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Incorporating evolution into
neuroscience teaching

Georg F. Striedter*

Department of Neurobiology and Behavior, University of California, Irvine, Irvine, CA, United States

Neuroscience courses can be enriched by including an evolutionary perspective.
To that end, this essay identifies several concepts critical to understanding
nervous system evolution and offers numerous examples that can be used to
illustrate those concepts. One critical concept is that the distribution of features
among today's species can be used to reconstruct a feature’s evolutionary history,
which then makes it possible to distinguish cases of homology from convergent
evolution. Another key insight is that evolution did not simply add new features to
old nervous systems, leaving the old features unchanged. Instead, both new and
old features have changed, and they generally did so along divergent trajectories
in different lineages, not in a linear sequence. Some changes in nervous system
organization can be linked to selective pressures (i.e, adaptation), especially
if they occurred convergently in different lineages. However, nervous system
evolution has also been subject to various constraints, which is why many neural
features are, in a sense, suboptimal. An overarching theme is that evolution has
brought forth tremendous diversity across all levels of the nervous system and
at all levels of organization, from molecules to neural circuits and behavior. This
diversity provides excellent research opportunities, but it can also complicate the
extrapolation of research findings across species.

KEYWORDS

neurobiology, core concepts, evolutionary biology, phylogeny, development,
molecular, homology, neurotoxin

1. Introduction

Evolution has been identified by the American Association for the Advancement of Science
as a core concept to emphasize in undergraduate biology education (Cary and Branchaw, 2017),
and many biologists are fond of citing Dobzhansky’s dictum that “Nothing in biology makes
sense except in the light of evolution” (Dobzhansky, 1973). A longer quote from that same article
elucidates: “Seen in the light of evolution, biology is, perhaps, intellectually the most satisfying
and inspiring science. Without that light it becomes a pile of sundry facts — some of them
interesting or curious but making no meaningful picture as a whole” (p. 129).

Evolution has been recognized as a core concept also in neuroscience (Chen et al., 2023).
Nonetheless, most neuroscience courses ignore or neglect evolution, perhaps because both
psychology and medicine - two cornerstones of modern neuroscience - have historically been
slow to incorporate evolutionary thought. This has begun to change (Gosling and Graybeal,
2007; Zampieri, 2009), but many who teach neuroscience remain unfamiliar with central aspects
of nervous system evolution. To improve this situation, the present paper identifies several
concepts that lie at the heart of nervous system evolution, as well as many concrete examples.
Given the time and content constraints most neuroscience courses face, it is recommended that
instructors pick whatever examples their students are most likely to find compelling and use
them to illustrate at least a subset of the key concepts. Some overarching aims are to make
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students aware that nervous systems are incredibly diverse, that
understanding evolution requires “tree thinking” (rather than
thinking of evolution producing ladders), that both homology and
independent (convergent) evolution are prominent features of nervous
system evolution, and that adaptation through natural selection acts
within the context of numerous constraints.

2. Key concepts (and misconceptions)
in the study of nervous system
evolution

The following concepts are a subset of the evolutionary principles
needed to illuminate biology in general (see Cary and Branchaw,
2017), and they are relevant to the evolution of many different
biological features, not solely neural traits. However, the listed
concepts are most applicable to the kinds of content likely to
be covered in a neuroscience course.

2.1. Concept #1: homologous traits have
unique evolutionary trajectories

Most courses on evolution emphasize the origin and diversification
of species, including gene flow through populations and the history of
life in general. In contrast, evolutionary neuroscience is more
concerned with the evolution of specific neuronal features, aka traits
or characters (Wagner, 2000). These two perspectives are different
sides of the same coin, but anyone interested in the evolution of

10.3389/feduc.2023.1278279

biological traits must grapple with the question of how to study trait
evolution. For that, the concept of homology is key.

Although debates about the definition of homology have a long
history (Brigandt, 2002, 2003), evolutionary biologists generally agree
that homologous traits are those that share a common evolutionary
origin (Ereshefsky, 2012). That is, a trait is homologous in two or more
species if it can be traced back to the same (corresponding) trait in the
presumptive common ancestor of the species (see Striedter and
Northcutt, 1991). This definition implies that homologous traits have
a unique origin, a distinct evolutionary history, and may sometimes
be lost (Ghiselin, 2005). Importantly, homologous traits may change
in structure, function, or both. Often those changes are relatively
minor, making it easy to identify the homologs in a variety of
descendent species. However, it is possible for evolutionary changes
to be so extensive that the homologies become cryptic.

How can evolutionary biologists reconstruct which traits emerged
in which ancestral species and how they might have changed in the
descendent lineages? This question is especially acute in evolutionary
neurobiology since most neural features do not fossilize. The answer
involves mapping the distribution of the trait onto a well-established
phylogenetic tree of the relevant species (i.e., which species have the
trait, and which do not) and then determining which underlying
history is most likely to have given rise to the observed distribution
(Figure 1; Northcutt, 1984; Cunningham et al., 1998). For example,
the fact that all placental mammals, but no other vertebrates, have a
corpus callosum (interconnecting the two cerebral hemispheres)
strongly suggests that this trait first appeared in the last common
ancestor of all placental mammals and was then retained, varying
mainly in size (Aboitiz and Montiel, 2003). More complex is the
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FIGURE 1

Inferring homology or convergence. In scenario #1, a trait (black circles) is present in 5 of the examined species (or larger lineages) but absent in the
two most basal branches of the illustrated phylogenetic “tree.” Given this phylogenetic distribution, it requires fewer evolutionary changes to suppose
that the trait originated in the last common ancestor of the species that exhibit it, and that it was then retained (unchanged) in the subsequent lineages
(left side), than it is to conclude that it emerged independently in all the examined lineages (right side). Therefore, it is most parsimonious to conclude
that the trait is homologous among the examined lineages. In scenario #2, the trait is found only in two lineages that are relatively distant relatives of
one another. Given this phylogenetic distribution, it is more parsimonious to conclude that the trait in this second scenario originated twice
independently and is, therefore, the result of convergent (or parallel) evolution.

Scenario #1
(favor homology)

Scenario #2
(favor convergence)
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phylogenetic history of retinal foveas, defined as a portion of the retina
densely packed with photoreceptors and containing a pit in the
overlying retinal layers (see Table 1 #1-2; going forward, items in that
table will be cited as T#1, T#2, etc.). Among mammals, such foveas are
found only in primates; however, some birds also have retinal foveas
(Bringmann, 2019). The most likely interpretation of this phylogenetic
distribution is that retinal foveas evolved early during primate
evolution (Wu et al.,, 2017), and a second time in birds. Given this
scenario, the foveas of birds and primates are not homologous to one
another, since the last common ancestor of birds and primates almost
certainly lacked a fovea.

One common misconception related to Concept #1 is that traits
can be partially homologous (e.g., 60%). This is often said of genes, but
the percentage in those instances refers only to the degree of similarity
and not to the homology, which is all-or-nothing. Also confusing is
that morphological structures and genes are sometimes said to
be “functionally homologous,” even if the structures themselves are
not homologous (or of uncertain homology). In most of these cases,
the functions are merely attributes of the structures, rather than
independent traits that can be subjected to a homology analysis. In
general, it is better to refer to similar functions subserved by
non-homologous structures as instances of convergent evolution;
another widely used term for independently derived functional
similarities is “analogy.”

2.2. Concept #2: lineages form nested sets,
and so do their traits

As Darwin argued lucidly, species do not just transform from one
into another; they often branch, forming a family tree (aka
phylogenetic tree). Because each node within this tree defines a
lineage that includes all subsequent branches, the lineages collectively
form a hierarchically nested set of species, genera, families, orders,
classes, and so forth. In parallel with this taxonomic hierarchy,
homologous traits also form nested sets. In molecular evolution, these
are represented by gene trees (ie., gene family trees; Huang
etal., 2018).

In comparative anatomy, lineage-typical sets of features are called
Baupldne (plural of Bauplan, a German word meaning “construction
plan”). To illustrate, biologists may contrast the Bauplan for vertebrates
with that for insects. One may also hypothesize about the Bauplan of
the last common ancestor of insects and vertebrates, or of the Bauplan
for specific orders within those larger lineages. It is important to
realize, however, that each Bauplan is an abstraction, not an actual
organism (or part thereof). Missing from each Bauplan are the
innumerable details that vary between the species in the
specified lineage.

One common misconception related to concept #2 is that a single
species can adequately represent a larger lineage, which is implied
when someone talks about laboratory mice as if they were THE
rodent. Rather that talking about THE rodent brain, for example, it is
better to talk about rodent brains in general or, ideally, to specify
which rodents are being discussed. A related fallacy is to assume that
modern species can be arranged in a linear phylogenetic series, such
as fish-frog-lizard-mouse-monkey-human. This kind of “phylogenetic
scale” is incompatible with Darwin’s view of species forming a family
tree and not consistent with our modern understanding of how new
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species and lineages form. To illustrate the point, ask your students to
sort their extended family into a linear series; different criteria would
lead to different arrangements, none of which are an accurate
representation of the underlying genealogy. Another instructive
classroom activity is to ask students to create an “orderly arrangement”
of the individual vertebrate brain drawings included on three “posters”
published as part of a three-volume text on vertebrate brain evolution
by Nieuwenhuys et al. (1998; unfortunately, this book is expensive and
not always easy to obtain from libraries; T#3).

2.3. Concept #3: evolution does not
merely add new parts to old systems

Soon after Darwin wrote his Origin of Species, it became popular
to believe that each organism during its embryonic development goes
through a series of stages that recapitulate the species’ evolutionary
history, that ontogeny recapitulates phylogeny. This idea has turned
out to be wrong (Gould, 1977). Mammals do look fish-like at some
early stages of development, but that is because vertebrate embryos in
general go through an early “phylotypic period” (T#4; Richardson,
1995) when they are far more similar to one another than they are as
adults. After (and even before) this phylotypic period, development
diverges, often dramatically. As a general rule, novel adult forms are
created not by adding new stages to the end of ancestral ontogenies,
but by modifying development at various developmental stages such
that different adult forms result. In the words of Walter Garstang,
“ontogeny does not recapitulate phylogeny, it creates it” (T#5;
Garstang, 1922, p. 82). This realization is at the core of evo-devo
biology, which has blossomed in recent years.

Closely related is the fact that evolution does not merely add novel
bits to an ancestral set. For instance, bird wings were not produced by
the phylogenetic addition of wings to ancestral bodies with four legs.
Instead, avian wings resulted from evolutionary changes in forelimb
development. This may be obvious, but many educated people still
believe that early mammals added the hippocampus and amygdala
(and other components of the limbic system) to an ancestral “reptilian
core,” and that later mammals then added the neocortex. This triune
brain theory (MacLean, 1990) has been amazingly persistent in
popular imagination, perhaps because it appears to provide a
mechanistic basis for the ancient observation that humans often
struggle to suppress their baser, animalistic desires. However, the core
tenets of this theory are simply incorrect (T#6; Cesario et al., 2020).

One problem with the triune brain theory is that reptiles clearly
possess hippocampus and amygdala homologs and, most likely, a
neocortex homolog as well (Medina et al., 2022). Its just that these
structures diverged substantially from their mammalian counterparts
(Figure 2; Striedter and Northcutt, 2020). This is not to say that
evolution never produces anything new (Wagner, 2015). Neurons, for
example, had a distinct phylogenetic origin (see below). It is also true
that evolutionary neurobiologists continue to debate when in
evolution a neocortex homolog originated (see Section 3.8). In any
case, given that all mammals possess a neocortex, this trait is very
unlikely to have originated late in mammalian phylogeny, as the triune
brain theory supposed. Moreover, even when a novel brain region (or
other neural trait) appears, the other traits need not remain
unchanged. Very few neural traits are truly invariant across long
evolutionary distances.
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TABLE 1 Illustrations good for teaching evolution in a neuroscience course.

10.3389/feduc.2023.1278279

# Image descriptions Citation Figure #s
1 Retinal foveas of birds (photographs) Bringmann (2019) 1-3
2 Retinal evolution in primates (phylogeny) Wu et al. (2017) 1
3 Drawings of diverse vertebrate brains from lateral and dorsal perspectives. Nieuwenhuys et al. (1998) Supplemental “posters”
4 Phylotypic period of vertebrates (comparisons of embryos) Richardson (1995) 1-2
5 The relationship between ontogeny and phylogeny (schematic) Garstang (1922) 1
6 Follies of the triune brain theory (schematic) Cesario et al. (2020) 1
7 Responses of rods to single photons (physiology) Morshedian and Fain (2017) 4
8 The birthing constraint on neonatal brain size in humans (diagrams) Haeusler et al. (2021) 1,4
9 Convergent evolution of acid insensitivity in naked mole rats and hibernating mammals Liu et al. (2014b) 1
(phylogeny)
10 Convergent evolution of prestin in echolocating dolphins and bats (phylogeny) Liu et al. (2014a) 2
11 Phylogenetic distribution of human disease gene homologs (diagram) Maxwell et al. (2014) 1
12 Inefficiency of action potentials in the squid giant axon due to Na & K currents overlap (graph) Sengupta et al. (2010) 2E
13 Convergent evolution of neurons and brains, with emphasis on ctenophores (various) Moroz et al. (2015) 1-3
14 Syncitial nerve net in ctenophores (photographs) Burkhardt et al. (2023) 1,2
15 Phylogenetic origins of neurons and synapses (schematics) Burkhardt and Sprecher (2017) 1,2
16 Origin of synapses (phylogeny) Ryan and Grant (2009)
17 Diffusion-based vs. axon-based neuronal circuits (schematic) Colgren and Burkhardt (2022) 2
18 Evolution of voltage-gated sodium channels (gene trees) Nishino and Okamura (2018) 3-5
19 Evolution of v-gated sodium channels in tetrapods (gene tree) Zakon et al. (2011) 1
20 Evolution of v-gated ion channels, emphasizing gene losses in C. elegans (gene tree) Hobert (2018) 2
21 Evolution of TTX resistance in newts (phylogeny and physiology) Hanifin and Gilly (2015) 1-3
22 Resistance to scorpion venom in grasshopper mice (behavior & physiology) Rowe et al. (2013) 1,2
23 Centipede toxin as a powerful analgesic (graphs) Wang et al. (2017) 5
24 Structure and function of the lateral line receptors in aquatic vertebrates Dijkgraaf (1963) 1,8,11,13,16
25 Pseudogenization of taste receptors in whales (phylogeny) Feng et al. (2014) 1
26 Loss of chemosensory systems in whales (phylogeny) Kishida et al. (2015) 5
27 Evolution of color vision in whales (phylogeny) Meredith et al. (2013) 1
28 Convergent evolution of sweet sensors in diverse birds (phylogeny, behavior, and physiology) Toda et al. (2021) 1-3
29 A beetle using IR receptors to avoid radiant heat (video) Hinz et al. (2018) Supporting Info.
30 Modified somatosensory receptors allow for infrared “vision” in snakes (various) Newman and Hartline (1982) Most figs.
31 Variation in olfactory receptor gene repertoires (phylogeny) Niimura (2012) 3,4
32 Phylogeny of vertebrate opsins and photoreceptors (diagrams) Collin et al. (2009) 2,5
33 Evolution of photoreceptors and opsins (various) Lamb (2013) 2-4,17,22.28
34 Opsin gene evolution, incl. Zebrafish and UV vision (various) Davies et al. (2012) 3-6,8,9,13
35 Evolution of color vision (graphs, gene tree) Kelber and Jacobs (2016) 2,4,7
36 Species differences in visual perception (photographs) Caves et al. (2019) 1-3
37 Primate color vision, benefits of trichromacy (photo) Carvalho et al. (2017) 5
38 Vision in the UV (various) Cronin and Bok (2016) 1-4
39 Inverted vertebrate retina, hypothesis (schematic) Cisek and Hayden (2021) 1
40 Miiller cells as light guides through the retina (schematic & photographs) Franze et al. (2007) 1-3
41 Intrinsically photosensitive retinal ganglion cells Do (2019) 1,2,4
42 Ciliary versus rhabdomeric/microvillar photoreceptors (various) Fain et al. (2010) 1-5
43 Spinal CPG for locomotion in lampreys (physiology & schematics) Grillner et al. (1995) 1-3
44 Modification of the spinal CPG for flight in birds (schematics) Haimson et al. (2021) 1,9
(Continued)
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TABLE 1 (Continued)

10.3389/feduc.2023.1278279

# Image descriptions Citation Figure #s

45 Species differences in the corticospinal tract (various) Lemon and Griffiths (2005) 1,3,6

46 Brainstem conservation and variation, including Torpedo ray (diagrams) Nieuwenhuys (2011) 1-6, 10-11

47 Evolution of vertebrate middle and inner ears (diagrams) Manley (2017) 1,5-7

48 Reduced lamination in the cochlear nuclei of apes (photographs) Moore (1980) 1

49 The remarkable vagal taste system of goldfish (various) Finger (2008) 1-4,7

50 Evolution of cerebellar size, shape, and circuitry (diagrams) Hibi et al. (2017) 1-4

51 The remarkable “gigantocerebellum” of myrmyrid electric fish (various) Meek and Nieuwenhuys (1991) 2-5,19-20

52 Expansion of the lateral cerebellum correlates with complex cognition (various) Smaers et al. (2018) 1-3

53 Imaging neural activity in the optic tectum of zebrafish while they watch a moving stimulus Muto et al. (2013) Suppl. Info.
(videos)

54 Circuits and functions of the optic tectum in zebrafish (various) Forster et al. (2020) 1,8

55 Variation in the location of dopaminergic cell groups in vertebrates (schematic) Yamamoto and Vernier (2011) 3

56 Combinatorial pattern of transcription factor expression in embryonic mouse forebrains Rubenstein et al. (1994) 1
(schematic)

57 A development-based hierarchical classification of forebrain regions in mammals (schematics) Puelles et al. (2013) 1,2

58 Migration of young inhibitory interneurons from subpallium to pallium (schematic) Moreno et al. (2008) 9

59 Eversion of the developing telencephalon in ray-finned fishes (diagrams) Striedter and Northcutt (2006) 1,7

60 Eversion of the telencephalon in ray-finned fishes (drawings) Nieuwenhuys (2009) 59,16

61 Turtle and goldfish homologs of the hippocampus, roles in spatial memory (behavioral data) Broglio et al. (2015) 1-4

62 Evolution of complex brain regions in invertebrates (various) Farris (2008) 1-6

63 Function and Evolution of the “mushroom body” of insects Strausfeld et al. (2009) 14-15

64 Mushroom body evolution in crustaceans (diagrams) Strausfeld et al. (2020) 1,16

65 Neocortex homologs in reptiles and amphibians (diagram) Striedter (2005) 8.5,8.7

66 Relative brain size correlates with aspects of social behavior in birds (graphs & video) Emery et al. (2007) 1, 2, suppl. mat.

67 Systematic shifts in brain region proportions as brains vary in absolute size (graph) Finlay and Darlington (1995) 1

68 Compared to early mammals, early primates added neocortical areas (schematics) Kaas (2019) 1-2

69 Expansion of “association cortex” in humans, linked to changes in connectivity Buckner and Krienen (2013) 1-3,8

70 Evolutionary changes in the avian lineage (phylogeny) Brusatte et al. (2015) 1,6

71 Divisions of the pallium in reptiles and birds (schematic) Puelles et al. (2017) 5

2.4. Concept #4: biological traits are
shaped by natural selection, but
constrained

Most species-typical traits are thought to be (or have been)
adaptive, in the sense that they were shaped by natural selection
(Gregory, 2009). Some adaptive traits are optimal in the engineering
sense of the term, or nearly so. Vertebrate rod photoreceptors, for
instance, can signal reliably when they are struck by a single photon
(T#7; Morshedian and Fain, 2017); it is theoretically impossible for
rods to be any more sensitive to light. However, rods become
essentially useless in bright light, which is where cone photoreceptors
function effectively. Thus, evolution did not optimize vertebrate
photoreceptors for all kinds of lighting conditions. Instead, it has
produced a compromise: retinas containing rods as well as cones (i.e.,
duplex retinas).

Among the most important constraints on neurobiological
evolution are energetic costs. In humans, for example, the brain
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consumes about 20-25% of the body’s resting energy budget (Leonard
etal,, 2007). Therefore, the benefits of evolutionary increases in brain
size must be balanced against the metabolic costs of building and
maintaining a large brain. Large-brained species have generally solved
this problem by increasing parental care, eating more nutritious food,
and reducing the size of other metabolically expensive organs, such as
the gut (Isler and van Schaik, 2009; Tsuboi et al., 2015). Within the
lineage leading to modern humans, neonatal brain size has also been
constrained by the need for the baby’s head to pass through the
mother’s birth canal, which in turn is constrained by factors related to
bipedal locomotion (T#8; Haeusler et al., 2021).

Engineers face analogous constraints, but they can generally build
their devices from scratch, whereas evolution can only modify the
ancestral system. Because evolutionary history has generally
constrained a trait’s evolutionary path, that history is causally relevant
(Cisek, 2019). For example, the eye of a giant squid is well adapted to
detecting predatory whales over great distances (Nilsson et al., 2012),
but it cannot resolve small details as well as vertebrate eyes can. The
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FIGURE 2

The evolution of developmental divergence. The phylogenetic
relationship of birds, turtles, and mammals is shown at the bottom.
The rest of the diagram shows the developmental (ontogenetic)
trajectories of the telencephalon in those three lineages (oldest
stages at the top). The individual diagrams represent cross sections
through one hemisphere, showing the cerebral ventricles in black.
Highlighted in red are the mammalian neocortex and its most likely
homologs in turtles and birds, as well as their developmental
precursors; collectively, they are called the dorsal pallium (DP).
Marked in blue are the ventral pallium (VP) and its adult derivatives in
the three lineages. The main point of the figure is that, during
development, the VP enlarges more in birds and turtles than in
mammals (it also bulges into the ventricle), while the DP enlarges
more in mammals. In other words, the ontogenetic trajectories of
these two pallial divisions diverge phylogenetically. Additional
abbreviations: DCx - dorsal cortex; DVR — dorsal ventricular ridge;
Hipp. — hippocampus; LP — lateral pallium; MP — medial pallium
Adapted from Puelles et al. (2017) and Striedter (1997).

squid cannot solve this problem by evolving a vertebrate-type retina,
because cephalopods and vertebrates long ago embarked on divergent
trajectories, each imposing different constraints (Gregory, 2008).
Jumping from one path to the other after millions of years of
evolutionary divergence is effectively impossible. Put differently, the
Baupldne mentioned under Concept #2 are not mere abstractions;
they causally constrain phylogeny (Wagner, 2014).

It is technically difficult to demonstrate that a specific trait is
adaptive, because this requires showing that the trait is both hereditary
and improves an organism’s chances of survival and reproduction (i.e.,
fitness). However, good circumstantial evidence for adaptation exists
when functionally similar features evolved convergently under similar
ecological conditions. For example, in most mammals the sodium
channel Na,1.7 is involved in sensing pain, including the sensing of
(painful!) tissue acidity. However, naked mole rats and various
hibernating mammals have independently evolved similar changes in
the amino acid sequence of Na, 1.7 that make it acid-insensitive (T#9;
Liu et al., 2014b). As a result, these animals can spend long, painless
stretches of time underground, where CO, levels are likely to be high
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and cause tissue acidity. Collectively, these data make a strong
circumstantial case for adaptation.

2.5. Concept #5: convergent evolution
happens at all levels of biological
organization

Detailed similarity between features often suggests homology but,
as noted in the previous section, it is possible for such similarities to
arise by evolutionary convergence (or parallelism, if they arose
independently from homologous ancestral features). When
convergent features exhibit a very high degree of similarity, it is
tempting to conclude that they must be homologous, because it is
difficult to imagine that such high similarity could have arisen by
chance. The puzzle is resolved by recognizing that, although evolution
depends on random mutations, its long-term outcomes are usually
non-random. If different lineages experience very similar selective
pressures, then similar outcomes are likely to arise, especially if there
is only a limited number of ways for organisms to address those
selective pressures (Losos, 2011; Blount et al., 2018).

Biologists used to believe that convergent evolution is relatively
rare at the molecular level, mainly because they assumed that selection
acts only on phenotypes, while gene and protein evolution is governed
almost entirely by chance (see Castoe et al., 2010). However, numerous
examples of convergent molecular evolution have now been revealed
(Zakon, 2002). One excellent example is related to the independent
evolution of echolocation in several lineages of bats and in toothed
whales (e.g., dolphins). These echolocating species have undergone
parallel evolutionary changes in the amino acid sequence of a protein
called Prestin that is expressed in the outer hair cells of mammalian
cochleas and facilitates the kind of high frequency hearing important
for echolocation (Figure 3; T#10; Liu et al., 2014a).

2.6. Concept #6: trait divergence provides
research opportunities but also
complicates cross-species extrapolation

Some species are exceptionally convenient for experimental
studies (Krebs, 1975). Indeed, the study of model organisms like
E. coli, Drosophila, and mice has yielded innumerable insights that
have been broadly applicable. However, not all attempts to extrapolate
findings species have fared so well (Striedter, 2022). For example,
neuroscientists have long tried to model traumatic brain injury in
non-humans, but very few of the treatments that had been effective in
animal models have passed clinical trials (Bragge et al., 2016). Part of
the problem is that many of the animal studies were conducted on
rodents, which have smooth cortices that do not respond to injury in
the same manner as the complexly folded cortices of humans
(Kochanek et al., 2018). To avoid this problem, scientists have turned
to non-human primates, but working with them raises complicated
ethical issues.

A more general problem with the use of supposedly simple
“model species” to learn about the human condition is the
assumption that our more complex system consists of an essentially
unchanged simple system, on top of which evolution has layered

frontiersin.org


https://doi.org/10.3389/feduc.2023.1278279
https://www.frontiersin.org/journals/education
https://www.frontiersin.org

Striedter

10.3389/feduc.2023.1278279

N - Asparagine
T - Threonine

at position 7 of Prestin

[l Echolocating Species

Euarchonto- Dolphin
glires

Artiodactyls

FIGURE 3

[N] il (] [N ] i B S S

Fruit Bats |

Independent evolution of identical amino acid substitutions. Prestin, a protein that is found in the outer hair cells of mammals, exhibits an identical
amino acid substitution (from asparagine to threonine at position #7) in echolocating bats (excluding the non-echolocating fruit bats) and dolphins,
which also engage in echolocation. Given this phylogenetic distribution, it is parsimonious to infer that this substitution arose independently in at least
two of the echolocating lineages (it may have been lost in the fruit bats). It is a compelling case of parallel evolution at the molecular level (parallel
because in all instances the inferred ancestral condition is asparagine at position 7). Based on Li et al. (2010).
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additional complexities (Bargmann, 2000). As noted in relation to
the triune brain theory (Section 2.3), this is not how evolution
works. Instead, the simple systems we study today have usually
diverged significantly from the homologous systems in our own
species (Striedter, 2019). Although biologists often talk about genes
or other traits as being “broadly conserved,” this does not mean that
those traits have remained unchanged; it simply means that their
homologs can be recognized in a broad array of species. It is
somewhat misleading, therefore, to talk of “human disease genes” in
fruit flies, sea anemones, or yeast (T#11; Rubin et al., 2000; Maxwell
et al., 2014). These species may have homologs of genes that have
been linked to human diseases, but the DNA sequences and
functions of these genes have almost always diverged. For example,
nematodes have a homolog of the human presenilin gene, which has
been linked to Alzheimer’s disease, but this gene in nematodes is
linked to egg-laying (Levitan et al., 1996).

That said, research on model species has been enormously
influential. An excellent example is the work of Hodgkin and
Huxley on squid giant axons (Raman and Ferster, 2022). These
axons are ideally suited for studying the mechanisms underlying
action potentials, because they are large enough to insert an
electrode into the axon’s interior, and because they continue to
function as an isolated, heavily manipulated preparation. By
measuring the flows of sodium and potassium ions across the
membrane of these axons during individual action potentials,
Hodgkin and Huxley (1952) were able to reconstruct the
fundamental features of squid action potentials, which have turned
out to be broadly conserved. It is worth noting, however, that action
potentials in mammals and some arthropods are metabolically
more efficient, because they have reduced the temporal overlap
between sodium influx and potassium efflux, two processes that can
cancel each other out in terms of their effect on the axon’s membrane
potential (T#12; Sengupta et al., 2010). Although this demonstrates
that the squid’s action potentials are suboptimal, they are (most of
the time) sufficient for the squid, which use their giant axons to
generate escape behaviors.
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3. Evolutionary sketches well suited
for a neuroscience course

An influential paper in 1979 accused evolutionary biologists of
telling too many “just-so stories” that exaggerated the role of
adaptation in shaping biological traits (Gould and Lewontin, 1979).
This critique of the “adaptationist paradigm” rightfully led to more
emphasis on Baupldne and other constraints, and it made biologists
construct more careful arguments about natural selection’s influence.
As a result, biologists have now produced a broad array of well-
documented sketches about the evolutionary history of diverse traits,
including many aspects of nervous system evolution. I here offer a
sampling of such sketches that can be incorporated into a general
neuroscience course to make the key concepts concrete. Many
sketches illustrate multiple key concepts, and each key concept can
be introduced through multiple examples. Sketch selection and
concept mapping are, therefore, left to individual instructors. Cited
works with potentially helpful illustrations are listed in Table 1 (T#1,
T#2, etc.).

3.1. Ancient origins of neurons, synapses,
and action potentials

All multicellular animals, except sponges and placozoans, have
neurons. Although the phylogeny of the major animal lineages
remains somewhat uncertain, neurons almost certainly appeared
more than 500 million years ago, either in the last common ancestor
of all multicellular animals (with sponges and placozoans later losing
them), or independently in ctenophores (comb jellies) and the last
common ancestor of all other multicellular animals (T#13; Moroz
et al,, 2015; Burkhardt and Sprecher, 2017). Supporting the latter
hypothesis is the observation that ctenophore neurons are very
different from those of other animals. Most relevant to an introductory
neurobiology course is that ctenophore neurons form a syncitial nerve
net in which neurons connect to one another via direct cellular
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anastomoses, rather than synapses (T#14-15; Burkhardt et al., 2023).
Thus, the ctenophore nerve net is consistent with Golgi’s reticular
theory, rather than Cajal’s neuron doctrine. The ctenophore nerve net
does connect to sensory and motor cells via synapse-like structures
that are thought to release glutamate or glycine, as well as various
ctenophore-specific peptides (Sachkova et al., 2021), but ctenophore
neurons do not express acetylcholine, dopamine, serotonin,
norepinephrine, or histamine.

Many molecular components of synapses originated long before
neurons (T#15-16). Specifically, a substantial fraction of all the
molecules typically associated with synapse formation and function
have direct homologs (orthologs) in unicellular organisms such as
yeast and choanoflagellates, as well as sponges (Ryan and Grant, 2009).
This discovery implies that the evolution of chemical synapses
involved “deploying existing genes and modules in new cellular
contexts” (Colgren and Burkhardt, 2022, 787). The evolutionary
process of creating novelties by combining old parts in new ways is
what Francois Jacob called “tinkering” (Jacob, 1977). Compared to the
more ancient mode of paracrine peptide secretion, chemical synapses
with narrow synaptic clefts were surely adaptive, because they allowed
for temporally more precise and metabolically efficient neural
signaling, especially in larger animals (T#17; Moroz and
Romanova, 2021).

Many of the ion channels underlying neuronal signaling also have
ancient origins (T#18-19). Voltage-gate calcium and potassium
channels evolved prior to the emergence of multicellular animals,
whereas voltage-gated sodium channels came later, with the origin of
bilaterally symmetrical animals (Nishino and Okamura, 2018).
Sodium channels are not required for the generation of action
potentials, which can be recorded even in unicellular organisms and
plants (Brunet and Arendt, 2016). However, the use of voltage-gated
sodium channels was probably adaptive for early bilaterian animals
because sodium ions were so abundant in their extracellular
environment that, in conjunction with the pre-existing sodium-
potassium pump (Séez et al., 2009), it became relatively easy for these
animals to generate a steep transmembrane concentration gradient for
sodium. This gradient, in turn, steepened the rising phase of action
potentials and, thus, increased their temporal precision and
responsiveness without the potentially troublesome effects of
increasing intracellular calcium. Later in phylogeny, voltage-gated
sodium channels diversified significantly, mainly by gene duplication
and divergence (Zakon et al., 2011; Zakon, 2013). Curiously, voltage-
gated sodium channels were lost in nematodes (T#20; Hobert, 2018).

3.2. An arsenal of natural neurotoxins

Venoms and neurotoxins have evolved in many different lineages.
Their most common function is to paralyze prey, but some species,
including pufferfish and toxic amphibians, use it for defense (Itoi et al.,
2014). The modes of action for these toxins are diverse. The
tetrodotoxin found in pufferfish and several species of newts blocks
voltage-gated sodium channels; the botulinum toxin (Botox) produced
by the bacterium Clostridium botulinum inhibits acetylcholine release
at vertebrate neuromuscular junctions; snakes of the genus Bangarus
produce a-bungarotoxin, which blocks nicotinic acetylcholine
receptors; and black mamba venom includes a toxin that selectively
blocks L-type calcium channels. In most lineages, venoms evolved
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early and then became increasingly complex, mainly by means of gene
duplication and the co-option of additional compounds (Kordis and
Gubensek, 2000; Fry et al., 2006). A single predatory cone snail
species, for instance, may produce 200 different peptides that interfere
with various ion channels and receptors (Olivera et al., 1999).

An intriguing aspect of toxin evolution is the evolution of toxin
resistance (T#21-22). For instance, rough-skinned newts obtain
tetrodotoxin through their diet, but evolved resistance to it (Hanifin
and Gilly, 2015). Garter snakes like to eat these newts and can do so,
because the snakes likewise evolved tetrodotoxin resistance. Not to
be outdone, the fittest newts accumulated ever higher levels of
tetrodotoxin, leading to an evolutionary arms race between the two
species (Brodie et al., 2005). This explains why rough-skinned newts
contain what at first appears to be an excess of toxin, enough to kill
several humans: this amount is what is needed to deter the snakes! A
similar evolutionary drama involves scorpions whose venom causes
intense pain by activating a type of voltage-gated sodium channel that
triggers action potentials in pain-sensing axons (Na,1.7). Grasshopper
mice, which prey on these scorpions, evolved resistance to their
venom by modifying a closely related sodium channel (Na,1.8) so that
it is blocked by the scorpion venom, thereby preventing transmission
of pain signals to the brain (Rowe et al., 2013).

The astounding diversity of natural toxins has provided valuable
opportunities for translational research. For example, the development
of angiotensin-converting enzyme (ACE) inhibitors to lower blood
pressure in humans (by promoting vasodilation) was prompted by the
study of pit viper venom, which incapacitates prey by collapsing their
blood pressure (Péterfi et al., 2019). More recently, researchers have
isolated a pain-inhibiting peptide from predatory centipedes and are
attempting to develop this compound into a potent analgesic for
humans (T#23; Wang et al., 2017). Natural neurotoxins can also
function as insecticides. For example, chrysanthemum flowers contain
toxins called pyrethrins, which bind to the voltage-gated sodium
channels of insects and keep them in their open position (Field et al.,
2017). Humans use pyrethrins to kill lice, ticks, mosquitoes, and
diverse other insects. Importantly, pyrethrins are not nearly as toxic to
humans, because they are an order of magnitude less able to bind
mammalian voltage-gated sodium channels; this species difference, in
turn, results from a point mutation that altered a single amino acid
(Soderlund and Lee, 2001).

3.3. Sensory receptor diversity

Like natural toxins, sensory receptors are incredibly diverse. Many
animal lineages have gained new types of sensors, creating new
possibilities for intraspecific communication and locating resources.
Other sensor types were lost, most likely because they were no longer
advantageous and eventually succumbed to relaxed selection (Lahti
etal., 2009). Because of this diversity, the perceptual worlds of different
species may be radically different, even if those species live in
outwardly similar environments (Caves et al., 2019).

A good example of sensor loss is the evolutionary demise of the
lateral line systems, which fishes use to sense water pressure and flow,
as well as weak electrical signals (T#24; Dijkgraaf, 1963). These
systems became essentially useless in terrestrial vertebrates and were
consequently lost. Another good example involves whales, which lost
most of their olfactory and taste sensors (T#25-26; Feng et al., 2014;
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Kishida et al., 2015). Whales also lost the cone photoreceptors that
sense wavelengths other than blue (T#27; Meredith et al., 2013),
presumably because whales commonly swim at depths where blue
light predominates (Dungan et al., 2016). Similarly interesting is the
loss of sweet taste receptors in many carnivores, including cats and
many birds (Jiang et al., 2012). In addition, most birds modified one
of their molecular pain sensors so that it is no longer sensitive to
capsaicin, the active ingredient in spicy peppers (Jordt and Julius,
2002). Clever entrepreneurs have taken advantage of this species
difference to create bird seed that is dusted with capsaicin (Curtis
et al., 2000): most birds do not care, but squirrels quickly learn to
stay away.

Some lineages have re-gained long-lost sensory abilities.
Electroreception, for example, was lost in early ray-finned fishes (for
reasons that remain unclear) but then re-evolved in two groups of
teleost fishes (Baker and Modrell, 2018) and duck-billed platypus
(Pettigrew, 1999). Similarly, hummingbirds and some songbirds
independently re-acquired the ability to taste sweets, which helps
them evaluate the sugar content of nectar and fruit; however, they did
so by modifying the ancestral umami taste receptor, rather than
bringing back the lost sweet receptor (T#28; Toda et al., 2021). An
important point here is that the re-evolution of lost senses does not,
in general, re-create the ancestral condition. Instead, evolution finds
a different route to achieving the same ends; it is a good biological of
what philosophers call multiple realizability.

Not surprisingly, evolution also brought forth some totally new
sensor types. Particularly interesting is the evolution of infrared (i.e.,
radiant heat) sensors in fire beetles, which use them to locate recent
burn areas (yet avoid actual fires; T#29; Hinz et al., 2018; Bell, 2023),
and in pit vipers, which use them to hunt rodents in darkness (T#30;
Newman and Hartline, 1982). The details of these novel sensor types
differ between the lineages (Gracheva et al., 2010), as one would
expect, given their independent evolution.

Especially diverse are vertebrate odorant receptors (T#31;
Niimura, 2012). Given that the set of odors an animal can smell
depends largely on the mix of odorant receptors (OR) its olfactory
sensory neurons express, it is interesting that almost half of the
olfactory receptor genes in humans have become pseudogenes, leaving
a functional set of <350 OR genes, compared to >900 in mice (Godfrey
etal,, 2004). It is tempting to conclude from this information that mice
have a generally better sense of smell than humans, but humans can
smell some odorants nearly as well as mice (Laska, 2017). Therefore,
it is better to interpret the larger repertoire of OR genes in mice as
allowing these animals to sense and discriminate a wider variety of
odorants. This hypothesis has not been tested directly, but many
species can detect odorants to which humans are insensitive. For
example, storm petrels and some other pelagic seabirds can find
schools of fish in the open ocean by following the scent of dimethyl
sulfide (Nevitt, 2008); human noses would not pick up this clue.

3.4. Vertebrate retinas

Vertebrate have

evolutionary changes (T#32-35; Lamb, 2013; Kelber and Jacobs,

photoreceptors undergone numerous
2016). Most non-mammalian vertebrates express four different opsin
genes, and lampreys express five of them (Hart et al., 2008; Collin

etal., 2009; Davies et al., 2012), making it quite likely that the earliest
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vertebrates already possessed good color vision. Early mammals later
lost two of the ancestral vertebrate opsin genes. The best explanation
for this gene loss is that early mammals were predominantly active
during the night, when it is adaptive to sacrifice color vision in favor
of visual sensitivity (Heesy and Hall, 2010). However, early mammals
did not become completely color-blind. They all possess at least two
cone opsins that are sensitive to short and long wavelengths,
respectively. Roughly speaking, they are red-green colorblind (T#36).
When the ancestors of Old World monkeys and apes later became
more diurnal, they duplicated the long-wavelength opsin gene and
shifted the sensitivity of one duplicate (paralog) toward shorter
wavelengths (T#37; Jacobs, 2008; Carvalho et al., 2017). Thus, these
primates re-evolved the ability to discriminate red from green, which
probably helped them identify ripe fruit and young leaves, which are
often red. Some New World primates, as well as some marsupials,
likewise re-evolved trichromatic vision, but they did so independently,
using different genetic mechanisms (Arrese et al., 2002; Carvalho
et al., 2017). Another fascinating twist on color vision is that birds
shifted the sensitivity of their short wavelength-sensitive opsin away
from the ultraviolet (UV) range toward violet, and then back toward
UV in select lineages (T#38; Odeen et al., 2012; Cronin and Bok, 2016).
The photoreceptors in vertebrate retinas are positioned in such a
way that the incoming light must pass through the overlying retinal
layers to reach the rod and cone outer segments, where the opsins are
embedded. This arrangement is suboptimal because some light will
be scattered by the retinal tissue before it can reach the outer segments,
and because it forces axons leaving the retina to pass through the
photoreceptor layer, creating a blind spot. Moreover, it need not
be this way, as cephalopods have a retina in which the light sensing
components are placed closest to the incoming light (Hanke and
Kelber, 2020). Some authors have argued that the vertebrate retina’s
“inverted” arrangement stems from an ancient developmental
constraint (T#39; Cisek and Hayden, 2021). This is probably correct,
but the vertebrate arrangement is really not so bad. For one thing, it
made it easier for vertebrates to evolve lenses that are far enough away
from the photoreceptors to allow for focused pattern vision (Baden
and Nilsson, 2022). It also allowed the light-absorbing pigment
epithelium, which helps recycle key elements of the phototransduction
cascade, to be placed right next to the outer segments without
obstructing the light path (Striedter, 2015). In addition, vertebrates
evolved glial light guides that minimize light scattering by channeling
light toward the back of the retina (T#40; Franze et al., 2007).
Mammalian retinas also contain a small percentage of retinal
ganglion cells (RGCs) that are depolarized by light even when rods
and cones are deleted experimentally (Berson et al., 2002). These
intrinsically photosensitive RGCs convey information about ambient
light levels to the brain, which then uses it to control day-night cycles
and pupillary constriction (T#41; Gooley et al., 2003). These RGCs
express melanopsin, which is more closely related to the rhabdomeric
opsins mediating light sensitivity in the main eyes of invertebrates
than to the ciliary opsins in vertebrate rods and cones (Bellingham
and Foster, 2002). This observation has led to the hypothesis that
photosensitive RGCs are homologous to the rhabdomeric
photoreceptors of invertebrates (Arendt, 2003). Since ciliary
photoreceptors (expressing ciliary opsins) coexist with rhabdomeric
photoreceptors not only in vertebrates but also in invertebrates
(Arendt et al., 2004; Bellingham et al., 2006), both cell types have
probably coexisted in animals since their earliest days (T#42). Later
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invertebrates utilized mainly the rhabdomeric type, whereas
vertebrates emphasized ciliary photoreceptors (Davies et al., 2010; Do,
2019). The functional factors underlying this divergent trajectory
remain uncertain. However, rhabdomeric photoreceptors in early
invertebrates probably functioned over a greater range of wavelengths
and light intensities than their ciliary counterparts; vertebrate rods
and cones collectively achieved similar sensitivity, while being
energetically more efficient (Fain et al., 2010).

3.5. Hindbrain and spinal cord

Much of what has been learned about the spinal cord in
non-mammalian vertebrates, notably lampreys (T#43; Grillner et al.,
1995), applies also to mammals. In particular, it is now clear that
vertebrate spinal cords contain groups of neurons that collectively
create the rhythms underlying locomotion, and that the activity of
these central pattern generators (CPGs) is modulated by both sensory
inputs and axons descending from the brain (Dietz, 2003).

Despite this broad conservation, spinal cords vary between
species. Significant changes accompanied the transition from
swimming to walking, as leg muscle control requires more complex
patterns of motor activity than swimming by lateral undulation. Birds
further modified their spinal cords so that their legs during walking
move in a left-right alternating rhythm, whereas the wings move
synchronously on the two sides (T#44; Haimson et al., 2021). Birds
also modified part of their lumbar spinal cord into something that
looks like a second vestibular apparatus that, apparently, helps birds
maintain their balance as they walk (Necker, 2006; Stanchak et al.,
2020). Less is known about how humans modified their spinal cord.
However, spinal motor neurons receive more direct descending
neocortical input in primates than in other mammals (T#45), and
primate spinal cords are more dependent on this input for organized
activity (Lemon and Griffiths, 2005). Indeed, functional recovery after
spinal cord injury is more difficult for humans than for mice or rats.
In this context, it is interesting that the spinal cords of mice exhibit
several highly unusual features that likely favor axon regeneration and
recovery (Inman and Steward, 2003; Sroga et al., 2003). Many teleost
fishes and some amphibians (but not lizards!) go even further: they
can regenerate entire sections of their spinal cord (Simpson, 1968;
Sirbulescu et al., 2009).

Much like the spinal cord, the hindbrain is broadly conserved but
not invariant. Most of the sensory and motor nuclei associated with
the cranial nerves are found in topologically equivalent locations in
the hindbrain of all vertebrates (T#46; Nieuwenhuys, 2011). A major
exception is that the sensory nuclei associated with the
mechanosensory lateral line system were lost in terrestrial vertebrates,
together with the lateral line receptors and nerves. Other hindbrain
nuclei emerged de novo during vertebrate phylogeny. For instance,
novel electrosensory lateral line lobes evolved in the hindbrain of
weakly electric fishes (Berman and Maler, 1999; Meek et al., 1999),
and cochlear nuclei emerged with the independent evolution of high-
frequency hearing in frogs, reptiles, and mammals (T#47; Manley,
2017). The lineage leading to turtles and birds evolved an additional
auditory hindbrain region called nucleus laminaris, whose role in
sound localization has been extensively studied in birds and involves
an elegant delay-line mechanism (Carr and Konishi, 1990). Curiously,
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mammals localize sounds by means of a significantly different
hindbrain mechanism (Grothe and Pecka, 2014). Also interesting is
that the dorsal cochlear nucleus, a mammalian innovation, lost its
laminar organization in the lineage leading to humans (T#48;
Moore, 1980).

Some hindbrain nuclei are broadly conserved but dramatically
enlarged in a subset of species. For example, goldfishes evolved an
enormously hypertrophied vagal sensory nucleus, called the vagal lobe
(T#49). It processes information from a specialized taste organ in the
roof of the mouth that allows these animals to identify and retain tasty
morsels in mouthfuls of mud (Finger, 2008). This vagal lobe features
multiple cellular laminae, whereas its homolog in other fishes does
not. In an African teleost named Heterotis niliticus, the vagal lobe is
even more hypertrophied and assumes a most peculiar spiral shape
(Braford, 1986). Among the hindbrain’s motor nuclei, the trigeminal
motor nucleus is unusually large in lampreys, presumably because it
controls their rasping sucker mouth. Even more enlarged are the
motor nuclei that control a Torpedo ray’s electric organ, which is
composed of modified pectoral fin muscles and innervated by cranial
nerves VII, IX, and X (T#46; Nieuwenhuys, 2011). Incidentally, it was
the Torpedo ray’s electric organ from which acetylcholine receptors
were first isolated (Miyazawa et al., 2003).

3.6. Cerebellum and midbrain

Jawless vertebrates do not possess a proper cerebellum (Wicht,
1996), which means that the cerebellum is not part of the vertebrate
brain Bauplan; it is part of the jawed vertebrate brain plan. The
cerebellum probably began as a relatively small structure in the dorsal
part of the most anterior hindbrain (T#50; Hibi and Shimizu, 2012)
and then expanded independently in cartilaginous fishes, birds, and
mammals (Iwaniuk et al., 2006; Yopak et al., 2016). As it expanded, the
cerebellar cortex became increasingly folded, presumably because of
some (still unspecified) developmental constraint. The most
dramatically enlarged cerebellum is found in the weakly electric
mormyrid teleosts, which cover their entire brain with a sheet of
cerebellar cortex that is folded back on itself and almost crystalline in
the precision of its internal circuitry (T#51; Meek and Nieuwenhuys,
1991; Zhang et al., 2011). This “gigantocerebellum” probably plays a
major role in electrolocation, which is the use of a self-generated
electric field to sense external objects.

Perhaps the most fascinating aspect of cerebellar evolution is that
its internal circuitry has been remarkably stable, with only minor
modifications (T#50; Hashimoto and Hibi, 2012; Hibi et al., 2017).
This circuit-level conservation strongly suggests that the cerebellum
performs an ancient, invaluable computational function (Dean et al.,
20105 Porrill et al., 2013). Despite this elemental conservation, the
cerebellum’s connections with other brain regions are numerous and
phylogenetically variable, suggesting that the cerebellum’s conserved
computational function can be usefully deployed in a variety of
biological contexts. Most likely, the cerebellum originally functioned
mainly in the control of balance and locomotion (Striedter and
Northcutt, 2020) but then acquired some additional behavioral
functions, notably a role in complex cognition (Schmahmann, 1991).
In support of this hypothesis, the lateral portion of the mammalian
cerebellum evolved a set of multi-synaptic loops that connect it with
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the neocortex, including parts of prefrontal cortex (Strick et al., 2009).
This lateral cerebellum became selectively enlarged in humans and
great apes (MacLeod et al, 2003; Balsters et al, 2010), and
independently in several other mammalian lineages (T#52; Smaers
et al, 2018), presumably because doing so provided significant
cognitive benefits.

Neuroscience courses tend to give short shrift to the midbrain,
perhaps because it is quite small in primates, relative to the neocortex
(Schiller, 2010). However, the dorsal midbrain is large in many
non-mammals. This is true especially of the optic tectum, which is
homologous to the mammalian superior colliculus. In most fishes,
reptiles, and birds, the optic tectum is not only large but also contains
numerous cellular laminae. Functionally, the optic tectum is involved
in orienting and stimulus-tracking behaviors, as demonstrated
elegantly in larval zebrafish using activity-sensing calcium indicators
(T#53-54; Muto et al., 2013; Forster et al., 2020). It probably retains
these functions in mammals, but in primates the retinal input to the
superior colliculus is much reduced, while retinal projections to the
thalamus increased (Perry and Cowey, 1984). This evolutionary shift
in connectivity suggests that some of the ancestral functions of the
optic tectum have been subsumed by the neocortex in primates
(Knudsen, 2020). Unfortunately, this functional neocorticalization
hypothesis has not been tested rigorously. What is clear is that the
superior colliculus in primates retains a relatively ancient role in
directing visual spatial attention (Shipp, 2004; Knudsen and
Schwarz, 2016).

A major component of the mammalian ventral midbrain is a
group of dopaminergic neurons that project to the telencephalon and
have been studied extensively for their role in reward signaling and
reinforcement learning. Similar dopaminergic neurons are found in
most vertebrates, but their rostrocaudal position varies considerably,
rendering one-to-one homologies uncertain (T#55; Yamamoto and
Vernier, 2011). Beyond the vertebrates, the homologies become even
murkier. Dopamine and dopamine receptors clearly have ancient
origins (Yamamoto et al., 2015), and in most animal phyla dopamine
modulates behavior in ways that maximize feeding efficiency (Barron
etal, 2010; Solvi et al., 2016). These data suggest that dopamineé’s role
in regulating foraging is broadly conserved across all animals but
gained additional functions in later lineages (Hills et al, 2015).
Unfortunately, this subsequent history is difficult to unravel, because
dopamine is released from many different cell types (including
neurons in the retina and olfactory bulb) and has many functions,
some of which remain poorly understood (Miller, 2020).

A simpler evolutionary perspective to take on the midbrain
dopaminergic system is to stress how this system can be hijacked by
addictive drugs. Most drugs of abuse trigger dopamine release either
directly or indirectly (Schultz, 2011). This dopamine release makes the
user seek and take the drug again in the future, thus reinforcing drug
taking in the same way as dopamine release reinforces feeding and sex
(Wise, 2006; Beny-Shefer et al., 2017). However, drugs of abuse do not
increase evolutionary fitness as food and sex tend to do. Why, then,
have humans not evolved resistance to these drugs? The likely answer
is that drugs have become much more potent and widely available in
recent years, far faster than the rate of human evolutionary change
(Nesse and Berridge, 1997). From this perspective, drug addiction
results from an evolutionary mismatch between our current
environment and the environment that shaped most human traits
(Perry, 2021).
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3.7. Forebrain evo-devo biology

The forebrain of vertebrates includes the diencephalon and
telencephalon, and each of these contains additional subdivisions.
Because some of these subdivisions vary substantially in size,
complexity, and connectivity, it can be difficult to identify their
homologs across distantly related species. A major step toward solving
this problem was the realization that the species differences in
forebrain morphology are much smaller in embryos than in adults
(see Section 2.3). Moreover, embryonic vertebrate brains are divisible
into relatively discrete patches of precursor cells that express different
combinations of transcription factors, which helps researchers
homologize them across species (Figure 2; T#56; Rubenstein et al.,
1994). Based on these comparative molecular data, researchers have
identified a broadly conserved Bauplan for embryonic vertebrate brain
forebrains (T#57; Puelles, 2001; Puelles et al., 2013).

A major remaining challenge is to construct a fate map that
specifies which embryonic precursor zones develop into which sets of
adult brain regions (Puelles, 2013). Such fate mapping experiments are
difficult (Puelles et al., 2016; Bloch et al., 2020), but the task is
simplified by the fact that some genes maintain their expression for
significant stretches of developmental time (Medina et al., 2011).
Furthermore, cells derived from the various embryonic zones tend not
to migrate far or intermingle much as they assume their final, adult
position. A major exception is that most of the inhibitory interneurons
in the dorsal telencephalon (called the pallium) migrate to their adult
position from the ventral portion of the embryonic telencephalon (i.e.,
the subpallium), and do so in all vertebrates examined so far (T#58;
Moreno et al., 2008; Hansen et al., 2013). Given all these observations,
comparative neurobiologists now recognize a Bauplan for adult
vertebrate brains that includes most of the major forebrain divisions,
including thalamus, striatum, hippocampus, and amygdala.

Another serious challenge is that the telencephalon of teleost
fishes (roughly half of all vertebrate species!) does not develop by the
balloon-like evagination that occurs in other vertebrates. Instead, the
telencephalon of teleosts everts (T#59; Striedter and Northcutt, 2006).
As part of this eversion, the dorsomedial aspects of the left and right
telencephalon move laterally apart as development proceeds, rather
than staying next to one another (as they do during a typical
evagination). Consequently, the dorsolateral portion of the
telencephalon in teleosts corresponds topologically to the dorsomedial
portion of the telencephalon in other vertebrates (T#60; Nieuwenhuys,
2009). Since the mammalian hippocampus develops from the
dorsomedial pallium, researchers have proposed that the hippocampus
homolog in teleosts should be located dorsolaterally, and experimental
data on spatial memory have generally supported this hypothesis
(T#61; Broglio et al., 2015). Homologies for other regions of the
teleostean forebrain have been more difficult to demonstrate (Striedter
and Northcutt, 2021).

3.8. Neocortex origin and expansion

The neocortex is sometimes said to be the crowning achievement
of the mammalian lineage and, indeed, humans born without a
neocortex are dramatically impaired (though they retain a primitive
form of consciousness; Merker, 2007). But is the neocortex “new” with
mammals (as implied by the triune brain theory), or did it have a more
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ancient evolutionary origin? If we define neocortex as the kind of
6-layered structure we see in modern mammals, then the neocortex
is indeed limited to mammals. However, this is really a question about
neocortex homologs, and homologs may change in any aspect of
structure or function, thus defeating any simple definition based on
“essential” characteristics (Wilson et al., 2007). So instead of a strict
anatomical definition, reconstructing neocortex evolution requires a
broad comparative analysis that allows for extensive, multidimensional
variation across species.

Such an analysis reveals that invertebrates do not possess a
neocortex homolog, even though some invertebrate lineages have
independently evolved large and complex integrative brain regions
(T#62-64; Strausfeld et al., 2020; Harzsch and Krieger, 2021). Among
the vertebrates, putative homologs of mammalian neocortex have
been proposed for most lineages, including lampreys (Suryanarayana
et al, 2020), but several of the proposed homologies remain
controversial (Striedter and Northcutt, 2021). By far the least
controversial neocortex homolog outside of mammals is the dorsal
cortex of reptiles, which develops from the dorsal pallium, contains
three distinct layers, and receives visual input from the thalamus (T#
65; Fournier et al., 2018). Moreover, individual neurons in the anterior
dorsal cortex of turtles cluster with human neocortical neurons in a
comprehensive comparative analysis of transcription factor expression
(Tosches et al., 2018). Thus, the available data indicate that the last
common ancestor of mammals and reptiles already possessed a
neocortex homolog. Whether the neocortex evolved even earlier
remains debatable (Woych et al., 2022).

Early mammals had small bodies and small brains (Rowe et al.,
2011). Body and brain size later increased in several mammalian
lineages, with brain size sometimes increasing more than predicted
from changes in body size. The fitness consequences of increasing
body and brain size have been debated extensively and probably differ
between lineages. However, increased brain size in multiple vertebrate
lineages correlates positively with social complexity and/or diet (T#66;
Emery et al.,, 2007; Shultz and Dunbar, 2007; Gonzalez-Voyer et al.,
2009). Importantly, evolutionary increases in overall brain size are
consistently associated with changes in brain region proportions
(T#67; Finlay and Darlington, 1995). Particularly interesting is that
the neocortex scales with the highest slope against total brain size,
such that it occupies about 20% of the brain in a tiny shrew but 80%
in humans. Also important is that the neocortex expanded much more
in surface area than thickness, and that its tangential expansion
correlates with increased neocortical folding. In short, as brains grew
larger, the neocortex came to dominate the brain and became
increasingly folded. The causes underlying these coordinated changes
in brain morphology are not yet fully understood but certainly involve
some fundamental rules of brain and neocortex development
(Striedter et al., 2015).

A comparative analysis suggests that the small neocortex of early
mammals contained only about 20 distinct cortical areas, including
the primary sensory cortices, as well as prefrontal, cingulate,
retrosplenial, and parahippocampal cortices (Kaas, 2019). As the
neocortex expanded, additional cortical areas appeared, including a
distinct motor cortex. Within the primate lineage, new areas emerged
primarily in the expanded frontal, parietal, and temporal regions
(T#68-69; Sherwood et al., 2012; Buckner and Krienen, 2013).
Functionally, having more cortical areas probably allowed individual
areas to become more specialized for specific functions, thereby
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overcoming the constraints imposed by multifunctionality (Kaas,
1989, 2019). In addition, the added areas probably allowed for
additional kinds of perceptual representation and memory (Murray
etal., 2016).

3.9. Prefrontal cortices and complex
cognition

Early primates did not merely expand their prefrontal cortex
(Passingham and Smaers, 2014). They also added new prefrontal
areas, and the lineage containing Old world monkeys and humans
later added several more (Wise, 2017). Collectively, these additional
areas probably augmented the ability to make and achieve complex
plans. It came as a surprise, therefore, when researchers discovered
that birds are capable of similarly complex cognition and possess a
telencephalic brain region, called caudolateral nidopallium (NCL),
that exhibits many of the morphological and functional features of
prefrontal cortex (Giintiirkiin, 2005). For example, this region receives
dopaminergic innervation, integrates a variety of sensory inputs, and
exhibits patterns of neural activity linked to working memory. Lesions
of this area also cause behavioral deficits resembling those observed
after prefrontal cortex lesions in mammals.

Despite these similarities, the avian NCL is not homologous to the
mammalian prefrontal cortex. For one thing, lizards and turtles, which
are phylogenetically intermediate between birds and mammals (T#70;
Brusatte et al., 2015), do not possess an NCL. For another, the NCL
does not develop from the embryonic dorsal pallium, which gives rise
to mammalian neocortex; instead, it develops from the ventral
pallium, which gives rise to parts of the mammalian amygdala and
claustrum (Figure 2; T#71; Puelles et al., 2017; Puelles, 2021). This
difference in developmental origin is supported by comparative
analyses of single-cell gene expression data (Colquitt et al., 2021;
Tosches, 2021). For both of these reasons, comparative neurobiologists
now view the similarities between NCL and prefrontal cortex as the
result of convergent evolution. It is an excellent example of how
convergent evolution can produce astounding similarities from very
different developmental and phylogenetic starting points.

4. Conclusion

One simple, overarching aim in teaching students about the
evolutionary aspects of neurobiology is to make them aware of how
incredibly diverse nervous systems are. It is tempting, especially in
introductory courses, to teach about “the brain,” but even when the
focus is on human brains, our knowledge often comes from the study
of non-human brains. Much of this knowledge can be extrapolated to
humans, but human brains have had a distinctive phylogenetic history
and are, therefore, divergent in numerous respects (Preuss, 2016). It is
important, for example, to appreciate that humans are unusually
susceptible to Alzheimer’s disease (Walker and Jucker, 2017). Even
apes rarely exhibit its symptoms, and among rodents only the South
American degu naturally falls victim to this terrible disease (Hurley
etal., 2018).

Nature’s great diversity can also be appreciated for its own sake,
even if it is not to our medical benefit. As Darwin wrote at the end of
his Origin of Species (Darwin, 1859):
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“It is interesting to contemplate a tangled bank, clothed with many
plants of many kinds, with birds singing on the bushes, with
various insects flitting about, and with worms crawling through
the damp earth, and to reflect that these elaborately constructed
forms, so different from each other, and dependent upon each
other in so complex a manner, have all been produced by laws

acting around us...”

As neurobiologists, we may marvel at the myriad differences
between the nervous systems of the animals that share our planet.
Making sense of this variety requires evolutionary theory.
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