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Abstract

Biologists have long been interested in both the regularities
and the deviations in the relationship between brain, devel-
opment, ecology, and behavior between taxa. We first ex-
amine some basic information about the observed ranges
of fundamental changes in developmental parameters (i.e.
neurogenesis timing, cell cycle rates, and gene expression
patterns) between taxa. Next, we review what is known
about the relative importance of different kinds of develop-
mental mechanisms in producing brain change, focusing on
mechanisms of segmentation, local and general features of
neurogenesis, and cell cycle kinetics. We suggest that a lim-
ited set of developmental alterations of the vertebrate ner-
vous system typically occur and that each kind of develop-
mental change may entail unique anatomical, functional,
and behavioral consequences for the organism. Thus, neuro-
ecologists who posit a direct mapping of brain size to behav-
ior should consider that not any change in brain anatomy is

possible. Copyright © 2011 S. Karger AG, Basel

Historically, studies of brain allometry have focused
on variations in adult brains and how they might be re-
lated to sensory and motor specializations, as well as eco-
logical and behavioral niches [Jerison, 1973; Stephan et
al., 1981; Nudo et al., 1995; Lefebvre et al., 2002; Sol et al.,
2005; Lefebvre and Sol, 2008]. Following Bolhuis and
Macphail [2001], we term this approach ‘neuroecology’.
More recently, the evo-devo approach has identified
broadly conserved developmental mechanisms and pat-
terns across taxa [Rubenstein et al., 1994; Northcutt,
2001; Puelles and Rubenstein, 2003; Striedter, 2005]. The
latter endeavor has revealed a previously unimagined de-
gree of conservation in the developmental mechanisms
that set up brain and body plans across vertebrates and
invertebrates [Carroll, 2000]. Thus, the evo-devo ap-
proach has been associated with the description of im-
portant homologies across taxa [Puelles et al., 2000].

The apparent contradiction posed by the conservation
identified by the evo-devo approach and the variation de-
scribed by the neuroecological approach is illusory, how-
ever. Evo-devo researchers argue that developmental
mechanisms are conserved precisely because they are ro-
bust and flexible, capable of generating the breathtaking
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diversity of vertebrate morphology and behavior. Evo-de-
vo emphasizes that developmental mechanisms have
themselves been targets of intense selection. By contrast,
neuroecologists tend to posit a fairly direct mapping of
the importance of sensory, motor, and behavioral special-
izations onto the size of the neural systems thought to
subserve them. They have generally remained agnostic
about developmental mechanisms of brain change, as-
suming at first pass that any change in brain anatomy is
possible and behaviorally advantageous.

Even at a gross level of observation, however, it is clear
that only a limited set of potential alterations of the ver-
tebrate nervous system typically occurs [Kirschner and
Gerhart, 2005]. Variations in the number of central ner-
vous system segments [Bergquist and Kéllén, 1954; Gil-
land and Baker, 1993; Northcutt, 2001, 2002; Puelles and
Rubenstein, 2003], basic segmental structure [Northcutt,
2002; Urbach and Technau, 2008], and circuit organiza-
tion are relatively rare [Medina and Reiner, 1995; Katz
and Harris-Warrick, 1999; Reichert, 2009], as are chang-
es in the complement of the small molecules which serve
as neurotransmitters and neuromodulators [Venter et
al., 1988; Medina and Reiner, 1995; Wong et al., 2011]. On
the other hand, changes in the relative brain size or its
parts [Stephan etal., 1981; Northcutt, 2002; Kaskan et al.,
2005; Reep et al., 2007; Yopak et al., 2010], large morpho-
logical diversification of single neuronal types [Arendt,
2008], as well as changes in neurotransmitter receptor
structure and distribution appear to occur commonly
[Insel et al., 1991; Katz and Harris-Warrick, 1999; Good-
son and Bass, 2001; Callier et al., 2003; Lim et al., 2004;
Goodson, 2008].

It is now time to integrate evo-devo with patterns of
taxonomic variation in the vertebrate brain in greater
detail. The first aim of this article is to describe the ‘tool-
box’ of developmental mechanisms of variability inher-
ent in conserved brain and body plans. The second part
aims to describe how brains do change, as our under-
standing of the complexities of neurons and circuits has
grown immensely since the conjecture that there should
be a direct relationship between behavioral specializa-
tion and the size of the relevant brain part (i.e. the prin-
ciple of ‘proper mass’ [Jerison, 1973]). Here we will dis-
cuss how evolutionary changes in neurogenesis timing,
cell cycle rates, and the ‘founder’ pool population during
early brain segmentation give rise to variations in adult
phenotypes. Finally, we will point out some future routes
for mapping useful variability in neurodevelopmental
processes.

Variation and Constancy in Evolution

Basic Plan of Development

Vertebrate brains have a fundamental segmental ar-
chitecture [Bergquist and Kallén, 1954; Pombal et al,,
2009]. For instance, in the spinal cord, sensory, motor,
and interneurons reside in homologous divisions of each
segment. These segments, which may give rise to various
cell types, are repeated and elaborated in the rhombo-
meres of the medulla and metencephalon (i.e. pons and
cerebellum) as well as in the prosomeres of the forebrain
[Lumsden and Keynes, 1989; Clarke and Lumsden, 1993;
Rubenstein et al., 1994; Puelles and Rubenstein, 2003;
Lumsden, 2004]. In spinal cord segments and rhombo-
meres, little cell migration occurs between segments,
though there appears to be considerable intrasegmental
migration in the forebrain [Anderson et al., 2001; Cobos
et al., 2001; Corbin et al., 2001].

Position within and between segments, in both the
basal-to-alar and the rostral-to-caudal direction, is asso-
ciated with the duration of stem cell and neuronal pro-
duction in mammals and perhaps all vertebrates [Finlay
and Darlington, 1995; Finlay et al., 1998, 2001]. In under-
standing local variations in the generation of neurons in
the brain, it is useful to distinguish ‘cytogenesis’, cell divi-
sion in the ventricular zone establishing the founder pop-
ulation of progenitor cells in each region or segment, and
‘neurogenesis’, a terminal asymmetric or symmetric divi-
sion in which neuroblasts incapable of further division
are produced. Progenitor cells in nervous system seg-
ments generally begin their divisions at similar times in
development. For instance, cytogenesis has its onset at
approximately the same time in the telencephalon as in
the spinal cord, at least in some mammals [Finlay and
Darlington, 1995; Clancy et al., 2001]. Termination of cy-
togenesis and the onset of neurogenesis, however, varies
by segmental position. The pattern of roughly simultane-
ous onset and staggered offset can be seen both between
regions and within a brain region. For instance, neuro-
genesis onset occurs earlier in the spinal cord compared
with the isocortex. In addition, there are maturational
gradients of neurogenesis in the mammalian retina [Dyer
et al., 2009] and the isocortex [Sanderson and Weller,
1990].

The staggered onset of neurogenesis reflects the stag-
gered termination of cytogenesis, with marked global
patterns. For example, neurons in alar regions are ‘born’
after neurons in basal regions over the entire rostral-cau-
dal extent of the nervous system [Finlay et al., 1998]. In
caudal regions of the neuraxis, the spinal cord and me-
dulla terminate cytogenesis and begin producing neu-
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rons before the telencephalon: the ‘average’ neuron in the
medulla becomes postmitotic before the ‘average’ neuron
in the telencephalon [Altman and Bayer, 1980; Finlay and
Darlington, 1995; Clancy et al., 2001]. However, the basic
medial-to-lateral and caudal-to-rostral gradient does not
dominate every aspect of neurogenesis. For instance, the
‘average’ neuron in the cerebellum is born after the ‘aver-
age’ neuron in the mesencephalon [Das and Nornes,
1972; Altman and Bayer, 1980].

The principal way (but not the only way, as we will
discuss) to expand a brain is to prolong the duration of
neuronal and glial cell production. If development is ex-
tended to produce a larger brain (everything else being
equal), the gradients and local differences in termination
in cytogenesis appear to generate predictable, nonlinear
changes in the relative sizes of brain parts. The basic ki-
netics of cytogenesis dictate that precursor pools with ex-
tended cytogenesis (with correspondingly late neurogen-
esis or ‘neuronal birthdays’) will show the exponential
increase due to the multiplicative expansion of their stem
cell pools and become disproportionately large (i.e. late
equals large) [Finlay and Darlington, 1995; Striedter,
2005; Finlay et al., 2010].

In accord with this prediction, Finlay and Darlington
[1995] showed that brain regions with different mean
birthdays (e.g. neocortex vs. medulla) enlarge with differ-
ent allometric slopes with respect to each other. That is,
brain regions with later mean birthdays exhibit steeper
allometric slopes relative to brain regions with early mean
birthdates [Finlay et al., 1998, 2001; Reep et al., 2007].
Interestingly, as developmental schedules lengthen or
shorten in mammals, the ‘birth order’ of various brain
regions is generally conserved [Clancy et al., 2001, 2007].
Alternate scenarios for evolutionary brain change are
generally not observed. For example, cells do not simply
undergo one more round of cell division throughout the
neuraxis resulting in isometric enlargement, nor is all ad-
ditional cytogenesis restricted to a terminal segment, nor
are cells added in random locations by species (though
local, ‘mosaic’ differentiation can be superimposed in
this general pattern). Instead, later born regions undergo
proportionally more rounds of cell division than early
born regions, producing a predictably greater increase
in the size of the telencephalon and cerebellum compared
to the brainstem in every vertebrate taxa yet examined
[Yopak et al., 2010]. The mechanism through which such
a coordinated stretching or compressing of neurogenetic
schedules might be accomplished is still unknown.

Passingham [1985] showed that, if brain size is plotted
against gestation length in a wide variety of mammals,
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a surprising linear relationship between brain size and
gestation length emerges. This observation suggests that
brains expand at a constant rate in development. Further
work relating the duration of neurogenesis, rather than
gestational length in eutherian (i.e. placental) mammals,
improves the prediction of adult brain mass. However, it
also reveals taxonomic differences [Finlay and Darling-
ton, 1995; Finlay et al., 2001]. The production of neurons
per unit of time is generally slower in marsupials than in
placental mammals (fig. 1) [Finlay and Darlington, 1995;
Darlington et al., 1999]. For instance, the brush-tailed
possum (Trichosurus vulpecula) and the rabbit (Orycto-
lagus cuniculus) have similar mature brain sizes, i.e.
about 11-12 g, but it takes the rabbit only about 21 days
to generate its full complement of neurons, while the
possum takes over 60 days [Darlington et al., 1999].
Growth rates might also vary within and between other
amniote classes. Among birds, parakeets (Melopsittacus
undulatus) have a long developmental schedule relative
to chickens (Gallus gallus domesticus) [Portmann, 1947b;
Boire and Baron, 1994; Striedter and Charvet, 2008;
Charvet and Striedter, 2009b], but chickens have a bigger
brain than parakeets (fig. 1). Moreover, chickens pro-
duce brain mass faster than rats do. Thus, it is likely that
species differences in cell cycle rates account for varia-
tions in the size of adult brains within and between
classes. More generally, these observations suggest that
the rate of neuron production and the duration of neu-
ron production can evolve independently from one an-
other.

Among vertebrates, a systematic relationship exists
between early and late neurogenesis and cell cycle rates.
Early cell cycles are relatively quick, and later cycles
lengthen [Caviness et al., 2003; Charvet and Striedter,
2008]. For instance, at the onset of neurogenesis, the cell
cycle rate in the isocortex of a mouse lasts approximately
8 h. By the time isocortical neurogenesis is close to com-
plete, the cell cycle length lasts approximately 18 h [Cavi-
ness et al., 2003]. In rhesus monkeys (Macaca mulatta),
the cell cycle lasts approximately 22.7 h at the onset of
isocortical neurogenesis [Kornack and Rakic, 1998]. By
the time neurogenesis in layer IV of the isocortex is com-
plete, the cell cycle in the isocortical ventricular zone lasts
approximately 27.4 h. These data suggest that the cell cy-
cle lengthens as cells exit the cell cycle. Although general
trends across taxa can be described, the data are not com-
plete enough to specify any particular function relating
the order of neurogenesis to cell cycle duration. However,
substantial differences in cell cycle rates across species
and brain regions can reasonably be expected.

Charvet/Striedter/Finlay
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Fig. 1. The absolute duration of brain development does not al-
ways predict the overall brain size. a Among mammals, the de-
velopmental schedule of the dunnart (Sminthopsis crassicaudata)
is longer than that of the rat (Rattus norvegicus). As developmen-
tal schedules lengthen, later events (e.g. optic axons invading vi-
sual centers) occur disproportionately later than earlier events
(e.g. optic axons entering the optic stalk). For instance, optic ax-
ons reach the optic stalk on postconception day 16 in dunnarts
whereas this event occurs at postconception day 14.5 in rats. Fur-
thermore, optic axons invade visual centers at postconception
day 28.5 in dunnarts but do so already at postconception day 16.5
in rats. b However, the brains of rats are larger than those of

Evolutionary Alterations in Neurogenesis Timing

Evolutionary alterations in absolute brain size in
mammals are generally associated with changes in brain
region proportions as well as changes in a region’s birth
date, as we have discussed [Finlay and Darlington, 1995;
Finlay et al., 2001; Reep et al., 2007]. Although brain re-
gions tend to scale with the rest of the brain, partially in-
dependent scaling of some regions, notably the olfactory
bulb and limbic system (e.g. hippocampus, amygdala),
has been documented as well [Reep et al., 2007; Yopak et
al., 2010; Finlay et al., 2011]. In studies of brain allometry,
a persistent observation is that of a ‘grade shift’, which is
a change in the relative size of a brain structure between
taxonomic groups [Barton and Harvey, 2000; Striedter,

Variation and Constancy in Evolution

dunnarts. Given that the developmental schedules are longer in
dunnarts than in rats but rat brains are smaller, we hypothesize
that growth rates vary between marsupial and placental mam-
mals. a Among birds, the schedule of brain development is longer
in parakeets than in chickens. For instance, optic axons reach the
optic stalk at approximately 4 days after incubation onset in par-
akeets, but this event occurs 3 days after incubation onset in
chickens. b Although the duration of brain development is rela-
tively short in chickens, the brain is larger in chickens than in
parakeets, dunnarts, or rats. Thus, growth rates can vary inde-
pendently of neurogenetic schedules within and between amni-
ote classes.

2005]. Among mammals, for instance, the isocortex of
primates (i.e. lemurs, lorises, galagos, tarsiers, and simi-
ans) is disproportionately enlarged relative to most other
mammals, whereas the limbic system (e.g. amygdala) is
smaller in primates relative to many other mammals
(fig. 2) [Stephan et al., 1981; Reep et al., 2007]. Among
birds, the telencephalon of parrots and songbirds is dis-
proportionately enlarged relative to that of many other
birds (fig. 2) [Portmann, 1947a; Boire and Baron, 1994;
Iwaniuk and Hurd, 2005].

Studies of birds and mammals indicate that the size of
a brain region’s initial founder pool, progenitor cell cycle
rates, and the duration of neurogenesis may all vary
across species, giving rise to species differences in brain
region size. In the following paragraphs, we examine how
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Fig. 2. Although brain regions generally scale with the rest of
the brain, some brain regions exhibit grade shifts in birds and
in mammals. a A plot of isocortex volume versus rest of brain
size (i.e. brain minus telencephalon) shows that primates (e.g.
gray mouse lemurs, rhesus monkeys, and humans) exhibit a dis-
proportionately enlarged isocortex relative to many other mam-
mals. b In contrast, a plot of limbic system volume (i.e. amyg-
dala, hippocampus, schizocortex, and septum) regressed
against rest of brain size shows that the limbic system is dispro-
portionately smaller in primates than in many other mammals.

evolutionary alterations in developmental mechanisms
give rise to selective changes in brain region size and how
these evolutionary changes in developmental parameters
influence brain anatomy in birds and in mammals.
Among birds, songbirds (i.e. zebra finches; Taeniopy-
gia guttata) and parrots (i.e. parakeets; Melopsittacus un-
dulatus) delay telencephalic neurogenesis relative to gal-
liform birds (i.e. bobwhite quail; fig. 2; Colinus virginia-
nus) [Charvet and Striedter, 2008, 2009a; Striedter and
Charvet, 2008]. More specifically, parakeets and zebra
finches delay telencephalic neurogenesis onset and offset
relative to galliform birds. The latter is delayed well into
the posthatching period. In contrast, neurogenesis tim-
ing in the medulla is not delayed in zebra finches and
parakeets relative to galliform birds. Therefore, the delay
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c A plot of telencephalon size versus rest of brain size shows that
parrots, songbirds, as well as other birds exhibit a dispropor-
tionately enlarged telencephalon relative to many other birds
(e.g. pigeons, shorebirds, falcons, and galliform birds). a, b Sep-
arate linear regressions were fitted through the data in primates
and insectivores. ¢ A linear regression was fitted through the
data in parrots and songbirds and another linear regression was
fitted through the data of the remaining birds. a, b Data are
from Stephan et al. [1981]. ¢ Data are from Iwaniuk and Hurd
[2005].

in telencephalic neurogenesis is not the result of a uni-
form stretching of neurogenetic schedules but is relative-
ly specific to the telencephalon. These findings imply that
parakeets and zebra finches enlarge their telencephalon
by delaying and prolonging telencephalic neurogenesis
relative to some other birds.

One consequence of delaying neurogenesis is that it
also delays neuronal maturation. Importantly, delaying
maturation into the posthatching period probably makes
neurons more susceptible to environmental influences.
Parrots and songbirds have evolved specialized telen-
cephalic circuits that allow them to produce learned
vocalizations [Nottebohm, 1972; Nottebohm et al., 1976;
Striedter, 1994; Pepperberg, 2010]. Perhaps extending the
period of posthatchling telencephalic maturation into the
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posthatchling period is necessary for parrots and song-
birds to learn vocalizations during the juvenile period
[Kirn, 2010].

Alteration of neurogenesis timing in the predicted di-
rection correlates with the grade shifts of a larger isocor-
tex and reduced olfactory and limbic systems in primates
compared with many other mammals. More specifically,
comparative analyses of birth-dating data have shown
that cortical neurogenesis is protracted, whereas limbic
neurogenesis is shortened, in primates (i.e. rhesus mon-
key) compared with rodents (i.e. rats, mice, hamsters,
spiny mice, and guinea pigs; fig. 3) [Clancy et al., 2000,
2001, 2007]. These observations suggest that appropriate
changes in neurogenesis duration account, at least in
part, for the expansion of the isocortex and reduced lim-
bic system in primates.

Delaying isocortical neurogenesis entails that neurons
born late in cortical development become disproportion-
ately more numerous than neurons born early during
cortical neurogenesis. Given that upper layer (e.g. layers
II-I1I) cells are born after deeper layers of the isocortex
(e.g. layers V-VT; fig. 3) [Rakic, 1977; Noctor et al., 1997],
delaying isocortical neurogenesis should expand the pool
of cells in layers II-III relative to cells in the deeper iso-
cortical layers (fig. 3). This hypothesis is confirmed by the
finding that mammals that delay isocortical neurogene-
sis (e.g. primates) exhibit a proportionally expanded layer
II-TII relative to many other mammals [Hutsler et al.,
2005; Kriegstein et al., 2006]. These observations suggest
that the ‘clock’ for cell type determination can be shifted
relative to the clock for neurogenesis timing.

This hypothesis was examined further in a study of
two closely related New World monkeys, the nocturnal
owl monkey (Aotus azarae) and the diurnal capuchin
monkey (Cebus apella). These two species exhibit shifts
in the numbers of all classes of retinal neurons and pho-
toreceptors appropriate for a diurnal or nocturnal niche.
Recent work by Dyer et al. [2009] has shown that retinal
neurogenesis is delayed in the owl monkey relative to the
capuchin monkey. Because cones and retinal ganglion
cells are born early in retinal development, but rods and
rod bipolar cells are born late in development [Rapaport
et al.,, 1992], a delay in retinal neurogenesis will system-
atically reduce cone numbers and their associated neu-
rons and increase rod numbers and their transmitting
neurons (fig. 3) [Finlay, 2008]. Thus, a single change in
developmental mechanism (i.e. shifting the envelope of
neurogenesis) may result in a coordinated change in all
of the cell types contributing to nocturnal versus diurnal
vision. More generally, these observations suggest that

Variation and Constancy in Evolution

the order of neurogenesis in the retina has been subject to
selection, perhaps due to the multiple transitions from
nocturnal to diurnal niches over vertebrate phylogeny,
with the result that a nocturnal-type retina is ‘easy to
evolve’ even in recently evolved primates.

Evolutionary Alterations in Cell Cycle Rates

Whereas most work examining developmental mecha-
nisms underlying changes in brain size focuses on species
differences in the duration and relative timing of neuro-
genesis, species differences in the founder pool popula-
tion have also been reported [Charvet, 2010; Charvet et
al., 2010]. We here illustrate how species differences in cell
cycle rates account for variations in the founder pool pop-
ulation, which accounts for variations in adult brain size
among galliform birds (e.g. chickens and bobwhite quail).
The chicken (Gallus gallus domesticus) brain is larger than
that of the bobwhite quail (Colinus virginianus) in adult-
hood. The expansion of the chicken brain relative to that
of the bobwhite quail can be traced back to species differ-
ences in cell cycle rates [Charvet and Striedter, 2010]. That
is, brain precursor cells in the presumptive telencephalon
and tectum cycle more rapidly at early stages of develop-
ment in chickens than in bobwhite quail, and this accel-
eration is limited to a brief period of embryonic develop-
ment before neurogenesis begins. After neurogenesis on-
set, the rate of brain growth is similar in both species
[Charvet and Striedter, 2010]. Thus, chickens enlarge their
brain relative to quail by expanding the precursor pool
population before cells exit the cell cycle. At this point,
however, it is not clear how common alterations in cell
cycle rates are as mechanisms for changing brain or brain
region size. Although chickens and quail differ in the du-
ration of the cell cycle rate early in development, develop-
mental schedules (e.g. neurogenesis timing) are uniform-
ly compressed in chickens relative to bobwhite quail
[Charvet and Striedter, 2010]. These findings suggest that
cell cycle rates and the timing of neurogenetic schedules
can evolve independently of one another.

Evolutionary Alterations in Brain Patterning

Major anatomical divisions tend to be established pri-
or to neurogenesis. That is, regionalization is due to dy-
namic patterns of gene expression within precursor tis-
sues. Most importantly, boundaries are set up by mutu-
ally interacting and repressive genes [Bishop et al., 2000;
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Fig. 3. Diagrams show the anatomical consequences of delaying
neurogenesis in the retina (a-c) and the isocortex (d-h). The owl
monkey is nocturnal, whereas the capuchin monkey is diurnal.
a During development, peak retinal neurogenesis is delayed in
the owl monkey relative to that of the capuchin monkey [Dyer
etal., 2009]. b, c Because rods are born after cones [Rapaport et
al., 1992], a delay in retinal neurogenesis entails that the adult
retina will contain a disproportionately larger number of rods
relative to cones. d The timing of neural events in rhesus mon-
keys has been adjusted to fit the period of neural events in rats
[Finlay et al., 1998]. Such a comparison shows that the onset of
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terminal neurogenesis for limbic structures (e.g. amygdala) is
advanced in rhesus monkeys relative to rats. In contrast, isocor-
tical neurogenesis onset and offset (e.g. layer II/III) is delayed in
rhesus monkeys relative to rats. e The isocortex of primates (i.e.
lemurs, lorises, galagos, tarsiers, and simians) contains a dis-
proportionately expanded layer II-IIT compared with rodents
(e.g. rat, porcupine, and capybara) in adulthood [Hutsler et al.,
2005]. f-h Because layer II-III cells are born after layer V-VI
cells, delaying isocortical neurogenesis should cause layers II-
III to become disproportionately enlarged relative to deeper
cortical layers.
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O’Leary and Sahara, 2008]. For example, the sharp mid-
brain-hindbrain boundary is thought to arise through a
mutual repression between Gbx2 and Otx2 [Katahira et
al., 2000; Nakamura, 2001]. The boundaries may then be-
come signal sources themselves so that patterning tends
to be progressive. Major divisions and boundaries are
specified first; as development progresses, smaller divi-
sions are specified.

Evo-devo neurobiologists have only recently begun to
examine species differences in developmental gene ex-
pression [Bachy et al., 2001; Menuet et al., 2007; Abellan
et al., 2010; McGowan et al., 2010; Sylvester et al., 2010].
Among cichlid fishes, Sylvester et al. [2010] showed that
telencephalic enlargement in cichlids of the mbuna lin-
eage is associated with a shift in gene expression patterns
[Sylvester et al., 2011]. More specifically, the telencephalic
expansion of mbunas is associated with a shift in the an-
terior-posterior boundaries mediated by the differential
expression of sonic hedgehog (SHH) at the zona limitans.

An interesting nonneurobiological example in which
changes in the timing of gene expression are known to
influence adult form and function is vertebrate somite
formation [Cooke and Zeeman, 1976; Pourquié, 2003;
Dequéant et al., 2006; Gomez et al., 2008]. Somite num-
bers may vary widely among vertebrates, ranging from 10
in some frogs to over 300 in snakes [Richardson et al,,
1998]. The rate of oscillation in gene expression patterns
(e.g. lunatic fringe) is thought to account for the diversity
in the number of somites across vertebrates [Dequéant et
al., 2006; Gomez et al., 2008]. Such changes in the timing
of gene expression patterns are not yet known to account
for any species differences in the nervous system, but
their existence in somites suggests that similar develop-
mental mechanisms might account for some variation
among adult brains.

Other Variations in Brain Region Size

We have not discussed the myriad examples of other
variations in brain region size, which are typically much
smaller in magnitude than the whole brain scaling and
taxonomic grade shifts we have discussed here. Some of
these changes may be associated with general abilities
such as home range size [Sherry et al., 1992] and food-
storing behavior [Smulders et al., 2000; Sherry and Ho-
shooley, 2010] or very specific skills like learned vocaliza-
tions. For instance, the finding that the size of song nuclei
in some songbirds exhibits seasonal variations [Notte-
bohm, 1981; De Groof et al., 2009] suggests that such al-
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terations in brain region size underlie changes in season-
al behaviors. Some of these changes may involve neuronal
death, induced changes in postnatal or posthatching neu-
rogenesis, or volumetric changes related to trophic ef-
fects, and differential use [Nottebohm, 1981; Kirn, 2010].
In time, it will be useful to embed these aspects of neuro-
nal development in the overall framework of variations
in development as we have described here.

Conclusion

We have contrasted the variability of the adult ver-
tebrate brain with the conservation of developmental
mechanisms that are used to produce it. The adult brain
shows very consistent patterns of variability, suggesting
that some types of changes may be disadvantageous for
reasons we do not yet understand. The central nervous sys-
tem may vary little in some dimensions (e.g. fundamental
divisions), but it may vary considerably in the absolute and
relative sizes of its divisions. Three major features predom-
inate in studies of brain allometry. First, we find close co-
ordination in the size of brain regions across taxa. Second,
there are characteristic differences in the relative size of
individual brain structures as the overall brain size in-
creases. Finally, we find ‘grade shifts’ in that the relative
size of some brain regions varies between taxa. For the in-
teresting case of grade shifts, we have discussed possible
developmental mechanisms with a few examples. Howev-
er, we know very little as yet about the relative frequency
of these various developmental mechanisms. Grade shifts
between taxa might arise because of alterations in neuro-
genesis timing, changes in cell cycle rates, or boundary
shifts. However, these parameters are not set up randomly,
and it is essential to look at the overall pattern of develop-
mental mechanisms, rather than a simple checklist, to dis-
cover the principles through which brains change.
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