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ABSTRACT A wealth of comparative embryological studies on the expression and function of

homeotic genes and cephalic gap genes indicates that both gene groups are important for

establishing and specifying the anteroposterior body axis during embryogenesis in bilaterian

animals. Recently, studies of this kind have been extended to embryonic brain development in two

genetic model systems, Drosophila and mouse. These studies demonstrate striking similarities in

the pattern of expression and mode of action of these developmental control genes during

embryonic patterning of the brain in both species. Thus, in both insect and mammalian species,

members of the homeotic gene complex are involved in patterning the posterior brain anlage,

where they control regionalized neuronal identity, and members of the cephalic gap genes, notably

the otd/Otx gene family, are involved in patterning the anterior brain anlage where they control

regionalized neurogenesis and neuronal identity. Furthermore, striking cross-phylum rescue

experiments show that insect and mammalian members of the orthodenticle gene family can

functionally replace each other in embryonic brain and CNS patterning. Comparable cross-phylum

rescue experiments have now also been carried out for the empty spiracles cephalic gap gene

family. Taken together, these experiments suggest that the genetic mechanisms involved in

embryonic brain development are conserved and indicative of a common evolutionary origin of the

insect and vertebrate brain. For a more extensive and quantitative investigation of the molecular

conservation of developmental mechanisms for brain patterning, functional genomic experiments

are now underway in Drosophila. These experiments exploit the advent of sequenced genome

information and the technology for large scale transcript imaging, with the goal of identifying the

entire set of downstream genes which is under the control of these regulatory genes in embryonic

brain development.
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Introduction

Classical descriptive analyses of nervous system development in
bilaterians has led to the subdivision of these animals into two large
groups, the gastroneuralia and the notoneuralia. The gastroneuralia,
which include arthropods, annelids and molluscs, are characterized
morphologically by a ventral nerve cord consisting of metameric
ganglionic structures that derive from the ventral neurectoderm. The
notoneuralia, which include all chordates, are characterized by a
dorsal nerve cord which derives primarily from a neural tube that
invaginates from the dorsal neurectoderm. Based on differences in
embryonic topography and morphogenesis of the nervous system,
an independent evolutionary origin has been proposed for the
nervous systems of the two bilaterian groups (gastroneuralia-
notoneuralia concept; e.g. Siewing 1985; Brusca and Brusca, 1990,
Nielsen, 1995). Contrasting with this notion, is the large amount of
molecular genetic data that has accumulated in the last two decades

which suggests that the nervous systems of gastroneuralia and
notoneuralia are evolutionarily related.

Recently, neurogenetic analyses carried out in several verte-
brate and invertebrate model systems have revealed striking
similarities in the expression and action of regulatory gene which
control neuronal embryogenesis (for reviews see Thor, 1995;
Sharman and Brand, 1998; Arendt and Nübler-Jung, 1999; Reichert
and Simeone, 1999). Homologous regulatory genes have been
identified which control polarity, regionalization, proliferation, iden-
tity, process outgrowth, and patterning of the embryonic nervous
system in a comparable manner in insects and vertebrates. Re-
markable examples of evolutionary conservation in the genetic
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control of CNS development include the proneural genes (Lee,
1997), the neurogenic genes (Chan and Jan, 1999), the homeotic
genes (Lumsden and Krumlauf, 1996), the cephalic gap genes
(Hirth and Reichert; 1999, Reichert and Simeone, 1999), the ey/
Pax6 genes (Callaerts et al., 1997), and the en/En genes (Hanks
et al., 1998).

Thus, we are currently faced with an apparent paradox. Despite
the obvious differences in overt neuroanatomy that characterize
the nervous systems of vertebrates and invertebrates, many of the
central genetic mechanisms for the control of neuronal develop-
ment are remarkably similar. Evidence for the evolutionary conser-
vation of these mechanisms becomes apparent if one leaves the
superficial level of overt neuromorphology and considers the
deeper molecular level of regulatory gene expression which under-
lies the embryogenesis of the nervous system. This is especially
clear for the control of embryonic development of the brain and has
been most intensively investigated using genetic in vivo approaches
in two models systems, Drosophila and mouse.

Drosophila and Mouse: Two Model Systems for Studies
of Brain Development and Evolution

The adult brains of Drosophila and mouse are markedly differ-
ent both in overall size and in terms of neuroanatomical fine
structure (Fig. 1). The Drosophila brain is composed of an anterior
supraesophageal ganglion and a posterior subesophageal gan-
glion; the supraesophageal ganglion is subdivided into the
protocerebrum (b1), deutocerebrum (b2) and tritocerebrum (b3),
and the subesophageal ganglion is subdivided into the mandibular
(s1), maxillary (s2) and labial (s3) neuromeres (Therianos et al.,
1995; Younossi-Hartenstein et. al. 1996; Reichert and Boyan,
1997). The mouse brain is divided into a rostral region that
comprises the telencephalon and diencephalon (prosencephalon)
as well as the mesencephalon, and into a caudal hindbrain region
which has a metameric organization based on rhombomeres
(Lumsden and Krumlauf, 1996).

During embryogenesis in Drosophila, the anterior brain anlage
derives from the procephalic neurogenic region which is specified
to become neuroectoderm through genetic interactions during
gastrulation (Jürgens and Hartenstein, 1993). The posterior brain
anlage derives from the rostral-most ventral neurogenic region and
is specified in a manner similar to that of the ventral nerve cord (Doe
and Skeath, 1996). During embryogenesis in the mouse, inductive
interactions between germ layers during gastrulation cause an
early segment-like regionalization of the developing neural tube. In
the developing hindbrain, regional diversity is achieved through a

process of segmentation that bears a superficial resemblance to
segmentation of Drosophila in that seven to eight rhombomeres
form by internal subdivision and have a pair-wise organization with
compartment-like properties (Lumsden and Krumlauf, 1996). The
segmental organization of the embryonic prosencephalon is still
debated, however a number of studies suggest that this region, like
the hindbrain, is subdivided into neuromeres known as prosomeres
(Rubenstein et al., 1994; Rubenstein et al., 1998).

Recent experimental genetic evidence from Drosophila and
mouse indicates that the expression and the function of two well
known developmental control gene groups are highly conserved in
embryonic brain patterning along the anteroposterior neuraxis.
These gene groups are the homeotic genes and the cephalic gap
genes.

Conserved Topology of Gene Expression of Homeotic
(Hox) and otd/Otx Gene Families in Drosophila and
Mouse

The homeotic genes encode homeodomain transcription fac-
tors that were first identified in Drosophila and subsequently found
in all other bilaterian animals (Lewis, 1978; McGinnis and Krumlauf,
1992). In Drosophila they are arranged along the chromosome in
two gene clusters known as the Antennapedia and the Bithorax
complexes. The eight homeotic genes are expressed in the devel-
oping Drosophila embryo in spatially colinear fashion such that a
3’ gene in the gene cluster is expressed more anteriorly in the
embryo than its 5’ neighbor (Duboule and Morata, 1994). Homeotic
genes are expressed in the posterior regions of the developing
brain and in the ventral nerve cord of Drosophila in a spatially
colinear manner (Kaufman et al., 1990; Hirth et al., 1998).

Investigations based on molecular homology have identified
Hox gene complexes that are homologous to the homeotic genes
of Drosophila in all vertebrate species studied (McGinnis and
Krumlauf, 1992; Lumsden and Krumlauf, 1996; Gellon and
McGinnis, 1998). In many cases, the arrangement of the Hox
genes in their chromosomal complexes correlates with their ex-
pression pattern along the anteroposterior body axis, so that
spatial colinearity, in general, also applies (Duboule and Morata,
1994; Ruddle et al., 1994; Capecchi, 1997; Vielle-Grosjean et al.,
1997). In the mouse, this is especially prominent in the developing
hindbrain and spinal cord, where Hox gene expression patterns
form an anteroposteriorly ordered set of domains along the neuraxis.
The relative anteroposterior order of Hox gene expression in the
developing mouse CNS is remarkably similar to anteroposterior
order of homeotic gene expression in the Drosophila CNS (Fig. 2).

Fig. 1. Adult brains of Drosophila and

mouse. Coronal sections. The Droso-
phila brain is shown within the head and
associated with the compound eyes. The
section of the mouse brain is stained
with cresyl violet and is at –1.5 bregman.
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The cephalic gap gene orthodenticle (otd) encodes a
homeodomain transcription factor that is required for head devel-
opment and segmental patterning in Drosophila. The first otd
transcripts appear at early blastoderm stages covering a broad
circumferential stripe in the anterior region of the embryo that
includes the anlagen of several cephalic segments as judged from
blastoderm fate maps (Finkelstein et al., 1990; Finkelstein and
Perrimon, 1990; Cohen and Jürgens, 1990). Later in embryogen-
esis, expression of otd becomes progressively restricted to the
procephalic region and to a second expression domain at the
ventral midline. During neuroectoderm formation, procephalic otd
expression covers most of the protocerebral and an adjacent part
of the deutocerebral brain anlagen, and during subsequent brain
regionalization neuronal otd expression occurs throughout most
of the protocerebrum (b1) and adjacent deutocerebrum (b2)
(Hirth et al., 1995; Younossi-Hartenstein et al., 1997).

Based on homology between homeobox sequences, homologs
of the Drosophila otd gene have been isolated in various verte-
brates including mouse (Simeone, 1998). In the mouse, the two
vertebrate homologs, Otx1 and Otx2, are expressed in the devel-
oping head and brain in nested and overlapping domains (Simeone
et al., 1992a; Simeone et al., 1993; Millet et al., 1996). In the early
embryonic brain, Otx2 is expressed in a broad domain that spans
the forebrain and midbrain regions and has its posterior expression
limit at the midbrain-hindbrain boundary. Otx1 expression is nested
within this Otx2 expression domain anteriorly while sharing the
posterior expression boundary. Thus, during embryonic patterning
in the mouse and in Drosophila, expression of the otd/Otx genes
extends throughout most of the anterior brain regions (Fig. 2).

Regionalization of the Brain in Drosophila and Mouse:
Functional Conservation of Homeotic (Hox) and otd/
Otx Gene Families

The function of developmental control genes in embryonic brain
patterning can be most directly studied through loss-of-function
experiments. In Drosophila loss-of-function of two homeotic genes,
labial and Deformed, results in severe axonal patterning defects in
the brain (Hirth et al., 1998). These axonal projection defects, which
include loss of commissural and longitudinal pathways, are not due
to deletions in the affected neuromere since the neural progenitor
cells and their postmitotic progeny are present in the mutant domain.
However, the generated postmitotic cells do not extend axons or
dendrites and are not contacted by axons from other parts of the
brain. Moreover, these cells do not express any of the numerous
neuronal molecular markers that positionally equivalent neuronal
cells express in the wild type, indicating that the mutant cells in the
brain do not acquire a neuronal identity. Thus, the expression of the
homeotic genes labial and Deformed appears to be necessary for
proper neuronal differentiation and correct establishment of region-
alized neuronal identity in the posterior Drosophila brain.

Loss-of-function experiments have also been used to study Hox
gene function in the mouse, notably for the labial homologs Hoxa1
and Hoxb1 (Studer et al., 1998; Gavalas et al., 1998). Hoxa1 and
Hoxb1 are activated in the early neural ectoderm and by headfold
stage their expression patterns have reached a sharp anterior
boundary coinciding with the anterior rhombomere 4 (r4) border. In
Hoxa1-/-; Hoxb1-/- double loss-of-function mutants, a region cor-
responding to r4 is formed, but r4-specific markers fail to be
activated indicating the presence of a territory between r3 and r5
with an unknown identity. Hoxa1-/-; Hoxb1-/- double mutants also
have a reduced number of facial motor neurons which appear to
exit randomly from the neural tube without fasciculating. These
results suggest that Hoxa1 and Hoxb1 act together in the specifi-
cation of r4 neuronal identity and in the patterning of nerves during
vertebrate hindbrain development. This mode of action is remark-
ably similar to that of the Hoxa1/Hoxb1 homolog labial in specifying
segmental neuronal identity during embryonic brain development
of Drosophila (Hirth et al., 1998).

Loss-of-function experiments demonstrate the critical involve-
ment of otd in patterning the rostral embryonic brain of Drosophila
(Hirth et al., 1995; Younossi-Hartenstein et al., 1997). Homozygous
null mutation of otd results in the deletion of the protocerebral anlage
due to defective neuroectoderm specification in this region. Most
protocerebral neuroblasts and some deutocerebral neuroblasts are
absent in the mutant, and in consequence a dramatically reduced
embryonic brain is formed. This regionalized absence of brain
neuroblasts in otd mutants correlates with the loss or reduction in
expression of the lethal of scute gene in the otd mutant domain. The
proneural gene lethal of scute is thought to be required for

Fig. 2. Conserved anteroposterior order of gene expression in embry-

onic brain development. Schematic diagram of homeotic (Hox) and otd/
Otx gene expression patterns in the developing CNS of (left) Drosophila
and (right) mouse. Expression domains are color coded. Anterior is
towards the top. For Drosophila, gene expression corresponds to a stage
14 embryo; for the mouse, gene expression corresponds to a stage 9.5-
12.5 embryo. (Modified after Reichert and Simeone, 1999).
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neurectodermal cells to acquire the compe-
tence to form neuroblasts (Younossi-Hartenstein
et al., 1997). In addition to defects in the anterior
brain, loss of function of otd also causes midline
defects in the ventral nerve cord resulting in
deranged connectives and fused commissural
axon tracts (Finkelstein et al., 1990; Schmidt-Ott
et al., 1994; Younossi-Hartenstein et al., 1997).

Loss-of-function analyses for the murine Otx
genes show that these genes are critically re-
quired at different stages of embryonic brain
development (Acampora et al., 1995; Acampora
et al., 1996; Matsuo et al., 1995; Ang et al.,
1996). Otx1 null mice have spontaneous epilep-
tic seizures and abnormalities affecting the te-
lencephalic dorsal cortex and the mesencepha-
lon as well as parts of the cerebellum and certain
components of the acoustic and visual sense
organs. In contrast, Otx2 null mice are early
embryonic lethal and lack the rostral neuroecto-
derm fated to become the forebrain, midbrain,
and rostral hindbrain due to an impairment in
early specification of the anterior neuroecto-
derm by the visceral endoderm. Taken together,
these results indicate that the otd/Otx gene
families have a number of essential roles in
patterning the anterior embryonic brain.

Cross-Phylum Rescue: Direct Evidence
for Evolutionary Conservation of Devel-
opmental Control Gene Action in Droso-
phila and Mouse

Taken together, investigations of early morpho-
genesis and patterning in the embryonic brains
of Drosophila and mouse reveal developmental
mechanisms that are strikingly similar, and sug-
gest an evolutionary conservation of Hox and

inner ear of Otx1-/- mice is never rescued by the Drosophila otd
gene, thus, suggesting that the ability to correctly direct the
development of this structure is an Otx1-specific property. Droso-
phila otd is also able to partially replace Otx1 in its cooperative
interactions with Otx2 for correct brain patterning.

Drosophila and vertebrate otd/Otx gene products share struc-
tural homology which is confined mainly to the homeodomain; the
60 amino acid residues of the fly OTD homeodomain differ from the
homeodomains of the human OTX1 and OTX2 protein in only three
and two amino acids, respectively. This implies that the extensive
functional equivalence of the otd/Otx genes may be due to con-
served developmental genetic circuits with common functional
features that are controlled by the homeodomain. Thus, the otd/Otx
gene family might be part of a general developmental genetic
control system that operates in vertebrate and invertebrate brains
to specify segmental identities in anterior brain and head regions.
In this sense it would complement the developmental genetic
control system encoded by the homeotic genes that control poste-
rior brain and CNS regions in trunk and tail structures.

Although cross-phylum gene replacement experiments cannot
formally rule out the possibility that the functional equivalence of

Fig. 3. otd/Otx cross-phylum rescue experiments in Drosophila and mouse. In genetic
rescue experiments, human Otx1 and Otx2 genes were overexpressed in Drosophila otd
mutants and conversely, the murine Otx1 coding sequence was replaced with the Drosophila
otd gene. (Upper panel) In Drosophila, the embryonic wildtype brain (wt) shows prominent
anterior lobes interconnected by an anterior brain commissure; these structures are lost in the
otd null mutant (otd-/-), but are restored by overexpression of the human Otx2 gene in the otd
null mutant (Otx2). (Lower panel) In the mouse, the normal size of the wildtype adult brain (wt)
is markedly reduced in the Otx1 null mutant (Otx1-/-) but is largely restored by gene replacement
(knock-in) with the Drosophila otd gene (otd/otd). Tel, telencephalon; Ms, mesencephalon; Cb,
cerebellum (Modified after Leuzinger et al., 1998 and Acampora et al., 1998).

otd/Otx genes in embryonic brain development that extends beyond
gene structure to patterned expression and function. In addition to the
extensive similarities in expression patterns and mutant phenotypes,
in vivo genetic rescue experiments carried out for the otd/Otx gene
family provide remarkable and very direct evidence for the evolution-
ary conservation of functional properties of these control genes in
patterning of the rostral brain (Fig. 3). In these cross-phylum replace-
ment experiments, human Otx1 and Otx2 genes were overexpressed
in Drosophila otd mutants (Leuzinger et al., 1998; Nagao et al., 1998)
and conversely, the murine Otx1 coding sequence was replaced with
the Drosophila otd gene (Acampora et al., 1998).

In Drosophila, both human Otx genes, like the endogenous fly
otd gene, are able to rescue the brain defects as well as the
midline defects observed in otd null mutants. In addition, ubiqui-
tous overexpression in wildtype embryos results in ectopic neural
structures, regardless whether human Otx or fly otd are
overexpressed (Leuzinger et al., 1998). Similarly, the Drosophila
otd gene is able to fully rescue corticogenesis impairment and
epilepsy, and also to partially restore eye defects and brain
patterning abnormalities seen in Otx1-/- embryos. (Acampora et
al., 1998). In contrast, the defective lateral semicircular duct of the
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otd and Otx might have been independently acquired through
convergent evolution, they argue quite strongly for an evolution-
ary conservation of gene function. This, in turn, suggests that
common genetic mechanisms for brain development evolved in a
primitive common ancestor of flies and mice and were then
conserved throughout brain evolution. If this is the case, one
might expect that cross-phylum rescue experiments can be
carried out with other developmental control genes involved in
patterning the embryonic brain. Recent experiments carried out
on the empty spiracles (ems/Emx) cephalic gap gene family
confirm this expectation.

The Drosophila ems gene encodes a homeodomain contain-
ing transcription factor (Dalton et al., 1989; Walldorf and Gehring,
1992) and is expressed at the early cellular blastoderm stage in
a single circumferential stripe at the anterior end of the embryo.
Later in embryogenesis, the ems gene is expressed in the
developing cephalic region; during neuroblast formation, ems is
expressed in the anlage of the deutocerebrum and in the anlage
of the tritocerebrum (Hirth et al., 1995). In addition to its cephalic
expression, ems also shows a later, metameric expression pat-
tern in ectodermal and neural cell patches in all trunk segments.
Murine homologs of the Drosophila ems gene, Emx1 and Emx2,
have been cloned on the basis of conservation of the homeobox
sequence (Simeone et al., 1992a; Simeone et al., 1992b). Both
genes are involved in early embryonic brain development where
they show nested expression domains in the developing cerebral
cortex and olfactory bulbs. Expression data suggest that the Emx
genes might be involved in dorsal telencephalic development.

Mutant analysis indicates that ems is involved in neurogenesis
in embryonic brain development; ems loss-of-function leads to a
gap-like deletion of the deutocerebral and tritocerebral anlagen of
the embryonic Drosophila brain (Hirth et al., 1995). To determine
if the murine homologs of ems are capable of restoring the brain
phenotype of ems mutant flies, genetic rescue experiments
involving ubiquitous overexpression of the mouse Emx2 gene
were carried out (Hartmann et al., 2000). When the Emx2 transgene
was overexpressed in the ems null mutant, substantial restoration
of brain morphology was observed. Thus, in over one fourth of the
cases, the cellular gap in the deutocerebral and tritocerebral
anlagen was restored. This suggests that a functional murine
Emx2 gene can replace the ems gene to a large degree in the
development of the anterior part of the Drosophila brain. In the
mouse, genetic in vivo studies carried out on null mutants for the
Emx genes show that these genes are necessary for the estab-
lishment of discrete regions of the telencephalon (Pellegrini et al.,
1996; Yoshida et al., 1997; Qiu et al., 1996). Mutation of Emx2
leads to a deletion of the dentate gyrus and to a reduction in size
of the hippocampus and medial limbic cortex. Mutation of Emx1
results in the disruption of the corpus callosum and more subtle
defects in the forebrain. It will be interesting to see if and to what
extent the Drosophila ems gene can rescue these defects in the
embryonic mouse brain.

Functional Genomics of Embryonic Brain Develop-
ment: from Genes to Gene Networks

The identification and investigation of specific families of
developmental control genes that play central and evolutionarily
conserved roles in patterning the embryonic brain in animals as

diverse as Drosophila and mouse represent important steps
towards a comprehensive understanding of the molecular genetic
networks involved in brain morphogenesis. The advent and
implementation of powerful new genomic technology in these two
model systems is currently extending these studies. In Droso-
phila, where full genome sequence is available (Adams et al.,
2000), it is already possible to combine extensive manipulative
molecular genetic technology and large scale functional genomics
with the goal of identifying all of the control genes involved in brain
development.

One useful strategy will be to manipulate, genetically and in the
developing organism, high-order developmental control genes
and genetic switches which regulate specific aspects of brain
development, and then use full genome DNA microarrays (gene
chips) to identify all of the gene transcripts that are influenced by
the corresponding genetic manipulation. Once the entire set of
genes that are involved in specific aspects of brain formation are
known, manipulative genetics can once again be used to investi-
gate individual gene expression and function in vivo and, thus,
reconstruct the genetic network that controls these processes.
Current experiments in Drosophila indicate that the use of large
scale microarrays permits the simultaneous identification of hun-
dreds of genes that are regulated by cephalic gap and homeotic
genes, and many of these identified genes are likely to represent
novel target genes which are part of the genetic network that
directs embryonic patterning of the brain (Leemans et al., 2001).
Since similar experiments should soon, in principle, also be
possible in the mouse, it will be important to use comparative
functional genomics to identify similarities and differences in the
genes and gene networks that control brain development in
Drosophila and in the mouse as well as in other relevant genetic
systems.

Are the Genetic Mechanisms for Embryonic Brain Pat-
terning Universal?

The recent findings in Drosophila and mouse reviewed here
indicate an evolutionarily conserved role of homeotic genes and
cephalic gap genes in brain development. This is supported by
comparative data in other animal groups. Thus, the homeotic
genes are found in all metazoa examined and may play a funda-
mental role in nervous system patterning in all animals. For
example, in the urochordate ascidians, Hox genes are expressed
in specific domains of the visceral ganglion and nerve cord sug-
gesting that regionalized Hox gene expression in the CNS is an
ancient characteristic of the chordates (Katsuyama et al., 1995;
Gionti et al., 1998). In the cephalochordate Amphioxus, the colin-
ear correlation of Hox gene expression patterns and Hox gene
chromosomal position holds for the nervous system but not for the
somites, implying that the use of Hox genes in nervous system
regionalization may be more primitive than the use of these genes
in mesoderm regionalization (Holland and Garcia-Fernandez, 1996).
Genes related to the otd/Otx family have also been found in the
anterior CNS of all invertebrates examined including animals as
primitive as planarians (Umesono et al., 1999). Moreover, com-
parative studies reveal the existence of otd/Otx-related genes in all
chordates (Simeone et al., 1992a; Bally-Cuif et al., 1995, Li et al.,
1994; Mercier et al., 1995; Pannese et al., 1995) including urochor-
dates (Wada et al., 1996), cephalochordates (Williams and Hol-
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land, 1998), and agnates (Ueki et al., 1998), where they are
expressed in the rostralmost CNS.

This conservation of developmental control gene action in
embryonic brain patterning contrasts dramatically with the diversity
of brain structures that have arisen in evolution. One solution to this
apparent paradox might be that conserved genes such as the otd/
Otx genes acquired different roles even while retaining an evolu-
tionary functional equivalence. Indeed, evolutionary modification
in copy numbers, expression patterns, protein levels, and cell-type
specific post-transcriptional control might represent the most rapid
and efficient evolutionary tools for generating new molecular
interactions that, in turn, could have contributed to the modification
of novel morphogenetic processes. If this is the case, then the
architecture of the brain might have been dramatically reorganized
during evolution through the modification of the genetic regulatory
mechanisms that act on conserved control gene functions.
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