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SUMMARY

Neuroscientists have long studied species with convenient biological features to discover how behavior
emerges from conserved molecular, neural, and circuit level processes. With the advent of new tools, from
viral vectors and gene editing to automated behavioral analyses, there has been a recent wave of interest
in developing new, ‘‘nontraditional’’ model species. Here, we advocate for a complementary approach to
model species development, that is, model clade development, as a way to integrate an evolutionary
comparative approach with neurobiological and behavioral experiments. Capitalizing on natural behavioral
variation in and investing in experimental tools for model clades will be a valuable strategy for the next gen-
eration of neuroscience discovery.
INTRODUCTION

Neuroscientists and evolutionary biologists have long shared an

interest in animal behavior (Darwin, 1897). For much of the his-

tories of their respective fields, however, they have pursued

this interest using different research strategies. On the one

hand, neuroscientists have focused on questions about the mo-

lecular and neural mechanisms of behavior using controlled ex-

periments in single species (i.e., ‘‘model’’ species) chosen for

convenient tools or biological features. By contrast, evolutionary

biologists have focused on questions about the diversification of

behavior by comparing multiple species that share a common

ancestor (i.e., a clade) chosen because they vary in a behavior.

These distinct approaches are valuable on their own merits,

but each also has its limitations. While manipulative experiments

have led to fundamental discoveries about the neural andmolec-

ular mechanisms of behavior, neuroscientists have been limited

in their ability to test if and how those mechanisms contribute to

behavioral variation between species, in part due to the relatively

infrequent application of comparative methods commonly used

by evolutionary biologists. Conversely, evolutionary compari-

sons between species have provided insight into the ultimate

causes of and constraints on behavioral diversity, but it is often

challenging to test hypotheses about the cellular and molecular

underpinnings of that diversity, in part due to a lack of the very

tools for manipulative experiments common inmodern neurosci-

ence research. The complementarity of these limitations sug-

gests that there is much to be gained by a research program

that integrates controlled experimentation within species and

quantitative comparisons between species (Figure 1).

Such an approach has been a long-standing goal ofmany neu-

roscientists, in particular neuroethologists, who have for de-

cades championed the comparative approach to understanding
both the proximate (mechanistic) and ultimate (evolutionary)

causes of animal behavior. But achieving this goal requires

taking two difficult steps. The first is to develop tools for exper-

imentation in multiple species that differ in behavior. The second

is to incorporate evolutionary comparative methods to generate

and test hypotheses about the historical causes of behavioral

differences between species. In just the last few years, neurosci-

entists have made hard-won progress toward the first of these

steps, and barriers are falling as tools (from traditional ap-

proaches such as pharmacology and electrophysiological stim-

ulation to more recent tools such as optogenetics, viral vectors,

and CRISPR-Cas9 genome editing) are spread to new species.

Even as the difficult task of turning single species intomodel spe-

cies continues at an increasingly rapid pace, studies that explic-

itly integrate comparative and experimental approaches remain

relatively rare.

Here, we discuss a research strategy at the interface of neuro-

science and evolutionary biology to promote this integration.

Specifically, we argue that as neuroscientists choose to develop

and study nontraditional study systems, they should consider

not only the biological features of single species that make

experimentation especially convenient or exciting but also fea-

tures of the evolutionary groups (or clades) to which those spe-

cies belong that make phylogenetic comparisons especially

convenient or exciting. We refer to study systems that balance

these features as ‘‘model clades’’ (as a contrast to ‘‘model spe-

cies’’) and suggest this strategy as an exciting way to capitalize

on new approaches and tools to make fundamental insights into

both the nervous system and behavior.

Neuroscientists now have unprecedented options when

deciding how to study animal behavior and its underlying mech-

anisms. This is therefore an important time to think carefully

about both the merits and limitations of the next generation of
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Figure 1. Integrating manipulative and comparative approaches for
behavioral neuroscience
(A) Manipulative approaches common in neuroscience. Tools in laboratory
strains are used to manipulate genes, molecules, neurons, or behavior itself to
test for effects (red) relative to controls (black).
(B) Comparative approaches common in evolutionary biology. Natural varia-
tion in behavior is correlated with genetic or (more rarely) neural variation to
understand the causes of behavioral differences.
(C) Combining manipulative and comparative approaches. Experimental
manipulation can test relationships between molecular or neural variants and
natural variation in behavior. For example, gene editing or optogenetics can
target candidate genes or neurons in one species (green) to test if such
manipulation can recapitulate behaviors observed in another species (purple).
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study systems and how they are chosen. Using the evolutionary

relationships and behavioral differences in carefully chosen

clades will help inform these choices and promote a close inte-

gration of experimental and comparative approaches. Below,

we summarize historical motivations that make the present

particularly timely for developing not just model species but

also model clades as study systems for neuroscience discovery,

discuss the tradeoffs that neuroscientists with different interests

and questions might face in choosing a clade to study, outline

questions that model clades are well poised to help answer,

and discuss some of the unique challenges of implementing

a clade-based approach. Finally, we describe three recent

model clades as exciting examples of feedback between neuro-

biological experiments and comparative methods to serve as

inspiration.
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A BRIEF HISTORY OF STUDY SYSTEMS IN
NEUROSCIENCE: WHY THE TIME IS RIGHT TO
CONSIDER CLADES

For much of the early history of neuroscience, researchers

started their careers by first defining the questions that inter-

ested them and then seeking out species in which those ques-

tions could most easily be answered (Shepherd, 2010, 2016).

This strategy is possible because for almost any biological ques-

tion, there is an organism whose biology is conveniently or even

uniquely suited to answering it, an observation famously made

by the Danish physiologist August Krogh (Krogh, 1929) that

has since been referred to as Krogh’s principle, although it was

also articulated 60 years earlier by the French physiologist

Claude Bernard (Bernard, 1864). The discovery of the action po-

tential in the squid axon (Hodgkin and Huxley, 1945), mecha-

nisms of learning and memory in sea slugs (Carew et al., 1971),

and properties of central pattern generators in crustaceans

(Dickinson et al., 1990) are just a few oft-cited examples of

Krogh’s principle in action.

Despite these famous examples, the recent history of neuro-

science has been characterized by studies on a tiny fraction of

species diversity—the model species. While this focus has long

been criticized as myopic (Beach, 1950; Katz, 2019), it has also

beenextremely successful, in part because focusinga largenum-

ber of scientists on a small number of lab-friendly species has

facilitated the development of a common set of tools. Among

the most powerful of these are transgenic tools for observing or

manipulating genetically defined cell types, thereby testing the

role of specific neurons or circuits while leaving others unal-

tered—a crucial ability for neuroscientists interested in studying

how patterns of animal behavior arise from neural circuits and

the genes they express. Together with transgenics, additional

tools such as electrophysiological manipulation (Desai et al.,

2017), viral vectors (Fenno et al., 2020), and standardized psy-

chophysical paradigms (Siemann et al., 2015), combined with

descriptive resources like genome sequences, brain atlases,

and connectomes, have come to comprise what might be

referred to as the ‘‘model species toolkit.’’

While this toolkit has largely been restricted to a small number

of model species, a recent wave of transferrable tools for neuro-

science research has been allowing researchers to develop

additional species in the image of these traditional models. As

a result, neuroscientists are now (once again) increasingly facing

the decision of which species to study, often using Krogh’s prin-

ciple to guide their choices (Laurent, 2020; Yartsev, 2017). Some

of these species have behaviors that make them well suited to

answer questions that are intractable in ‘‘traditional’’ model sys-

tems (e.g., understanding the neural basis of vocal turn-taking

using vocal duets in singing mice; Banerjee et al., 2019; Okobi

et al., 2019), while others have idiosyncratic, understudied be-

haviors that may harbor novel insights into nervous system func-

tion (e.g., vision in spiders, color changing in cuttlefish, and che-

motactile touch in octopus; Menda et al., 2014; Reiter et al.,

2018; van Giesen et al., 2020). Still others are well suited for

answering questions enabled by new tools, such as the ability

to record whole-nervous-system activity from a freely moving

animal (e.g., the cnidarian Hydra; Dupre and Yuste, 2017).



Figure 2. Clades are groups defined by a shared common ancestor
Different clades arranged by how recently they share a common ancestor.
(Top) Lab-derived lineages and interbreeding natural populations share a
recent common ancestor. These clades are often excellent genetic resources
but also tend to exhibit limited behavioral variation due to their recent shared
ancestry. F0, founder generation of a laboratory cross; F1, first cross gener-
ation; F2, second cross generation. (Bottom) Species and groups of genera
can be isolated for tens of millions of years or more. These clades are more
likely to have evolved large, easy-to-quantify differences in behavior but are
also likely to have diverged in many other ways, which can make it difficult to
identify homologous behaviors or link genetic and neural causes to behavioral
variation. (Middle) ‘‘Subspecies’’ or recently diverged species are lineages
sufficiently diverged to warrant separate designations but that may still be
interfertile in the lab or in thewild andmay have only diverged in a small number
of behavioral or morphological traits. These clades can represent a balance for
the needs of comparative methods with those of manipulative experiments.
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However, there is another crucial reason for diversifying the

species in behavioral neuroscience research: the ability to

compare traits (which may be molecular, neural, or behavioral)

that vary across species. Such comparisons are the foundation

for inferring the evolution of neural and behavioral diversity,

and as we discuss below, using this evolutionary approach can

also lead to the discovery of fundamental principles in neurosci-

ence (e.g., Katz, 2016a). Phylogenetic comparative methods—

statistical approaches created to model and make inferences

about evolutionary histories—have grown dramatically in both

scope and rigor in recent years (e.g., Pennell and Harmon,

2013; Smith et al., 2020; Symonds and Blomberg, 2014). Despite

the successes other fields have seen by embracing them

(notably, evolutionary developmental biology, or ‘‘evo-devo’’;

Church and Extavour, 2020), these methods remain relatively

rare in behavioral neuroscience.

One reason for the dearth of phylogenetic comparison in

neuroscience research is that much of the field, including

research in emerging nontraditional models, is focused on

mechanisms and behaviors that are conserved. This is rightly

motivated by the desire to understand features of the human

nervous system (without directly performing experiments on hu-

mans). However, there is also much to be gained by studying

neural mechanisms and behaviors that have diverged over

evolutionary time, which can complement studies of evolutionary

conservation to inform human biology as well as basic neurosci-

ence principles. For example, comparisons between humans

and non-human primates can identify differences in genetic or

neural traits unique to the human lineage and responsible for hu-

man-specific behavior (e.g., cognitive ability). More generally,

because evolution has had far longer than any laboratory exper-

iment to ‘‘sample’’ cellular and molecular solutions for regulating

behavior in different contexts, studying the diversity of solutions

it permits can address the extent to which behavioral repertoires

are promoted or constrained by the underlying features of their

nervous systems, a fundamental question in neuroscience.

Studying behavioral differences between species thus has

important contributions to offer for our understanding of both

how behavior evolves and how molecular and cell mechanisms

shape behavioral repertoires. But how best to study these differ-

ences? Here, we suggest an approach that remains relatively

rare in neuroscience (see Gallant and O’Connell, 2020 for

some notable exceptions), but is common in evolutionary

biology (Donoghue and Edwards, 2019), ecology (Cavender-

Bares, 2019), and, increasingly, developmental biology (Church

and Extavour, 2020): study clades. Loosely defined, a clade is

group in which all members are related by a common ancestor.

Thus, a clade can comprise populations of individuals, subspe-

cies, or (most commonly) species, from individuals that share

grandparents to genera that have been reproductively isolated

for millions of years (Figure 2). Treating clades as units of study

as opposed to single species makes it possible to explicitly

incorporate species differences and their evolutionary histories

to test hypotheses about behavior and its underlying causes.

This promotes feedback between neurobiological experiments

within species and evolutionary comparisons across species,

feedback that can provide key insight into animal behavior, its

mechanistic basis, and its evolution.
Neuron 109, April 7, 2021 3



Figure 3. Model species versus model clades
Both traditional model species and nontraditional model species are often
chosen because they exhibit a behavioral similarity with humans (e.g., paternal
care, a behavior rare in mammals but present in humans).
(A) One traditional model species for studying this behavior is Mus musculus,
which also exhibit paternal care.
(B) A nontraditional system for studying paternal care is Peromyscus cal-
ifornicus, a species of deer mouse.
(C) By contrast, a model clade is a group of related species in which behavioral
differences, not just similarities, can be used to study a trait. The genus Per-
omyscus contains at least two species that have evolved paternal care inde-
pendently (P. californicus and P. polionotus), which can be compared to
closely related species in the clade that do not have paternal care (P. crinitus
and P. maniculatus, respectively) to understanding the neural and molecular
mechanisms that make these species behaviorally distinct.

ll

4 Neuron 109, April 7, 2021

Perspective

Please cite this article in press as: Jourjine and Hoekstra, Expanding evolutionary neuroscience: insights from comparing variation in behavior, Neuron
(2021), https://doi.org/10.1016/j.neuron.2021.02.002
HOW TO CHOOSE MODEL CLADES FOR
NEUROSCIENCE

As with any study system, there is no single clade that is ‘‘per-

fect,’’ and a clade-centric approach will not answer all questions

in neuroscience. However, Krogh’s principle applies just as

effectively to groups as it does to individual species; if there is

a question that will benefit from an integration of experimentation

and evolutionary comparisons, there is probably a clade well

suited to answering that question. While the term model has

been rightly criticized as vague (Katz, 2016b; Marder, 2020b),

we find it useful to think of such clades as model clades to

draw a parallel with the widely used term model species; both

describe a focal study system with features (e.g., experimental

resources or convenient biology) that make it particularly useful

for addressing a specific set of well-defined questions (Figure 3).

Below, we outline features for guiding the choice of a model

clade to study, focusing on two considerations: first, character-

istics that will promote well-powered comparative methods; and

second, characteristics that will make it feasible to perform

neurobiological and behavioral experiments.

Features that promote powerful evolutionary
comparisons
Two important requirements for phylogenetic comparisons are

the number of well-established evolutionary relationships within

the clade and the manner in which the trait (be it a behavior, cir-

cuit or molecule) of interest varies relative to those relationships.

The more species that vary in behavior in a clade, the more po-

wer comparative methods will have to, for example, reconstruct

ancestral states and test for correlations between different be-

haviors (but, as we note below, the more work it will be to

develop tools for manipulative experiments). Even moving from

one species to comparing two can help identify behavioral differ-

ences that can motivate a search for underlying mechanistic

causes; moving to three species allows one to polarize behav-

ioral differences (i.e., identify on which evolutionary branch that

change occurred); and the addition of more species allows one

to reconstruct traits (e.g., circuits or behaviors) that likely

occurred in ancestors of present-day species or correlate

behavioral variation with other traits and environmental vari-

ables. For example, comparing only seven species of deer

mice using one of the most common phylogenetic comparative

methods, phylogenetic generalized least-squares, revealed

large differences in nesting behavior among closely related
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species but no effect of body size or climate on the evolution of

this behavior (Lewarch and Hoekstra, 2018). More branches

mean more data on how a trait is distributed in a clade, which,

in turn, means more power to make inferences about its evolu-

tion. At an extreme, Miles and colleagues recently used acoustic

recordings of drumming displays from 134 woodpecker species

to discover that drumming rhythm has significantly constrained

the evolution of other behavioral features, specifically drumming

speed and duration, as drumming display has evolved in this

clade (Miles et al., 2020).

How behavioral, neural, and molecular traits of interest vary

with respect to evolutionary relationships is a second feature

that has an important impact on the power of evolutionary

comparisons. Clades in which the same behavior has evolved

independently (i.e., convergently) in multiple species are espe-

cially valuable, because they make it possible to test the

extent to which similar or different mechanisms give rise to be-

haviors that have evolved repeatedly. For example, the ability

to produce electric fields has evolved independently at least

six times in distantly related vertebrates (separated by hun-

dreds of millions of years in some instances), each time using

an electric organ derived from skeletal muscle precursors and

transcription factors regulating skeletal muscle size and excit-

ability (Gallant and O’Connell, 2020). This evidence suggests

that vertebrate behaviors involving electrical discharge have

evolved multiple times using a common genetic toolkit, poten-

tially because the physical requirements of this behavior

constrain the biological mechanisms available to produce it

(see Gallant and O’Connell, 2020 for more detail on the value

of clades containing convergently evolved behavior). Thus,

while the comparison of even two species can reveal novel in-

sights, the more species for which data can be collected, the

more powerful phylogenetic analyses will be, both because of

increased sample sizes for reconstructing the evolutionary his-

tory of traits and because of the increased chance of finding

multiple examples of convergent behavioral evolution.

Features that promote functional tests of neural and
molecular mechanism
Not all species are equally convenient for performing

controlled, manipulative experiments. However, those that are

usually have biological features (like size, generation time, life

cycle, or ecology) that make it possible to rear them in the

lab in large numbers or to develop transgenic tools. Clades

with these features often already contain either traditional or

nontraditional model species. Thus, model species with estab-

lished experimental (potentially transgenic) toolkits can be used

to seed or anchor the development of clades containing them.

For example, transgenic tools previously restricted to the

classic model species Drosophila melanogaster have recently

been developed in parallel in a clade of closely related species

(Stern et al., 2017).

Not all biologically convenient systems need to include a

‘‘traditional’’ model species, however. For example, Laupala

are a genus of forest dwelling Hawai’ian crickets whose mating

songs have rapidly diversified over the last �4 million years, re-

sulting in a behaviorally diverse clade that still contains interfer-

tile species that can be reared and studied in the lab (Mendelson
and Shaw, 2005; Xu and Shaw, 2019). The existence of stable

germline transgenics in a related cricket species, the Mediterra-

nean field cricket (Gryllus bimaculatus) (Kulkarni and Extavour,

2019; Nakamura et al., 2010), and the recent annotation of the

Laupala kohalensis genome (Ylla et al., 2020) are exciting steps

toward developing crickets as a model clade to study neural

and molecular causes of variation in behavior.

Tradeoffs inherent in the study of clades
Clades need not have all of the above features to provide an

informative context in which to study animal behavior, and, as

with any research strategy, tradeoffs will always exist. Two of

themost common tradeoffs include the number of taxa in a clade

and the time since those taxa have diverged from a common

ancestor.

First, one must consider how many species is feasible to

study to maximize the power of evolutionary inferences. Clades

with fewer taxa will require fewer of the (often technically chal-

lenging) manipulative experimental approaches needed to

deeply understand how variation in neural or molecular mecha-

nism produce behavioral variation, but also typically contain

too few branches for well powered comparative methods.

Conversely, clades with many taxa provide statistical power

for robust phylogenetic comparisons but also increase the

work needed to comprehensively identify genetic and neural

mechanisms underlying variation among species. For example,

the clade of woodpeckers mentioned above (Miles et al., 2020)

is an excellent system for performing phylogenetic comparisons

because of the large number of species for which behavioral

data can be collected, but it is not convenient as a system for

discovering neural and molecular mechanisms of behavior

because of the difficulty (or impossibility) of performing func-

tional tests in >100 species of a large bird that is difficult to

maintain in the lab. On the other hand, stable germline trans-

genics make precise manipulative experiments possible in a

small number of Drosophila species, but this is likely too few

species for making confident inferences from phylogenetic

comparative methods alone.

A second consideration is the evolutionary time separating

species within the clade of interest. For example, clades in

which species have diverged recently are more likely to be

convenient contexts to use genetic approaches made possible

by closely related, interfertile species. However, the tradeoff is

that recently diverged species are also less likely (though not

always) to exhibit large, and therefore more easily measured,

heritable differences in behavior. On the other hand, distantly

related species have had more time to evolve large differences

in behavior, but this comes with two challenges. First, distantly

related species have often evolved numerous genetic and

morphological differences that can both prevent successful

genetic crosses and, importantly, confound comparison of the

causes of behavioral differences. Perhaps even more chal-

lenging is that the more distantly related species are, the

more difficult it becomes to determine if two behaviors are in

fact the ‘‘same’’; i.e., that one is comparing ‘‘apples to apples’’

(e.g., Lickliter and Bahrick, 2013). This difficulty is related to the

broader challenge of defining homology for behavior, which we

discuss below.
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Box 1. Ten questions in evolutionary neuroscience that model clades can help answer

Here, we highlight 10 fundamental questions in evolutionary neuroscience that the field is increasingly well positioned to answer.

Questions 1–5 are focused on the specific causes of behavioral differences between species that can start to be addressed by

case studies, while questions 6–10 relate to more general issues about how and why behavioral evolution proceeds as it does.

While these questions can be broadly addressed by a comparative approach, we think that an integration of experimental and

comparative studies in model clades will be a particularly effective way to discover answers. Starred (*) questions are discussed

in more detail in the main text.

1. Do evolutionary changes occur more often in neural systems for detecting (peripheral) or processing (central) sensory cues?

2. Are particular brain regions more likely to lead to behavioral evolution than others?

3. What is the contribution of new cell types to behavioral differences between species?*

4. Are some changes to neural circuitry more common than others during the course of behavioral evolution?*

5. Are some genes or gene families more likely to lead to behavioral evolution than others?

6. How many molecular and neural solutions are there for a given behavioral problem?

7. What are the respective roles of natural selection and genetic drift (e.g., historical accident) in determining whichmechanisms

are used by a species for generating a particular behavior?

8. To what extent does neural circuit architecture promote or constrain behavioral differences between species?*

9. To what extent does the evolution of morphology constrain or facilitate the evolution of behavior?

10. To what extent can we learn about neural innovations underlying human-specific abilities and pathologies by studying natural

behavioral variation in other species?
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Weighing tradeoffs for neuroscience discovery in model
clades
Ultimately, what makes a clade a model clade will depend on the

questions and interests of individual researchers, which in turn

will determine how these tradeoffs are weighed. When weighing

tradeoffs related to species number, researchers interested in

testing hypotheses about the evolutionary history and ecological

context of a behavior may focus on clades with many taxa, in

which comparative methods are most powerful, such as wood-

peckers or crickets, but those interested in the genetic or neural

mechanism of a single behavioral variant might choose to delve

deeper into mechanism in fewer species where manipulative

tools for functional tests already exist, such as Drosophila.

When weighing tradeoffs related to evolutionary distance, re-

searchers interested in the genetic causes of behavioral variation

may want to consider focusing on clades with closely related,

interfertile species, while researchers interested primarily in un-

derstanding neural mechanisms of behavior may choose to

focus on clades in which homologous neurons, circuits, and

brain regions are identifiable across species even if those spe-

cies diverged long ago. For example, Kocher and colleagues

have recently used behavioral variation in closely related popula-

tions of a single species of sweat bees, Lasioglossum albipes,

some populations of which form social colonies but others of

which are solitary, to begin identifying genetic contributions to

social behavior (Kocher et al., 2018). On the other end of the

spectrum, Fischer and colleagues have focused on indepen-

dently evolved parental behaviors in two lineages of poison

dart frog separated by 140 million years of evolution, finding

that homologous brain regions are involved in parental provision-

ing of chemical defenses to tadpoles in these distantly related

lineages (Fischer et al., 2019b).

Tradeoffs between the ability to perform phylogenetic com-

parisons and neurobiological experiments are inevitable. How-

ever, clades in which some features allow for well-powered

comparative analyses and some features allow for carefully
6 Neuron 109, April 7, 2021
controlled experimentation will set the stage for feedback be-

tween these two approaches, a central goal of evolutionary

neuroscience that we think will prove important for addressing

long-standing questions (Box 1).

QUESTIONS FOR MODEL CLADES IN NEUROSCIENCE

Feedback between comparative and experimental approaches

will be critical to address questions of interest to behavioral neu-

roscientists, evolutionary biologists, and the next generation of

scientists bridging the gaps between these two fields. Below,

we present three key questions where we expect answers may

be tractable. We also outline additional questions that may

benefit from a clade-based approach in Box 1.

What is the contribution of new cell types to behavioral
differences between species?
For example, when a difference in behavior evolves between

species, is this difference caused by changes in the number of

neurons, the relative proportion of cell types comprising those

neurons, or novel cell types? With the advent of single-cell

RNA sequencing and its accompanying computational toolkits,

it is now possible to define cell types and quantitatively compare

those cell types across, for example, brain regions within single

species. These same tools also will allow for the comparison of

cell types between species, opening the door to understanding

how cell-type evolution contributes to natural variation in neural

circuits underlying behaviors.

Are some changes to neural circuitry more common
than others during the course of behavioral evolution?
For example, are evolved behavioral differences caused by dif-

ferences in the size or wiring of specific projections, by duplica-

tion of specific circuit motifs, or by the creation of entirely new

circuit architectures? Exciting progress toward answering this

question has been made in Drosophila, where transgenic tools
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have made it possible to quantitatively compare and manipulate

single genetically and morphologically defined neurons (see

Auer et al., 2020 for an exceptionally thorough example). But

the development of tools for quantitative mapping and manipu-

lation of neural circuits has also made questions about variation

in neural circuit architecture more accessible in other clades.

Low-cost sequencing-based connectomics (Huang et al.,

2020b) and cell-type-specific viral vectors (Vormstein-Schneider

et al., 2020) are both exciting examples of tools that can be trans-

ferred with increasing ease across vertebrate species to ask how

changes to neural circuit architecture give rise to behavioral evo-

lution and whether the answer differs between vertebrates and

invertebrates.

Towhat extent does neural circuit architecture promote
or constrain behavioral differences between species?
There are several striking examples of convergent evolution of

neural mechanisms, from closely related populations of cave

fish that have evolved parallel changes in the size of specific

brain regions (Jaggard et al., 2020) to distantly related poison

dart frogs that have coopted similar brain regions to control

maternal provisioning behaviors (Fischer et al., 2019b) to conver-

gently evolved acoustic behaviors across tetrapods (Chen and

Wiens, 2020). At the same time, seminal work in crustaceans

(Marder, 2011; Marder and Taylor, 2011), as well as more recent

experiments from clades of flies (Auer et al., 2020), sea slugs (Sa-

kurai and Katz, 2019), and frogs (Kelley et al., 2020), have shown

that different solutions can give rise to the same neural circuit

features, and different circuit features can, in turn, give rise to

the same behavioral patterns, suggesting that at least for some

behaviors in some clades, behavioral variation is not strongly

constrained by changes to underlying circuits. An important

next step is to understand why behavior sometimes appears

constrained by underlying circuits and other times does not.

This will require discovering general principles underlying the

constraints (or lack thereof) imposed by neural circuits (as well

as by genes, gene networks, and development) that shape the

path behavioral evolution takes over long and short timescales.

CHALLENGES FORMODEL CLADES IN NEUROSCIENCE

Whilemodel clades provide an exciting way to integrate compar-

ative and experimental approaches to address key questions in

neuroscience, this integration does not come without some

unique challenges. Indeed, a clade-based approach has at least

three hurdles: (1) defining a behavior of interest and making

meaningful comparisons of that behavior among species, (2) us-

ing experimentation to test hypotheses about causes of variation

between species, and (3) moving beyond case studies to general

principles underlying behavioral variation. Below, we outline

some of the challenges (and possible paths forward) for each

of these hurdles.

The challenge of defining, measuring, and comparing
behavior in clades
Deciding how behavior should best be defined, quantified, and

understood remains a major open question and has been dis-

cussed at length in relation to the traditional model species para-
digm (Gomez-Marin and Ghazanfar, 2019; Krakauer et al., 2017).

Comparing behaviors across species in a clade presents two

additional challenges: deciding whether behavioral variants are

homologous (and how much it matters for the question of inter-

est) and then deciding on the metrics through which those vari-

ants can be meaningfully compared.

Determining whether traits are homologous raises several

pervasive and complex issues in evolutionary biology. While

we will not rehash these issues here (they have been discussed

at length elsewhere; for starting points, see Rendall and Di Fiore,

2007; Wake, 1999), when comparing behaviors across species,

the importance of homology will often depend on the questions

being asked. If the goal is to trace the historical changes that

gave rise to a set of present-day behaviors in different species,

then it is important that those behaviors are in fact descended

with modification from a common ancestor (i.e., that they are

indeed homologous). In this case, it may be useful to focus on

clades with very recently diverged species, where establishing

homology is less likely to be confounded by evolutionary dis-

tance. However, comparisons of distantly diverged species

with nonhomologous behaviors can, of course, also be informa-

tive. For example, aquarium-raised flamboyant cuttlefish (Meta-

sepia pfefferi) are capable of ‘‘walking’’ using tetrapodal gaits

extremely similar to those of true tetrapods (Thomas and Mac-

Donald, 2016), and another cuttlefish species (Sepia smithi)

was recently observed in the wild imitating the morphology

and walking style of a decapod crustacean (van Elden and

Meeuwig, 2020). Studying nonhomologous behaviors like these

walking gaits can inform how species converge on quantitatively

similar behaviors using different neural and morphological

toolkits.

A second challenge is choosing an appropriate metric by

which behaviors can be compared across species. The

emerging field of computational neuroethology (Datta et al.,

2019) suggests one possible path forward (see Box 2 for more

on specific tools): high-throughput quantification of behavioral

repertoires followed by dimensionality reduction strategies

(e.g., principal-component analysis [PCA]) to define modules

within those repertoires and distances among them. This

approach can also provide metrics (e.g., distance in PCA space)

that may be useful for identifying behavioral modules across

species (see Hernández et al., 2020 for an example) and quanti-

fying differences between them. An important caveat is that

interspecific behavioral differences are almost certain to have

multiple sources, such as body size, differences in overall activity

level, or propensity to perform a behavior of interest, that can

confound comparisons (although see Machado et al., 2015 for

a possible way around this caveat). Another challenge is that

even closely related species are likely to differ in behavioral

repertoires along many axes. Sophisticated computational ap-

proaches are therefore powerful, but not sufficient; careful hu-

man observation and a deep understanding of which behaviors

are actually performed in nature (and, perhaps more importantly,

which matter for survival) will remain essential for guiding which

of the potentially many possible behavioral comparisons are

most interesting and what potentially confounding species dif-

ferences need to be controlled for before those comparisons

can be made.
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Box 2. Tools to study behavioral neuroscience in model clades

Tools tomeasure behavioral traits and access genetic and neural mechanisms underlying those traits have advanced quickly in the

last few years. Below, we highlight some of these, focusing on tools for asking questions about genetic or neural contributions to

behavior and for quantifying behavior itself both in the lab and in the wild.

TOOLS TO STUDY BEHAVIOR

Leaps in the field ofmachine learning and their application to the study of animal behavior have led to a recent wave of packages for

high-resolution quantification of animal position and pose, including MoSeq (Wiltschko et al., 2015), DeeplabCut (Mathis et al.,

2018), and DeepPoseKit (Graving et al., 2019), as well as vocal behavior, such as MUPET (Van Segbroeck et al., 2017),

DeepSqueak (Coffey et al., 2019), Bat Detective (Mac Aodha et al., 2018), and others (Goffinet and Pearson, 2019; Sainburg

et al., 2019). Cheap, efficient strategies to quantify behavior and perform behavioral manipulations in parallel for large numbers

of animals are also being developed (Saunders and Wehr, 2019; Werkhoven et al., 2019), which enable the comparison of behav-

ioral repertoires of (potentially many) species in a clade of interest. For example, Hernández and colleagues have recently used

automated tracking of freelymovingDrosophila to reconstruct ancestral behavioral repertoires during the evolution of a small clade

(Hernández et al., 2020), an approach that will only becomemore powerful as more species are included. These tools have poten-

tial for comparative approaches, because they can often be applied as easily to traditional laboratory models as nontraditional

models and even to animals behaving in natural environments with minimal or no human intervention (Hoffmann et al., 2019;

Zanette et al., 2019; Mac Aodha et al., 2018).

TOOLS TO STUDY NEURONS AND CIRCUITS

New advances in connectomics, including both EMandmore recent technologies (Kuan et al., 2020; Pende et al., 2020), are begin-

ning to identify changes in neural wiring which may contribute to behavioral differences. While this may be challenging to do for

many species, new genomic approaches for mapping connectomes (e.g., MAPseq; Huang et al., 2020b) may provide a more

high-throughput strategy that can be applied to almost any species. Additional tools to study neurons and circuits include an

increasingly diverse panel of channel rhodopsins to manipulate neural activity (Cho et al., 2019; Govorunova et al., 2015; Opper-

mann et al., 2019), genetically encoded calcium indicators and dense electrode arrays to monitor neural activity (Dana et al., 2019;

Jun et al., 2017), and viral strategies to quantify neural anatomy and deliver experimental tools to genetically defined neuronal types

(Callaway and Luo, 2015; Guenthner et al., 2013). For example, Scribner and colleagues have recently performed wide-field cal-

cium imaging with virally delivered GCaMP in the brains of awake prairie voles and identified candidate populations involved in the

formation of the male/female pair bonds that famously occur in this species, but not closely related montane voles (Scribner et al.,

2020) (also see Horie et al., 2020 for an exciting use of cre lines to study the neural basis of pair-bonding behavior in prairie voles).

TOOLS TO STUDY NEURAL IDENTITY

Recent progress toward understanding neural contributions to behavioral evolution has been made possible by advances in

sequencing (Gehring et al., 2020; Wenger et al., 2019), tools to combine spatial neuroanatomical information with single-cell

gene expression (Moffitt et al., 2018), and tools to determine the molecular identities of neurons that are active during specific be-

haviors (Knight et al., 2012). Importantly, many of these tools do not require preexisting transgenic lines (e.g., Knight et al., 2012;

Moffitt et al., 2018) and can be implemented cheaply in many parallel samples (e.g., Gehring et al., 2020). For example, Kebschull

and colleagues have recently used single-cell comparative transcriptomics to investigate the evolution of cerebellar nuclei by

comparing mice, chickens, and, remarkably, humans, and find evidence of an archetypal cerebellar nucleus that has diversified

through duplication and subsequent divergence of specific cell types (Kebschull et al., 2020). Single-cell sequencing approaches

like this are promising avenues to understand the evolution of cell types and their contribution to behavioral diversity between

species.

TOOLS TO STUDY GENES AND GENOMES

Behavior evolves because it has a genetic basis, and a major goal of understanding behavioral evolution is to identify the genes

responsible for inherited behavioral variation (Arguello and Benton, 2017). Moreover, these genes can be used as a handle to iden-

tify the neurons and circuits whose function they influence. Understanding how genetic variation acts in or on neural circuits to

influence behavioral variation represents a ‘‘Holy Grail’’ of sorts. Comparative genomics, admixture mapping in natural inter-

breeding populations, and quantitative trait locus (QTL) mapping, for example, are approaches that describe the genetic architec-

ture of trait variation and that are now being reinvigorated by increasingly cheap genome sequencing and genotype by sequencing

(Continued on next page)
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Box 2. Continued

methods. These approaches, which have been used successfully to identify the genetic basis of morphological variation, are

increasingly being applied to behavioral variation (Fitzpatrick et al., 2005; Niepoth and Bendesky, 2020). However, the challenge

remains how to narrow down candidate genes and test their causal roleswith functional tests (e.g., Stern, 2014).While these causal

tests are without doubt extremely difficult, they are crucial for linking genetic evolution with the evolution of nervous systems and

behavior.
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The challenge of carrying out manipulative experiments
in multiple species
Once behavioral variants are identified and compared, a crucial

next step is to carry out experiments to discover underlying

causes of the observed variation. As discussed above, some

of the most powerful of these experiments are cell-type-specific

manipulations using transgenic tools enabled by CRISPR-Cas9

genome editing. However, even when issues of husbandry and

reproductive biology are overcome, transgenic approaches

most likely need to be re-optimized for each species (even

closely related ones), strains are expensive to generate (and,

just as importantly, maintain), and interpreting results from neural

manipulation experiments comes with serious caveats (Otchy

et al., 2015).

Alternatively, experiments that manipulate behavior can be

just as (and sometimes more) informative than cell-type-specific

transgenic manipulations. As a classic example, simply extend-

ing or shortening the leg length of desert ants (Cataglyphis) was

decisive in showing that these ants use a form of path integration

as they navigate (Wittlinger et al., 2006). More recently, virtual re-

ality has been increasingly useful as a tool to perform controlled

behavioral experiments (Haberkern et al., 2019; Huang et al.,

2020a). When combined with neural measurements, these

behavioral experiments are powerful ways to link neural pro-

cesses and behavioral patterns. The barriers to performing

such experiments in multiple species are often relatively low,

which can make them more feasible as a starting point for

comparative studies than transgenic tools. While studying

more than one species will necessarily increase the amount of

work required to carry out any well-designed experiments, we

think there is reason for hope as it becomes easier to quantify

behavior and the transferability of tools across species is being

prioritized (see Box 2 for more on these tools).

The challenge of moving beyond case studies to general
principles
One step toward understanding the causes of behavioral varia-

tion is to accumulate case studies in specific model clades.

However, an ultimate goal of the approach we describe here is

to understand why some behaviors or neural mechanisms are

used in some lineages, but not others, and this requires moving

beyond case studies to identifying general principles. An impor-

tant strategy for accomplishing this goal will be to complement

the comparative and experimental approaches with theoretical

modeling of behavior and its evolution. Feedback between the-

ory (to motivate and define experimentation) and experimenta-

tion (to test theoretical predictions and hone models) has a

long and successful history in neuroscience (Marder, 2020a),

and this relationship should be crucial as comparative ap-
proaches in model clades become more common. Once again,

it is useful to look to evo-devo as an example. This field began

with a few nontraditional species following a model species

‘‘bottleneck’’ (Milinkovitch and Tzika, 2007) and is now (albeit af-

ter many years) at the point where general principles of how

morphology evolves are beginning to emerge, often as a result

of systematic experimentation, evolutionary comparisons, and

theoretical modeling in clades chosen to answer well-defined

questions (see Church et al., 2019a, 2019b; Hoke et al., 2019

for some recent success stories). Thus, evolutionary develop-

mental biology provides an example of what a path forward for

evolutionary neuroscience might look like as it moves from

case studies to general principles shaping behavioral variation.

RECENT INSIGHTS FROM MODEL CLADES

To illustrate how a clade-based approach can be successful, we

outline below examples of clades that have been used to under-

stand animal behavior and how it evolves through changes in cir-

cuits, neurons, and genes (also see Table 1 for a more complete,

but not exhaustive, list). For each clade, we provide a brief sum-

mary of the system, examples of the behavioral variation present

and highlight a recent study that demonstrates how feedback

between experimental and comparative approaches is begin-

ning to address some of the questions and overcome some of

the challenges discussed above (Figure 4).

Insights from snails and slugs (Euthyneura)
The system

Euthyneura is an ancient and diverse group of gastropods (snails

and slugs) in which complex brains may have evolved indepen-

dently more than once (Kocot et al., 2011). This clade is notable

in the history of neuroscience because it contains Aplysia cali-

fornica, an early powerhouse for studies to understand synaptic

plasticity (Carew et al., 1971). It is also notable as one of the

most diverseandwell-studied clades in the fieldof neuroethology

(Katz and Quinlan, 2019) and has contributed in particular to the

study of circuits that cause rhythmic behaviors (i.e., central

pattern generators [CPGs]) (Katz, 2016a).Euthyneura has several

features that make a model clade an attractive context for

comparative methods. First, homologous neurons can be identi-

fiedand recordedelectrophysiologically inmultiple species. Sec-

ond, those species exhibit a diverse array of fascinating behav-

iors, including examples of convergent behavioral evolution.

The behaviors

Many of the best-studied behaviors in Euthyneura involve

feeding, which is accomplished in many ingenious ways in

this group. Phylogenetic comparative methods support the hy-

pothesis that themost recent common ancestor of euthyneurans
Neuron 109, April 7, 2021 9



Table 1. Examples of model clades for behavioral neuroscience

Clade Natural behavioral variation References

Stickleback fish Schooling Greenwood et al., 2015, 2016; McKinnon and Rundle, 2002

Mexican cave fish feeding, sleep, thermal

preference

Aspiras et al., 2015; Jaggard et al., 2018; Riddle et al., 2018; Tabin et al., 2018;

Yoshizawa et al., 2015

Electric fish electric communication Crampton, 2019; Picq et al., 2020

Cichlid fish bower building Baran and Streelman, 2020; York et al., 2018, 2019

Poison frogs parental care Fischer et al., 2019a, 2019b

Xenopus frogs vocal behavior Kelley et al., 2020

Domesticated dogs learning, aggression Hecht et al., 2019

Voles pair bond formation Horie et al., 2019, 2020; Scribner et al., 2020

Singing mice vocal behavior Banerjee et al., 2019; Campbell et al., 2010

Deer mice burrowing, parental care,

diet, nesting

Bendesky et al., 2017; Glendinning et al., 1988; Kingsley et al., 2017;

Lewarch and Hoekstra, 2018; Weber et al., 2013

Mosquito host preference McBride et al., 2014, 2016

Drosophila courtship song, feeding Auer et al., 2020; Ding et al., 2019; Seeholzer et al., 2018

Hawai’ian cricket courtship song Xu and Shaw, 2019

Sweat bee social colony formation Kocher et al., 2018

Ants social behavior Chandra et al., 2018

Butterflies toxin metabolism Karageorgi et al., 2019; Taverner et al., 2019

Wolf spiders mating display Stratton and Uetz, 1986

Rove beetle ant mimicry Maruyama and Parker, 2017; Parker, 2016; Parker et al., 2018

Slugs and snails rhythmic motor behaviors Gunaratne et al., 2017; Katz and Quinlan, 2019; Sakurai and Katz, 2017
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was herbivorous and that carnivory has evolved independently

multiple times (Sakurai and Katz, 2015). In addition to feeding

behaviors, euthyneurans exhibit a diversity of locomotory behav-

iors. Specific swimming patterns have also evolved multiple

times independently (Sakurai and Katz, 2015), making it a prom-

ising group in which to ask about the extent to which evolution

has repeatedly found the same neural solutions to a common

behavioral problem.

Integrating experimental and comparative approaches

Melibe leonina andDendronotus iris are two specieswithin Euthy-

neura (specifically the subgroup Cladobranchia) that exhibit ho-

mologous left-right swimming patterns. Sakurai and colleagues

have recently used a combination of pharmacology and an elec-

trophysiological technique known as dynamic clamp to manipu-

late the circuits underlying left-right body flexion in Melibe and

Dendronotus (Sakurai andKatz, 2017). They found that connectiv-

ity of homologous neurons differed, demonstrating that divergent

wiring patternsareused toproduce the samebehavioral rhythm in

each species. This observation suggests that properties of neural

circuits may ‘‘drift’’ away from ancestral states over the course of

evolution without producing a measurable effect on behavior, a

process conceptually similar to genetic drift, in which mutations

accumulate in genomes without affecting fitness. Is ‘‘neural drift’’

common or rare during behavioral evolution? The wealth of spe-

cies and electrophysiological tools available in Euthyneura make

it a promising clade in which to address this question.

Insights from fruit flies (Drosophila)
The system

Most neuroscientists likely associate fruit flies with one of

the oldest and best-developed traditional model species,
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D. melanogaster. However, the genus to which this species be-

longs comprises more than 1,600 species distributed around the

globe and has provided some of the best-documented cases of

naturally occurring variation in behavior. In contrast to snails and

slugs, this group is relatively recently diverged, and while electro-

physiology is somewhat more difficult in Drosophila compared to

Euthyneura due to their (typically) small neurons, it has the advan-

tage of an abundance of transgenic tools for cell-type-specific

manipulative experiments, several of which have recently been

moved fromD.melanogaster (where theywere initially developed)

to four species belonging to the melanogaster subgroup (Ding

et al., 2016, 2019; Seeholzer et al., 2018; Stern et al., 2017).

The behaviors

Perhaps the best-studied example of behavioral variation in

Drosophila involves the courtship songs produced by males

(and sometimes females) as they vibrate their wings prior to

copulation. While these songs are required for successful mat-

ing, species differ in the number of wings vibrated (Ding et al.,

2019), the frequency of vibration (Ding et al., 2016), and whether

or not females vibrate their wings in duets with males (LaRue

et al., 2015). While most studies of natural behavioral variation

in Drosophila have focused on mating song, there are many

more examples of behavioral variation in fruit flies, such as

food specialization, in which exciting progress has already

been made (Auer et al., 2020), as well as habitat choice (Cooper

et al., 2018) and circadian rhythm (Yang and Edery, 2018),

among others (Dobzhansky and Spassky, 1969; Yamamoto,

1994) whose genetic and neural basis is waiting to be uncovered.

Integrating experimental and comparative approaches

Ding and colleagues have recently combined cell-type-specific

neural manipulations with a comparative approach to understand



Figure 4. Three examples of model clades
(A) Sea slugs (belonging to Euthyneura), specifically those in theCladobranchia
group shown, have been used to understand the extent to which rhythmic
behaviors are (or are not) constrained by the connectivity of underlying central
pattern generators. Sakurai and Katz used electrophysiological and pharma-
cological tools to discover that different neural circuit architectures give rise to
similar rhythmic swimming behaviors (Sakurai and Katz, 2017).
(B) Drosophila species in the melanogaster subgroup have been used to un-
derstand the neural basis of behavioral variation in courtship song. Ding and
colleagues used transgenic tools to identify a single, genetically defined
neuron involved in initiation of song in two species (Ding et al., 2019).
(C) Mice in the genus Peromyscus have been used to understand the genetic
contributions to natural variation in parental behavior. Bendesky and col-
leagues used linkage mapping between interfertile sister species to identify
and functionally validate the effect of the neuropeptide Avp on paternal care in
these species (Bendesky et al., 2017).
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the neural basis for song type evolution in in the D. melanogaster

species subgroup (Ding et al., 2019). First, by comparing song

types from nine closely related species, they show that

D. yakuba and D. santomea have evolved a novel song type

(the ‘‘clack’’ song) since the most recent common ancestor in

the clade. Then, by moving transgenic lines that label specific

neurons in themelanogaster song pathway to yakuba, they iden-
tify a single neuron, pIP10, that appears to be morphologically

and functionally conserved between yakuba and melanogaster.

In both species, this neuron descends from the brain to the

ventral nerve cord, where singing pre-motor circuits are located,

and in both species, high levels of pIP10 activation cause spe-

cies-specific song. This effect of activation is also observed in

headless males, arguing that the evolved neural differences that

give rise to song variation lie downstream of pIP10 in the ventral

nerve cord, close to the motor output for fly song (wing muscles).

A complementary study from Seeholzer and colleagues

focusing on the evolution of a different aspect of courtship

initiation, which is caused by gustatory detection by males of fe-

male cuticular hydrocarbons, identified a difference between

D. melanogaster and another species, D. simulans, in the func-

tional connectivity of a genetically defined circuit in the central

brain. This difference contributes to the ability of males to distin-

guish between females from each of these species (Seeholzer

et al., 2018). While in both studies, the specific evolving neurons

remain to be identified, continued feedback between cell-type-

specific manipulation and evolutionary inferences makes

Drosophila a promising clade to determine which parts of the

nervous system are likely (and which are unlikely) to give rise

to behavioral evolution.

Insights from deer mice (Peromyscus)
The system

Deer mice are a group of exceptionally abundant and diverse

North American rodents. Their natural history has been exten-

sively documented over the course of the last century, creating

a rich literature that has served as the foundation for many

studies on morphological and behavioral variation among spe-

cies in the wild (Bedford and Hoekstra, 2015). Despite this exten-

sive variation, many species of deermice remain interfertile in the

laboratory, a feature that has facilitated recent forward-genetic

studies (e.g., linkage mapping) to reveal the genetic architecture

underlying natural variation in complex yet heritable mammalian

behaviors. Thus, while transgenics and electrophysiology are

still in their infancy in Peromyscus, two powerful strengths of

this clade are the presence of closely related species with

well-documented natural histories and highly divergent behav-

iors and the fact that several of these species can be crossed

with each other to uncover the genetic underpinnings of neural

circuitry and ultimately behavioral evolution.

The behaviors

Behavioral variation in Peromyscus spans social behaviors such

as vocalization and parental care (Bendesky et al., 2017; Hart

and King, 1966), environmental engineering such as burrowing

and nest building (Lewarch and Hoekstra, 2018; Weber et al.,

2013), and feeding behaviors such as the striking seasonal

specialization on overwintering colonies of monarch butterflies

by P. melanotis (Glendinning et al., 1988). We have recently

focused our attention on a clade of P. maniculatus subspecies

that have independently evolved behavioral and morphological

adaptations to forested habitats in eastern and western North

America (Kingsley et al., 2017). These subspecies have diverged

extremely recently (�8,000–10,000 years ago), are interfertile,

and exhibit variation in both morphology and behavior related

to skilled climbing. Together with recently developed viral and
Neuron 109, April 7, 2021 11



ll
Perspective

Please cite this article in press as: Jourjine and Hoekstra, Expanding evolutionary neuroscience: insights from comparing variation in behavior, Neuron
(2021), https://doi.org/10.1016/j.neuron.2021.02.002
transgenic tools in Peromyscus, they provide an example of a

model clade in which linkage mapping between very closely

related species can uncouple the relative genetic contributions

of neural anatomy and (non-neural) morphology to natural varia-

tion in behavior.

Integrating experimental and comparative approaches

We have also recently used linkage mapping to characterize

the genetic architecture of parental care differences between

two Peromyscus species, P. maniculatus and P. polionotus.

P. maniculatus breed promiscuously and females primarily pro-

vide care for young, while P. polionotus form pair bonds in which

both parents provide parental care (Bendesky et al., 2017).

These complex differences in behavior are heritable and corre-

lated with a small number of genomic loci. In particular, one

parental behavior, nest building, is associated with inter-specific

differences in expression of the pleiotropic gene arginine

vasopressin (avp), which is expressed �2-fold higher in

P. maniculatus, where males rarely build nests for their litters,

than in P. polionotus, where males often exhibit this behavior.

Remarkably, application of exogenous AVP protein specifically

suppresses nest building, but not other aspects of parental

care, in P. polionotus. Thus, evolutionary modification in the

expression of an ancient peptide hormone contributes to differ-

ences in social behavior between these species.

SUMMARY

The history of neuroscience has been profoundly shaped by its

search for study systems. While 19th century neuroanatomists

dissected as many species as they could get their hands

on (the neuron doctrine was founded on observations Ramon y

Cajal made of nervous systems from more than 50 species

comprising 11 taxonomic orders; Garcia-Lopez et al., 2010),

early 20th century physiologists and ethologists used Krogh’s

principle to search for species with just the right biology to

answer specific questions that interested them. The molecular

revolution of the mid-20th century then spurred on the era of

the classic model species in which large communities shared

knowledge and tool development for a relatively small number

of species.

In the last decade, neuroscience has overseen a revolution of

its own. Optogenetics hasmade cell-type-specific neural manip-

ulations common practice, and CRISPR-Cas9, together with an

increasingly diverse and versatile array of viral vectors and non-

transgenic electrophysiological tools, is bringing a style of exper-

imental neuroscience that was once restricted to a few model

species to more and more nontraditional models. Thus, having

emerged from the model species bottleneck (Brenowitz and Za-

kon, 2015), neuroscience is once again being shaped by a

search for just the right study systems to answer long-standing

and challenging questions. Here, we have argued in favor of

groups of species related by a common ancestor (i.e., clades)

as particularly powerful study systems in which to answer

some of those questions.

While this approach comes with its own challenges, model

clades bring with them the possibility of exciting discoveries

that feedback between experimental and comparative ap-

proaches will foster. For example, by identifying clades in which
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the same behavior has independently evolved multiple times, we

can gain insight into not only its evolutionary history but also its

underlying mechanisms by finding the genes, neurons, or cir-

cuits that repeatedly evolve to produce the behavior (e.g.,

Gallant and O’Connell, 2020). By identifying the neural and mo-

lecular causes of behavioral differences within clades, we can

uncover examples of behavioral adaptation (e.g., Campbell

et al., 2019; Rowe and Rowe, 2008) and novel mechanisms

that may underlie those adaptations (e.g., Okobi et al., 2019;

Rowe et al., 2013). In other words, comparative studies of natural

behavioral variation can be used to discover basic principles of

neuroscience at the same time that experimental tools devel-

oped by neuroscientists can help discover causes of behavioral

diversity in the natural world—a win-win situation.
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