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Arthur M. Sackler, M.D.
1913-1987

Born in Brooklyn, New York, Arthur M. Sackler
was educated in the arts, sciences, and humanities
at New York University. These interests remained
the focus of his life, as he became widely known
as a scientist, art collector, and philanthropist,
endowing institutions of learning and culture
throughout the world.

He felt that his fundamental role was as a
doctor, a vocation he decided upon at the age of
four. After completing his internship and service
as house physician at Lincoln Hospital in New
York City, he became a resident in psychiatry at
Creedmoor State Hospital. There, in the 1940s, he
started research that resulted in more than 150 papers in neuroendocri-
nology, psychiatry, and experimental medicine. He considered his scien-
tific research in the metabolic basis of schizophrenia his most significant
contribution to science and served as editor of the Journal of Clinical and
Experimental Psychobiology from 1950 to 1962. In 1960 he started publica-
tion of Medical Tribune, a weekly medical newspaper that reached over
one million readers in 20 countries. He established the Laboratories for
Therapeutic Research in 1938, a facility in New York for basic research
that he directed until 1983.

As a generous benefactor to the causes of medicine and basic science,
Arthur Sackler built and contributed to a wide range of scientific insti-
tutions: the Sackler School of Medicine established in 1972 at Tel Aviv
University, Tel Aviv, Israel; the Sackler Institute of Graduate Biomedical
Science at New York University, founded in 1980; the Arthur M. Sackler
Science Center dedicated in 1985 at Clark University, Worcester, Massachu-
setts; and the Sackler School of Graduate Biomedical Sciences, established
in 1980, and the Arthur M. Sackler Center for Health Communications,
established in 1986, both at Tufts University, Boston, Massachusetts.

His pre-eminence in the art world is already legendary. According
to his wife Jillian, one of his favorite relaxations was to visit museums
and art galleries and pick out great pieces others had overlooked. His
interest in art is reflected in his philanthropy; he endowed galleries at
the Metropolitan Museum of Art and Princeton University, a museum at
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Harvard University, and the Arthur M. Sackler Gallery of Asian Art in
Washington, D.C. True to his oft-stated determination to create bridges
between peoples, he offered to build a teaching museum in China, which
Jillian made possible after his death, and in 1993 opened the Arthur M.
Sackler Museum of Art and Archaeology at Peking University in Beijing.
In a world that often sees science and art as two separate cultures,
Arthur Sackler saw them as inextricably related. In a speech given at the
State University of New York at Stony Brook, Some reflections on the arts,
sciences and humanities, a year before his death, he observed: “Communi-
cation is, for me, the primum movens of all culture. In the arts . . . I find
the emotional component most moving. In science, it is the intellectual
content. Both are deeply interlinked in the humanities.” The Arthur M.
Sackler Colloquia at the National Academy of Sciences pay tribute to this
faith in communication as the prime mover of knowledge and culture.

viti
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Preface to the
In the Light of Evolution
Series

the evolutionary past, a vast human-supportive resource (aesthetic,

intellectual, and material) of the present, and a rich legacy to cher-
ish and preserve for the future. Two urgent challenges, and opportunities,
for 21st-century science are to gain deeper insights into the evolutionary
processes that foster biotic diversity, and to translate that understanding
into workable solutions for the regional and global crises that biodiver-
sity currently faces. A grasp of evolutionary principles and processes is
important in other societal arenas as well, such as education, medicine,
sociology, and other applied fields including agriculture, pharmacology,
and biotechnology. The ramifications of evolutionary thought also extend
into learned realms traditionally reserved for philosophy and religion.

In 1973, Theodosius Dobzhansky penned a short commentary entitled
“Nothing in biology makes sense except in the light of evolution.” Most
scientists agree that evolution provides the unifying framework for inter-
preting biological phenomena that otherwise can often seem unrelated
and perhaps unintelligible. Given the central position of evolutionary
thought in biology, it is sadly ironic that evolutionary perspectives outside
the sciences have often been neglected, misunderstood, or purposefully
misrepresented.

The central goal of the In the Light of Evolution (ILE) series is to pro-
mote the evolutionary sciences through state-of-the-art colloquia—in the
series of Arthur M. Sackler colloquia sponsored by the National Academy
of Sciences—and their published proceedings. Each installment explores

B iodiversity—the genetic variety of life—is an exuberant product of

xiii

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13462

In the Light of Evolution: Volume VI: Brain and Behavior

xiv / Preface to the In the Light of Evolution Series

evolutionary perspectives on a particular biological topic that is scientifi-
cally intriguing but also has special relevance to contemporary societal
issues or challenges. Individually and collectively, the ILE series aims
to interpret phenomena in various areas of biology through the lens of
evolution, address some of the most intellectually engaging as well as
pragmatically important societal issues of our times, and foster a greater
appreciation of evolutionary biology as a consolidating foundation for
the life sciences.

The organizers and founding editors of this effort (Avise and Ayala) are
the academic grandson and son, respectively, of Theodosius Dobzhansky,
to whose fond memory this ILE series is dedicated. May Dobzhansky’s
words and insights continue to inspire rational scientific inquiry into
nature’s marvelous operations.

John C. Avise and Francisco J. Ayala

Department of Ecology and Evolutionary Biology,
University of California, Irvine (January 2007)

Copyright National Academy of Sciences. All rights reserved.
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Preface to
In the Light of Evolution, Volume VI:
Brain and Behavior

“Brain and Behavior,” which was sponsored by the National Acad-

emy of Sciences on January 20-21, 2012, at the Academy’s Arnold
and Mabel Beckman Center in Irvine, CA. It is the sixth in a series of
Colloquia under the general title “In the Light of Evolution.” The first five
books in this series were titled Adaptation and Complex Design (Avise and
Ayala, 2007), Biodiversity and Extinction (Avise et al., 2008), Two Centuries
of Darwin (Avise and Ayala, 2009), The Human Condition (Avise and Ayala,
2010), and Cooperation and Conflict (Strassmann et al., 2011).

In On the Origin of Species by Means of Natural Selection, Darwin (1859)
barely mentioned the brain. Only in The Descent of Man, and Selection in
Relation to Sex, published in 1871, did Darwin emphasize that the human
nervous system, like any other organ system, must have evolved. Even so,
Darwin himself wrote little on the brain. Instead, Darwin asked his good
friend T. H. Huxley to write a chapter for the second edition of The Descent
of Man, and Selection in Relation to Sex that dealt specifically with human
brain evolution. In this chapter, Huxley laid to rest Richard Owen’s ear-
lier argument that human brains are outliers among mammalian brains.
Instead, Huxley argued that our brains resemble the brains of other apes
in all fundamental respects. He even downplayed the greater size of
human brains, noting that brain size is quite variable among humans.
Importantly, Huxley did not deny that our brains must somehow differ
from the brains of other apes, for he could see no other way to explain
our unique cognitive capacities, most notably language. However, Huxley

This book is the outgrowth of the Arthur M. Sackler Colloquium

X0
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xvi / Preface to In the Light of Evolution, Volume VI

(1863b) postulated that the differences that set our brains apart are not
apparent in gross dissections (Cosans, 1994; Desmond, 1994; Gross, 1998;
Striedter, 2005).

Of course, in the days of Darwin and Huxley, the only methods avail-
able for studying large brains were gross dissections or, for functional
analyses, gross brain lesions. It was only in the late 1880s that Ramoén y
Cajal focused neuroanatomy onto structural details by applying Golgi’s
famous staining method to the nervous systems of various species (De
Carlos and Borrell, 2007). Similarly, techniques for electrical recording of
neural activity and brain stimulation were just starting to be developed
in the 1870s by Richard Canton, Eduard Hitzig, and many other pioneers
(Ferrier, 1886; Young, 1970; Niedermeyer, 2005). Aside from these techni-
cal constraints, neurobiological knowledge was limited in Darwin’s day
to relatively few species. In particular, ape brains were rare in England at
the time, because they could only be obtained through research expedi-
tions to Africa. Gorillas, for example, were not even discovered by Western
scientists until Richard Owen (1859) described them and their brains in
the late 1850s.

Since that dawn of evolutionary neuroscience, the arsenal of meth-
ods and panoply of data relevant to brain evolution have expanded tre-
mendously. Intracellular and extracellular chronic recording techniques,
immunohistochemistry, axon tracing, and excitotoxic brain lesions are
just a few of the many methods that revolutionized our understanding of
brain structure and function. Obviously, neuroscience has also been trans-
formed by molecular methods that Darwin could not have envisioned.
Researchers can now compare gene sequences and gene expression pat-
terns across species. They can also test causal hypotheses about how genes
control neural development, brain function, and, ultimately, behavior.
Collectively, these methods make it possible to compare across species not
just individual structures, such as genes or brain regions, but molecular
interactions, developmental processes, and intriguing behaviors. Finally,
the range of species studied by comparative neurobiologists now includes
not just a few model species but a broad assemblage of vertebrates and,
increasingly, invertebrates (Strausfeld, 2012).

These methodological advances have unleashed a flood of data rel-
evant to brain evolution. Fortunately, conceptual advances in data analysis
kept pace. Particularly important have been breakthroughs in phyloge-
netic systematics, which have yielded more elaborate and detailed phy-
logenetic trees, or cladograms, and sophisticated statistical methods for
evaluating phylogenetic correlations between various traits (Nunn, 2011).
Cladists have also developed a rigorous methodology for distinguishing
similarities caused by homology from those similarities that resulted
from independent evolution (Northcutt, 1984; Nieuwenhuys, 1994a; Pritz,

Copyright National Academy of Sciences. All rights reserved.
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Preface to In the Light of Evolution, Volume VI / xvii

2005). With these methodologies, comparative biologists can begin to infer
the evolutionary processes that created the complex tapestry of neurologi-
cal systems in extant species.

Because the field of evolutionary neuroscience now includes a vast
array of different approaches, data types, and species, how can one select
from this diversity a set of 17 chapters that represent the field adequately?
The task seems Herculean, if not Sisyphean. Confronted with this chal-
lenge, we opted for an eclectic approach. Thus, we here gather 17 chapters
that represent a broad assortment of contemporary research in evolution-
ary neurobiology.

Copyright National Academy of Sciences. All rights reserved.
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Part 1

EVOLUTIONARY ORIGINS OF
NEURONS AND NERVOUS SYSTEMS

molecules and centralized nervous systems. In Chapter 1, Cecilia

Conaco and colleagues review earlier findings that many of the
molecules found in neuronal synapses, especially within the postsynaptic
density, predate the evolution of neurons. The authors then use an analysis
of gene coexpression patterns to show that these protosynaptic genes in
sponges, which lack proper neurons, form several modules of interacting
genes. With the evolution of neurons, these small modules fused into a
larger module with a novel function, namely to build synapses. Thus, the
research has moved beyond the relatively simple task of homologizing
individual genes and begun to trace the evolution of complex and chang-
ing gene networks. An interesting, if as yet barely explored, implication of
the idea that gene networks can change function is that the homologous
gene networks may function in the development or function of nonho-
mologous structures (Striedter, 1998). This possibility is rarely acknowl-
edged (Tomer et al., 2010).

In Chapter 2, Harold Zakon reviews the evolution of voltage-gated
sodium (Na-v) channels. These channels probably descended from
voltage-gated calcium channels, which were probably derived from
voltage-sensitive potassium channels. Why did Na-v channels become
the major driving force behind neuronal action potentials? The answer
is probably because Na was plentiful in the ocean, where neurons first
evolved, and because Na influx tends not to interfere with intracellu-
lar calcium signaling. Once incorporated into neurons, Na-v channels

The first three chapters address the ancient history of neuron-related

1
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2/ Part1

were modified in diverse, interesting ways. For example, they evolved
regulatory sequences that allowed them to be clustered at the axon initial
segment and at Nodes of Ranvier in myelinated axons. Additional modi-
fications evolved after the ancestral Na-v gene was duplicated, once near
the origin of vertebrates and then again (repeatedly) in several vertebrate
lineages. One of the most interesting Na-v modifications is the evolution
of resistance to TTX, which typically blocks Na-v channels, in pufferfishes
and other species that use TTX to ward off predators.

Glenn Northcutt analyzes, in Chapter 3, when and in which lin-
eages complex brains evolved. Favoring a cladistic approach, Northcutt
concludes that the last common ancestor of all bilaterian animals, liv-
ing 600-700 Mya, probably had a diffusely organized nervous system.
Cephalic neural ganglia apparently evolved soon thereafter and were
retained in many lineages. Truly complex brains evolved even later and
did so repeatedly, in mollusks, arthropods, and chordates (including ver-
tebrates). This conclusion contrasts sharply with the conclusions of other
researchers, who are struck by similarities in developmental gene expres-
sion patterns among vertebrate, insect, and annelid nervous systems. To
them, these similarities must represent homologies. That is, they argue
that similar gene expression patterns must have existed in the last com-
mon ancestor of fruit flies, vertebrates, and worms. Northcutt begs to
differ, arguing that the expression of these genes in brains is caused by
convergent evolution, perhaps by the co-option of gene networks that
predate brains. This debate will require more data for a full resolution.

Copyright National Academy of Sciences. All rights reserved.
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Functionalization of a Protosynaptic
Gene Expression Network

CECILIA CONACO,** DANIELLE S. BASSETT,}Ss HONGJUN
ZHOU,* MARY LUZ ARCILA,* SANDIE M. DEGNAN !
BERNARD M. DEGNAN,| AND KENNETH S. KOSIK*t#

Assembly of a functioning neuronal synapse requires the precisely coor-
dinated synthesis of many proteins. To understand the evolution of this
complex cellular machine, we tracked the developmental expression
patterns of a core set of conserved synaptic genes across a representative
sampling of the animal kingdom. Coregulation, as measured by correla-
tion of gene expression over development, showed a marked increase
as functional nervous systems emerged. In the earliest branching ani-
mal phyla (Porifera), in which a nearly complete set of synaptic genes
exists in the absence of morphological synapses, these “protosynaptic”
genes displayed a lack of global coregulation although small modules
of coexpressed genes are readily detectable by using network analysis
techniques. These findings suggest that functional synapses evolved by
exapting preexisting cellular machines, likely through some modifica-
tion of regulatory circuitry. Evolutionarily ancient modules continue to
operate seamlessly within the synapses of modern animals. This work
shows that the application of network techniques to emerging genomic
and expression data can provide insights into the evolution of complex
cellular machines such as the synapse.

*Neuroscience Research Institute, 'Department of Molecular, Cellular and Developmental
Biology, fDepartment of Physics, and SSage Center for the Study of the Mind, University
of California, Santa Barbara, CA 93106; and ISchool of Biological Sciences, University of
Queensland, Brisbane, Queensland 4072, Australia. #To whom correspondence should be
addressed. E-mail: kosik@lifesci.ucsb.edu.
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4 / Cecilia Conaco et al.

est surviving metazoan phyletic lineage (Fig. 1.1B), occupy a highly

informative position for understanding the evolution of features that
uniquely characterize animals (Srivastava et al., 2010). The synapse, a cel-
lular machine formed through the dynamic assembly of multiple proteins
that together perform a specific biological function, is one such metazoan
specialization. The synaptic machinery delivers a chemical signal via
vesicle fusion at the presynaptic neuronal membrane to postsynaptic
receptors, which convert that signal back to an electrical impulse in the
postsynaptic neuronal cell. Surprisingly, the genome of the Poriferan
demosponge, Amphimedon queenslandica, contains an almost complete set
of genes homologous to those found in mammalian synapses (Fig. 1.14),
although the organism does not assemble any structure morphologi-
cally resembling a synapse (Sakarya et al., 2007; Srivastava et al., 2010).
Although limited gene innovation and the invention of new protein inter-
action sites can partially explain how preexisting genes came together to
form the synaptic complex (Sakarya et al., 2010), the multiple evolutionary
steps involved in building a cellular machine through the assembly of an
interaction network that can operate as a unit with a discrete biological
function remains unknown.

Changes in conserved transcriptional programs arising from modi-
fication of instructions encoded in the genome have contributed to our
understanding of animal evolution (Barabasi and Oltvai, 2004; Oldham
et al., 2006, 2008; Brawand et al., 2011). Specific patterns of expression can
define discrete tissues, cell types, and even functional protein complexes.
Genes with similar expression patterns often have similar function (Eisen
et al., 1998). Furthermore, when comparing orthologues across divergent
species, highly conserved coexpression is a strong predictor of shared
function in similar pathways (Quackenbush, 2003; Stuart et al., 2003;
van Noort et al., 2003). These results suggest that functionally related
genes might be under similar expression constraints (Carlson et al., 2006).
Thus, changes in coexpression relationships for any group of genes may
contain information on the assembly and evolution of cellular machines.
To understand the evolutionary transition leading to the emergence of
a functional synapse, we used network analysis to identify unique pat-
terns of synaptic gene coexpression in representative species from diverse
phylogenetic positions. We show that “protosynaptic” genes have an
inherent modular structure and that the coregulatory links between these
modules characterize species with functional synapses. In contrast, ancient
eukaryotic cellular machines, such as the proteasome and nuclear pore,
already operate in early metazoans, and their associated genes display
highly correlated expression patterns over development. These findings

In the tree of life, sponges (Porifera), generally recognized as the old-

Copyright National Academy of Sciences. All rights reserved.
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FIGURE 1.1 Origins of synaptic genes. (A) Homologues of genes in the human
synaptic complex were identified in the genomes of selected organisms represent-
ing key phylogenetic steps in animal evolution. Colors indicate the inferred ances-
tor of origin for each gene, as indicated in B. (B) Evolutionary relationships among
animal phyla. The names of representative species are shown. [Note: Figure can
be viewed in color in the PDF version of this volume on the National Academies
Press website, www.nap.edu.]

suggest that reorganization of gene expression, most likely through the
modification of transcriptional regulation, was a key factor in the evolu-
tion of cellular machines such as the synapse.
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RESULTS

To study functionalization of the synaptic gene network [Fig. 1.24;
Conaco et al. (2012, Fig. S1A)], we obtained the expression profiles of
sponge synaptic gene homologues by sequencing the A. queenslandica
transcriptome at four developmental stages from larva to adult. For com-
parison, expression data were also obtained for the same set of synaptic
genes from five representative animals with varying complexities in tissue
organization (Fig. 1.1B). Animal species included in this study were the
cnidarian coral, Acropora millepora; invertebrate bilaterians, Caenorhabditis
elegans (nematode) and Drosophila melanogaster (arthropod); and verte-
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FIGURE 1.2 Structure of protein interactions within the (A) synaptic, (B) epithe-
lial, (C) NPC, and (D) 26S proteasome networks. Each node represents a gene.
Node size represents the number of interactions formed by a protein, and edge
length is proportional to the strength of evidence for a functional link between
two proteins. Network structures are based on the human interactome annotated
in STRING (Snel et al., 2000) and visualized by using Cytoscape (Shannon et al.,
2003). (E) Degree distribution patterns of gene networks based on the human

interactome. The frequency of nodes that exhibit the indicated number of connec-
tions (degree) is shown.
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brates, Danio rerio (zebrafish) and Xenopus tropicalis (frog) (Hillier et al.,
2009; Domazet-Loso and Tautz, 2010; Graveley et al., 2011; Meyer et al.,
2011; Yanai et al., 2011). The correlation matrix for synaptic gene homo-
logues from each species was constructed by computing the Pearson
correlation coefficient between all pairs of gene expression profiles across
development (Fig. 1.3A). The correlation matrix represents a network in
which the genes are nodes and the correlations between gene expression
patterns are edges. We averaged all elements of the correlation matrix to
obtain a measure of connectivity or coregulation, R (Fig. 1.3B, D, F, and H).
By using a community detection algorithm (Girvan and Newman, 2002;
Blondel et al., 2008; Porter et al., 2009), the modularity, Q, of each network
was computed by determining the optimal partition of the network into
communities whose nodes were more connected to other nodes inside of
their own community than expected in a random null model (Fig. 1.3C,
E, G, and I). The modularity, Q, can be interpreted as a measure of the
cohesiveness of coregulation: higher Q values indicate more segregation
between coregulated groups. To determine the statistical significance of
our results, we computed the same properties (R and Q) for various ran-
dom control models.

The synaptic gene expression profiles were more highly correlated
in eumetazoan species than in the sponge (Fig. 1.3B). This is apparent in
the cnidarian coral, A. millepora, which possesses nerve cells organized
into a simple diffuse net. The bilaterian synaptic gene networks showed
even greater coregulation compared with sponge or coral. Synaptic genes
showed significantly increased correlation compared with permuted and
random controls in all species [Fig. 1.3B; Conaco et al. (2012, Table S1)]. To
verify the observed differences in expression coregulation, we performed
pairwise comparisons of subsets of synaptic genes common between
species. Comparison of genes found in sponge and the other five species
showed that the increased correlation in eumetazoans was significant
[P <1 x 1072, two-tailed t test; Conaco et al. (2012, Table S2)]. Pairwise
comparison of average coregulation for genes common between coral
and each of the other species further revealed significantly greater cor-
relation in bilaterian organisms (P < 1 x 1071, two-tailed t test). These
pairwise correlation values were significantly greater than coregulation
within three separate random control models (P < 0.05, two-tailed t test;
Materials and Methods). However, Q values for most of the synaptic gene
networks did not show the consistent decrease relative to controls that
would be expected in a set of genes that were coherently coregulated.
This suggests that the synaptic gene network is composed of subsets of
genes with distinguishable differences in their developmental expression
patterns, similar to what we would expect from a random collection of
genes taken from the transcriptome. These distinct modules may be per-
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forming disparate activities that are necessary for the overall function of
the synaptic machinery [Fig. 1.3C; Conaco et al. (2012, Table S1)].

The detection of coregulated gene communities is a data-driven pro-
cess that is not biased by any prior knowledge of function. We sought to
determine whether functionally defined subsets of synaptic proteins cor-
responded to the gene communities found in the coregulation modules.
Nodes in the synaptic protein interaction network of each species were
colored according to the coregulation module from which they were
derived (Fig. 1.4A). Module composition (i.e., node colors) of the three
largest functional complexes were tabulated (Fig. 1.4B). Those genes that
comprise the postsynaptic density tended to fall within a single module
for most eumetazoans. This same tendency was also true for the synaptic
vesicle genes in most bilaterians. In contrast, sponge synaptic genes in
these functional complexes showed a more heterogeneous expression pat-
tern that appeared to follow a different regulatory logic than that of func-
tional synaptic networks, as reflected by the greater diversity in module
composition within each biological complex. One striking exception is the
vacuolar ATPase complex (vATPase), which is tightly coregulated even in
sponge, suggesting a gain of functionality long before animal divergence
(Finnigan et al., 2012). It should be noted, however, that, although we did
not see similar module enrichment patterns for these functional complexes
in the frog, we did observe a strong correlation of synaptic gene expression
in this species (Fig. 1.3A).

FIGURE 1.3 Correlation and modularity analysis for gene networks in six organ-
isms. (A) The strength of genetic coregulation for any two genes in a network was
estimated by computing the Pearson correlation coefficient of their expression
across developmental stages. Heat maps represent NxN correlation matrices for
genes in each network in each species (red, positive correlation; blue, negative cor-
relation). (B, D, F, and H) Average correlation, R, was computed from the matrices
in A. (C, E, G, and I) The presence of distinct coregulated modules was estimated
by the Q value (Blondel et al., 2008). The computations for each true network (red
circles) were also performed on control datasets: time-permuted (1,000 randomly
scrambled versions of the correlation matrix, orange diamonds), random gene set
(100 gene sets of size N randomly sampled from the entire transcriptome, blue tri-
angles), and random number matrix (100 matrices generated with the same