 mil-
lion years ago) and at the latest with the split of the genus Homo from the rest of the
hominids, the great apes, in the late Miocene 6—7 million years ago.

At this point, comparative genomic studies have been crucial to a better under-
standing of possible factors in brain evolution within mammals. Direct comparison
of the now fully sequenced great ape genomes (Chimpanzee & Analysis, 2005;
Kronenberg et al., 2018; Locke et al., 2011; Mao et al., 2021; Scally et al., 2012)
with that of humans allows the identification of relevant neuronal genes that are
exclusive to humans and that have newly formed during this time window, e.g.,
through gene duplication. This approach has been used to identify primate-specific
genes that are particularly active in the neural stem and progenitor cells of the devel-
oping neocortex (Florio et al., 2018). The number of strictly human-specific genes
is limited (n = 15), have emerged within the last 6—7 million years, and contain regu-
latory genes involved in neuronal proliferation and expansion of the neocortex
(Florio et al., 2015, 2018). Other neocortex-specific genes present in other primates

3 Allometry relates organ size to body size; the brain follows a power function with an exponent of
0.6-0.8, meaning that as body size increases, brains become larger in absolute terms but smaller in
relative terms (Roth, G., and U. Dicke. 2005. Evolution of the brain and intelligence. Trends Cogn.
Sci. 9:250-257, Roth, G., and U. Dicke. 2012. Evolution of the brain and intelligence in primates.
Prog Brain Res. 195:413-430).
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or mammals were higher in number (n = 3458) but also contribute to neocortical
development (Florio et al., 2018).

Of particular interest here is the SLIT-ROBO GTPase 2 (SRGAP2) gene, whose
expression is also enriched in the developing neocortex (Charrier et al., 2012;
Dennis et al., 2012). It is known that SRGAP2 is involved in brain development
(Guerrier et al., 2009) and that humans carry at least three similar copies of the
gene, whereas non-human primates carry only one. Humans have been shown to
carry four non-identical copies (termed A-D) of SRGAP2 at different locations on
chromosome 1 (Geschwind & Konopka, 2012). By comparing the gene sequences
to those of the orangutan and chimpanzee SRGAP?2 genes, the authors estimated that
SRGAP2 was duplicated in the human lineage approximately 3.4 million years ago,
resulting in SRGAP2A and SRGAP2B (Geschwind & Konopka, 2012).

Further duplications of SRGAP2B led to SRGAP2C approximately 2.4 mil-
lion years ago and to SRGAP2D approx. 1 million years ago, and SRGAP2C in
particular may have played an important role 2-3 million years ago when human
cognition evolved (Geschwind & Konopka, 2012). A further study shed light on the
mechanism of the SRGAP2 gene (Charrier et al., 2012). The formation of dendritic
protrusions (spines) on the surface of neurons is essential for the formation of syn-
aptic contacts. Here, SRGAP2A has been shown to promote the formation of spines
and slow the migration of neurons within the developing cerebral cortex, while the
human-specific SRGAP2C promotes the formation of more spines.

This results in a higher density of spines and a slowdown in cortical develop-
ment, allowing for greater brain plasticity, i.e., the ability to change neuronal con-
nections in response to new experiences (Geschwind & Konopka, 2012). Duplication
of SRGAP2C has also been found in Neanderthals and Denisova humans.
Interestingly, the FOXP2 gene, which is associated with the establishment of some
aspects of our brain’s language ability as well as language disorders, also has the
same mutations in Neanderthals and humans that the great apes lack (Krause
et al., 2007).

7 From Homo Sapiens Intelligence to Artificial Intelligence?

The aim of this work was to show how the simplest stages of a neural network gave
rise to complex nervous systems that are very likely convergent with each other in a
wide variety of animal groups over the >600-500 million years of evolution.
Humans therefore no longer appear to be the only species to possess intelligence.
However, a comparison of the different systems shows that the high cognitive per-
formances that enable intelligent behavior are always tied to a specific environment
and context. These contexts are at the same time linked to millions of years of evolu-
tion of biological “cognition systems.” Artificial intelligence is therefore only con-
ceivable as an extension of human intelligence, albeit with the inclusion of all the
sophistication that made the emergence of higher cognition possible in evolution.
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