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Animals evaluate and respond to their social environment with adaptive decisions. Revealing the
neural mechanisms of such decisions is a major goal in biology. We analyzed expression profiles for
10 neurochemical genes across 12 brain regions important for decision-making in 88 species
representing five vertebrate lineages. We found that behaviorally relevant brain regions are
remarkably conserved over 450 million years of evolution. We also find evidence that different
brain regions have experienced different selection pressures, because spatial distribution of
neuroendocrine ligands are more flexible than their receptors across vertebrates. Our analysis
suggests that the diversity of social behavior in vertebrates can be explained, in part, by variations
on a theme of conserved neural and gene expression networks.

Animals have evolved flexible strategies
that allow them to respond to their social
environment by integrating the salience

of an external stimulus with internal physiolog-
ical cues into an adaptive behavioral response
(1, 2). Although individual fitness depends on dis-
playing adaptive behavior patterns (e.g., reproduc-
tive or aggressive behavior) in a context-appropriate
manner, it has been difficult to examine the
evolution of underlying neural and molecular
mechanisms because of diversity in ecology, al-
ternative behavior tactics, and brain structure
across vertebrates (3, 4). At the same time, this
variation provides a unique opportunity to de-
termine the extent to which variance in neural
gene expression underlies behavioral adaptations
within and across species. To better understand
the large-scale patterns of neurochemical evolu-
tion across vertebrates, we analyzed the expres-
sion profiles for 10 gene products across 12 brain
regions that encode and process environmental
and physiological cues important for decision-
making in 88 species representing five major
vertebrate lineages.

Our analysis of the neurochemical evolution
of the vertebrate brain focuses on two neural cir-
cuits originally described in mammals and since
expanded to other vertebrate lineages (5): (i) the
social behavior network, which in concert with
sex steroid and neuropeptide hormones regulates
social behavior such as reproduction, aggression,
and parental care (6, 7), and (ii) the mesolimbic
reward system, which is generally assumed to
evaluate stimulus salience via dopaminergic sig-
naling (8, 9). Although the evolutionary anteced-
ents of these neural circuits (especially regions of
the basal ganglia and limbic system) have been
debated for the past century (10), it is currently
recognized that they were already present in the
common ancestor of sarcopterygians (including

tetrapods) and actinopterygians (ray-finned fishes)
(5, 7, 11). These two circuits constitute a larger
integrated social decision-making (SDM) network
that governs stimulus evaluation and behavior
across vertebrates (1, 5). Within this framework,
we chose to examine the distribution of behav-
iorally relevant gene products associated with the
dopaminergic system [tyrosine hydroxylase (TH),
dopamineD1 receptor, or DARPP-32], sex steroid
hormone signaling (aromatase and nuclear re-
ceptors for estrogen, androgen, and progester-
one), and nonapeptide systems (vasopressin,
oxytocin, and their receptors). These pathways
play fundamental roles in regulating complex
social behavior in all vertebrate taxa (12, 13);
however, we excluded several neurochemical
systems of obvious importance, such as other
aminergic, opioid, and neuropeptide pathways,
as well as the D2-like dopamine receptor, because
of a lack of comprehensive information available
across taxa.

To compare the neurochemical profiles of
brain regions across vertebrates, we analyzed
decades of research in vertebrate neurochemistry
by examining published neuroanatomical micro-
graphs presenting mRNA or protein expression.
Within each species, we first ascertained whether
a gene product of interest was present or absent
in SDM network nodes (Fig. 1) and then deter-
mined the consensus for that vertebrate lineage.
Some brain regions given mammalian names in
our analysis heremay not represent discrete homo-
logs of mammalian structures (5). Additionally,
we omitted the prefrontal cortex from our com-
parative analysis, even though it is considered
part of the reward system in mammals, because
its evolutionary antecedent in nonmammalian
vertebrates is unclear (14). Furthermore, we com-
bined distribution data for paralogous genes with-
in a species (e.g., estrogen receptors ERa and
ERb in vertebrates, teleost-specific androgen re-
ceptor duplicates ARa and ARb).

When comparing the distribution of neu-
rochemicals across vertebrates, we observed
several notable characteristics. First, the neuro-
chemical profiles of the SDM network have been
remarkably conserved throughout vertebrate

evolution (Fig. 2), consistent with their important
roles in regulating behavior in all vertebrates.
Secondly, an unsupervised clustering of neuro-
chemical distributions across vertebrates seg-
regated receptor distributions from ligands. When
compared with receptors (Fig. 2 top), the spatial
distribution of ligands (bottom) is significantly
more restricted (c2 = 9.00; P = 0.011). This
analysis does not include aromatase, an enzyme
that produces a ligand by converting testoster-
one to estrogen yet behaves like a receptor in
terms of its wide distribution. Lastly, there ap-
pears to be more variation in where the ligands
are produced (i.e., distribution of dopaminergic
and neuropeptide-producing cells) than variation
in where receptors are located, suggesting that
the spatial distributions of neuroendocrine lig-
ands are evolutionarily more flexible than those of
receptors.

To explore the flexiblility of neurochemical
gene expression patterns across evolutionary
time in amore quantitativemanner, we calculated
a divergence score (D) for each neurochemical
gene product and brain region. We mapped
distributions for each gene product across all
SDMnetwork nodes onto a vertebrate phylogeny
and calculated D as the number of changes ob-
served in the parsimonious model, where D > 0
indicates that one or more changes have oc-
curred since tetrapods and ray-finned fishes shared
their last common ancestor about 450 million
years ago (Ma) (15). Figure 3A shows divergence
scores for each brain region (columns) and neuro-
chemical gene product (rows). Themost-conserved
(Davg = 0.0) brain regions in our analysis are the
basolateral amygdala (blAMY) and the preoptic
area (POA), whereas the striatum (Str) is the least
conserved (Davg = 0.7). The average divergence
scores for each brain region within either the re-
ward system or social behavior network did not
indicate that one system had undergone more
changes than the other during vertebrate evolu-
tion (Fig. 3B; Mann-Whitney U14 = 27.5, P =
0.662). Furthermore, changes in neurochemical
profiles in these two systems are uniformly dis-
tributed across the major transitions of vertebrate
evolution (Fig. 3, C and D).

The neurochemical gene products whose dis-
tribution varies themost across the SDMnetwork
are TH (Davg = 0.6), arginine vasopressin (AVP;
Davg = 0.5), and oxytocin (OXY; Davg = 0.4),
whereas the profiles of the oxytocin receptor
(OTR; Davg = 0.0) and the progesterone receptor
(PR; Davg = 0.0) are the most conserved. Profiles
of both the androgen receptor (AR; Davg = 0.2),
and the dopamine D1 receptor (D1aR; Davg =
0.3) exhibit little variation. To further examine
potential differences in the spatial distribution of
ligands and their receptors across vertebrate
lineages, we averaged the divergence scores for
each neurochemical gene product across brain
regions and found that the variation in the spatial
distribution of ligands (TH, aromatase, AVP, and
OXY) is significantly greater than the variation in
spatial distribution of receptors [AR, vasopressin
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1a receptor (V1aR), D1aR, ER, OTR, and PR;
Fig. 3E] (Mann-Whitney U10 = 2, P = 0.038).
Furthermore, the distribution of ligands exhibits a
very heterogeneous temporal pattern with two
dramatic changes (Fig. 3F). First, the number of
SDM network nodes that contain TH-producing
cells changed dramatically 450 Ma when the
lineages that gave rise to teleosts (actinoptery-
gians) and tetrapods (sarcopterygians) shared
their last common ancestor, although without an

outgroup we cannot determine whether TH ex-
pression was lost or gained in these brain areas.
Second, several SDM network nodes gained
neuropeptide (AVP and OXY)–expressing cells
when birds diverged from reptiles ~220 Ma or
even longer ago. The information on reptiles in
our analysis is largely limited to lepidosaurians
(lizards and snakes), because data on turtles and
crocodilians are sorely lacking. The latter group
would be particularly interesting because of its

close relationship with birds in the archosaurian
clade and because of the complex social behavior
displayed by many of its representatives. Con-
versely, very few changes occurred in the spatial
distribution of receptors over the past 450 million
years (Fig. 3G). Aromatase could reasonably
be grouped with either ligands or receptors, al-
though this does not influence our results. To be
conservative, we have grouped aromatase in the
ligand class.

Because brain regions subserve different
behaviorally relevant functions (5), we hypothe-
sized that different SDM network nodes might
have been subjected to varying selection pres-
sures regarding their neurochemical profiles. We
analyzed the neurochemical pattern of each brain
region separately and found that brain regions
show different degrees of neurochemical conser-
vation across vertebrates (Fig. 4). We discuss
here only the most-conserved and most-diverged
brain regions (results for remaining regions are in
fig. S1). The neurochemical profile of the pre-
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Fig. 1. Neural basis of behavioral diversity. The social behavior network (yellow) and mesolimbic reward
system (blue) are two important neural networks regulating behavior in vertebrates and have functional
connections (green) between the circuits. The mammalian nomenclature used in nonmammalian lineages
does not necessarily imply discrete (one-to-one) homologs of mammalian structures. [Adapted from (5)]
AH, anterior hypothalamus; BNST/meAMY, bed nucleus of the stria terminalis/medial amygdala; HIP,
hippocampus; LS, lateral septum; NAcc, nucleus accumbens; PAG, periaqueductal gray/central gray; VMH,
ventromedial hypothalamus; VP, ventral pallidum; VTA, ventral tegmental area.

Fig. 2. Analysis of vertebrate patterns in brain
neurochemistry. Overall patterns in neurochemistry
in the social decision-making network are shown
across vertebrates. Data for each vertebrate lineage
are represented in the columns, and each row rep-
resents one gene in one brain region that is either
present (orange) or absent (purple). White indicates
that no data are available (n/a). The number of
species in each vertebrate lineage represented in
the analysis is shown at the bottom of each column.
The dendrogram (top) is the result of unsupervised
hierarchical clustering of the vertebrate neuro-
chemical patterns.
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optic area, a neuroendocrine relay station (16), is
completely conserved, likely because of its fun-
damental role in coordinating and regulating
basic behavioral and physiological functions. In
contrast, neurochemical gene expression is most
variable in the striatum, a multimodal receptive
structure involved in reward processing and volun-
tary motor control (9). The extent to which the
striatum receives pallial versus thalamic projections
increased considerably at the anamniote-amniote
and nonmammalian-mammalian transitions (17),
a pattern that likely resulted in major functional
shifts and resembles the changes in striatal gene
profiles we have observed (Fig. 3C).

We next asked whether the variation seen
across vertebratesmight be confounded by species-
level variation within a lineage. We examined
the spatial patterns of dopamine-producing and
AVP cells at the species level, because they are
the best studied and most divergent across taxa.
We found surprisingly little presence/absence
variation within a vertebrate lineage in the dis-
tribution of dopaminergic or AVP-producing
cells (fig. S2), suggesting that the patterns ob-
served across vertebrates are not explained by
variation within each lineage. However, within
teleosts sites of dopamine production appear to
show greater variation, possibly as the results of a
more ancient origin and/or additional genome
duplication events experienced by this group
(18). Differences between closely related species
that differ in social behavior have generally been
reported as quantitative rather than qualitative (i.e.,

total presence or absence) with the exception of
nonapeptide receptor expression in some mam-
malian and avian species (19, 20). Our analysis
suggests that variation in neurochemical profiles
within or across species from the same lineage is
generally quantitative, as has been described with-
in species with alternative phenotypes (21), be-
tween sexes (22), between species (23), and also
in invertebrate behavioral systems (24), whereas
large-scale patterns in gene expression variation
across vertebrate lineages are generally qualita-
tive (i.e., presence or absence).

We have examined the neurochemical profiles
of brain regions important in social decision-
making and found that, whereas the SDM net-
work has overall been remarkably conserved over
450 million years of evolution, the sites of ligand
production are evolutionarily more flexible than
where their receptors are expressed, likely the
consequence of two major expansions in ligand
production sites ~450 and 222Ma (25–27). The
high conservation of receptor distributions may
be explained by the ancient and conserved re-
sponses by animals to challenges and opportu-
nities in their environment. Conversely, lineage
differences in life history and ecology, coupled
with phylogenetic constraints, might determine
where and how social signals of different modal-
ities are weighted and processed in the brain,
possibly aided by differences in the local pro-
duction of ligands. As a consequence, shifts in
ligand expression to new sites in the brain re-
sulting from small developmental changes (28)

might accompany the evolution of novel life his-
tory strategies or social systems, consistent with
the known pleiotropic roles of many of these
ligands. Recent investigations into the evolution
of developmental mechanisms have similarly
observed that the appearance of novel body plans
or color patterns is often associated with changes
in the spatial expression patterns of morphoge-
netically important ligands (29). On the other
hand, receptors are generally associated with com-
plex intracellular machinery and thus may be
more restricted in spatial distribution changes
than ligands, given that such a shift must also
require altering the spatial distribution of many
other proteins. Our analysis also suggests that
macro- and microevolutionary processes might
be dissociated, given that behavioral variation
within a population or across closely related
species can arise because of quantitative differ-
ences in receptor or ligand distributions (19, 24),
although more comparative studies of these and
other neurochemicals in nonmammalian taxa are
needed to better understand how the social brain
evolved with changes in brain gene expression.

Because the brain regions that govern social
behavior function within a network, the integra-
tive and systems-level approach we have used
here opens up new avenues toward understanding
the neural and molecular architecture of social
behavior and its evolution. We suggest that the
diversity of social behavior in vertebrates can be
explained at least in part by variations on a conserved
theme of neural and gene expression networks.
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Fig. 3. Conservation of neural systems regulating behavior. (A)
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cates a score of zero (most conserved), yellow indicates a score
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Divergence score at each node was plotted across evolutionary
time for each brain network (C and D) and for each gene class
(F and G). Abbreviations as in Fig. 1. ARO, aromatase.
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Thus, our analysis provides a framework that will
greatly facilitate the search for molecular univer-
sals underlying social behavior (30).
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Evolutionary Trade-Offs, Pareto
Optimality, and the Geometry
of Phenotype Space
O. Shoval,1 H. Sheftel,1 G. Shinar,1 Y. Hart,1 O. Ramote,1 A. Mayo,1 E. Dekel,1

K. Kavanagh,2 U. Alon1*

Biological systems that perform multiple tasks face a fundamental trade-off: A given phenotype
cannot be optimal at all tasks. Here we ask how trade-offs affect the range of phenotypes found
in nature. Using the Pareto front concept from economics and engineering, we find that
best–trade-off phenotypes are weighted averages of archetypes—phenotypes specialized for
single tasks. For two tasks, phenotypes fall on the line connecting the two archetypes, which
could explain linear trait correlations, allometric relationships, as well as bacterial gene-expression
patterns. For three tasks, phenotypes fall within a triangle in phenotype space, whose vertices are
the archetypes, as evident in morphological studies, including on Darwin’s finches. Tasks can be
inferred from measured phenotypes based on the behavior of organisms nearest the archetypes.

Consider a biological system whose phe-
notype is defined by a vector of traits, v.
Traits considered here are quantitative

measures such as bird beak length and not ge-
netic traits such as DNA sequences. The space of
all phenotypes is called the morphospace. Most
theories of natural selection maximize a specific
fitness function F(v), resulting in an optimal phe-
notype, usually a point in morphospace. This
approach has several limitations: First, the fit-
ness function is often unknown. Second, in many
cases, organisms need to perform multiple tasks
that all contribute to fitness (1); thus, fitness is

an increasing function of the performance at all
tasks F(Pi(v),…,Pk(v)), , where Pi(v) is the per-
formance at task i. The best phenotype for one
task is usually not the best for other tasks—
resulting in a trade-off situation. Maximizing
fitness is thus amulti-objective optimization prob-
lem (2–5).

To address this issue, we employ the Pareto
front concept (2–6), used in engineering and eco-
nomics to find the set of designs that are the best
trade-offs between different requirements. Con-
sider two phenotypes v and v′. If v′ is better at all
tasks than v, the latter will be eliminated by nat-
ural selection (Fig. 1A). Repeating this for all
possible phenotypes, one remains with the Pareto
front: the set of phenotypes that cannot be im-
proved at all tasks at once. The Pareto front de-
scribes all optima for all conceivable fitness
functions that are increasing functions of the

Fig. 4. The extent of conservation varies across
brain regions. Patterns in neurochemistry are shown
for the preoptic area (top) and striatum (bottom)
where genes (rows) are either present (orange),
absent (purple), or unknown (n/a, white) within each
vertebrate lineage (columns). All other brain regions
are shown in fig. S1.
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