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Summary
To shed light on molecular mechanisms underlying patterning and cell type
specification during the ontogeny of the Central Nervous System (CNS), I set up to
isolate new gènes with restricted patterns of expression in the developing mouse
brain through a PCR based differential screening technique [1].
Among other genes found with this approach, I isolated Ebf2. This gene
belongs to a new subclass of the HLH transcription factors, including several
members ranging from rodents to C. elegans. In the mouse three homologs have been
cloned by different groups and named Ebfl, Ebfl and Ebfl [2-4].
I studied the expression domain of Ebfl during development at stages from
E l0.5 to E l4.5 and compared it with the expression of other family members. In the
region spanning midbrain to spinal cord, the patterns of expression of the three genes
are very similar with few salient differences and correlate with neuronal maturation.
In order to analyse the specific function of Ebfl in neuronal development, we
decided to generate a null mutant for this gene. To this end, I have determined the
genomic structure at the Ebfl locus and I finely mapped the position of the first 6
exons in 20Kb of genomic DNA. Based on the map of the locus, I generated a
construct containing a 5.2 kb deletion, encompassing the translation initiation site,
the first 5 exons and half of the domain encoding the zinc finger. I substituted this
region with a LacZ Neo cassette. The construct was electroporated into mouse
embryonic stem cells (ES). Out of 1200 clones screened, I found 3 homologous
recombinant clones, that we microinjected into C57B1/B6 blastocysts obtaining
chimeras and germline transmission.
Despite the similarities observed among the three Ebf genes, suggesting
possible redundancy in their functions, Ebfl -/- mice show an evidently abnormal
phenotype. The knocks out animals are viable at birth but show lower sizes than
their littermates, as well as a mild ataxic phenotype and problems in movements and
coordination. Around 50% of these mice die in the first two months of life.
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The analysis of the Ebfl -/- mutant CNS, even if preliminary, revealed several
alterations in the different regions of postnatal brain. We observed numerous
abnormalities in £6/2-expressing neural structures, namely the cerebellum, the
septum and the olfactory bulb; we found that other telencephalic structures seem to
be affected, including the hippocampus and putamen. Finally, we observed problems
in the spinal cord and an impairment of peripheral nerve myelination.
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CHAPTER 1
The first goal of this thesis work has been to find new genes involved in Central
Nervous System (CNS) development, in particular in development of midbrain and
forebrain regions. By techniques based on differential screening we were able to
isolate and characterise some new genes expressed in restricted regions of the
developing brain. The second goal of this work has been to address the function of
some o f these genes. In particular the study has focused on the functional
characterisation of one of the new genes, named Ebf2 through the generation and the
analysis of a knock out mouse for this gene. I will start with a very general
introduction describing the main features of the CNS and its development.

Introduction
The nervous system represents, structurally and functionally, the most
complex domain in the vertebrate body. Like all organs of the body, it is made up of
cells and contains more than one specialised type of cell. Unlike other systems of the
body, however, the nervous system has a great variety of cell types and sizes
arranged in highly specific ways, which are fundamental to the operation of the
nervous system itself. Indeed, these highly specific relationships between its cellular
constituents are what gives the nervous system its unique character, which permits
us to have automatic central control over our internal organs, to sense the external and
internal environments, to remember, to think, to communicate and so on.

Cellular Organisation of the CNS

The cells of the CNS fall into two broad categories: neurons and glia. The
neurons are the communication and information processing elements of the nervous
system; they communicate with each other by means of signals that are mostly

chemical and sometimes electrical. Glia are support elements; they protect the
neurons and may play a role in processing the information. In addition to its cells the
nervous system contains a rich supply of blood vessels to bring oxygen and nutrients
to the cells and to remove waste products.
Neurons can be categorised into two large categories [5].The first category is
composed o f PROJECTING NEURONS, they characteristically have a single long
axon that makes the distant connections (i.e. motomeurons). The second category
consists o f INTERNEURONS, they could have a short axon or short process not
qualifying as an axon [6], for this reason they are contained wholly within one region
o f the nervous system and form local circuits.

The CNS traditionally has been subdivided into two great regions, consisting
in the brain and in the spinal cord. The brain is a complex structure composed of
many subregions, each with specialised functions in connection with the others. The
brain and the spinal cord are organised to allow for the input of primary sensory
information, the analysis and processing of information and the production and
transmission of appropriate responses to the information.
The axons of sensory afferent neurons bring sensory information to the brain
and spinal cord. Short axon, local circuit intemeurons within nuclei and cortices are
involved with processing the information. Additional sets of projecting neurons carry
the output for response to the information to the motor or effector neurons in the
brain and in the spinal cord.

Regional organisation of the adult CNS

Both the brain and the spinal cord can be subdivided into individual regions [5]
The subdivisions o f the spinal cord are named for regions o f the spinal column
through which the spinal nerves exit on their way to the various part o f the body , but
the general structure o f spinal cord is the same along all its length.

The caudalmost region of the brain is the hindbrain, which consists of the
medulla and pons. This region contains nuclei associated with some of the cranial

nerves and the nuclei of the reticular formation. This region is also crossed by long
axons connecting the anterior part of the brain with the spinal cord. Closely related
with the pons both geographically and functionally is the cerebellum, a cortical
structure in the roof of the hindbrain with many important different functions like
balance and coordination. A sagittal view of a E12.5 embryonic mouse brain is shown
in fig 1.3.
The next major subdivision of the brain is the midbrain. The dorsal part of the
midbrain is the optic tectum, where many neurons of the optic nerve terminate. The
ventral portion is called tegmentum and contains fibers and nuclei including the
nuclei of two cranial nerves that control the movements of the eyes, the pupil and the
focus of the lens.
The forebrain is the most rostral division of the brain and contains two major
parts the diencephalon and the telencephalon. Six principal areas compose the
diencephalon that physically lies rostral to the midbrain and caudal-ventral to the
telencephalon. The caudal part of the diencephalon contains a dorsal area called the
pretectum and a more ventral area called the posterior tuberculum. More rostrally
four areas are present, in dorsal to ventral sequence there are the epithalamus, the
dorsal thalamus, the ventral thalamus and the hypothalamus. A number of nuclei
in the pretectum receive visual inputs from the retina and together with nuclei in the
tegmentum are involved in visuomotor behaviours. The posterior tuberculum
contains neurons involved in regulating motor functions. The nuclei of the dorsal
thalamus receive information from the various sensory systems, which they transmit
to different parts of the telencephalon. The nuclei of the dorsal thalamus constitute a
gateway to the sensory areas of the telencephalon. Nuclei in the ventral thalamus are
involved in modulating the activity of dorsal thalamic nuclei. The epithalamus
contains the epiphysis or pineal gland. The hypothalamus is involved in the activities
of the autonomic nervous system and the endocrine system; it is directly connected
with the hypophysis, and for this reason it regulates important behavioural
functions.
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The most rostral region of the brain, the telencephalon includes the dorsal
pallium or cerebral hemispheres and the striatum, located in the ventral part of the
telencephalon and connected with the cortex. At the rostral end are the olfactory
bulbs, in which olfactory axons originating in the nasal mucosa terminate. The
telencephalon also includes several other major areas. The limbic system comprises a
set of structures that include a cortical area known as the hippocampus, involved in
memory and emotions, and nuclei related to it as the septal nuclei and the
amygdala.

Development of the CNS

The CNS arises from the neural plate, a cytologically homogeneous sheet of
neuroectodermal cells that form the dorsal surface of the gastrula stage embryo and it
is first distinguishable in mouse soon after E7.5.
As with lower vertebrates, the neuroectoderm is induced by vertical signals
from the underlying mesoderm emerging from the primitive streak and patterning is
also influenced by planar signals propagated within the ectoderm itself. After its
initial formation the neural plate change shape dramatically, and its lateral edges
elevate to form the neural folds. Beginning at the level of the fourth and fifth somites,
at around E8-E8.5, the neural folds fuse along the dorsal midline and form the neural
tube.
The neural tube expands anteriorly and forms a series of vesicles that
represents the anlage of forebrain, midbrain and hindbrain, the subregions of the adult
brain, and posteriorly the long uniformly narrow tube giving rise to the spinal cord.
The original neural tube is composed of a germinal pseudostratified
neuroepithelium, that is a rapidly dividing cell population. A feature of this
germinative epithelium is that nuclei of the cells are at different heights: nuclei at the
lateral edge of the neural tube are in the S phase (DNA synthesis) of the mitosis
process, than migrate to the luminal edge of the neural tube where cell division

proceeds. As the cells adjacent to the lumen continue to divide, certain cells stop the
proliferation and start a migration to the external of the neural tube, forming a second
layer around the original neural tube. This layer becomes progressively thicker as
more cells are added to it from the germinal neuroepithelium. This new layer is called
mantle zone and the germinal epithelium is now called the ventricular zone. The
mantle zone cells during development will differentiate in both neurons and glia, the
neurons will make connections among themselves and will send axons, that will be
covered by glial cells myelin sheaths.
The developing CNS encompasses regions displaying

very

different

cytoarchitectural domains, involved in diverse developmental patterns of induction,
cell differentiation, migration and assembly. The transformation of genetic
information into morphological structures during embryogenesis requires the
contribution of hundreds of different genes acting in concert. Master regulatory
factors precisely drive the temporal and spatial expression of effector genes, which,
in turn, govern cell type specificity and terminal differentiation.
Within each region, a large diversity of neuronal cell types is generated, each
with distinct cell identities in terms of morphology, axonal trajectory, synaptic
specificity, neurotransmitter and so on. The intricate spatial order of differentiated
neurons, essential to the subsequent formation of functional circuits, is crucially
dependent on correct regional specification.

Induction of the neural plate

Signals from adjacent tissues are involved at all stages of neuraxis patterning.
Neural inducing factors and modifiers produced during gastrulation by the (endo)
mesoderm establish an initial crude antero-posterior (AP) pattern in the overlying
neural tube. Although the precise nature of this early patterning information remains
unclear, the inductive signals that confer forebrain identity appear to differ
qualitatively from those that operate more posteriorly.

7

Studies on neural induction in Xenopus indicated that in one of the major
pathway of neural induction, the organizer, localised at the dorsal blastopore lip,
generates signals that induce neural tissue by blocking signalling mediated by bone
morphogenetic proteins (BMP) of the TGFp like family, which repress neural and
promote epidermal cell fate. In particular, it has been demonstrated that BMP4 can
prevent the expression of neural markers and promote epidermal differentiation in
dissociated epidermal cells[7].
The main candidates organiser derived factors are the proteins Follistatin,
Noggin and Chordin. These three structurally unrelated proteins, share three main
features: they are direct neural inducers; they are expressed by the organiser cells and
are able to bind BMP4, blocking its biological activity. The neural tissue induced by
follistatin, noggin and chordin is anterior in its character, as defined by molecular
markers expressed normally in the forebrain. A distinct signaling pathway may
therefore be required for induction of posterior neural tube. Other experiments in
mouse suggested that the rostrocaudal patterning of the neural plate requires
additional rostralising signals from adjacent tissues. Signals from rostral mesendoderm
appear to be required for the expression and stabilisation of Otx2, a general marker of
rostral phenotype [8, 9].
One class of candidate posterior neural inducers are secreted proteins of the
fibroblast growth factor family (FGF). FGFs can induce neural tissue with
characteristic of the spinal cord under condition in which the repressive effect of
BMP signaling is reduced or eliminated. Moreover, neural tissue with features of
intermediate levels of the neuraxis, the midbrain and hindbrain can be induced by
exposure of ectoderm to noggin and FGF. The early regional identity of the neural
plate along the A-P axis may therefore be established in part by the coordinated
action of BMP signaling and FGF. The mechanism of neural induction is shown in
figure 1.1.
A second class of molecules that appears to be involved in the generation of
posterior neural tissue is represented by retinoids. Treatment of embryos with
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Fig. 1.1: Mechanisms of neural induction in
Xenopusembryos (Tanabe and Jessel, 1996).
Ectodermal cells o f the animal pole o f the gastrula stage Xenopus
embryos are subject to BMP4 mediated signal (red arrows) that
promotes their differentiation into epidermal cells. Blockade o f
BMP4 signaling elicits the formation o f anterior neural plate tissue.
Exposure o f ectoderm to FGFs under conditions in which BMP4
signaling is reduced or eliminated leads to the generation o f posterior
neural plate tissue.

Ectoderm

BM P4
signalling (1L )

Epidermal ectoderm

Blockade o f
BM P4 signaling

Neural plate (anterior)

Blockade o f
BM P4 signaling
FGF

Neural plate (posterior)

retinoic acid (RA) leads to an A-P transformation in the regional character o f the
neural tube and in the identity of specific neural cell types.
A recent study o f gastrulating mouse embryo show that anterior primitive
endoderm, which ultimately contributes only to extraembryonic tissues, may regulate
anterior properties o f the neural plate [10].

Neurogenesis

The picture of the neural induction early in development would not be
complete without the description of a more general mechanism that operates to
control the genesis of a neuron from an ectodermal cell, a process generally called
neurogenesis. This mechanism has been extensively studied in Drosophila but recent
studies in Xenopus embryos demonstrated the conservation during evolution o f the
mechanism and o f the genes involved to vertebrate species.
In Drosophila, the selection o f a single neuron from a large population o f
equivalent ectodermal cells requires a series o f cell interactions that progressively
restrict cell fate [11] . The initial step o f this process is the generation of a proneural
region, a small cluster o f cells that acquires the potential to give rise to neural
precursors. This process involves the induction of expression o f a group of
transcription factors of the basic helix-loop-helix class (bHLH), termed proneural
genes, the most notable of which are the members o f achaete-scute complex. Within
each proneural region, however, not all cells generate neurons and this selection
process involves a lateral inhibitory signal mediated by the cell surface proteins Delta
and Notch[12, 13].
Expression of Delta is under control of proneural genes and the Delta protein
encodes a trasmembrane ligand that activates Notch in the neighbouring cells,
initiating intracellular signals that lead to the repression o f proneural genes and, as a
consequence, the repression of Delta. The cells expressing Delta will generate neural
cells, in contrast the neighbouring cells that repress Delta through Notch signaling
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will not. The cells that first express a level o f expression of proneural genes sufficient
to activate Delta are the cells that will generate neurons.
The mechanisms that control neurogenesis in vertebrates appear conserved in
evolution and reproduce those that operate in Drosophila[\4], bHLH proteins
expressed in vertebrate neural tissue have been identified and many o f these share
structural features with Drosophila proneural proteins. In Xenopus, one vertebrate
HLH protein, Neurogenin (nrg) is expressed in three territories that demarcate the
domains in which primary neurogenesis will eventually occur[15]. As neurogenin
approaches the threshold level in some precursors, it activates expression o f XDelta1. XDelta-1 in turn activate XNotch in neighbouring cells and this activation will lead
to the repression of Xnrg in these cells, preventing them from acquiring neuronal fate.
As Xnrg expression become restricted to neuronal precursors, it leads to the
expression of XneuroD, another bHLH protein, that activates the execution o f the
neural differentiation program [16].
The bHLH proteins and the Notch ligands therefore play a role in the very
early step of neural determination and specification and subsequently, with other
transcription factors participate in the control o f neural differentiation, and subtype
identity in developing brain. The neurogenesis model is shown in figure 1.2.

Patterning of the main regions of the CNS

The early morphological features of the neuraxis are accompanied by position
specific expression of developmental control genes that dictate the overall plan o f the
CNS and consequentially predict its regional specialisation.
Following anterior neural plate induction, patterning o f cell types appears
organised in a Cartesian grid of positional information, the coordinates o f which
correspond to AP and dorsoventral (DV) axis of the neural tube.
I will briefly describe what is known about the developmental patterning o f the
main subregions o f the CNS, the hindbrain, the midbrain, the forebrain and the spinal
cord to better clarify the theoretical basis underlying our attempt to isolate new
11

Figl.2:Model for neurogenesis (Tanabe and Jessel,1996)

The conversion of a neural epithelium consisting o f proliferating progenitors cells (blue)
to one in which certain cells have adopted a neuronal identity (green) requires the action
bHLH genes and Notch signalling. Neurogenin expression in the left-hand cell induces
expression o f Delta, which in turn activates Notch signaling in the right-hand cell, leading
to the repression o f
Neurogenin and consequently to a decreaseexpressi

Neural ephitelium
y
y
y'*

Delta
Neurogenin

NeuroD.Notch
leuron

Neurogenesis

I— ( K N

players in the complex phenomenon o f the brain development. A sagittal section of
an E l2.5 mouse brain with the main subregions o f the CNS at this stage of
development is shown in figure 1.3.

Hindbrain
Early development of the hindbrain is characterised by metamerism: upon
neural tube closure, a segmented pattern emerges as a series o f segments, called
rhombomeres (fig 1.3). Each rhombomere has precise boundaries to both cellular
assemblies and gene expression and action. Rhombomere restriction o f cell mixing
persists while the epithelium is predominantly germinative [17]; later young neurons
may escape the restriction once they have acquired their ultimate positional
specification [18]. Rhombomeric domains of the ventricular zone remain lineage
restricted up to late stages, when neurogenesis is nearly complete. Two patterns of
cellular organisation can be distinguished in the hindbrain, one regarding neurons of
the reticular formation, that are repeated sequentially in each rhombomere; the other
involving motor neurons that have rhombomere specific identities.
Prime candidates to confer rhombomeres identity are the Hox gene family [19],
homologs of the HOM-C genes that encode parasegments in Drosophila. Their
expression patterns form an ordered and nested set o f domains along the neuraxis
with two rhombomere periodicity: expression o f the genes at the 3' end o f the Hox
clusters precedes rhombomere formation [20] and becomes progressively restricted
such that

the

expression boundaries coincide with the

interfaces between

rhombomeres [21]. Superimposed on this pattern are rhombomere-specific variations
in expression levels. Considering the distribution of transcripts and the general
synergy among Hox genes detected in mouse null mutants, it is possible that the
identity o f individual rhombomeres could be defined by the cooperative interaction of
Hox proteins.
Positional values appear to be conferred on rhombomeres by Hox expression,
but it is unclear how the Hox genes become activated at the appropriate level in the
neuraxis. Despite the conserved role of Hox/HOM genes in specifying segmental
13

Figure 1.3: Sagittal view of an E12.5 mouse
embryonic brain

MGE

JT g

POASCH

ACX archicortex, AEP anterior entoped. area, AH anterior hypothalamus
ASC alar spinal cord, AQ aqueduct, BSC basal spinal cord, CB cerebellum
CGE caudal ganglion. Eminence, DB diagonal band, DT dorsal thalamus
EMT eminentia thalami, EP epiphysis, ET epithalamus, FB forebrain
HB hindbrain, HCC hypothalamic cell cord, Is Isthmus, LGE lateral ganglionic
eminence, LV lateral ventricle, MB midbrain, MGE medial ganglionic eminence,
NCX neocortex, OB olfactory bulb, pl-p6 prosomeres 1-6, PEP posterior entoped.
Area, POA anterior preoptic area, POP posterior preoptic area, PT pretectum,
rl-r7 rhombomeres 1-7, SP spinal cord, SCH suprachiasmatic area, SE septum,
VT ventral thalamus

identity, the upstream pathway appears not to be conserved. Candidates for
regulation of Hox genes expression include Kreisler [22], a (3-Zip member o f the cm a f protooncogene family expressed in r5 and r6 and Krox-20 [23], a zinc finger gene
that is expressed in two stripes in the neural plate that become r3 and r5. In kr -/ mouse embryos the neural tube posterior to r4 appear unsegmented, a defect that is
attributable to the loss o f r5 and r6 as identifiable territories [24, 25]. Targeted
disruption of Krox-20 results in the lack of r3 and r5 and the formation o f a partially
fused r2-4-6 territory[26].This phenotype suggests that Krox-20 may be responsible
for generating single compartment periodicity from cues established by upstream
genes.
In addition to the putative role of Kreisler and Krox-20 in the local regulation o f
Hox gene expression, Retinoic Acid (RA) play a role in the control o f nested Hox
expression. Excess of RA causes both anteriorization o f Hox genes expression and a
consequent transformation of anterior rhombomeres to a more posterior type. In
addition, the suppression of RA signaling by expression o f a dominant-negative
retinoid receptor results in anteriorisation [27-29] Furthermore the Hox genes have
the molecular machinery for responding directly to retinoid signaling. Consistent with
a direct role of the organizer, the Hensen's node is a rich source o f RA, thus the
nested expression of the Hox genes could be regulated by a P-to-A gradient o f RA
diffusing from the node.

Midbrain
In the midbrain beyond the anterior limit of Hox genes expression, local AP
pattern is generated within an unsegmented field through the activity o f a long-range
signaling region, the isthmic constriction at the junction o f mesencephalic and
rhombencephalic vesicles.
Signals from the isthmus regulate expression o f two Engrailed genes (reviewed
in [30]) in a gradient that decreases both anteriorly, through the mesencephalic
vesicle and posteriorly through rl. Mice carrying null mutation in En-1 gene die at
birth and show a deletion of most of the colliculi and cerebellum, demonstrating a
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critical role of En-1 in the specification o f its region o f expression; KO En-2 mutants
are viable and have defects in cerebellum patterning. Interestingly the En-1
phenotype can be completely rescued by insertion o f En-2 sequence in En-1 locus
[31], suggesting that the difference in the phenotype is not due to different
biochemical properties of the two proteins but reflects differences in spatial and
temporal expression o f the two genes. The gradient of Engrailed expression is the
earlier known marker for mesencephalic polarity, later manifested in a pronounced
variation in cytoarchitecture and the acquisition of different afferent inputs from the
retina: axons from the nasal retina project only to posterior tectum and axons from
the temporal retina project only to the anterior tectum. The molecular basis o f this
precise topographic map of retinotectal projections involves ephrins, the ligands for
the Eph-receptor tyrosine kinases that are expressed in a P to A gradient, reflecting
the earlier pattern of En expression. Misexpression o f En completely alters the
specificity of retinotectal projections, suggesting a fundamental role o f En proteins in
the patterning and organisation of the midbrain.
The important regulatory role attributed to the isthmic region that separates the
midbrain and the hindbrain regions is demonstrated by grafting experiments. When
the isthmus is grafted to the caudal forebrain it induces En expression and the
formation o f an ectopic midbrain [32]. Two secreted signaling molecules, WNT1 and
FGF8, have been implicated in the isthmic control o f En expression. Wnt-1, a
homolog o f segment polarity gene Wingless (a regulator o f En in Drosophila), is
expressed in the midbrain region of the neural plate and later in a ring o f cells that lies
just anterior to the isthmus. Wntl -/ - mice lack the midbrain and cerebellum; in these
mice the onset o f En expression is normal, than progressively lost [33], suggesting a
role for Wnt-1 in the maintenance of En expression more than in the induction.
FGF8 is a secreted factor expressed in a ring immediately posterior to that o f
Wnt-1. When a bead coated with recombinant FGF8 is implanted in the posterior
diencephalon of a chick embryo, there is induction o f expression o f FgfS, Wnt-1 and
En in the surrounding cells and of the formation of an ectopic midbrain [34]. Thus,
neuroectodermal FGF-8 is sufficient to establish both midbrain pattern and polarity.
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Whereas isthmic grafts induce tectal development in caudal diencephalon, the same
grafts to the dorsal hindbrain induce cerebellar development, demonstrating that the
competence of rhombencephalic tissue to respond to isthmic signals differs from that
o f mesencephalic and caudal diencephalic regions. FGF8 alone appears to be
insufficient for inducing ectopic En-2 expression or cerebellar development in the
hindbrain, implicating additional signaling molecules at the isthmus.
Other genes involved in the patterning o f the midbrain/hindbrain region are the
Pax gene family, homologs of Drosophila Paired genes, as demonstrated by
alterations in midbrain patterning in some KO mutants for these genes, like in double
Pax2, Pax5 -/ - mice, that show deletion o f the isthmus [35].

Forebrain
In contrast to hindbrain and midbrain patterning, where restricted pattern of
gene expression have been tightly linked either to segmentation or to the activity o f a
signaling region, the mechanisms of mouse forebrain patterning are still a matter of
debate. On one hand there are specific expression patterns o f some genes (reviewed
in [36]) like Emx, Otx, Dix and Nkx homeobox genes, the paired box gene Pax6, the
winged helix gene BF-1 and BF-2, the Brachyury homolog Tbr-1 and the secreted
factor encoding gene Wnt-3. Some of these genes are expressed in the ventricular
zone, suggesting a role in regional specification, whereas the expression of others {Dix
and Tbr) is restricted to the mantle zone suggesting a role in the control of
differentiation. In the former category, Emx and Otx genes are expressed in the
forebrain and in the midbrain in a nested array reminiscent to that o f Hox genes more
posteriorly, although with reverse A-P symmetry [37].
Largely on the basis of descriptive molecular studies, it has been proposed that
the forebrain is composed like the hindbrain by a series of metameric units or
prosomeres (fig 1.3) [38]. However, experimental evidence for compartimentalization
is limited to the diencephalon, where cell lineage restriction boundaries, aligned with
prominent axon tracts, define four neuromeres [39]. Moreover, the analysis of
retrovirally marked clones, which have shown that sibling cells can occupy multiple
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nuclei throughout the A-P axis of the diencephalon, raised question about the real
identity o f the neuromeres [40]. Further anteriorly in the telencephalon, the patterns
of expression o f putative developmental control genes display no evidence of
repetition, the basis of segmentation. Nor does the cellular organisation o f the
telencephalon support

the notion of a segmental origin. Cell marking

or

transplantation experiments are required to test the postulate that segmentation is
involved in forebrain régionalisation.
Alternatively or additionally, forebrain pattern could depend on a signaling
region like the isthmus for the midbrain. A candidate patterning centre is the anterior
neural ridge (ANR). This structure, which is the anterior boundary o f the neural
plate, expresses FGF8 as well as other patterning molecules [41]. The function o f
anterior neural ridge has been studied in explant cultures o f mouse neural plate.
Excision o f the ANR eliminates expression o f BF1 transcription factor; BF1
expression can be restored using beads soaked with FGF8. M utant BF1 -/- have
severe reduced proliferation of the cerebral cortex and lack basal telencephalic
structures [42]. Thus ANR could be a patterning centre for the telencephalon.
Although Fgf8 is expressed both in the isthmus and ANR, it has different effects on
forebrain and midbrain tissues: it induces BF-1 in the telencephalon and En2 in the
midbrain [41]. These findings support a model in which A/P patterning generates
transverse neuroepithelial domains that have different developmental fates, when
exposed to FGF8 produced at the ANR and at the isthmus.
As development proceeds, local patterning from neural and non neural
sources continues to increase the regional complexity o f the forebrain.
It has been demonstrated that prechordal mesendoderm, the rostralmost
portion o f the axial mesendoderm, plays a role in D/V patterning of the forebrain; this
structure is continuous with the notochord, which is the corresponding axial
mesendodermal structure that underlies more caudal portions o f the neural plate. This
indication is supported by experiments demonstrating that differential expression of
some genes along the A-P axis of the neural plate [43, 44], such as the expression of
the homeobox gene Nkx2.1 restricted to the anterior neural plate is induced by

prechordal tissues [41 ] and the lack o f prechordal mesendoderm generate defects in
ventral forebrain development in some zebrafish mutants [45].
The secreted signalling protein Sonic hedgehog (SHH) is expressed throughout
the axial mesendoderm, including the prechordal plate [46] and is implicated in
ventral patterning throughout the neuraxis. Transduction o f SHH signal appears to
involve the transmembrane proteins Patched and Smoothened [47, 48] and controls
the activity and the expression of a variety o f transcription factors. There is evidence
that SHH signal regulates the activity o f the Gli family o f proteins and the expression
of some homeodomain proteins, such as NKX2.1, NKX2.2, NKX6.1, ISL-1 and
PAX proteins [49]. Studies using explants from all rostro-caudal levels o f the neural
plate have demonstrated that recombinant SHH can induce ventral neural plate
throughout the developing CNS [41, 50, 51]. Extensive studies o f spinal cord
patterning (see spinal cord section) indicate that specific transcription factors are
induced or repressed in a manner dependent upon the concentration o f SHH protein
and that distinct neuronal cell types differentiate as consequence. Such mechanism
probably also apply in the forebrain, where Shh has been shown to induce Nkx2.1, in
mouse neural plate explants that lack prechordal mesendoderm.
The patterning role of Shh is confirmed by the phenotype o f Shh -/ - mouse
embryos [52], which display a loss of ventral neural fates throughout the neuraxis. In
the prosencephalic derivatives, these defects include absence o f ventral forebrain
structures and failure to subdivide the eyes field, leading to the formation o f a
cyclopic eye. The remainder of the telencephalon, which express molecular markers
characteristic o f dorsal telencephalon, develops as a single undivided vesicle. These
features resemble the effects of experimental removal o f prechordal mesendoderm in
amphibians and chickens, suggesting that Shh constitutes or contributes to the signal
from the prechordal mesendoderm that patterns the ventral forebrain [53].
The evidence that the response to the axial mesendoderm and Shh differs along
the A/P axis of the neural plate, implies that A/P patterning o f the neural plate
generates transverse domains of differing competence to a common signal from the
axial mesendoderm (SHH). Another possibility is that distinct signals from different
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regions o f the axial mesendoderm can cooperate with SHH; one example is BM P7,
that is expressed only in prechordal mesendoderm underlying the anterior neural
tube, and is required for its ability to impose rostral character on ventral midline cells
induced by SHH [54].
In summary, régionalisation of the telencephalon could potentially arise by two
mechanisms: an intrinsic mechanism by which telencephalic cells and their progeny
are committed to specific compartments, or an extrinsic mechanism by which
positional cues induce regional identity. The first theory is supported by the
prosomeric model and by the restricted expression o f some genes in the forebrain, but
we already discussed the uncertainty of these transient structures. The second
hypothesis is based on the fact that regional gene expression within the telencephalon
could act to produce positional cues that in turn subdivide the telencephalon into
allocation territories, or transverse domains able to respond differently to external
positional cues, like signal from prechordal mesendoderm and Shh.

This last

conclusion suggests a role for Shh not only in the D/V patterning but also in the A/P
patterning of the telencephalon.

Spinal cord
At early stages in the development o f the spinal cord, three major class o f cells
are generated in the ventral neural tube: floor plate cells at the ventral midline,
motomeurons at the ventrolateral position, and ventral intemeurons at more dorsal
location. Cells in the dorsal neural tube give rise initially to neural crest cells and
subsequently to roof plate cells at the dorsal midline and to several classes o f dorsal
sensory relay interneurons. The inductive signals that control the identity and
pattern o f these cell types come initially from two distinct groups o f non-neural cell
types. The generation of ventral cell types is controlled by signals from the
notochord, underlying the midline of the neural plate. In contrast, dorsal cell types
are generated in response to signals derived from the epidermal ectoderm that flanks
the lateral margins of the neural plate.
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The inductive signal from the notochord is mediated by SHH, that is required
for induction o f floor plate differentiation by the notochord and independently for
the induction of motor neurons by both the nothocord and midline neural cells.
Motor neurons generation depends on two critical periods o f SHH signalling: an early
period during which naive neural plate cells are converted into ventralised
progenitors, and this event is characterised by the block o f the expression o f the
transcription factors Pax3, Pax7, M sxl and Msx2, expressed by cells at all
medio lateral positions during the formation o f the neural plate. After neural tube
closure their expression is restricted to proliferating cells in the dorsal neural tube.
The repression of Pax3 and Pax7 appear to be a prerequisite for generation o f ventral
cell types, that acquire the capacity to give rise to floor plate cells, motor neurons
and ventral intemeurons. The selection of one of these cell fates appears to be
regulated by a second phase of SHH signalling. Cells at the midline o f the neural plate
appear to be exposed to SHH generated locally by the notochord, which direct floor
plate cells fate through the expression o f HNF3(3, a transcription factor o f the
winged-helix class in floor plate cells, leading subsequently to the expression o f other
floor plate genes. The concentration o f SHH necessary for floor plate differentiation
is higher that for motor neurons differentiation. The mechanism by which SHH
controls the identity o f ventral cell types in spinal cord depends to the concentration
of SHH itself, that determines whether ventral progenitors differentiate into motor
neurons or ventral intemeurons and relatively small changes in SHH levels can elicit
the generation o f distinct cell neural types [51, 55, 56].
The differentiation of cell types generated in the dorsal neural tube appears to
be initiated by a contact-mediated signal from the adjacent epidermal ectoderm,
elicited by BMPs proteins [57] They induce the expression in the dorsal neural tube
o f the zinc finger transcription factor slug, that is important for neural crest
differentiation. After neural tube closure, several BMPs are expressed in overlapping
domains in and around the dorsal midline and induce subsets o f sensory relay
intemeurons [58].
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Shh and BMP proteins have an early role in specifying the identity o f cell
types along the dorsoventral axis of the spinal cord, but as development proceeds
more specialised neuronal subtypes are generated. Additional signalling steps that
appear to be independent of the early dorsoventral patterning signals are involved in
the generation o f neural diversity at later stages in spinal cord development.
M otor neurons in developing spinal cord can be subdivided on the basis of
the position at which their cell bodies are located and also by their axonal projection
patterns. In the higher vertebrates, subclasses of motor neurons are organised into
longitudinally oriented columns that

occupy

distinct and,

in

some

cases,

discontinuous domains along the rostrocaudal axis o f the spinal cord. M otor neurons
within a single column send their axons to a common peripheral target. M otor
neurons in the medial subdivision of the median motor column (MMC) project their
axons to the axial muscles that lies close to the vertebrate column; motor neurons in
the lateral subdivision of the MMC project their axons to the body wall muscles; and
motor neurons in the lateral motor column (LMC) innervate muscles in the limb.
They are further organised into pools, each o f which innervates a specific muscle in
the limb.
Recently it has been demonstrated that a number o f genes are differentially
expressed in different subpopulations o f motor neurons. Many of these genes encode
transcription factors that are not only likely to contribute to neuronal diversification,
but also serve as molecular markers for individual motor neuron subtypes. Five
members o f the LIM homeodomain transcription factor family are known to be
expressed in motor neurons: Isl-1, Isl-2, Lim-1 (LHX1), Lim3 (LHX3), and Gsh4
(LHX4). Although these factors are expressed in a variety of neuronal and non
neuronal cell types during development, subtypes o f motor neurons express distinct
combinatorial arrays of these genes [59] It is possible that each LIM factor
independently regulates the expression o f target genes for columnar identity. An
alternative possibility is suggested by the identification of the LIM domain binding
protein NLI that can mediate the formation o f heterodimeric complexes with the
different LIM proteins; these complexes could then activate novel target genes
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distinct from the targets of the independent LIM factors [60] In addition to qualitative
differences, quantitative differences in LIM gene expression may also contribute to
the transcriptional control o f motor neuron subtype identity.
The expression patterns of LIM genes are dynamically regulated during the
time of motor neurons are bom and extend their axons, suggesting that these genes
contribute to both early and late steps o f motorneuron differentiation. Indeed, Isl-1
has two phases of expression: an early phase, activated by SHH, when it is
expressed ubiquitously in all early postmitotic motomeurons, and a second phase
when it is expressed differentially in motorneuron subtypes during axonogenesis. In
Isl-1 knock-out mice, the differentiation of motor neurons appear blocked during the
early phase, leading to programmed cell death, but it is still to clarify the later role of
Isl-1 in axon guidance [61].

»

Several lines of evidence suggest that Hox transcription factors also contribute
to segmental differences in motorneuron identity. Many knock out mice o f the
different Hox genes present alterations in motor neurons subpopulations and
projections. The clear role o f Hox genes and the relation with the LIM domain genes
in the differentiation o f motor neurons is still matter o f debate [62].
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Identification of developmentally regulated genes

Despite

the

relevant

advances

developmental mechanisms conserved

described
from

above,

Drosophila

mostly
to

based

on

vertebrates,

our

knowledge of CNS development and differentiation remains fragmentary to date, and
many other, as yet unidentified, regulatory genes may, at different times, play a role
in various cell-fate specification or terminal differentiation processes.
In the study o f vertebrate CNS development, phylogenetically conserved
regulatory genes have been cloned in various species mainly through the lowstringency screening o f genomic or cDNA libraries. Genetic studies o f Drosophila
development have paved the way to the cloning in vertebrates o f genes and gene
families whose sequence and physical organisation are tightly conserved in evolution.
The vertebrate homologs for many Drosophila homeobox genes, including engrailed,
ortho denticle, even-skipped, empty spiracles, and others, have been cloned by virtue
of tight homology to their fly counterparts.
In the face of these considerable advances, great difficulties have been
encountered in the identification and isolation o f genes coding for proteins conserved
in their tertiary structures but displaying marked degeneracy at the nucleotide level,
as exemplified by the isolation of zinc finger genes in vertebrates. More generally, a
majority o f key genes involved in mammalian embryonic development belong to
diverse functional or structural families and display negligible sequence similarities
with one another or with their arthropod counterparts, thus hampering homologybased screening strategies. These include, as examples, transcription factors, growth
factors, other secreted factors, cell cycle regulators, cell-adhesion molecules, signal
transduction molecules and their ligands. Moreover, while factors identified through
saturation genetic screenings in Drosophila and, more recently, in Danio rerio,
provide a blueprint of basic developmental mechanisms conserved in evolution,
profound differences in the conformation of neural structures, as well as the partial
redundancy and variegated distribution of many corresponding mammalian gene
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families, lead to

substantial

differences in the

roles

o f related

genes

in

phylogenetically distant species. Likewise, as saturation screening approaches are
based on the detection of obvious phenotypic changes, they are likely to miss subtle
developmental defects, which, however, are equally likely to be relevant in the
process of brain differentiation.
Among the wide array of genes that govern functions related to patterning
processes as well as to cell specification, differentiation, migration, lineage, axonal
pathfmding and cell death in normal brain development, many exhibit tightly
regulated expression patterns,

i.e. expression within restricted

intervals

or

topographical domains, in the context o f functional events in CNS régionalisation or
neuronal differentiation. These genes are commonly referred to as "developmentally
regulated". Many genes described earlier in the brain development section such the
Hox genes for the hindbrain, En and Wnt genes for the midbrain, Dix and BF-1 genes
for the forebrain [63, 64], show restricted expression along the AP axis o f the neural
tube and their absence in mouse null mutants generate more or less severe patterning
defects in the region where they are originally expressed. Also genes with a role in
terminal differentiation or in axon guidance show spatially and temporally regulated
expression in a particular subregions o f the CNS.
In an attempt to isolate new genes with a possible regulatory role in different
processes of mouse brain development, we decided to search for genes expressed
within restricted and developmentally controlled transcriptional domains along the
A-P axis of the CNS. Genes with these features are potentially involved in specific
events o f régionalisation, cell type specification or differentiation, and include genes
acting downstream of others whose roles in brain patterning have been already
demonstrated.
To this end, we decided to analyse gene expression along the A-P axis o f the
mouse brain, by comparing RNA extracted from contiguous domains spanning the
following subregions of the developing CNS from posterior to anterior: the entire
mesencephalon, posterior telencephalic vesicles and anterior telencephalic vescicles
(see chapter 3 for cutting strategy). The knowledge regarding the specification and
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differentiation of this part of the brain are in fact still matter o f intense study. Among
the different embryonic stages we selected midgestation brain (E l2.5). In fact at this
stage, the developing brain still expresses genes involved in fundamental processes of
patterning, régionalisation and cell type specification while expressing significant
levels of genes lower in hierarchy, like genes involved in differentiation processes.
Therefore, the analysis of gene expression at this stage could lead to the cloning o f
genes implicated in different steps of development (patterning and differentiation).

A new d ifferen tia l screen in g a p p roach

A multitude of techniques has become available in recent times to isolate
differentially expressed genes. In 1992, Liang and Pardee first described a new,
differential screening technique, based on reverse transcriptase polymerase chain
reaction (RT-PCR), which they termed Differential Display (DD) [65]. Although
various refinements of the above protocol have been subsequently published [66-73]
this approach has some limitations, that greatly reduce the possibility to use it
successfully.
One of the main problems in the original protocol is that products obtained
from DD gels derive almost exclusively from noncoding regions o f genes, whose
sequence analysis may provide no cues regarding protein function because 3' UTR's
are hardly conserved in evolution; thus the sequencing o f 3' UTR sequence does not
allow correlation to be established with orthologous transcripts from distant phyla.
In parallel to DD, other authors [74, 75] developed a distinct RNA display
protocol, to permit internally primed PCR amplification o f oligo-dT-primed or
random-primed cDNAs. In this protocol, named RNA fingerprinting, only arbitrary
sequence (not oligo-dT) primers are used in the PCR amplification step. This
procedure leads to improved amplification and cloning efficiencies, and a significant
share of cDNAs lie in coding regions, allowing some degree of prediction to be made
as to their nature and possible function. However, unlike DD, arbitrarily primed
RNA fingerprinting has not been approached systematically in order to maximise
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coverage o f genes expressed in various systems within a discrete number o f PCR
amplifications. In other words, the main problem with this approach lies within the
unavailability o f a rationally designed panel o f primers permitting an exhaustive,
nonredundant survey of gene expression in a given biological system.
To overcome these limitations, we set up a modified RNA display protocol
featuring marked efficiency and sensitivity, and most important, using specific
selected primers [69, 76]. We developed a computer based search for RNA display
primers, characterised by high amplification efficiencies, marked affinity for coding
regions in various organisms and low degree of redundancy. With this computer
assisted approach we rationally designed a panel o f primers to permit an exhaustive
coverage o f gene sequences expressed in a biological system.
Using our approach we found that the majority o f the cloned cDNAs lie in
coding regions, making their sequence analysis considerably more informative and
permitting some degree of prediction as to their nature and function.
Working on this remarkably tricky protocol, we have succeeded in setting up
reliable, robust experimental conditions and in minimising the

incidence of

contamination and false positives.
The present study illustrates the results o f our systematic approach to the
study of developmentally regulated gene expression in the mouse CNS. With this
method, we were able to isolate cDNA clones with regulated expression along the
brain AP axis. Interestingly, we found significant sequence homologies with
published sequences for some of these loci in nucleotide or protein (see Table 3.1).
After a preliminary characterisation o f these new genes, we decided to better
characterise one of them that showed particularly sharp expression boundaries along
the AP axis of the developing brain, compared with the others. This cDNA
corresponds to a new mouse gene encoding a new Helix Loop Helix transcription
factor of the ^ /f a m ily , named Ebf2.
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The E b f genes in brain development

The main subject of the second part of this thesis is the characterisation o f the
new helix loop helix transcription factor Ebf2. The new E b f family o f helix-loop-helix
transcription factors (HLH) includes several members cloned in different species,
ranging from rodents to the nematode C. elegans. The first two members o f the
family, cloned independently by two groups, were a mouse gene, named Early B-cell
Factor {Ebf) [77] and a rat gene, named Olfactory-Neuronal Transcription Factor {Olf1) [78]. £ 6 /w as found to control B-cell development and the expression o f the mb-1
gene, it is expressed in early and not in mature B cells, hence the acronym Ebf, for
Early B-cell Factor. O lfl was cloned by one-hybrid screening since it binds a
regulatory m otif common to several olfactory neuron-specific promoters [79]. The
two genes, cloned in different organisms, are orthologous to each other. A
characteristic feature o f this subfamily is that its members lack the basic domain
found upstream of the first a-helix in bHLH transcription factors, which mediates
DNA-binding. For the Ebf factors, the establishment o f DNA-protein interactions is
mediated by an N-terminal domain, inclusive of a zinc finger element, while the FILH
domain appears exclusively involved in dimérisation [80] and protein-protein
interactions [81].
Since the first observations, new members of this family have been cloned. The
Drosophila E b f homologue was named collier {col) after the mutant phenotype
observed in functionally mutant fly [82]. Col and Ebf-Olfl display two regions o f
particularly high sequence identity: a 210 aminoacid long region, which correlates
well with the Ebf-Olfl binding domain and a 135 aminoacid long region, which
overlaps partly the dimérisation domain mapped in EBF, but with the important
difference that Col lacks the second helix of the proposed HLH motif, col gene
expression is dependent on the gap gene buttonhead, and repressed by empty
spiracles. Evidence in Drosophila suggests a role for this family in second-order
patterning of the head [82, 83]. Recently the analysis o f col mutants has shown its
requirement in a number of processes outside neuronal differentiation, including the
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formation of an embryonic somatic muscle [84]and the patterning o f the adult wing
[85].
Two additional mouse members o f this family, Ebf2 and Ebf3 (the first E b f is
now called E bfl), have been cloned by our group and by others with different
approaches [2-4]. The three mouse Ebf proteins display more than 75% overall
identity. In addition, new Ebf-related sequences have been cloned [86] [87] and
partially characterised in Xenopus laevis. One gene, similar to Ebf2 and found
expressed in the neural plate/tube, neural crest and olfactory placode/epithelium, is
involved in primary neurogenesis, acting downstream o f XNrg and XDelta in the
specification o f neural progenitors from competent dorsal ectoderm. The other,
similar to E bfî at the protein level, is expressed in largely overlapping territories
starting slightly later in development. The zebrafish homolog o f this class o f genes is
expressed in primary neuroblasts of the spinal cord and parallels the expression of
XEbf2[%%\. However, ZEbf2 is expressed earlier and more widely than Neurogeninl in
the anterior neural plate, suggesting a possible proneural function in this territory.
A major turning point in the analysis o f Ebf function in CNS development
came with the identification of a C elegans £7>/homolog as the gene mutated in unc-3
[89], a defect in neuronal differentiation [90], as well as, secondarily, axon outgrowth,
pioneering, and fasciculation [91]. The philogenetic tree o f the Ebf multigene family
including all members cloned in different species is shown in Fig 1.4.
We found Ebf2 by our differential screening approach as a gene with a
restricted expression in the mesencephalon. Through computer search in dbEST we
found another gene belonging to the same class, EbfS, that in parallel has been
characterised by others [3,4].
We analysed the expression of Ebf2 during CNS development and compared
the expression o f this gene with that o f the other members of the family. We showed
that the three £ 6 / genes are expressed in early post-mitotic neurons along the entire
rostro-caudal axis from midbrain to spinal cord with very similar patterns o f
expression, with few salient differences, that could characterise the function o f each
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Figl.4: Ebf family phylogenetic tree
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E b f gene. Moreover, other authors and we demonstrated that these genes share
identical DNA binding properties [4].
The analysis of E bfl -/- mutant [92] demonstrated a role of this gene in B cell
maturation: the mutants do not have B mature cells and 30% of mice die in the first
month of life for unknown reasons. Ebfl thus plays a key role in the control of B-cell
differentiation. E bfl is the only E bf gene expressed in the spleen and this is probably
the reason for the B cell maturation phenotype. Histological and molecular examination
of the olfactory epithelium in Ebfl -/- mice did not reveal any apparent abnormalities,
suggesting the possibility of redundancy of Ebf function in this tissue. A more detailed
analysis of the Ebfl -/- mice CNS, performed by others in collaboration with the
group that generated the mutant, revealed alterations in the telencephalon, a region
where the patterns of expression of the three genes are not superimposable [93]. The
mutants present with changes in developmentally regulated gene expression in the
telencephalic cortex (P. Charnay, personal communication), changes within striatal
fiber tracts and in the rostrocaudal migration of facial nucleus neurons. These results
strongly suggest that the Ebf family may play a role in neuronal differentiation in the
mammalian CNS.
To characterise the function o f Ebf2 during mouse brain development we
decided to generate a knock out mouse for this gene.
The ability to mutate the mouse germline and to assay the consequences o f the
mutation has expanded tremendously over the past years due to the use of
embryonic stem cells and to the application o f homologous recombination to alter
mammalian genes. ES cell lines are probably the most remarkable cell lines ever
established since they can be cultured and manipulated without loosing their
potential to step right back into their normal developmental programme when
returned to the embryo[94].
Homologous recombination when applied to altering specific endogenous genes,
referred to as gene targeting, provides the highest possible level o f control over
producing mutation in cloned genes. Moreover, compared to other animal models we
know a great deal about the genetics o f the mouse, many developmental mutations
31

have been identified thanks to transgenics techniques, and the mouse is the best
experimental model we have for studying mammalian development, including that of
humans.
For these reasons, we found very attractive the generation of a knock out
mouse to understand the function of Ebf2. Despite the long and hard-working
technology, we are convinced that the creation of a mouse model for Ebf2 gene will
lead us to answer to the questions related to its role during CNS development in a
more complete way than faster gain of function experiments. Moreover, the possibility
to cross the knock out mouse with other mutants to generate double knockouts, can
further help in the understanding of the gene function.

A im o f th e th esis

In the present thesis I will describe first o f all, the general approach we used to
identify new genes involved in brain development.
Using the RNA display protocol for the analysis o f differential expression
among E l2.5 anterior telencephalon, posterior telencephalon and mesencephalon, I
was able to isolate fourteen cDNA clones with regulated expression along the brain
AP axis. This has been the first aim of this thesis work.
Subsequently, I characterised these clones by sequencing, mapping in the
mouse genome and expression studies. Interestingly, I found significant sequence
homologies with published sequences for some o f these loci in nucleotide or protein
databases. Among the genes isolated with this approach, I decided to concentrate the
study on Ebf2, a new helix loop helix (HLH) transcription factor. After a preliminary
characterisation of the expression during mouse CNS development, I decided to
address the function of the gene during brain development and this has been the
second aim of this thesis. Among the different techniques available to study gene
function and the possible animal models to use, we chose homologous recombination
in embryonic stem cells (ES) to generate a mutant mouse carrying a homozygous null
mutation within the Ebf2 gene. The -/- Ebf2 mutant is smaller in size compared to the
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littermates (+/+ and +/-) and 50% o f mice dye during the first two months o f life.
The severity o f the phenotype presents a certain degree o f variability depending
from genetic background. The preliminary characterisation o f the phenotype revealed
problems in fasciculation of peripheral nerve axons as well as postnatal degeneration
o f specific cell types, like the Purkinje cells.
The present thesis describes all the steps o f the gene characterisation: starting
from the cloning of a sequence fragment to the generation o f a mouse model and the
preliminary analysis of the gene's function.
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CHAPTER 2
Materials and methods
General procedures
Standard molecular techniques, including nucleic acid purification, restriction
analysis,

gel electrophoresis,

cloning,

subcloning,

dideoxy-sequencing,

probe

radiolabelling, Northern and Southern analysis, and library screening were performed
according to established protocols [95].

Tissue preparation
Preparation of E l2.5 or E l 3.5 embryonic central nervous system samples
was done as follows. Under a dissection microscope, brain tissue was separated from
surrounding mesoderm and ectoderm. Tissue fractions corresponding to midbrain
(including dorsal and ventral mesencephalon and the cerebellar primordium), the
posterior telencephalon (including the striatum and the posterior part o f the
neocortex), and anterior telencephalic vesicles were isolated as shown in fig 3.1
(pg.53). Tissue preparations from a single GDI litter were pooled and lysed for RNA
extraction.

RNA display
RNA display gels and cloning o f differentially expressed bands
Total RNAs were extracted in duplicate by the caesium chloride method [95],
digested with 4 IU DNase, phenol-chloroform extracted, ethanol-precipitated and
resuspended. From 1 pg o f each duplicate total RNA sample, reverse transcriptions
(Rt) were carried out with a (dT )16 primer. From lOpl o f a 1:10 dilution o f each Rt
product, radioactive PCR reactions were performed in 50pl final volumes with single
12-mer primers (final conc. 4 pM, for the primer sequences used see Table 3.1,
pg61); 1.5 mM final [MgCl2]; 200 pM final [dNTP]). PCR conditions were as
follows: 3 min. at 94 °C, 2 min. at 80 °C when 2.5 IU Taq polymerase (Perkin
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Elmer) was added (hot start), followed by 35 cycles o f 1 min. at 94 °C, 1 min. at
50 °C, 1 min. at 72 °C, with a final elongation step of 5 min. at 72 °C. 0.1 pi
[aj2P]dCTP (3000 G'/mmol) were added to each reaction mix. Amplification
products were separated on 5% denaturing polyacrylamide gels and visualised by
autoradiography. By banding patterns comparison among the different samples the
differentially expressed bands were identified. In order to be sure that the differences
seen on the gel are not due to different PCR reaction efficiency, only bands that
present sharp differences between the samples were cut. In order to be sure that the
differentially expressed bands corresponded to cDNA and not to possible genomic
DNA still present in the RNA preparation (although we performed DNAse digestion
before the Rt reaction), an Rt minus reaction for each RNA sample (an Rt reaction
assembled without the enzyme) was performed. The Rt minus is then processed as
the other reactions and loaded on the gel in parallel. In general, several bands
amplified from the Rt minus (corresponding to contaminating DNA present in the
RNA preparation) were observed, but the banding pattern o f the Rt minus reaction
was always different from that of the PCR reactions, whose templates were cDNAs.
Only the differentially expressed bands, that are absent in the Rt minus lane were cut
from the gel. The cut bands were electroeluted overnight at 60V in dialysis bags.
Bands were then reamplified using the same 12-mer primers as in the RNA display
experiment, and blunt-end cloned into the EcoRV site o f pBluescript II SK
(Stratagene).
Briefly: 0.5-1 \ig DNA are resuspended in 18.5 jul H20 , to which 1.5 pi 1M
Tris pH 7.5, 2.5 pi 0.1 M M gCl], 2.5 pi 0.1M (BMercaptoethanol and 2.5 units
Klenow DNA polymerase are added. The mix is then incubated at 12°C for 10' after
which 1 pi 5mM dNTPs is added. Further incubation at 12°C is carried out for 60'.
The reaction is heat-inactivated at 70° for 5'. To phosphorylate the ends, the
following are added to the above reaction (with an Eppendorf or Gilson p2 pipettor):
0.8 pi 1M Tris HC1, 0.7 pi 0.1M M gCl], 0.7 pi 0.1M pMercaptoethanol, 3.3 ml
IpM ATP and 17 U (=1.7 pi) kinase. The mix is incubated at 37°C for 45' and the
reaction heat-inactivated at 65°C for 20', extracted with 1 volume phenol:chloroform,
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ethanol-precipitated and dried in a speed vac. The resuspended product is then
ligated into the dephosphorylated EcoRV site o f pBluescript SK" (Stratagene).
Typically, all bands from a given gel are cloned in parallel.

Test fo r elimination offalse positives [69]
Clones corresponding to differentially displayed bands were then selected
from the background of unrelated products, as follows. Briefly, colonies (typically 510/plate) are picked and transferred to 50 jul LB, and, in parallel, streaked on fresh
plates. After a V centrifugation, the pellet is resuspended in 50 pi 1% TritonXlOO,
20 mM Tris (pH8), 2 mM EDTA (pH8), and heated to 95°C for 10'. 2.5 pi o f the
lysed bacteria are then transferred to PCR tubes and amplifications are set up in a
final volume of 50 pi, using vector primers (T3 and T7).
Exactly 5 pi of each PCR reaction are run on 1% agarose gels (one per stage
analyzed). Gels are then transferred onto nylon membranes (Biodyne B, Pall) by
standard Southern blotting. Instead of Southern blot, PCR products could be simply
spotted onto nylon filters, but this procedure is less quantitative. After standard
treatment, membranes are prehybridised. Meanwhile, 10 pi o f each original RNA
display product (tubes A and B in figure 3.2) are radiolabeled with (a 3~P) dCTP to
high specific activities by random primer oligolabeling (Ambion Decaprime II DNA
labeling kit). Each of the resulting complex probes is used to hybridise a separate
filter. At this stage, it is important to utilise comparable radioactive counts (in a range
between 5 and 15xl06 cpm) in each hybridisation mix. Blots are then washed to high
stringency (down to 0.2x SSC, 0.1% SDS) and exposed few hours to overnight to
autoradiography film (Kodak XOMAT AR). cDNAs corresponding to differentially
displayed bands will yield different signals after hybridisation with different
radioactive mixes. In most instances, differences in brightness will be obvious to the
naked eye, although the data can be accurately analysed by densitometry or
phosphor imaging. In figure 3.2 there is a schematic representation and in figure 3.3
an example of the above procedure.
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Noticeably, this procedure is quantitative and exhibits a low detection
threshold, permitting the characterisation o f cDNAs corresponding to faint bands.
Compared to previously proposed methods [96, 97] this approach exhibits accuracy,
marked sensitivity and high throughput, especially when analysing gels containing
numerous 'differentially displayed' bands.

Sequence analysis
Automated sequencing with Dyedeoxy primers or Dyedeoxyterminators was
performed on an ABI 373 machine, Data bank searches (Genbank, GenEmbl,
SwissProt and PIR) were run through the BLAST server [98]. Additional sequence
analysis and contig assembly was done using the Mac Vector program (Oxford
Molecular Group) and the Sequencher program (Gene Code Corp.), respectively.

Genetic mapping
Genetic mapping was done on 96 DNAs, corresponding to the parentals and
94 N2 progeny of a (C57BL/6j X SPRET/Ei)Fl X SPRET/Ei (BSS) backcross
generated and distributed by the Jackson Laboratory (Bar Harbor) [99]. A restriction
fragment length polymorphism was identified for each cDNA cloned. Its segregation
was followed, and linkage analysis performed with the MapManager 2.6 program
[ 100].

In situ hybridisation of mouse tissue sections
For in situ hybridisation experiment [101], embryos (from E10.5 to E14.5)
were dissected from the embryonic membranes and fixed over night in freshly
prepared cold 4% paraformaldehyde (PFA) in RNase-free Ix phosphate-buffered
saline (PBS).
Embryos were then washed in PBS, dehydrated at 4°C transferring the fixed
embryos through increasing concentrations of ethanol (30%, 50%, 70%, 85%, 95%,
100%) diluted with 0.9% NaCl saline solution, for 30’ each step and Xylene treated
twice (30’ each at RT). Embryos can be stored at -20°C in absolute ethanol.
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Embedding in wax: the wax was melted, filtered through coarse o f 3MM filter
paper and store indefinitely in an oven (60°C). Samples were then transferred from
xylene to a prewarmed 50:50 xylene-wax mix (45’ at 60°C) and then passed in pure
paraffin two or three times (20’ each passage). Embryos are then transferred into
prewarmed molds and positioned for cutting in the different orientations. Embryos
included in Paraffin are stored at 4°C until they are sectioned at 5-7 jim using the
microtome. We used Superfrost Plus glass slides (Menzel), that are made by a
process which electrostatically attracts frozen and paraffin included tissue sections.
Slides were stored at 4°C in a dry box.
For the hybridisation procedure, slides were deparaffmated in xylene,
hydrated through an alcohol series (at the same concentrations o f the dehydration but
used in the opposite order), acid treated (0.2N HCL, 15’), washed in Ix PBS,
incubated at RT 10 minutes in 20 mg/ml proteinase K (in 50 mM Tris-HCl pH 7.6, 5
mM EDTA) and thereafter with 0.4% glicine PBS (2’ twice) to inhibit the Proteinase
K. After that, slides were postfixed with cold 4% PFA (20'), washed with PBS IX,
15’acetylated (0.25% acetic anhydride) and dehydrated through an increasing ethanol
series. One pi (3 x 106 cpm) of heat (65°C for 10’) denatured riboprobe, labeled with
(^S)UTP (Amersham) in the hybridisation mix (50% deionized formamide, 0.3M
NaCl, 20mM Tris-HCl pH8, 5mM EDTA pH8, 10%*dextran sulfate, IX Denhardt)
was added to each slide. Both sense and antisense probes were used. Hybridisation
was carried out overnight at 60°C. Slides were washed under stringent conditions
(60°C,

2xSSC, 50%

formamide) and

treated

with

RNase

A

(10

jag/ml).

Autoradiography was performed with Kodak NT/B2 emulsion. Exposure times were
15 days. Sections were examined and photographed on dark and bright fields using a
ZEISS SV 11 microscope.
The assembly o f the Transcription Reaction (Ambion, Maxiscript Kit) was
carried out as recommended by the manufacturer.
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Gene targeting experiment

Construction of Ebf2 gene targeting vector
Eleven Ebf2 genomic clones were isolated by screening o f 106 pfu o f a SV129J
mouse genomic library (Stratagene). In order to avoid crosshybridisation with the
other members o f the mouse E b f gene family I used as probes an E b fl 700bp SaclHindlll intronic fragment and a 450bp Apa-Xho intronic fragment, located in the 5’
region of the gene (see fig 5.1 and Chapter 5 for details). I decided to subclone in
pBluescript II SK +/ - (pBS) plasmid vector two phage clones (N.2 and N.10)
positive for both probes, in order to analyse a region o f genomic DNA flanking the
ATG in the 5' of the gene.
To this end, I first digested phage DNAs with N otl and excised the full
length inserts from both phages. Secondly, I digested phage N.10 with Sail and
excised two fragments o f 9 and 4kb. I subcloned all these genomic fragments in pBS;
positives were isolated by colony hybridisation. Although subclones 1 (from phage
10) and 2 (from phage 2) are identical in size, they represent distinct, partially
overlapping genomic fragments, spanning a 17kb region of genomic DNA. The
subclones are indicated in fig 5.2. I then generated the genomic map o f the locus by
single and double digestions using the cutters represented in the poly linker o f the
pBS vector.
I mapped a region of the locus spanning 4kb upstream of the translation
initiation (ATG) site through exon 6, located 12.5kb downstream the ATG.

Generation of the Ebf2 genomic construct: cloning steps
Modification o f gene targeting vector
Our gene targeting vector is a combination of the classical pPNT vector,
encoding the Neo and the Tk cassette with the pBS loxP Neo vector, encoding the
Neo cassette flanked by LoxP sites (gift of W. Wurst).
Due to the low number of restriction sites present in the pPNT poly linker
and to the absence of the LoxP sites flanking the Neo gene, I decided to replace the
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polylinker and Neo cassette of pPNT with that of pBS. I then modified the new
vector, eliminating the Hind3 site downstream the Neo. This last step was taken in
order to obtain a clearer difference between the Hind3 banding pattern o f the wild
type allele and the mutated one in a Southern blot hybridised with the 3' probe. Both
the Neo and Tk genes are preceded by the PGK promoter and followed by the PGK
poly A site. I called the new vector pBS-pPNT LoxP.

Cloning the S' arm o f homology into the pBS-pPNT LoxP vector
The 3’ arm of homology is 4.8kb long and extends from the EcoRI site (9000
in the map) to the end o f clone 1 (13900) (fig 5.2). To isolate this DNA fragment, I
digested subclone 1 (full length) with Hindlll and I generated a subclone containing
the 3' end of clone 1, spanning from the Hindlll site (8540) to the 3' end. To isolate
the 3' arm I digested this subclone with EcoRI, blunted the EcoRI site and then
digested the subclone with Sail to separate the insert from the pBS vector. I finally
cloned the 3' arm in our gene targeting vector downstream o f the Neo cassette into a
blunted C lal site and into Sail site.

Cloning the 5' arm o f homology into theLacZ vector
I decided to use the LacZ gene as a marker o f endogenous gene expression,
inserting the LacZ sequence in the first exon o f Ebf2 upstream of the ATG. To this
end, I used a LacZ vector (cloned in a pBluescript II KS-), encoding the complete
LacZ sequence with its own ATG in a favorable Kozak consensus sequence, and
followed by SV40 polyadenylation site (gift o f W. Wurst).
The 5' arm of homology is 3.4kb long and extends from the X hol (200, in the
map) to the Apal site located in the first exon (3660 in the map), 200bp upstream of
the Ehf2 ATG (fig 5.2). Before cloning this arm in our gene targeting vector I
subcloned it into the Lac Z vector.
Due to the presence of another Apal site (3200) in the 5' region o f the locus,
I first subcloned the 3kb X hol-A pal (200-3200) fragment in a pBS vector, secondly,
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1 subcloned the 400bp A pal-A pal (3200-3660) fragment in the same vector to
complete the 5' arm sequence. I extracted the 5' arm o f homology from pBS using two
enzymes o f the polylinker external to the cloning site, I blunted the ends o f this
fragment and subcloned it into a Smal restriction site upstream o f the LacZ gene in
the LacZ vector.

Generation o f the final construct
The last step in the generation of the Ebf2 gene targeting vector was to move
the 7kb DNA fragment encoding the 5' arm o f homology and the LacZ gene from the
LacZ vector to our gene targeting vector, encoding already the 3'arm o f homology. To
this end I excised with BamH 1 the 7kb insert from the LacZ vector and cloned it into
BamHl site upstream of the Neo cassette in pPNT-pBS-3'arm vector. After I
checked the cloning orientation, I obtained our final 19.2kb gene targeting construct,
shown in fig 5.3.

ES cell culture
Treatment o f embryonic fibroblast (EMFI) feeder layer with Mitomycin C
A vial o f primary embryonic fibroblasts (previously isolated and stored in
aliquots) was thawed and splitted in 5 (15cm) plates. When cells form a confluent
monolayer (around 3-4 days after thawing), they are incubated at 37C° with
complete medium (DMEM, Dulbecco’s Modified Eagles Medium Sigma, 10% FBS,
2 mM L-Glutamine) containing 100 pi of Mitomycin C (1 mg/ml). After exactly 3
hours of incubation, cells are washed three times with 10 ml o f PBS, trypsinised and
counted. Cells are then plated on new dishes at the appropriate concentration and let
to attach over night. The day after, the feeder plates can be used for growing the ES
cells

Electroporation o f ES cells
The method is schematised in Figure 2.1 [94, 102]. ES cells were grown in
medium DMEM (Dulbecco’s Modified Eagles Medium, high glucose, without Na41

Pyruvate, Sigma 039) 15% Fetal Calf Serum (Gibco-ES PCS, heat inactivated 30
minutes at 56°C), Na-Pyruvate, 10"4 M (Bmercaptoethanol (from Gibco), 2 mM LGlutamine and 1000 U/ml LIF (Leukemia Inibitory Factor from Heiko), on
embryonic fibroblast feeder layer. In our experiments we used TBV2 ES cell line,
derived from R1 line in Wolfgang Wurst laboratory (Max Planck Institute, Munich)
[103].
One vial of early passages ES cells was thawed and expanded. Before the
electroporation, cells should be in optimal conditions, in order to well recover after
electroporation. Cells were trypsinized and counted. Around 7 x 106 cells for each
electroporation (we performed 3-4 electroporation every time) were resuspended in
800 |d o f cold PBS. 10 pg of the Ebf2 targeting vector linearized with N otl were
added to cell suspension. Cells were electroporated in the Biorad gene puiser
(electroporation paramétrés: 0.24kV, 500pF), and left in ice for 20 minutes after
electroporation. Cells are then plated on neomycin resistant feeder layer. Two days
after electoporation G-418 (from Gibco, 200pg/ml) and Gancyclovir (2pM) were
added to the medium. Medium was changed every day. Resistant colonies were
picked after 8-10 days of selection. The well looking colonies were scraped off with a
yellow tip and transferred to one well o f a prepared 96-well feeder plate. We picked
around 300 clones for experiment.
The day after picking, clones were trypsinized and passed in a second in 96well-feeder plate. In the following days the clones were expanded: every day each
clone was checked for its growth and, when necessary, splitted 1 to 3. As a general
rule ES cells should be splitted every two days, but each clone has to be treated
individually. The goal was to obtain for each clone selected: two replica feeder plates
for freezing and three replica gelatin-coated plates (to avoid fibroblast DNA
contamination) for DNA extraction and Southern blotting (Fig.2.1). In general, clones
that grow at the same rate were put in the same 96-well plate. When cells were ready
to be frozen, they were gently trypsinized (10 minutes) with 30 jal o f trypsin per
well; the trypsinization was stopped adding 70 fd of cold medium. 100 |d o f 2X
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concentrated freezing solution (50% FCS , 20% DMSO) were then added to cells and
the plate was transferred in the -80C° freezer.

Mini Southern Blot in 96 well tissue culture plates
Cells in the replica plate for DNA extraction were grown and splitted 1 to 3
in order to obtain three replica gelatin coated plates (one for the digestion with Hind3
to check the recombination at the 3’ of the locus, one for the digestion with EcoRl to
check the 5’ of the locus and the third to be used only in case o f problems with the
other two). Cells were grown to confluence, then lysed with Lysis Buffer (lOmM
NaCl, lOmM TrisHCl,

lOmM EDTA, 0.5% N-Lauroyl sarcosine,

1 mg/ml

Proteinase K) over night at 52° C in a humid atmosphere. The next day, after 1
minute of centrifugation at 2500 rpm, lOOpl per well of a mix of cold 100% ethanol
with NaCl (exactly 150 ^1 of NaCl 5M were added to 10 ml o f cold absolute EtOH)
were added to the lysed cells for DNA precipitation. Plates are then shaken for 30
minutes at room temperature, during this time the nucleic acids precipitate as
filamentous network. The plate is then centrifuged and carefully inverted to discard
the solution; the DNA remains attached to the plate. The nucleic acids were washed
three times with 150 jul per well of 70% EtOH, each time the plate was centrifuged
and inverted to discard ethanol, after final wash the DNA was let to dry and then 25
pi per well of water were added for resuspension. The DNA is ready to be cut with
restriction enzymes. Genomic DNA was digested with restriction mixes containing
IX restriction buffer, 100 pg/ml RNAse and Ipl o f high concentration EcoRl or
Hind3 over night; the next morning 1.2 pi of spermidine (final concentration o f 4mM )
and a second pi of high concentrated enzyme were added. At least six hours after, in
general at the end of the afternoon, gel electrophoresis loading buffer were added to
each well and directly from the plates the DNAs corresponding to the frozen clones
were loaded in 0.8% agarose gel and analysed by conventional Southern blotting. To
detect homologous recombination event at the 5’ of the locus we digested DNA with
EcoRl and we used the 5’ probe (150 bp EcoR l-X hol fragment) and at the 3’ o f the
locus we digested with Hind3 and used the 3’ probe (450bp X bal-P stl).
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Fig 2.1:
Electroporation of ES cells and screening of clones
The linearised form of £5/2 gene targeting construct was electroporated into ES cells.
After 8-10 days o f selection with G418 and Gancyclovir, resistant clones were picked
and expanded. 1 and 2 are two replica feeder plates for freezing. 3 is a gelatin coated
plate for DNA analysis.
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Expansion o f recombinant ES cell line
Once a given clone scored positive, it was necessary to expand it to have a
sufficient amount of cells to perform microinjection experiments. Normally, starting
from one well of a 96 well plate it is possible to have one 10 cm plate in about two
weeks. ES cells were splitted every two days, in order to

maintain the

undifferentiated cell state, a crucial factor for germline transmission. Once expanded,
cells were stored in aliquots for microinjection experiments.

Microinjection of ES cells into mouse blastocyst
The techniques used to introduce ES cells into mouse embryos are the
microinjection into a host blastocyst or the aggregation with morula stage embryos
[94]. The aggregation method offers the advantage that it does not require expensive
instrumentation and it is easy and quick to do.

Preparation o f ES cells fo r microinjection or aggregation
A frozen aliquot of ES cells is thawed on a feeder plate. Before the day of
microinjection cells should grow 4-5 days corresponding at least at two passages, in
order to be in optimal conditions. The shape and the general state o f the cells before
microinjection are crucial for the germline transmission.

Preparation o f embryos and microinjection technique
C57BL/6J mice are widely used and commercially available, and differ from
129 mice in coat colour and at other genetic loci, which are useful as markers. Their
embryos proved to be compatible hosts for 129 ES cells; chimera formation and most
importantly germline transmission could be efficiently obtained. Five days before the
experiment C57BL/6J females mice were superovulated with injection o f 5 IU of
Pregnant mare serum gonadotropin (PMSG ) (Intervet), intraperitoneally; two days
later (three days before the experiment) 5 IU o f human chorionic gonadotropin
(Intervet) was injected in the same animals. The superovulated females were then
mated with C57BL/B6 males the night o f the second hormone stimulation. The day
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after, plugs are checked and three days after plug the mice are sacrificed to recover
blastocysts from the uterine horns. This is usually done by flushing through each
horn 0.5ml of medium by inserting a thin pipette tip into cervical end, the uterus
balloons slightly and the medium should flow freely through the tract with the blasts,
that are then recovered.
Embryos and ES cells are plated in drops of M2 medium [94] covered with a
layer of sterile mineral oil, under an inverted microscope. The blastocyst is
positioned by the holding pipette so that the inner cell mass remains protected by
the manipulation. Fifteen to seventeen ES cells are harvested in a tight column in the
tip of the injection pipette. Using the micromanipulators the injection pipette is
inserted into the blastocoelic cavity passing through the trophectoderm wall and the
ES cells are injected.

Preparation o f embryos and aggregation technique
In the case o f aggregation technique, GDI mice were used, as we needed a
large number of embryos for this kind of experiment; GDI mice females were treated
as described for microinjection experiment with the difference that plugged females
were sacrificed two days after mating, in order to recover embryos at morula stage
from the oviducts. After removing the zona pellucida by dissolution in Tyrode’s
acid, the 8-16 cell stage embryos are placed in an aggregation plate. Each embryo is
positioned in one depression together with a small clump of around 20 ES cells. The
embryo and the ES cells are in close contact, promoting their aggregation and are let
overnight in culture in a C 0 2 incubator. The next morning, the embryos have
developed into blastocysts, and are ready to be transferred into a 2.5 pseudopregnant
females.

Uterine transfer
2.5 day pseudopregnant females (mated with vasectomized mice, fig2.2) are
anaesthetised using 0.2 ml/gr body weight o f avertin. The ovary, oviduct and uterus
are exposed by a small transverse incision at the level o f the first lumbar vertebra, and
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maintained outside the body wall using a Serrefine clamp clipped into the fat pad. A
small hole is made with a hypodermic needle in the uterine wall, where the tip o f the
transfer pipette is inserted and around 13-15 embryos are blown in. After positioning
the ovary and the uterus in its original position, the body wall is sewn up with one
stitch and the skin is closed with wound clips.

Chimeras breeding
The newborn mice are chimeric, as they derived in different percentages from
the

injected SV129 ES cells

and

from

the

donor

C57BL/6J

blastocysts

(microinjection) or from the donor CD1 morulae (aggregation).
The chimeras were test-bred by crossing with wild type animals. We obtained
germline transmission

only

from

microinjection

chimeras.

By

intercrossing

heterozygous mutants of different genetic backgrounds we obtained -/- mice. A
schema o f the chimeras generation is presented in Fig.2.2.

LacZ staining procedures
E8.5-14.5 embryos were isolated, washed in phosphate buffer pH 7.3 and
immediately fixed 5-20 minutes depending on size at room temperature (Fix solution:
2% paraformaldehyde, 0.2% gluteraldehyde, 2mM

magnesium chloride, 5mM

EOT A pH 7.3 in phoshate buffer IX).
Embryos (or vibratome sections of postnatal brain) were then washed 3-5
times for 15 minutes at room temperature (wash buffer: 0.01% sodium deoxycolate,
0.02% Nonidet P40, 2mM magnesium chloride in phoshate buffer IX) and stained
for one hour to over night at 30°C or 37°C depending on the level o f LacZ activity
(staining solution: 50mgr X-gal, 0.106g potassium ferrocyanide and 0.082g were
dissolved in 50ml of wash buffer).
For Vibratome sectioning LacZ stained embryo were embedded in a gelatinalbumin mix (3gr gelatin are heat dissolved , cooled to less than 40°C, 30gr o f chicken
albumin are added and the mix is filtered before use) into a plastic mold for wax
embedding and oriented.
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Fig.2.2: Production of chimeras and germline transmission
Blastocysts for microinjection experiments derived from C57BL/6J strain (black coat). Targeted
ES cells derived from SV129 strain (agouti coat). The resulting chimeras are composed by wild type
and mutant tissues as shown by their coat colour derived from both strains. If the ES cells contributed
to the germline, chimeric mice mated to wild type ones will produce heterozygous Ebf2 offspring.
Breeding of two heterozygous mice will generate homozygous mutants
Ebf2 -/- (1/4 of the progeny). The genotypes are indicated.
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Mouse organs dissection and tissue preparation
Selected mice were anaesthetised and transcardially perfused with Ix PBS
followed by 4% PFA dissolved in 0.1 M sodium phosphate buffer pH7.4. The brain,
cerebellum, spinal cord and sciatic nerve were removed and treated differently
depending of the experiment. The brains and spinal cords were postfixed in 4% PFA
overnight at 4°C.
For embedding in paraffin, brains are postfixed two days with freshly made
4% PFA (changed every 12h), washed twice in PBS Ix for 20’ and once in 0.9%
NaCl saline solution at RT, dehydrated at 4°C in the following solutions: 30% EtOH
(Ih), 50% EtOH (Ih), 70% EtOH (over night), 85% EtOH (Ih), 95% EtOH (Ih) and
100 EtOH % (over night). Ethanol dilutions were made in 0.9% NaCl saline solution
(30% and 50%) and in water (70%, 85%, 95%). Paraffin inclusion was carried out as
follows: brains were treated with Xylene twice for Ih at RT, then were transferred in
a prewarmed (60°C) solution of 1:1 Xylene:Paraffin in the oven (60°C) for 1.30h and
three times in warm Paraffin for 1.3 Oh before the inclusion. Brains included in
Paraffin were cut with microtome in 7 pm sections.
To prepare frozen sections, brains were postfixed two hours with freshly
made 4% PFA, transferred in 10% sucrose Ix PBS (over night), 30% sucrose Ix PBS
(over night) and to a solution 1:1, 30% sucrose and OCT (frozen section medium)
(2h RT); brains are then included in OCT and stored in a -8O°C freezer. Brains were
sectioned with the cryostat at 10 pm.
For Vibratome sections, perfused brains were washed with wash buffer for 2h
(see LacZ staining procedures) and directly embedded in gelatin - albumin mix (see
LacZ staining procedures).

Nissl staining procedure
Frozen sections (i.e. Fig 6.5) were postfixed 15’ with cold PFA 4%, washed
with PBS (5’) and with water ( ! ’), dehydrated with an increasing Ethanol series then
treated 20’ with a 50:50 CHgEtOH to eliminate lipids. Slides were then hydrated
with a decreasing ethanol series, stained with Cresyl Violet Acetate (Igr Cresyl
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Violet, 60 ml Na acetate 1M, 4ml Acetic acid in a final volume of 200ml o f water) 1015 minutes and fixed with 4% PFA. After another dehydration EtOH series, slides
were passed in Xylene and mounted with DPX.
For the paraffin sections (i.e. Fig 6.4), we omitted the first EtOH series as the
slides are already dehydrated, we treated the sections twice with Xylene (10’) for the
deparaffination and then as just described.

Immunohistochemical analysis
Immunohistochemical analysis was conducted on paraffin sections o f E l 3.5
mouse embryo, with a monoclonal anti-PCNA antibody (clone PC 10, Boehringer
Mannheim). Sections were deparaffmated with two Xylene treatment (15’ each),
hydrated with a decreasing concentration EtOH series, washed in Ix PBS. Treatment
with 3% H 2 O 2 for inactivation of endogenous Peroxidase (5’ RT) and washes with Ix
PBS were followed by Ih o f incubation with blocking solution (10%FCS, 1mgr/ml
BSA, 0.1% TritonXlOO), Ih of incubation with the primary antibody (diluted
1:1000), and Ih o f incubation with a peroxidase-conjugated secondary antibody
(diluted 1:1000). The antibodies were diluted in the blocking solution, and all the
steps were carried out at RT. Signal was revealed with the Vectastain ABC kit
(Vector Laboratories), as recommended.
Other immunohistochemical analyses were performed on frozen sections with
anti Neurofilament M antibody (the monoclonal antibody was obtained from the
Developmental Studies Hybridoma Bank, University of Iowa, Department o f
Biological Sciences, Iowa City, IA 52242) . Slides were incubated 30’at 4°C in
acetone 0.3% H 2 O 2 , washed three times in PBS (10’ each), incubated in a different
blocking solution (0.1% Tween20, 15% goat serum in 1XPBS) for Ih at RT.
Incubation with anti NFM antibody (7 gg/ml) was carried out overnight at 4°C.
Incubation with an anti mouse peroxidase conjugated secondary antibody diluted
1:200 was performed for 2h at RT. Signal was revealed with Vectastain ABC kit
(Vector Laboratories), as recommended. Sections were mounted with Mount Quick
(Bioptica).
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Toluidine blue staining, Bluo gal staining and Electron microscopy
Tissues were postfixed in 1% osmium tetroxide following alcohol dehydration
and finally embedded in Epon/araldite. Semithin (one pm thick) serial coronal
sections o f cerebellum (Fig 6.6, B and C) and o f spinal cord (Fig 6.7 A-D) were cut,
stained with Toluidine blue and examined with a light microscope.
Electron microscopy analysis was performed on ultrathin transverse sections
made on a Reichert ultramicrotome, stained with uranyl acetate and lead citrate. Slides
were examined with a Zeiss electron microscope [104].
Bluogal staining was performed after postfixation with 2.5% glutaraldeyde 0.5% PFA and PBS IX washes, dissolving lOOpl of a solution Bluogal (Gibco, catN.
15519-010) 40mg/ml in DMSO) in 10 ml of staining buffer (100 pi of MgCl2 1M, 102
mgr of potassium ferricyanide and 131 mgr of potassium ferrocyanide in 100ml of IX
PBS) and incubating over night at 37°C [104].
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CHAPTER 3
Isolation of new genes by RNA display
Comparison of gene expression along the AP axis of mouse brain
As described in Chapter one, many genes with a demonstrated role in brain
patterning and differentiation present a restricted expression to specific regions along
the antero-posterior axis of the developing brain.
Starting from this point, in an attempt to isolate new developmentally
regulated mouse brain genes contributing to specific stages o f brain morphogenesis or
to the differentiation of specific structures, we set out to analyse gene expression
along the antero-posterior axis of the developing mouse CNS and to select genes
expressed within restricted domains in the embryonic brain.
To this end, we decided to analyse gene expression by comparing RNA
extracted from contiguous domains along the A-P axis o f the mouse brain spanning
the telencephalon and mesencephalon; the knowledge regarding the specification and
differentiation of this part of the brain are in fact still matter o f intense study.
To isolate the different brain domains along the antero-posterior axis, we
anatomically separated the telencephalon from the mesencephalon. To further
subdivide the telencephalon, we did not isolated specific anatomical compartements,
but we performed a sempliflcation. We subdivided the telencephalon in tw o
fractions: the anterior telencephalon (including the olfactory bulbs and the anterior
part o f the neocortex) and the posterior telencephalon (including the striatum and the
posterior part of the neocortex). We performed this cutting strategy (Fig 3.1) in order
to possibly isolate genes differentially expressed along the AP axis of the
telencephalon. In summary, we analysed the three following brain subregions
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Fig 3.1 :
General strategy to isolate locally transcribed genes
Embryonic brain preparations are dissected into compartements containing the
anterior (A) or posterior (P) telencephalic vescicles or the mesencephalon (M).
Transverse section o f E l 3 mouse brain: 1 telencephalic cortex. 2 striatum.
3 mesenchymal tissue. 4 midbrain. 5 sulcus limitans. 6 fourth ventricle.
7 alar plate o f myelencephalon 8 choroid plexus. 9 cerebellar primordium.
10 tegmentum o f the pons. 11 hypothalamus. 12 hypothalamic sulcus.
13 thalamus. 14 choroid plexus. 15 lamina terminalis.

(Fig 3.1): the mesencephalon (including dorsal and ventral mesencephalon and the
cerebellar primordium), the posterior telencephalon and the anterior telencephalon. In
addition, in several experiments, we analysed a non neural tissue (the liver) as
control, in order to preferentially isolate CNS specific genes. We pulled together the
different subregions o f a single litter, and we extracted total RNA from each sample.
Among the different embryonic stages we selected midgestation brain (E l2.5).
In fact at this stage, the developing brain still expresses genes involved in
fundamental processes of patterning, régionalisation and cell type specification while
expressing significant levels of genes lower in hierarchy, like genes involved in
differentiation processes. Therefore, the analysis of gene expression at this stage
could lead to the cloning of genes implicated in different steps o f development
(patterning and differentiation). Moreover E12.5 is an optimal embryonic stage to
analyse, due to the manageable size of anatomical compartments.

An innovative differential screening approach
To compare the expression of the different brain structures, we set up a PCRbased differential screening protocol, modified from the Differential Display (DD)
technique, described in 1992 by Liang and Pardee [65]. In the original protocol,
cDNAs are synthesised by means of anchored oligo-dT primers (oligodT preceded
by two random bases), to select subsets within given mRNA populations. First
strand cDNAs are subsequently PCR-amplified using the same downstream oligo-dT
primer and an upstream random decamer. The complex PCR product is fractionated
through a polyacrylamide gel and detected by autoradiography thanks to the
incorporation of a radioactive dNTP in the PCR reaction. The technique aims at
revealing bands corresponding to differentially expressed genes from a background of
constitutively expressed products. The problem of this technique is that products
obtained from DD gels derive almost exclusively from noncoding regions o f genes,
whose sequence analysis provides no cues regarding protein sequences. Moreover,
the technique exhibits low sensitivity probably due to the use o f inefficient, lowcomplexity (oligo-dT) primers in the PCR amplification step, and mostly reveals
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medium to high abundance transcripts, missing all the potential regulatory genes with
low level of expression.
An improvement to this protocol was developed by others [74, 75] to permit
internally

primed PCR amplification

o f cDNAs.

In

this

protocol

(RNA

fingerprinting) only arbitrary random primers are used in the radioactive PCR
amplification step. Many sequences cloned with this approach lie in coding regions
o f genes leading to useful comparison with databases but the protocol has not been
studied systematically to maximise coverage o f genes with a finite number o f PCR
amplifications.
We have developed a modified RNA display protocol featuring highly
reproducible banding patterns, marked efficiency and sensitivity, and using specific
computer selected primers that permit a non-random affinity for coding regions of
the genes. The protocol is sketched in fig 3.2, where two RNA extracted from two
hypothetical tissues are compared.

The computer selected primers
The main substantial modification we introduced in the protocol is the use of
computer selected primers in the PCR reaction. In collaboration with Dino Fesce in
our institute, we developed a computer-assisted search [1] to select, among randomsequence PCR primers (dodecamers), the most efficient ones to satisfy the following
parameters:
1) selectivity for coding regions o f transcripts
2) yielding large numbers of PCR products
3) low degree of redundancy
Each potential primer has been analysed by computer simulations o f PCR
experiments done on nonredundant cDNA sequence databases. The simulation
approach is a simplification of the experimental conditions and is governed by rigid
rules: hybridisation was assumed to occur whenever a perfect 4-base match at the 3’
end o f the primer occurred, with no more than three mismatches in the remaining
portion and a relevant PCR product was assumed to occur whenever a pairing
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occurred on the sense strand and a second pairing occurred in the antisense strand,
100-1000 bp downstream.
A series of criteria were adopted in selecting random sequence primers to be
tested by PCR simulation. These criteria where aimed at excluding primers which
would likely generate technical problems (those containing stretches o f single
nucleotide), at biasing towards coding regions (a fixed ratio o f eight Cs or Gs to four
As or Ts was used, and primers containing stop codons in the sense strand were
excluded) and at obtaining the exaustivity (at least four out o f eight nucleotides at the
3’ end were unique for each selected primer). The last constraint turned out to be
quite restrictive, in that after selecting about 100 primers, many further random
sequences had to be generated in order to find a new, compatible one. Conceivably,
this may lead to an enhanced coverage by our primer panel.
This systematic effort resulted in the selection o f a primer panel including one
hundred dodecamers (degenerate in the last nucleotide to increase in the number o f
bands obtained in a single experiment), that resulted particularly efficient in the
computer PCR simulation. Each primer is to be used individually for each RNA
display-PCR reaction [1]. We displayed each PCR reaction running an aliquot on a
polyacrylamide gel. By banding pattern comparison of different samples, we
identified one or more differentially expressed bands among the samples analysed (fig
3.2 and 3.3).

The prescreening test
The differentially expressed bands were electroeluted from the gel, reamplified
with the same primer used in the first radioactive PCR reaction and cloned. In order
to avoid the cloning of false positive bands, which is one o f the main problems
hampering the successful use of the classical differential display protocols, we
introduced a prescreening test [69] in which we analysed the clones isolated from
each excised band, prior to the execution o f the confirmatory RNA studies. The
reamplification step in fact carries a significant risk o f generating contaminant clones

56

that have nothing to do with differential gene expression, and often leads to the
cloning of housekeeping genes.
The prescreening protocol, illustrated in fig3.2, includes the following steps:
(1)5 clones for each cloned band are run on two parallel gels and blotted (the number
o f the replica gel depends by the number of the tissues compared).
(2) Each replica blot is probed separately with one freshly radiolabeled original RNA
display reaction corresponding to every tissue analysed. It is important to utilise
comparable radioactive counts (in a range between 5 and 15xl06 cpm) in each
hybridisation

mix.

cDNA

corresponding

to

differentially

expressed

bands

(potentially to differentially expressed transcripts) will yield different signals after
hybridisation with different radioactive mixes. In our experience, this test proved
fundamental to isolate the correct clone among numerous false positives.
Once the correct clones are isolated, we performed confirmatory expression
studies by Northern blot analysis. In all cases tested the result o f the Northern blot
has been superimposable to the preescreening test. In some cases transcript levels
could not be assessed by Northern analysis, requiring RT-PCR, due to the low levels
o f expression (not shown).
Fig 3.3, as an example of the efficiency o f our approach, shows an RNA
display gel in which 4 different samples, corresponding to 4 different stages o f brain
development are compared (fig3.3, A). Bands A, B and C are differentially expressed
bands. After excision, reamplification and cloning, 5 clones for each band were
blotted in parallel and hybridised with the reaction mixes corresponding to Tissue 1
and Tissue 4. The result of the clone prescreening procedure demonstrated that not
all the clones blotted corresponded to differentially expressed products. Comparing
the hybridisation patterns of the two parallel blots (fig3.3, B), only the clones
indicated by arrows show clear different intensity

and should contain the

differentially expressed sequences, the others are contaminant clones. The clones
correctly identified by the test were sequenced and further analysed for expression
by Northern blot (fig 3.3, C). The patterns o f expression o f the three cDNAs reflects
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Fig 3.2: Flow chart of the proposed RNA display method
Tubes A and B contain RNA display reaction mixes and gels are run to separate the products.
A band o f interst is excised from the lane loaded with B, corresponding to Tissue 2, and cloned.
After plating, PCR amplifications from five cloning products o f the differential displayed band
are loaded in parallel on two agarose gels, and subsequently transferred by Southern blotting.
The contents o f A and B (RNA display mixes) are re-labeled to high specific activities and
used as complex probes. The filters respresenting Tissue 1 is hybridised with A. The filter
representing Tissue 2 is hybridised with B. Analysis o f the hybridization pattern shows that
clone 2 contains the desired band.

Clone Southern blots
(one blot for each stage)

Radioactive PCR
using computer selected primers

I
hybridization of filters with differential
display products corresponding to
each differentiation stage

filter 1
clone #1 2 3 4 5

-

band of
< r interest

probe:
tissue A

i
labeled to high
specific activity
filter 2
^
clone #1 2 3 4 5
gel excision
probe:
stage B
reamplification with RNA
display primers

cloning and plating

Clone # 2 analysis by
RNA studies
Sequence

Fig 3.3: Cloning of differentially expressed bands
A: An RNA display gel comparing 4 different tissues is shown. Samples were loaded in duplicate.
Arrows indicate bands excised and eluted from the gel.
B: PCR amplification o f five cloning products per band were transferred in duplicate to two
filters (numbered 1 and 4). The filters were hybridised with RNA display reaction mixes labeled
at high specific activities and corresponding to the Tissue 1 and Tissue 4. Arrows indicate clones
corresponding to “differentially displayed” bands. Control clones came from the cloning o f a band (i)
displaying the same intensity in all the samples analysed.
C: Northern blot analysis o f the clones indicated in B confirms the expression profiles observed
by RNA display.
A

B

Tissuel ,Tissue2,Tlssue3,Tissued

| Band A| Band B| Band C|Control|

Tissuel

Tissued
BandA

Tissues 1 2 3 4
BandA

BandB

BandB

%BandC

BandC

GAPDH

the pattern o f the corresponding bands in the RNA display gel, demonstrating the
efficiency of our approach.

Cloning and identification of differentially expressed genes
In the present work, with this technique we screened around 1200 RNA
display bands (in every gel, it is possible to efficiently separate around 50-70 bands
larger than 200bp) using 18 computer selected primers. Due to a certain degree of
redundancy we could estimate that the genes analysed are around 1000; assuming
that a cell transcribes an average of 2 x 104 genes at a given time, we could roughly
hypothesised that we analysed around 1/20 of the total gene pool.

We cloned

fourteen cDNAs presenting differential expression among the different brain
structures analysed and corresponding to genes with spatially restricted expression at
E l2.5/13 along the anteroposterior axis o f the embryonic head. This suggests that
only 1.4% of the total genes analysed show regulated expression along the A-P axis
at this stage in mouse brain development.
After the confirmatory expression studies the new cloned cDNAs were
sequenced; homologies with previously cloned genes were searched through the
BLAST algorithm on available databases, accessed through the National Centre for
Biotechnology Information (NCBI) BLAST network service. It is important to note
that the majority of the cloned sequences turned out to be either identical to known
mouse genes, or to share significant homologies to the coding sequences o f genes from
different species present in the databases. This has been an important improvement
of our approach compared with the available RNA display protocols, allowing us the
rapid obtainement of sequence information for most o f the genes isolated.
The cDNAs cloned, listed in Tab 3.1, include nine genes expressed in an AP
gradient, and five genes displaying a sharp AP demarcation in their expression
domains. Lor each cDNA we performed a preliminary characterisation by sequence
analysis, mapping in the mouse genome and expression studies by Northern blot,
RT-PCR and, in few cases, by in situ hybridisation. The characterisation was more
extensive for two of these genes, displaying a sharp demarcation in their expression
60

I

I

î

!

il

i

gI
I I III
Is

1

!|S

H)

I fl

<u

<u

III

!

y

§ § § § § §

Jlmillllim

I
■S
fl
o

11
co

co

S

(Z1

I I | I

&

3JD

a& s

85 I I BB

i

gg IS

8

Üu

H I
*&
i

s

+

i

1

a SI

u u
oo oo

56 55
o u
55 8 5 5 5

I

O
<
y
o
<

O
<
u
o
<

O
<
u
o
<

HH
HH
u u
< <

sg
o o

5
3

<N<N<N<N<N<N<N<N<NCN4<N<NCSCS

e

c<ûiQ<Qi

oj û j û j o i

05 c <c < i a ; Q< f t ;

|

$ $ $ $

$ $ 8 $

$ SS SSS

ou co

m co N oo c r > o « — cnjco^-

domain along the A-P axis (HSR250, described in the next chapters and HSR270),
for all the other only a brief description is given in the next pages.

Fourteen cDNAs are expressed in restricted territories along the AP axis of
the mouse brain
In table 3.1 a list of the cDNAs isolated in this work, as well as the primers
used in the amplification reaction, the main localisation of the bands among the
different tissues and the homologies or identities found in databank are indicated.
N.2 H SR 270: Sequencing of this clone, isolated for its differential expression
restricted to the mesencephalon, identified this cDNA as the mouse homologue o f C.
elegans mab21, and of a human gene containing a triplet repeat in its 5' U TR
(CAGR1, subsequently renamed MAB21). The human and mouse proteins are 99.7%
identical whereas the mouse and C.elegans proteins are 56.7% identical.
The mab-21 gene was first isolated in C. elegans [105], and found to be
required for the choice of alternate fates by several cells in the C. elegans male tail.
Homozygous recessive mutations of mab-21 were associated with short-range
homeotic transformations in the mail tail, resulting in three cells descended from the
sensory ray 6 precursor cell adopting fates o f anterior homologues (ray 4), and a
fourth, lineally unrelated hypodermal cell transforming into a neuroblast, mab-21
mutants have additional pleiotropic phenotypes affecting body shape and fecundity,
as well as motor coordination, to suggest that mab-21 has functions outside the tail
region of male worms. Moreover, mutations in mab-21 have been shown to behave as
genetic modifiers of the effects of HOM-C/Hox gene mutations on cell ty p e
specification processes [106].
Independent human genetics work led other authors to the isolation o f a mab21 homologue in the human genome. In a search for neural degeneration genes, the
human cDNA was isolated by virtue of a CAG trinucleotide repeat in its 5'
untranslated region [107]. Although no changes have been reported in the size o f the
M AS21 CAG repeat in any genetically determined brain disorder, the transcribed
repeat displays size variation in the normal population [107], as well as meiotic
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instability [108] in phenotypically normal families. These features propose MAB21 as
a potential candidate gene for susceptibility to simple Mendelian or polygenic
neurological disorders.
The full coding cDNA is 1 kb long and was cloned by others in the laboratory
[109]. A search for similarities to known functional domains o f the predicted protein
found no hits, except for several putative serine-threonine phosphorylation sites,
two of them are found perfectly conserved in the C. elegans gene. We mapped the
mouse gene by analysing Mab21 allele segregation in the BSS backcross to proximal
chromosome 3 (not shown).
We studied the expression of the gene during development from E l 0.5 to
E l4.5 days o f embryonic development by in situ hybridisation o f mouse tissue
sections (Fig 3.4). At E10.5 (A-C, negative control in D), high expression levels are
seen in the alar mesencephalon and in the rhombencephalic basal plate (A,B), from r2
to caudal rhombomeres. A negative transversal domain was detected in the caudal
mesencephalon, isthmus and rl (A,B). In the rhombencephalon, signal is localised
mostly in subventricular/mantle layer (C). In the mesencephalon the transcript
appears distributed throughout the dorsal ventricular wall, along an increasing antero
posterior gradient. The posterior third o f the tectum, that expresses the homeobox
transcription factor E n l, seems to express the gene at lower level. Other expression
sites include the branchial arches and the genital ridge (B), the optic cup and
presumptive lens (not shown). At E l 2.5, (E-I,M,N negative control in I) the Mab21
transcript is found both in the alar and basal plates o f the caudal diencephalon (p 1)
(arrow), and in the floor plate and tectum o f the mesencephalon [110]. New
expression appears in the alar plates o f the isthmus and rl and strong signal is
detected in the alar plate of r2, the cerebellar plate, and the rhombic lip (E,H). In the
midbrain the signal is present in a subventricular mantle layer (M). In the
prosencephalon, signal is observed in the pretectum (p i), and in a restricted
superficial area of the ganglionic eminence (F). Outside the brain, signal is observed in
the maxillary region, olfactory epithelium (F,H), and retina (not shown). At E l4.5
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mMab2 dur

Fig 3.4: Expression of

In situ hybridisation of mouse tissue sections at E10.5 (A-D), E12.5 (E-1,M-N) and E14.5
(L ,0-Q ), negative controls in D, I and L. bra, branchial arches; cb, cerebellum; d, diencephalon
ge, ganglionic eminence; gr, genital ridge; hi, hindlimd bud; fl, forelimb bud; fp, floor plate;
hs, hypothalamic sulcus; 1, lens; max, maxilla; mb, mesencephalon; oe, olfactory epithelium;
rh, rhombocncephalon; sc, spinal cord; t, telencephalon; vib, vibrissae; vo, vomero nasal organ.
Arrow in E,ventral signal in midbrain.

max

max

(0-Q , negative control in L), the Mab21 transcript is detected in the dorsal midbrain
and cerebellum.
In the midbrain, signal is now observed throughout the dorsal wall, including
the ventricular layer (P,Q). Other sites o f expression include the hypothalamic sulcus
(P), the lateral ganglionic eminence (Q), the nasal and vomeronasal epithelium (P), the
retina and lens (P), the maxilla and palate (Q) and the genital ridge (Q). Postnatally,
mMab21 remains expressed in the eye and in the cerebellum (not shown).
In summary, mMab21 is a new interesting gene expressed in the midgestation
mouse embryo at sites of active cell type specification and neuronal differentiation.
Genetic and functional analysis in vivo and in vitro is underway to determine the role
of this factor during CNS development.
N.3 HSR256: Sequence analysis o f this clone revealed identity to a known
gene encoding the Ezrin protein, belonging to the ERM (Ezrin, Radixin and Moesin)
family o f cytoskeletal proteins [111, 112]. Together with the other two proteins
belonging to the same family, these proteins are thought to function as general cross
linkers between plasma membrane and actin-based cytoskeleton. We studied the
expression of the Ezrin during mouse embryo development and we found an
interesting expression pattern in developing brain (not shown). The expression o f the
gene is restricted to a sharp domain in the dorsal telencephalon at E l 0.5, later in
development the expression is widespread in all neural tube and in other tissues.
N.4 HSR254 : We found this cDNA restricted to the mesencephalon. Using
est database, we generated a cDNA contig revealing an open reading frame
corresponding to a new Histone deacetylase protein. This recently identified gene
belongs to a new mouse family of the histone deacetylase genes, involved in
remodelling of chromatin during cell differentiation. These genes are expressed in few
tissues in the adult mouse, including brain, heart and testis [113].
N.5 HSR233 : Clone 233 is restricted to the mesencephalon at E12.5. Its
sequence bears no resemblance to any published ones, including expressed sequence
tags. Analysing RNAs extracted at various developmental stages (E7.5-P10) by RTPCR, we found that clone 233 is expressed specifically in the posterior head starting
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at E10.5 and through E18.5, while no expression is detected after birth (not shown).
This time lapse includes various morphogenetic events in the mid-hindbrain, among
which the radial migration of Purkinje cells and the tangential migration o f granule cell
progenitors from the rhombic lip to the cerebellum.
N.6 HSR255: We found a band corresponding to this cDNA expressed in a
gradient with stronger intensity in the anterior part o f the telencephalon and
decreasing along the AP axis to the mesencephalon. This cDNA corresponds to a
portion o f K izl/ LIM kinase 1, a known gene, encoding a protein kinase, containing
two LIM motifs. In the paper describing the cloning o f this gene, the authors found
the mRNA expressed in restricted regions o f the developing and adult mouse brain, in
particular in the cortex and in the olfactory bulbs, this could be the reason why we
found a band in the anterior telencephalon fraction [114]. During last years this gene
has been extensively characterised by different groups. Mutations in this gene are
implicated in Williams syndrome (WS), a developmental disorder that includes poor
visuospatial constructive cognition [115]. Other authors demonstrated that Kiz1/LIMkl is the kinase responsible for the inactivation by phosphorylation o f cofilin,
a ubiquitous actin binding protein essential for actin depolimerization, suggesting a
central role of Kiz-1/LIM kl in actin cytoskeleton dynamics and in the regulation o f
cell motility and morphogenesis [116, 117]
N.7 HSR251 : This cDNA was isolated by virtue o f its stronger expression in
the midbrain compared to the forebrain. Sequence analysis o f clone 251 reveals
homology to the Plasma membrane Calcium ATPase (PMCA) family, including
proteins involved in the transport of calcium and other cations across the plasma
membrane. D2Ggc5e is a new vertebrate member o f this class o f proteins, with
greater similarities to a C. elegans sequence (GenBank accession No. U80025) and a
yeast sequence (GenBank accession No. Z38060 ). Recently, a partial mouse
sequence identical to our cDNA has been published [118].
We mapped this cDNA on the BSS backcross to mouse chromosome 2,
showing cosegregation with D2Mit52 in all 94 meioses analysed. The mouse map
region is syntenic to human chromosome 20ql3. This broad region o f the human
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genome contains genes whose mutation associates with neonatal seizures or
electroencephalographic changes [119].
We studied the expression of this cDNA by Northern blot analysis. Clone
251 identifies a developmentally regulated transcript expressed in the brain at low
levels at E10.5, and at increasing levels thereafter. At E12.5, an expression gradient is
visible along the AP axis, with higher levels in the midbrain and posterior
telencephalon than in the anterior telencephalon, possibly reflecting a localised role in
the differentiation and function of head structures. The gene is mostly expressed in
the nervous system (brain and cerebellum) from late midgestation through adulthood.
Lower expression levels are seen in other organs, such as the lung, testis and prostate
(not shown).
N.8 H SR 257 : This cDNA was isolated for its differential expression pattern
in the midgestation brain, with sustained expression levels in the midbrain and
posterior end o f the telencephalic vesicles, and considerably lower levels in the
anterior telencephalon. The sequence corresponds to the mouse ortholog o f the
Huntingtin-associated protein [120], which displays a restricted expression in the
adult brain [121].
We mapped H apl to mouse chromosome 11, displaying cosegregation with
Brcal in all 94 meioses tested from the BSS backcross N2 progeny. The BRCA1 gene
maps to 17q21, in a very large segment o f synteny between MMU2 and human 17q,
suggesting that the HAP1 gene lies roughly at the same location on the long arm of
chromosome 17. Recently two mouse genes have been cloned by others, one o f them
corresponds to our gene [122].
N.9 HSR252: This cDNA corresponds to a known gene, encoding mouse
Pendulin, a protein transporter from the cytoplasm to the nucleus [123] We found
the gene differentially expressed along the AP axis with an expression gradient
increasing from the anterior telencephalon to more posterior brain structures. Results
from other authors showed that this gene is expressed in many other adult tissues.
N.10 HSR258: We found this cDNA expressed in a gradient from the antero
to posterior part o f the embryonic brain. By using the Est database, we generated an
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extended cDNA contig revealing to an open reading frame o f 1400bp. The
corresponding human gene has been mapped by others in the Wolf-Hirschhom
syndrome critical region [124] The Wolf-Hirschhorn syndrome is a multiple
malformation syndrome characterised by mental retardation and defects in brain
development, resulting from the partial deletion o f the short arm o f one chromosome
4 (4pl6.3).
N. 11 H SR259: We found this cDNA preferentially expressed in the
mesencephalon. The sequence corresponds to the mouse ortholog o f a human 5kb
cDNA present in GenBank (GenBank accession No. ABO 14608). The function o f
this gene is unknown. Based on sequence data base analysis, tissue distribution and
time o f expression, we elected to continue the characterisation o f three additional
differentially expressed genes, described in the following chapters.
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CHAPTER 4
Characterisation of the Ebf2 gene
Isolation of E bf2 gene
In one of the RNA display gels, a band corresponding to the clone HSR.250
was found almost exclusively expressed in the mesencephalon. Sequence analysis of
this clone by database search using BlastN and BlastX algorithms revealed 72%
identity at the nt level with a mouse gene named Ebf, for Early B-cell Factor [77]
encoding an helix-loop-helix transcription factor and found to control B-cell
development. E b f is virtually identical to an independently cloned rat gene named
Olf-1 (Olfactory transcription factor 1) found to bind a regulatory m otif common to
several olfactory neuron-specific promoters [79]. With the isolation o f this new
sequence in mouse a new family of three closely related mammalian HLH genes is
defined: E b fl, that corresponds to the first member isolated (previously named Ebf),
Ebf2, that corresponds to the gene isolated by our group and Ebfl, a third member
isolated by others [2-4] .

Mapping of E bf2 gene
Genetic evidence obtained by other authors had assigned E bfl to mouse
chromosome 11. To strengthen our evidence, defining Ebf2 as distinct member o f the
family, we set out to localise Ebf2 in the mouse genome by linkage analysis in the
BSS backcross generated and maintained at the Jackson Laboratory [99]. Using a
primer pair from a region of low-degree o f homology with Ebfl and E bfl, we
amplified a 2.7 kb genomic fragment spanning an intronic sequence in the coding
portion o f the gene. The experiment was conducted on the parental strain DNAs o f
the BSS backcross (C57BL/6JEi, B6 and SPRET/Ei, sp). Automated sequencing of
the product's ends confirmed them as part o f the Ebf2 gene. The PCR product was
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Fig 4.1 Mapping of E bfl in the mouse genome
Above, haplotype and linkage analysis o f E b fl and flanking loci on mouse chromosome 14
through the analysis o f the BSS backcross (the Jackson laboratory). Empty squares indicate
the Mus Spretus allele; solid squares indicate the C57BL/6J allele. Grey squares, genotype
not determined. Numbers to the right indicate recombination fractions and lod scores.
Columns represent different haplotypes observed on chr.14. Numbers below columns define
the numbers o f individuals sharing each haplotype. Below, position o f E b fl on chr.14 with
respect to nearby markers independently mapped by others on the BSS backcross. Numbers
on the left represent approximate genetic distances from the most centromeric chrl4 marker
in this cross.
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digested with frequent cutters (Rsal, SauSAI, TaqI, and MspI).

An M spI

polymorphism was identified,consisting o f 2,450 and 250 bp fragments in B6 DNA
and a 2,700 bp fragment in sp DNA. This polymorphism was employed to type the
94 individual N2 progeny of the BSS backcross by PCR and RFLP analysis. 93 out
of 94 progeny were typed

successfully.

Linkage analysis

performed with

MapManager 2.6 unequivocally localised Ebf2 to mouse chr. 14, 1.1 cM distal to
Raftk [125] (LOD score 25.6), and 2.3 cM proximal to Nfl [126] (LOD score 22.6).
The data are summarised in fig. 4.1. The human homolog o f Nfl has been mapped to
chromosome 8p21 [127, 128].
Other authors determined the chromosomal location o f E b fi on the mouse
chromosome 7 [3]. It therefore appears that the three E b f genes although closely
related in sequence are not clustered in the mouse genome.

Cloning of the E b/2 full coding sequence
We then set out to isolate clones spanning the entire coding sequence o f Ebf2.
To this end, we plated out 6x l0 3 pfu from an embryonic day 11.5 whole embryo
cDNA library (Clontech cat#ML1027). Again, as a probe, we utilised a region o f
Ebf2 displaying low-degree similarity to Ebfl and EbfS. After high stringency
hybridisation and washes, we isolated five positives, one o f which spanned the full
length transcript (5.4 kb, corresponding to the band detected by Northern analysis,
not shown). By adopting a strategy involving both shotgun cloning and primer
walking, we obtained the double strand sequence o f the cDNA. The sequence
contains a 1659 bp open reading frame preceded by an in-frame stop codon.

E bf2 belongs to a phylogenetically conserved gene family
The deduced peptide sequence (575 residues) was analysed with a variety of
local and on-line programs. The primary sequence is 75% identical to the other EBF
proteins.
A schematic aminoacid sequence comparison o f the three mammalian EBF
proteins with the other members of the family cloned more recently in different
71

Fig4.2: Sequence alignement of EBF proteins
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species, including the C elegans protein Unc3, the Drosophila homolog collier, the
Xenopus laevis and Zehrafish proteins is shown in Fig 4.2. A characteristic feature o f
this HLH protein subfamily is that its members lack the basic domain found
upstream of the first a-helix in bHLH transcription factors, which mediates DNAbinding. For the Ebf factors, the establishment o f DNA-protein interactions is
mediated by an N-terminal domain, inclusive of a zinc finger element, while the HLH
domain appears exclusively involved in dimérisation [80] and protein-protein
interactions [81], a transcriptional activation domain is located in the C-terminal part
of the protein.
The more conserved regions are clustered in the DNA binding domain (residues
50-250 o f the EBF2 sequence, boxed in blue) around the putative zinc-fmger
(residues 156 to 173, sequence HEVMCSRCCEKKSCGNRN) and in the helix-loophelix domain (residues 357 to 414, boxed in yellow). In these regions there is 86%
identity at the aminoacid level between the Ebfs and collier and around 90% identity
between the three Ebfs. It should be noted that the second helix o f the dimérisation
domain is absent in collier and in Unc3 proteins. Also, perfectly conserved is a
putative nuclear targeting domain (residues 241 to 245) sequence RRARR (NLS,
boxed). In the region upstream the DNA binding domain the sequences are more
divergent but blocks of similarity can be observed. Downstream the dimérisation
domain, in the C-terminal transcriptional activation domain, very limited similarity is
observed between collier and mammalian proteins, apart from a common richness in
serine and threonine residues. In contrast the three EBFs maintain significant
similarity in this region although less than in the other domains o f the protein (56%
identity).

Expression of Ebf2 in the midgestation embryo
To characterise the distribution of Ehf2 transcript in the embryo, we performed
in situ hybridisation of mouse tissue sections at embryonic days 10.5-12.5-13.5 and
14.5 (Fig. 4.3). As a riboprobe, we employed a 377 cDNA fragment located in the
3 ’UTR displaying 66% identity to the other Ebf genes.
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A-C):

Ebf2

expression

is

localised

to

the

whole

rhombencephalon (rl-4) (A) and, to the mesencephalon. Both alar and basal plate
cells are positive, unlike the floor plate (fp) and roof plate (rp) (B). In the peripheral
nervous system, the gene is expressed in the trigeminal ganglion (maxillary
mesenchime) and in the dorsal root ganglia (C). E bfl expression was also detected in
the somites (C) and in the dorsal maxillary epithelium (not shown).
E l2.5: at this stage (Fig 4.3 D-H), the expression o f E b fl includes a rostral
domain (met-mesencephalic territory, excluding the basal portion o f the fossa
isthmica), a caudal domain (spinal cord), and the anlage o f the nasal epithelium.
Rostrally, expression stops between M es-pl (F), to resume weakly in prosomere 1
and, more strongly, between pi and the dorsal thalamus (p2) (G), caudal to the
retroflex or habenulo-interpeduncular tract. Moreover, low-level signal is observed in
the preoptic area and mamillary region. In the ri-r4 interval, expression spans the
cerebellar plate and pontine nuclei. Caudally, the expression domain stops abruptly
at the r4-r5 interrhombomeric boundary, to resume from r7 all the way to the tail,
restricted to the alar plate neuroepithelium (E,F). Fhe fossa isthmica does not
present labeling in its ventral midline, while the trigeminal and dorsal root ganglia are
positive (D,H).
E13.5-14.5: At these stages (E13.5: fig.4.3 I-L, E14.5: fig.4.3 M), central
nervous system areas expressing the gene at high levels are the mesencephalon and
metencephalon and the cerebellar plate. Weak labeling is also observed in the alar
plate of the rostral diencephalon and telencephalon. While the alar spinal cord
expresses E b fl at E l 3.5, this expression disappears at E14.5. Extraneural labeling for
E bfl can be detected in the limb bud. At all stages examined, very strong signal is
present in the olfactory portion of the nasal cavity, with a sharp demarcation at the
boundary with the respiratory epithelium, which does not express the gene. No other
major expression sites could be seen at the embryonic stages examined.
Fhe neural tube consists in a ventricular zone, where mitotic neurons proliferate
and in a mantle where postmitotic neurons mature and differentiate during the radial
migration to the external layers of the neural tube. At all the stages analysed the
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Fig 4.3: Expression of Ebf2 during development
mRNA in situ hybridisation of embryonic mouse tissue sections at E10.5 (a-c), E12.5 (d-h)
E13.5 (I,L) and E14.5 (M) days postcoitum. B,G,H and L are coronal sections, A,C-F,I and
M are sagittal sections. Cb: cerebellum, CX: cerebral cortex, DRG: dorsal root ganglia
DT:dorsal thalamus, fp:floor plate, I: isthmus, LGE: lateral ganglionic eminence,
M:mesencephalon, MGE:medial ganglionic eminence, nemasal ephitelium, p 1-p4:prosomeres,
rl-4:rhombomeres, rh: rhomboencephalon, rp:roof plate, s: somites, sc:spinal cord,
T:telencephalon,V:trigeminal ganglion, VNO:vomero nasal organ.
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expression of Ebf2 is restricted to a thin layer of neurons located at the internal
margin o f the mantle layer neighbouring to the ventricular zone. To study if neurons
that

express Ebf2 are postmitotic

or proliferating neurons, we performed

immunohistochemical analysis on adjacent sections with an anti PCNA monoclonal
antibody (fig. 4.4), used as a marker of proliferating neuroblasts [129] .
The comparison of Ebf2 non radioactive in situ hybridisation signal (fig. 4.4, A)
and PCNA immunohistochemistry (fig. 4.4, B) on adjacent sections reveals that the
patterns o f expression of Ebf2 and PCNA are not overlapping; in fact, Ebf2 is
expressed in a thin stratum of the ventricular wall that seems external to the
ventricular zone (positive for PCNA expression). Therefore we suppose that Ebf2
gene could be expressed in the first postmitotic neurons. The layer o f Ebf2
~expression in the neural tube seems to be a subventricular layer apical to the
interkinetic migration range of neuroepithelial cells. The ventral part o f the neural
tube is less positive for PCNA immunolabeling, probably due to a not perfecly
oriented cut plane. Bromodeoxyuridine labelling studies performed by others [3]
confirm these data, indicating that E bfl as well as Ebfl and E bfl are expressed in
postmitotic neurons.
To extend the

characterisation o f E b fl expression beyond

embryonic

development, we determined the distribution o f the transcript in adult mouse tissues
by RNAse protection assay (not shown). In the adult mouse, E b fl is specifically
expressed in the cerebellum, hippocampus, olfactory organ, muscle, heart, ovary and
testis. Very low-level or absent signal is observed in the kidney, liver, spleen and
intestine.

Comparison of E b ff Ebfl and Ebfl expression

during

mouse

CNS

development
In order to study the possible specific role o f E b fl during CNS development,
we compared the expression of E bfl with that of the other two members o f the E b f
mouse gene family, Ebfl and Ebfl. A comparative analysis of the three genes
expression was conducted by our group and by other authors [3] and revealed that
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Fig4.4: Ebf2 is expressed in postmitotic neurons
A: nonradioactive in situ hybridization o f an E13.5 mesencephalic coronal section
with Ebf2 probe. The subventricular layer o f postmitotic neurons is marked,
fkimmunohistochemical analysis with anti-PCNA monoclonal antibody o f an
adjacent section. The ventricular layer o f mitotic neurons is marked

the three genes have very similar patterns of expression along the entire rostrocaudal axis from midbrain to spinal cord, starting from E9.5 to E l 4.5 o f mouse
development. Region specific differences of expression are observed in the forebrain.
The more evident difference of expression is in the striatum where only Ebfl is
expressed [3].
We could not find many relevant region specific differences o f expression
between the three Ebfs, but we observed a differential expression at the level of
neuronal maturation as shown in fig 4.5, where comparative in situ hybridisations on
adjacent sections o f mouse spinal cord are shown. The three genes are transiently
expressed in differentiating neurons, but if Ebf2 expression is restricted to the
subventricular mantle layer of the early postmitotic neurons, Ebfl and EbfS are
widely detected in the mantle layer in more differentiated cells. After terminal
differentiation, the neurons downregulate Ebfl and EbfS (not shown) therefore it
seems that the activation and downregulation o f the E b f genes correlates with
different stages o f neuronal maturation. In particular, the Ebf2 gene seems to have a
specific expression in the early steps o f neuronal differentiation, the other two genes
in contrast could regulate the terminal differentiative steps of the neurons. This point
could be crucial for the analysis of the different functions of the three Ebfs.

Conclusions
In conclusion, after a preliminary characterisation of E bfl, it seems that this
gene shares many properties with the other members of the mouse E b f family. In fact
as shown before
1) E bf proteins display more than 75% overall identity (Fig.4.2), with clusters
o f 90% identity at the level o f functional domains.
2) Ebf proteins are expressed in a specific and regulated fashion in brain and
olfactory development with very similar patterns o f expression with the
exception of the forebrain.
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Fig4.5: E b f 1,2,3 are expressed in neurons at different
stage of maturation
In situ hybridization of El 2.5 transverse sections of mouse spinal cord with probes
specific for Ebfl, 2, 3. Ebf2 is expressed in a subventricular layer of neurons, Ebfl
and Ebf3 are expressed in more differentiated neurons of the mantle layer.
SC: spinal cord, S: somites, drg: dorsal root ganglia.

3) work performed by our lab and by other authors [4] indicated that Ebf
proteins share the same functional binding properties; in fact, they showed
that all the three proteins bind the same palindromic nucleotide sequence
identified for Ebfl [77, 80] and are all transcriptional activators and can
homo- or heterodimerise with each other with equal efficiency.
These data suggest a possible redundancy o f the function between the Ebf
genes. Moreover, the analysis of the Ebfl -/- mouse revealed a specific function of
Ebfl in the spleen [92] and in those regions o f the brain, like the striatum [93] and the
nuclei of facial ganglia[130], where Ebfl is the only gene of the family to be expressed.
In the other regions of the CNS where at least one gene of the family is expressed, the
lack of Ebfl seems to be compensated by the expression o f the other members o f the
family.
The comparative analysis o f the three Ebfs expression during CNS
development did not reveal any specific neural structure, where Ebf2 is the only
member o f the family to be expressed; however, we observed that Ebf2 is expressed
in more immature neurons compared to the other two genes expressed in neurons at
higher level of maturation. This differential expression could suggest a possible
specific function o f Ebf2 in the early steps of neuronal differentiation.
To investigate this point and the possible specific function o f Ebf2 during
CNS development we decided to generate a mutant mouse carrying a homozygous
null mutation within the Ebf2 gene.
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CHAPTER 5
Generation of an

mouse

Generation of an Ebf2 gene targeting construct
Isolation o f an intronic probe
In order to obtain a gene targeting construct for the Ebf2 gene, I studied the
genomic structure of the gene. To this end, I set out to screen a genomic phage library
(SV129J). Due to the high degree of cDNA sequence homology among the three
mouse members of the E b f class, I decided to isolate an intronic probe specific for
the£&/2 gene to prevent cross-hybridisation with the other members.
To this end I PCR amplified SV129 genomic DNA with a primer pairs
flanking the Ebf2 start codon, and I obtained a genomic band o f 3.5 kb (Fig 5.1). After
the subcloning and the restriction mapping o f this PCR band, I isolated a 700bp SaclH indlll fragment at the 5' of the clone (Probel) and a 450bp Apa-Xho fragment at
the 3' of the clone (Probe2) suitable for use as intronic probes. Both probes, tested
by hybridisation o f a genomic DNA Southern blot, produce specific banding patterns
with very low level of background.

Screening o f a genomic library and subcloning o f genomic clones
I performed a primary screening of an SV129J genomic phage library, isogenic
to the embryonic stem cells (ES) line chosen for the E b fl gene targeting experiment
and I isolated eleven positive clones. I subcloned in pBluescript II SK +/ - (pBS)
plasmid vector two phage clones (N.2 and N.10) positive for both probes, in order to
analyse a region o f genomic DNA flanking the ATG in the 5' o f the gene. Although
subclones 1 (from phage 10) and 2 (from phage 2) are identical in size, they represent
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Fig 5.1:
Isolation of intronic probes specific for

gene

Schematic representation of the E b fl cDNA (blue-sky boxes indicated the functional domains)
and of the 5' genomic clone obtained by PCR amplification o f genomic DNA with primers
F and R. In the map o f the genomic clone the first three exons o f the gene and the restriction
sites used to isolated the E b fl specific probes are shown.
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distinct, partially overlapping genomic fragments, spanning a 17kb region o f genomic
DNA. The subclones are indicated in fig 5.2.

Restriction map o f the Ebf2 genomic locus
I obtained the restriction map (fig 5.2) o f the subclones using a combination
o f single and double digestions using most of the cutters represented in the poly linker
o f the pBS vector. I confirmed the order o f the restriction fragments in the map by
Southern blot analysis.

Exon-intron mapping o f the Ebf2 gene
I started to generate the exon-intron map o f the locus, analysing the genomic
subclone obtained by PCR with the two primers flanking the translation start site
(ATG) o f the gene (fig 5.1). Sequencing the ends of this clone, I mapped the end o f
the first exon and the start of the third gene exon (fig 5.1). I then PCR amplified
genomic DNA with primers pairs synthesised at specific positions on the cDNA:
i.e.a forward primer few bases upstream the known exon-intron boundary and a
reverse primer around one-two hundred bases downstream; in few cases the size o f
the amplified band on the genomic DNA was greater in size than the distance o f the
two primers on the cDNA, suggesting the presence o f a new intron. I then cloned the
resulting genomic fragments and sequenced their ends, mapping new exon-intron
boundaries and so on. In this way, I was able to finely map the first 6 exons o f the
gene and to precisely define the position o f the start codon (first exon) and o f the
sequence encoding the zinc finger element (shared between exons 5 and 6), as
indicated in fig 5.2. This approach was particularly helpful due to the fragmented
structure o f the gene with many short exons.
Combining these data with the restriction analysis, I mapped a region o f the
locus spanning 4kb upstream o f the translation initiation site through exon 6, located
12.5kb downstream the ATG.
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Fig 5.2: Map of the E bfl genomic locus
A: Schema o f the genomic fragments subcloned.
B: Map o f the 5’ region o f E b fl genomic locus, spanning a region o f 17 kb o f genomic DNA.
The position and the length o f the first 6 exons o f the gene are indicated. ATG is located in
the first exon and the zinc finger element is shared between exon 5 and exon 6.
The position o f the main cutters is shown. The genomic regions used as arms o f homology
and the restiction sites used to isolate them are displayed in red. The restriction sites used to
discriminate homologous recombination with the 5’ and 3 ’ probes are displayed in green.
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Features o f the Ebf2 genomic construct
I planned to generate a construct with the following features:

1) Sequences homologous to the endogenous locus (8-10kb)
2) Positive selection cassette containing the Neomycin resistance gene (Neo),
with the phosphoglycerate kinase (PGK) promoter and polyadenilation site,
flanked by two LoxP sites. This selection marker in a targeting construct may
serve two functions. Its primary purpose is as a selection marker to isolate the
rare transfected cells that have integrated the gene targeting construct. These cells
will be resistant to the drug G418, that kills nonrecombinant cells. Secondly, the
positive selection marker can serve as a mutagen, if it is cloned into a coding exon
or replaces coding exons. If necessary, the presence o f the loxP sites will make it
possible to excise the neo gene in the homologous recombinant clones.

3) Negative selection cassette, encoding the Thymidine kinase gene (Tk) with
the PGK promoter and polyadenylation site, to be located at the 3' end o f the
construct. The Tk gene enriches for targeted events, in fact this part o f the vector
will not integrate in the DNA in case o f homologous recombination. All the cells
that randomly integrate part of the construct containing the negative selection
marker will not survive gancyclovir treatment.

4) The LacZ gene, encoding the bacterial (3-galactosidase enzyme to be cloned
upstream o f the Neo cassette in order to have a single insertion box encoding both
LacZ and Neo. I planned to use the LacZ gene as a reporter o f Ebf2 promoter
activity. The presence of the LacZ in the construct will allow us to finely study
the expression of the gene, moreover comparison o f LacZ expression in
heterozygous and homozygous mutants will help us to identify the possible
abnormalities and lesions induced by gene inactivation.

Generation o f the Ebf2 genomic construct: different strategies
In order to produce a gene targeting construct, we carefully analysed the genomic
map and we evaluated different strategies to generate a null allele. The deletion o f the
full coding sequence turned out not to be feasible due to large size o f the locus.
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1) Deletion of the start codon: Due to the available restriction sites, this would
have entailed deleting part of 5' UTR, the ATG, 65 nucleotides o f the first exon
and part o f the first intron. The risk o f this possible targeting construct is the
presence o f 2 in-frame ATG's in exon 5 (other 4 in-ffame ATGs are present
between exon 6 and the stop codon); in case of homologous recombination, the
translation does not start from the normal start codon, because that is deleted;
however, if in some way the rest of the gene is transcribed past the Neo cassette,
translation could start in exon 5, giving rise to a protein containing the zinc finger
element and all subsequent important domains of the wild type protein.

2) Deletion of one or more exons: the substitution or the insertion in one exon of
the LacZ-Neo cassette carries the risk o f exon skipping, due to the large size of
the mutated exon [131]. The exons 2, 3, 4 and 5 o f the Ebf2 gene have a unit
number of codons. In this particular case the insertion of the selection cassette in
one o f these exons or the substitution of one of these exons with the cassette
itself would carry a high risk. In case of exon skipping, the frame could be
restored generating a protein with some residual function. This would likely
behave as a dominant negative allele.

3) Deletion of the zinc finger element: the analysis o f the genomic structure o f
the Ebf2 gene led us to exclude also this possibility, because the zinc finger
element is encoded by exons 5 and 6 that are separated from a 6kb intron. The
deletion to eliminate the entire zinc finger element is too large and then
impractical.
After the careful analysis of all these possible solutions, we decided in favour o f a
safe strategy, combining several different possibilities. We decided to generate a large
deletion o f 5.2 kb in the endogenous locus, encompassing the translation initiation
site and the first 5 exons, including half of the domain encoding the zinc finger. We
replaced this region of genomic DNA with the 5kb LacZ-neo cassette.
In this way, we eliminated the endogenous ATG, blocking the synthesis o f the
Ebf2 protein. Assuming regulatory regions are preserved, LacZ ATG will be used as
a translation initiation site. The deletion of the exons 2 to 5 encompassing most o f
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the N terminal DNA binding domain including two aminoacids o f zinc finger element
(exon5), generated a functional mutation in the Ebf2 protein, that will be unable to
correctly bind DNA.
Although the extension of the deletion could have affected the frequency of
homologous recombination, I tried to circumvent the problem replacing the
endogenous sequences with an insertion cassette of the approximate same size. In
any case we chose this drastic solution, in order to avoid generating truncated
polypeptides that could still retain partial or full activity. The predicted structure of
the mutated allele is shown in fig 5.4.
I then studied the genomic map of the locus and the restriction sites available in
order to determine:
1) the 5’ and 3’ arms of homology,
2) the linearization site,
3) the genomic fragments flanking each end o f the targeting construct to be used as
probes in the screening of recombinant ES cell clones.
Having done this, I could finally start cloning the Ebf2 gene targeting construct (a
detailed description o f the cloning steps is in Chapter 2).
We used as a vector a pPNT vector modified by the substitution o f the Neo
cassette with the Neo cassette flanked by LoxP sites o f the pBS LoxP Neo vector
(gift of W. Wurst). Upstream the Neo cassette I cloned in the same orientation the 5’
arm of homology (a 3.4kb fragment extending from a X hol site to an A pal site
located 200bp upstream the ATG of the gene) and the LacZ cDNA sequence (gift of
W. Wurst). Downstream the Neo cassette I cloned the 3’ arm o f homology (a 4.8kb
fragment extending from an EcoRl site located 5.5kb downstream the ATG o f the
gene). All the cloning steps used for the generation of the Ebf2 gene targeting vector
are described in greater detail in the materials and methods section (Chapter 2). With
this construct 5.2kb of genomic sequence were deleted, including the ATG and the
first five exons of the gene.
The final 19.2kb gene targeting construct, shown in fig 5.3, contains the
following components:
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1) a Not I linearization site,
2) a 3.4kb 5' arm of homology encompassing the 5' untranslated region o f the gene up
to the Apal site in exon I, 200bp upstream o f the ATG.
3) the lacZ gene
4) the neo gene flanked by LoxP sites (positive selection),
5) a 4.8kb 3' arm of homology
6) the tk gene (negative selection).

Isolation o f the 5' and 3' probes to screen for homologous recombination
I have also cloned DNA fragments flanking each end o f the targeting
construct, to use as probes in the screening of recombinant ES clones (Fig 5.2 and
5.4).
The homologous recombination event at the 5’ of the locus will be scored in a
Southern blot of genomic DNA digested with EcoRl. I will use as a probe, a 150bp
fragment external to the 5’arm, and extending from the EcoRl site (50bp in the map)
to the X hol site (200bp). The size of the wild type band will be 8kb (EcoRl 50EcoRl 8000) (Fig 5.2), the size of the recombinant band will be 3.5kb (EcoRl 50EcoRl 3500 in the construct, located upstream of the LacZ sequence).
The homologous recombination event at the 3’ o f the locus will be scored in
Southern blot o f genomic DNA digested with Hind3. I will use as a probe a 450bp
fragment external to the 3’arm extending from the X bal site (14200bp in the map) to
the Pstl site (14650bp). The size of the wild type band will be 7.3kb (Hind 8540Hind3 15800) (Fig 5.2), the size of the recombinant band will be 9 kb (Hind3 located
upstream the Neo sequence in the construct - Hind3 15800).
The targeted locus is shown in Fig 5.4
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Fig 5.3: Schematic representation of the Ebf2 gene
targeting construct
The linearisation site, N otl, the 3.4kb Xhol-Apal 5' arm o f homology and the
EcoRl-Sall4.8kb 3' arm of homology are displayed in red. The LacZ gene is
displayed in blue-sky colour, the neo gene (positive selection) in green and the
tk gene (negative selection) in blue.The neo gene is flanked by two LoxP sites
(black triangles). The complete restiction map o f the construct is shown.
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Isolation o f hom ologous recom binant ES cell clones

Pluripotent mouse embryonic stem cells (ES) are derived from the inner cell
mass (ICM) of mouse blastocysts. Using stringent culture conditions, these cells can
maintain their embryonic developmental potential even after many passages in
culture and following genetic manipulation. Genetic alterations introduced into ES
cells in this way can be transmitted into the germline by producing ES cell chimeras.

Introduction o f the genomic construct into mouse ES cells
The N otl linearized construct was electroporated into the TBV2 ES cell line.
This line was derived from the R1 line in Wolfgang W urst's laboratory [103].
ES cells grow on a feeder layer of embryonic fibroblasts in a particular culture
medium. After 8-10 days of selection with G418 and gancyclovir, I picked resistant
ES cell clones and collected them in 96 well feeder plates; in the following days ES
cell clones were expanded in order to have 2 replica plates for freezing and 2-3 replica
plate for DNA extraction and southern blot analysis (see Chapter 2 and fig 2.1 for
methodological details).

Isolation o f the positive clones
I first analysed 700 ES cell clones, obtained in three different electroporation
experiments performed in the laboratory o f Wolfgang Wurst at Max Planck Institute
in Munich. The Ebf2 locus was analysed by Southern blotting with either o f the two
DNA probe flanking each end of the construct. The homologous recombination at the
5' o f the locus was analysed digesting genomic DNA with EcoRl, and hybridising
with the 5' probe. The homologous recombination at the 3' end o f the locus was
analysed digesting DNA with Elind3 and hybridising with the 3' probe.
Two clones (A4 and A5) out o f 700 revealed homologous recombination, as
demonstrated by the appearance of recombinant bands o f the expected size (Fig5.4).
The ES cell colonies of the clone A4 showed a nice undifferentiated morphology, in
contrast some ES cell colonies of the clone A5 were flat and with irregular borders
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similar to differentiated cells. We injected into mouse embryos both the homologous
recombinant clones.

Microinjection of ES cells into mouse blastocysts
Mammalian embryos are extremely resilient in the early stages o f their
development and can not only tolerate abuse or loss o f tissue, but can also
functionally incorporate cells from other embryos. The extent o f contribution o f the
foreign cells will depend on their normality, their genotype and the state of
undifferentiation. ES cells behave like normal cells and if they are returned to the
embryonic environment, they can contribute to many kinds o f tissues in the resulting
chimeras suggesting that ES cells have the full potential to develop along all lineages
of the embryo, including the germline. The techniques used to introduce ES cells into
mouse embryos are the microinjection into a host blastocyst or aggregation with
morula stage embryos [94].
The contribution of ES cells to the chimeras is evaluated by chimerism o f coat
colour. Chimeric combinations of strains that differ at only one coat colour locus,
allow a simple visual appreciation of the degree of tissue contribution o f each
component in terms o f the proportion of the coat that expresses ES cell allele (agouti
colour).
We microinjected and aggregated the two positive clones but with both clones
we always obtained low percentage chimeras, the few chimeras with higher
percentage (clone A4) being around 50%. These experiments were performed in
Wolfgang W urst’s laboratory in Munich.

Germline trasmission
Due to the poor results obtained in these experiments with the clones
isolated, I decided to isolate new homologous recombinant ES cell clones. I then
screened other 500 ES cell clones, obtained in one electroporation experiment
performed in our department in Italy and found only one positive clone (clone A 18).
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Fig 5.4: Targeted inactivation of the

gene

A: (Top) Restriction map o f genomic DNA containing the 5’ region o f the Ebf2 gene with the
first six exons (red boxes). The red bars illustrate the 5’and 3 ’external probes used for Southern
hybridisation. The 5’ probe detects a 8 kb wild type or a 3.5 mutant EcoR l fragments. The 3 ’
probe detects a 7.3 kb wild type or a 9 kb mutant Hind3 fragments.
(Centre): The targeting vector containing theL acZ (blue sky)- PGKNeo (green)cassette flanked
by a 3.4 kb 5’arm and a 4.8 kb 3 ’arm of homology (black bars). LoxP sites (black triangles)
flank Neo gene and a TK (blue box) cassette for negative selection is downstream the 3 ’ arm.
(Bottom) Predicted structure o f the disrupted Ebf2 allele, in which part o f the first exon and the
exons from 2 to 5 are substituted by the LacZ-Neo cassette, thereby deleting the ATG and a large
part o f the DNA binding domain o f the gene.
Abbreviations: E:EcoR l, H: Hind3, X: X hol, A: A pal, S: Sail.
B: Homologous recombination at the 3’ o f the locus revealed by the appearance o f a 9 kb
recombinant band in a Southern blot o f Hind3 digested genomic DNA, hybridised with the 3’
probe. The ES cell recombinant clone (A 18) was contaminated by wild type ES cells, as shown
by the different intensity between the wild type and recombinant bands in the second lane.
The clone was subjected to a a second round o f Neo selection, as displayed in the third lane.
C : Homologous recombination at the 5’o f the locus revealed by the appearance o f a 3.5 kb
recombinant band in a Southern blot o f EcoRl digested genomic DNA, hybridised with the 5 ’ probe.
D: Germline transmission: Southern blot o f genomic DNA extracted by mice tails o f a cross
between two +/- Ebf2 mice. In the -/- lane only the 9kb mutant band is present.
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For this clone, the intensity of the recombinant band in Southern blot was lower then
the wild type band (fig 5.4,B). This suggested us that we had a mixed cell population.
We needed to clarify if we had a mix o f two recombinant ES cell clones (only one
homologous) or a mix of the homologous recombinant ES cell clone with wild type
ES cells. To this end, I hybridised the same Southern blot with the Neo probe and I
obtained a single band (not shown), suggesting that I had a mixed population between
an homologous recombinant Neo resistant clone and a wild type one. To eliminate
the ES cell that did not integrate the construct I performed a second round of
selection with G418, obtaining the elimination o f the contaminât as shown in fig
5.4B, where homologous recombination at the 3’ of the locus before and after the
second Neo treatment is illustrated. The recombination at the 5’ o f the locus is
shown in fig 5.4C.
We performed experiments of microinjection and aggregation with the new ES
cell recombinant clone: microinjecting the clone A18, we obtained high chimeras with
percentages ranging from 75% to 100%; we obtained lower chimeras ranging from
30% to 70% with the aggregation technique. In general, in our hands we obtained
higher chimeras with the microinjection technique.
A nice chimera obtained by microinjection o f the clone A18 is shown in fig
5.5 (B left), this chimera shows a coat colour almost fully agouti, as compared with
the wild type C57BL/B6 mouse (fig 5.5 B, right). A lower chimera obtained by
aggregation technique shows spots of white and agouti colour on their coat, (fig 5.5 A
left), in this case the background coat colour is white as we used GDI donor
blastocysts. The wild type GDI mouse is shown on the right.
Chimeric males (and sometimes females) are then test-bred with wild type
animals C57BL/B6 in case of microinjection chimeras and GDI in case o f aggregation
chimeras to evaluate the contribution o f the ES cells to the germline.
We mated several times with wild type animals both microinjection and
aggregation chimeras obtained with clones A4 and A5, but never had germline
transmission. In contrast mating microinjection chimeras obtained from clone A18
with wild type animals, we first obtained germline transmission from an 85% male
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Fig 5.5 G eneration o f

+/- mice

A: a 50% chimera (left), obtained by aggregation of ES cells (clone A4) with
morulae derived from GDI mice is compared with a wild type animal (right).
B: 85% chimera (left) obtained by microinjection of ES cells (clone A 18) in
blastocysts derived from C57BL/6J mice is compared with a wild type animal (right).
C: Germline transmission of the Ebf2 mutated allele: the litter derived by the cross of the male
85% chimera (shown in B) with a wild type C57BL/6J female has the coat colour fully agouti,
some of the pups will carry the inactivated Ebf2 allele.

A

chimera (fig 5.5 B) and subsequently from many other 90 and 100% chimeras. In
figure 5.6 C is shown a litter obtained from a cross between the 85% male chimera
with a wild type C57BL/B6 female; all the pups are agouti on their coat, as all of
them have inherited an ES cell allele, only 50 % carry the mutated one and are
heterozygous for the Ebf2 mutation.
We then obtained homozygous mice as illustrated in fig 5.4 D, where
southern blot analysis of tail DNAs o f a litter derived from a cross between two
heterozygous Ebf2 mice is shown. In the first lane the band o f 7.3 kb corresponds to
the wild type genotype, in the second lane the two bands of 7.3 and 9 kb correspond
to the heterozygous genotype and in the third lane the single band o f 9 kb
corresponds to the predicted mutant homozygous genotype.
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CHAPTER 6
Analysis of the Ebf2 -/- phenotype
General description of the Ebf2 -A phenotype
The Ebf2 heterozygous (+A ) mice are healthy, fertile and they did not show
any evident abnormalities. By intercrossing heterozygous mutants, we obtained a
percentage of -A mice (21%) only just lower than the expected 25%. This
discrepancy is not statistically significant. We observed a certain degree o f variability
in the severity o f the abnormalities described henceforth probably dependent o f the
genetic background. At birth, -A mice are viable, and indistinguishable from +A and
+/+. The evident abnormalities become detectable starting at 10 days postnatal (P10).
Ebf2 -A mice are small compared to their +/+ and +A littermates as shown in fig 6.1
(A) where a P I 5 Ebf2 -A mouse is compared with a P I 5 wild type littermate. The
mutant mouse shown in figure is one o f the smaller obseved. Over 50% o f the
homozygotes weigh just over 1/3 the body weight o f their littermates by age P30 and
some of them show a mild ataxic phenotype with problems in movements and co
ordination (e.g., they walk with wide based gait, see the PI 5 -A Ebf2 mouse o f Fig 6.1
B). Around 50% percent o f Ebf2 mutants die during the first two months o f life for
unknown reasons. The mutants that survived this period live six and more months
without any significant problems.
The result of autoptic analysis performed at P I7 on three homozygous Ebf2
mice revealed that some of these mutants present a reduced thymus. All the other
organs are apparently normal. We discovered that Ebf2 is normally expressed in the
medullary part o f the thymic stroma (not shown), therefore the lack o f the gene may
cause problems in the thymus. The analysis of the peripheral blood, performed by
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Fig 6.1 : Phenotype of the

mice

A: a P15 Ebf2 -/- mouse (right) is consistently smaller than a P I5 +/+ littermate (left)
B: A P15 Ebf2 -/- mouse presenting a mild ataxic phenotype

Ebf2 +/+ vs -/-

A

flow cytometry, revealed the presence of T lymphocytes, even if in a number smaller
than in the wild type. Anyway, these results are very preliminary and need further
studies to understand whether the thymus of these mice develops normally. We
primarily focused our analysis on the effects o f the mutation on CNS development.
The data presented in this chapter are the results of a preliminary analysis of the
mouse Ebf2 -/- phenotype and need to be confirmed by other experiments.

Expression of the LacZ reporter gene in the heterozygous Ebf2 +/- embryos
To better analyse the pattern of Ebf2 gene expression during development, we
took advantage of the LacZ reporter gene, that we introduced in the Ebf2 gene
targeting construct to generate a null mutation in the gene.
The LacZ staining of Ebf2 heterozygous +/- embryos at different stages of
development overlaps with the results o f previous expression studies (Chapter 4).
This suggests that c/s-acting sequences located upstream of the LacZ cDNA insertion
are sufficient to drive expression of the gene at all relevant sites and stages, while no
major regulatory elements are likely contained in introns 1-4, deleted in the
recombinant locus. Moreover, the staining in early development allowed us to
achieve a more detailed analysis of Ebf2 gene expression. In fact, with this technique
we were able to observe new sites of expression, that we did not appreciate with the
previous in situ hybridisation analysis and to study the expression at the single cell
level. The LacZ gene used in our construct encodes the cytoplasmic form o f the
protein, that can spread along nervous tracts; in few cases, this feature allowed us to
follow the axons of Ebf2 expressing neurons, giving an indication o f their projections
and their targets.
The results of wholemount LacZ staining experiments are summarised in Fig
6.2 and 6.3. Heterozygous Ebf2 +/- male mice were crossed with wild type females,
that were then sacrificed in order to isolate embryos from E8.5 to E l3.5 of
embryonic

development.

Embryos

were

gently

fixed

and

stained

with

betagalactosidase substrates. We did not observe any staining at E8.5 even after a
long incubation, suggesting that at this stage of development the Ebf2 gene is not yet
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Fig 6.2: Expression o f the LacZ reporter gene in the
Ebf2 +/- em bryos (1)
Whole mount LacZ staining of embryos isolated at E9.5 (A,B), E10.5 (C), E l 1.5 (D), E12.5 (E)
and E l 3.5 (F) stages of development, ba: branchial arches, Cbxerebellum, ET: epithalamus,
f: facial ganglion, 1: lens, lb limb buds, M: mesencephalon, ppc: presumptive pyriform cortex,
R: rhombencephalon, T: telencephalon, s:somites, SC: spinal cord, v: trigeminal ganglion

A

m

B

ba
ba

expressed. We first observe LacZ activity at E 9.5 days o f development. In fig 6.2 A,
a whole E9.5 embryo is shown (left): a staining is present in the first two branchial
arches and very prominently in the primordium o f trigeminal and facial ganglia; this
domain o f expression is maintained at least until E l4.5. In the CNS at this stage,
staining is still faint, but present in the mesencephalon, where not all cells are
positive but spots of staining are observed, as better shown at higher magnification in
fig 6.2 B. The patchy expression of Ebf2 gene at this stage is reminiscent o f the
expression of proneural genes, regulated by lateral inhibition mechanisms [16].
The LacZ staining of E l0.5 Ebf2 +/- embryos (fig 6.2, C) shows that at this
stage the gene is widely expressed in the neural tube from the mesencephalon to the
tail, the expression is particularly strong at the level of the rhombencephalon and in
the cerebellar primordium, the telencephalon is at this stage is negative. Coronal
vibratome sections of the stained embryos at different level o f the neuraxis show
strong signal in the epithalamus, hypothalamus, and trigeminal ganglia (Fig 6.3 A).
The expression o f the gene is in a postmitotic layer o f neurons both in the
mesencephalon and in the spinal cord (Fig 6.3 B, C).
At E l 1.5 we observed a prominent epithalamic domain and an expression
domain in the telencephalic cortex, as shown both by whole mount LacZ staining (Fig
6.2D) and by the coronal vibratome section (Fig 6.3 D) o f the stained embryo. This
signal, that we could not appreciate by in situ hybridisation, is in the postmitotic
region. In Fig 6.3 F a cross section of the spinal cord shows that both alar and basal
plate are positive. The roof plate, however, is always negative.
At E l2.5 the signal in the telencephalic vesicles is restricted to a thin external
layer of neurons ( Fig 6.3 G); a lateral-ventral signal observed in the whole mount
could possibly correspond to the presumptive piriform cortex (Fig. 6.2 E). All the
other regions of the CNS still express the gene at high levels, in particular the
epithalamus the mesencephalon and the cerebellar plate (Fig 6.2 E and Fig 6.3 H).
Other sites of expression at this stage are the cranial ganglia, the dorsal root ganglia
and the limb buds.
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Fig 6.3: E xpression o f the LacZ reporter gene
in Ebf2 +/- em bryos (2)
Lac Z stained embryos at E10.5 (a-c). E l l . 5 (d-f) and E12.5 (g-i) were vibratome
sectioned. 50[iM vibratome coronal sections at different level of the neuraxis are shown.
Cbp:cerebellar plate, ET:epithalamus H: hypothalamus, M: mesencephalon,
oe: olfactory ephitelium, ppc: presumptive pyriform cortex, rp: roof plate, T: telencephalon,
S:somites, SC: spinal cord, v: trigeminal ganglion
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Analysis of the postnatal brain structure of the Ebf2 -/- mice
Comparative analysis of LacZ gene expression in heterozygous

and

homozygous embryos from E9.5 to E l4.5 did not reveal any evident differences in
the Ebf2 expressing structures (not shown), although a more detailed analysis of
sections is necessary in order to discover possible subtle differences between wild
type and mutant LacZ staining. We therefore analysed postnatal heterozygous and
homozygous brains in order to find possible differences between wild type and
mutant brains. We performed this study both by Nissl staining to analyse the general
histology of the brains and by LacZ staining to find differences in the Ebf2 expressing
structures.
We previously knew that the Ebf2 gene is expressed in a few regions o f the
postnatal and adult brain (O. Pozzoli, unpublished), namely the olfactory bulbs and
the cerebellum; comparing two parallel sagittal sections of P I 7 heterozygous and
homozygous brains (Fig 6.4, A and B), stained by the Nissl method, we could
observe that these regions seem to be affected in the mutant brain. In fact, the size of
the olfactory bulbs is reduced. Also the homozygous cerebellum is smaller than the
wild type one. Specifically, it seems to be correctly foliated, but the lobules are
shorter on their radial axis, and the thickness o f the different layers is reduced.
Moreover, the hippocampus is clearly reduced in size, leading to an expansion o f the
lateral ventricle, and the fimbria is narrower and sometimes incompletely formed. In
addition the telencephalon is affected in the homozygous brain: in particular the
septum and putamen are severely reduced. As a result, the size o f the lateral ventricle
is clearly enlarged in the mutant, likely due to a depletion o f nervous tissue both in
the hippocampal region and anteriorly, in the basal thelencephalic region. In
summary, the analysis of these sections suggests the presence in the mutant o f a
reduction of nervous tissue in the previously known Ebf2 expressing regions as well
as in other districts of the brain.
In Fig 6.4 (C and D) a LacZ staining of two parallel coronal sections o f P i 5
heterozygous (C) and homozygous (D) brains show an impairment o f the basal
telencephalic structures. The strongly stained structures present in the ventral region
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Fig 6.4:
oîEbf2 +/- and -/- postnatal m ouse brains

om parison

Nissl staining oîE bf2 +/- (A) and -/- (B) sagittal brain sections at P I7. In the homozygous brain the
olfactory bulb (Ob), the hippocampus (cA cormu Ammonis, dg dental gyrus), the cerebellum (Cb),
the caudate-putamen (cp) and septum (s) are reduced and the lateral ventricle (Iv) enlarged.
c (cerebral cortex), f (fimbria).
Lac Z staining of Ebf2 +/- (C) and -/- (D) coronal brain sections at the level o f septal nuclei (s)
show a reduction o f this structure.

A

o f the two brain sections are septal nuclei; this region is severely affected in the
mutant brain, where we observed a dramatic change in the shape o f the septum,
together with tissue depletion. The larger diameter o f the two lateral ventricles in the
mutant section is due to the reduced size o f the septum as well as o f the putamen,
with the difference that this structure does not express Ebf2 gene. We observed these
phenotipic features in several mutants.
This very preliminary comparative analysis o f postnatal wild type and
mutant brains helped us to identify some brain structures^affected by the mutation,
including the hippocampal region, the olfactory bulbs, the cerebellum, the septum
and putamen and possibly the cerebral cortex. We then analysed in greater detail the
single structures to better understand the effects o f the mutation. We decided to
perform the first analysis of the postnatal brains at two postnatal stages: P I 5 and
P30, stages at which phenotypic abnormalities are evident in homozygous mutants.

The limbic system is affected in Ebf2 -/- mice
The limbic system includes telencephalic structures like the hippocampal
formation (including the Ammon's horn, the dentate gyrus and the subicular
complex), the entorhinal cortex, the septum and the amigdala, as well as other
structures outside the telencephalon, namely the habenula in the epithalamus, and
nuclei present in the dorsal thalamus and in the hypothalamus [132]. In fig 6.4, we
showed that in the mutant there is a reduction in size of the hippocampus and o f the
septal nuclei, two major components o f this system; this observation suggested us
that the limbic system could be affected in the mutant. The comparison o f two
parallel +/- and -/- brain coronal sections at the hippocampal level stained by the
Nissl method (figure 6.5 A and B) shows that some limbic structures are impaired in
the mutant. In figure 6.5B, we observed a reduced size of the mutant hippocampus,
moreover the fimbria is thinner and the extension o f the entire hippocampal region is
reduced, as shown by the enlarged lateral ventricle. In addition, the habenula is
reduced in the mutant. It is interesting to note that this epithalamic structure that is
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Fig 6.5 The limbic system is affected in

mice

Nissl staining o f two adjacent coronal sections at the hippocampal level o f Ebf2 +/- brain (A) and
o f Ebf2 -/- brain (B) shows a reduction o f the hippocampal region in the -/- section.
High magnification o f Ebf2 +/- (C) and Ebf2 -/- (D) sections including the dentate gyrus region,
immunostained with antiNFM antibody, shows a reduction o f staining in the -/- section.
cA: Ammon’s horn, dt: dentate gyrus, fb: fimbria, gl: granule layer, hb: habenula, Iv: lateral ventricle,
ml: molecular layer, pp: perphorant path.

ml

Ebf2 -/■

part o f the limbic system and it is connected with hippocampus, septum and
hypothalamus, strongly express Ebf2 (LacZ staining, not shown).
To gain information about the abnormalities in the hippocampal structure
observed in the mutant, we immunostained coronal sections with anti-neurofilament
M (NFM) antibody, a structural protein o f the intermediate filaments, used as a
general marker of the axons. We used this marker in order to have an idea o f the
differences between mutant and control in terms o f neuronal density in this region.
Moreover, results from a work on the Xenopus E b f genes indicated that NFM is a
downstream target of the E b f proteins [87]. In figure 6.5 C and D, two parallel
heterozygous and homozygous sections showing a subregion o f the hippocam pus
including the dentate gyrus at P I 5 were immunostained with antiNFM antibody.
Many axons, likely belonging to the perforant path, are positive for NFM staining in
the wild type section; in contrast the staining is severely reduced in mutant section,
with many fewer NFM positive axons. The staining reduction is evident in the region
comprised between the dorsal hippocampal commissure and the dentate gyrus, a
region normally densely populated by afferent fibers to the dentate gyrus, as well as
at the level of the different laminar zones of the molecular layer (arrows). This is the
preliminary result of only one experiment and we need to confirm it in other mutants.
These preliminary data indicate that some parts o f the limbic system are
affected in the Ebf2 -/- mutant. We need to study each single structure o f this system
in greater detail to understand the molecular basis o f this phenotypic feature.

The Purkinje cell layer is affected in the Ebf2 -/- cerebellum
We previously knew that Ebf2 is expressed in the developing and postnatal
cerebellum; in order to analyse in greater detail the expression o f the gene in the
postnatal cerebellum, we LacZ-stained postnatal (P I4) sections o f heterozygous
Ebf2 +/- cerebellum (fig 6.6). In fig 6.6 A, a magnification of a stained section shows
that the Purkinje cell layer is positive for LacZ expression. Some staining is present
also in the upper molecular layer and is due to the spreading o f the betagalactosidase
in the Purkinje cell dendrites as well as to the probable staining o f other smaller
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neurons present in the proximal half of the molecular layer, called Basket cells[l32].
The granular layer is clearly negative for Ebf2 expression. In figure 6.4 B, we
previously observed a reduction in size o f the mutant cerebellum as well as an
apparent lower thickness of the neuronal layers in the cerebellar cortex in Ebf2 -/mice. To study in greater detail the morphology of the cerebellum in the mutant, we
compared P30 wild type and homozygous sections stained with Toluidine blue (Fig
6.6, B and C). In the wild type section, the three main layers o f the cerebellar cortex,
namely the molecular layer, the Purkinje cell layer and the granular layer are well
visible and correctly formed; in contrast in the mutant section there is a prominent
reduction of the Purkinje cell number; moreover, Purkinje neurons are degenerating, as
shown by the prominent metachromatic staining. This phenotypic feature has been
observed in three different mutants. By electron microscopy, we observed Purkinje
cells at P42 (not shown); these cells presented condensed nucleus, lack o f nuclear
membrane and many vacuoles in the cytoplasm. These are typical features of
degenerating cells. We are currently analysing the structure o f the cerebellum at P I 5
by the same method as well as by LacZ staining and by immunohistochemistry using
Purkinje cell markers as the Calcium binding protein Calbindin [133, 134], in order to
see if also at this stage the Purkinje cell layer is affected. We are also investigating the
cell death by apoptosis at the same stages.

Ebf2 -/- mice display loss of fibers in the dorsal columns of the spinal
cord and reduced axon caliber in the ventral roots
The C elegans unc3 mutant, defective in the C elegans homolog of E b f genes
shows, among other problems, several defects in axonogenesis and fasciculation [89]
o f ventral cord motomeurons. Since E10.5 days in development to E13.5 Ebf2 is
expressed in the spinal cord both in the alar and basal plate, a period o f active
neuronal differentiation of different cell types. We therefore analysed the spinal cord
o f Ebf2 -/- mice, in order to study possible defects in the axons o f the different
classes of neurons present in this area. To this end, we compared wild type and
mutant coronal sections of the spinal cord at postnatal day 15, in figure 6.7 (A and
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Fig 6.6: Degeneration of Purkinje cell layer in

mice

A: LacZ staining o f a coronal section o f P14 Ebf2 +/- cerebellum. The stained cell layer
corresponds to the Purkinje cell layer. Signal is present also in the Purkinje cell dendrites
and in small neurons o f the molecular layer.
B: Toluidine blue staining o f a sagittal section o f P30 Ebf2 +/- cerebellum. The three main cell
layers o f the cerebellum are shown: the molecular layer, the Purkinje cells monolayer (arrows)
and the granule cell layer.
C: Toluidine blue staining o f a sagittal section o f P30 Ebf2 -/- cerebellum. The Purkinje cell layer
(arrows) is degerated. Pci: Purkinje cell layer, gel: granule cell layer, ml: molecular layer.
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B), high magnifications of spinal cord dorsal area including the axons o f the dorsal
columns at the level of the lumbar enlargerment are shown. The dorsal columns
contain the incoming axons of somatosensory neurons, the cell bodies o f which are
located in the dorsal root ganglia. In the mutant (B), we observed a reduction o f the
dorsal column area that is narrower compared to the control; this is probably due to
the reduction o f the number of the axons running in this area as well as to the reduced
size o f the few axons still present in the mutant's dorsal columns (arrows). The Ebf2
gene is strongly expressed in the dorsal root ganglia during development, suggesting a
possible role for this gene in the development o f axonal projections o f these neurons.
The analysis o f DRG's is currently in progress.
Again, this is the preliminary result o f only one experiment and we need to
confirm it in other mutants; moreover we need to replicate it in order to check that
the two sections are exactly at the same level o f the spinal cord.
Figure 6.7 (C and D) shows Toluidine-blue-stained sections o f the P I 5 spinal
cord from wild type and mutant, at the level of the ventral roots, harbouring motor
axons exiting from the spinal cord. As the axons o f sensory neurons, also the axons of
motomeurons have a caliber consistently lower than wild type; in this case, however,
no obvious reduction in axon number is detected.

Peripheral nerve Myelination is impaired in Ebf2 -/- mice
To analyse the possible problems arising in the Ebf2 -/- mice in the peripheral
nervous system, we decided to look at the sciatic nerve, whose axons are amenable to
study both for their size and their accessibility. Surprisingly, we discovered a
problem in the axonal myelination.
In the PNS, Schwann cells enfold all axons including those that remain
unmyelinated. Two classes of Schwann cells are present in the adult nerve: the
myelin forming Schwann cells and the non myelin forming Schwann cells, both
deriving from a common progenitor in the neural crest. At the time of birth there is
still a single cell type, the immature Schwann cell, that surround bundles o f many
axons. During the three first postnatal weeks the two mature types o f Schwann cells
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Fig 6.7: Ebf2 -/- mice display reduced axon caliber

in the spinal cord
Toluidine blue staining o f coronal sections o f Ebf2 +/- (A, C) and Ebf2 *7- (B, D) spinal cords at the
level of lumbar enlargement. High magnifications o f the dorsal column regions show that this area
is narrower in the mutant (B) compared to the control (A), due to the consistent reduction o f
the number and o f the caliber o f the axons (arrows) in the Ebf2 -/- spinal cord (B).
High magnifications o f the ventral roots o f the spinal cord show the the axonal caliber in the Ebf2 -/section (D) is lower than in the Ebf2 +/- (C).

are generated. The myelin forming Schwann cell establish a one-to-one relationship
with the large caliber axons (more than Igm), and start wrapping around them.
Myelin continues to be formed while peripheral nerves elongate and increase in
caliber during growth o f the body. The non myelin forming Schwann cells take
contact with many small axons without producing myelin. The low caliber axons
remain unmyelinated and are merely enfolded by cytoplasmic processes o f Schwann
cells, each of which also enfolds several other axons. Whether a Schwann cell does or
does not form a myelin sheath is determined by the type of axon with which it
associates. It is the diameter of the axon that determines the start o f myelination and
the number o f myelin layers [135]. In alternative, several lines of recent evidence
suggest a role for the Schwann cells in the regulation o f axonal myelination [136].
In figure 6.8, electron microscopy images show that, in the mutant, Schwann
cells display an abnormal phenotype. In fig 6.8A, the myelination o f a large diameter
axon is impaired: in fact a defective myelin producing Schwann cell is surrounding the
axon with many cytoplasmic lamellae, without producing the normal myelin sheath.
This phenotypic feature was observed only sporadically, in fact most o f the myelin
forming Schwann cells present a normal phenotype. To better understand the
molecular basis of this abnormality we used the Bluo gal staining in order to
determine if the Schwann cells express Ebf2 gene. In fig 6.8B a defective myelinproducing Schwann cell positive for Bluo gal staining is shown; a second positive cell
that is degenerating is displayed in fig 6.8C, moreover in fig 6.8D a non-myelin
forming Schwann cell is also positive, suggesting that in the mutant both types of
Schwann cells express the Ebf2 gene. At this stage in the heterozygous mice we
observed expression in the non myelin forming Schwann cells only (not shown).
In figure 6.8 two Schwann cells from the control and from the mutant (F) are
shown, both of them are non-myelin forming cells as displayed by the fact that they
are normally surrounding many small axons without myelinating them, with the
exception that the mutant cell takes contact with one axon (arrow), among others,
that is partially and abnormally myelinated. This suggests that also the non-myelin

111

Fig 6.8: Myelination is impaired in the Ebf2 -/- mice
Electron microscopy analysis o f sciatic nerve sections: sections B, C and D were stained with
bluogal. A defective Schwann cell is shown in A: despite its morphology and the size o f the
axon this cell does not produce a normal myelin sheath. B: bluogal staining o f a similar
defective Schwann cell (arrow). C: bluogal staining o f a degenerating Schwann cell(arrowhead),
surrounded by other normally myelinating Schwann cells (arrow). D: bluogal staining o f a non
myelin forming Schwann cell. E, F: comparison between a +/- Ebf2 (E) and a -/- Ebf2
(F) non myeling forming Schwann cells: the mutant cell surrounds axons o f different types: one
axon is partially myelinated (arrowhead), others are not (arrow). Axonal defasciculation is
shown by the disorganisation o f the mutant cell axons compared with the wild type cell axons.

forming Schwann cell function is defective in the mutant. The myelinated axons in
fact have normally an ono-to-one relationship with the Schwann cell.
A second defect in non-myelin forming Schwann cells is shown in figure 6.9.
Electron microscopy of sciatic nerve sections from P7 and P30 mutant mice show
several non-myelin forming Schwann cells abnormally surrounding axons o f large and
medium caliber with axons of lower caliber, without myelinating them. Axons o f the
same size that are normally sorted by the myelin forming Schwann cells are correctly
myelinated (Fig. 6.9C, arrowhead). Axons o f different caliber abnormally taken up by
the same non-myelin forming Schwann cell are fasciculated together generating a
fsciculation defect. We observed these phenotypic features in several Ebf2 mutants.
The possible explanations to this abnormal phenotype are discussed in the next
chapter, but what seems to be clear is that the axons surrounded by the non-myelin
forming Schwann cell have different features, generating a disorganisation and a
defective fasciculation of sciatic nerve axons (fig 6.8F and 6.9).
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Fig. 6.9: Fasciculation defects in Ebf2 -/- sciatic nerve
Electron microscopy analysis o f P7(A and B) and P30(C and D) mutant sciatic nerve sections.
At both stages, large caliber axons (arrows) are abnormally enfolded by non-myelin forming
Schwann cells with axons o f lower caliber. These large axons are not myelinated, although
their caliber is comparable to axons correctly sorted and myelinated by the myelin forming
Schwann cells (C, arrowhead). A high magnification is shown in D.
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CHAPTER 7
Discussion
Cloning of new genes differentially expressed in the developing mouse CNS

Brain development is a fundamental topic in biology due to the complexity
and the precision of the circuitry and of the connections elaborated by its cellular
components, that lead the adult brain to think, to perceive, to remember and to feel
emotions. Over the last few years, a combination of genetic and cellular approaches
has been giving us preliminary cues on how the basic anatomy o f the mammalian
brain is laid out.
The first goal of this thesis work has been to find new genes involved in
mouse brain development. To this end we decided to focus our research on regional
gene expression, a feature of many relevant genes during brain development. In fact,
as described in Chapter one, many genes with a role in development o f the different
brain regions in the process of patterning, neuronal specification and differentiation
are expressed in specific restricted domains.
With this goal in mind, we isolated specific brain structures along the antero
posterior axis o f the mouse brain and we compared gene expression by differential
screening. We concentrated our attention on the telencephalon subdivided into two
parts (anterior and posterior), and on the mesencephalon; the knowledge regarding
the specification and differentiation o f this part o f the brain are in fact still matter of
intense study. Our first idea was to find one or more genes showing a differential
expression between anterior and posterior part o f the telencephalon. These genes
could be potentially involved in régionalisation of the telencephalon, a process that is
still a matter of debate. I was not able to find genes showing a sharp difference of
expression between the anterior and posterior telencephalon. In this work, I isolated
fourteen

cDNAs

presenting

differential
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expression

at

E l2.5/13

along

the

anteroposterior axis of the embryonic head. The cDNAs cloned, listed in Tab 3.1,
include five genes displaying a sharp AP demarcation in their expression domains
(mostly between telencephalon and mesencephalon) and nine genes expressed in an
AP gradient. We found only one cDNA (mouse Ezrin mRNA) that showed restricted
expression in the posterior telencephalon, but this pattern of expression was only
transient.
The differential screening method used in this work has been a PCR-based
approach, i.e. a modification o f the original differential display technique [65]. To
maximise the efficiency of this protocol we improved the method introducing several
variants.

The major limitation of the classical DD is the frequent amplification of
untranslated regions, deriving from the use of poly-T primers together with random
primers. We overcame this problem (as already discussed in Chapters 2 and 3) by
using single dodecamers from a set of reagents selected, by computer simulation, for
their efficiency as PCR primers and for targeting preferentially open reading frames
[1]. This modification results in a substantial improvement in the amplification of
translated portions of transcripts: indeed as shown in Table 3.1 out of 14 cloned
sequences 11 were found to be identical or homologous to open reading frames
present in the databases. Thus, the sequencing of few hundred bases of the
reamplified bands often led to the rapid identification of the corresponding gene. This
eliminates the need of screening cDNA libraries and sequencing longer clones that can
later result in the identification of previously reported sequences.
An essential feature of our RNA display approach is the remarkable
reproducibility of the banding pattern,

resulting from the use

of single

oligonucleotides. Furthermore, the introduction of an S (A and T) or a W (G and C)
degenerate residue in the last position of some oligonucleotides leads to a consistent
increase in the number of bands obtained in a single experiment, generating a primer
pair in which the two primers have the same melting temperatures.
Last but not least, the use of a dedicated algorithm to select a panel of primers
improved the exhaustivity of the protocolj basically, we decided that at least four out
116

of eight nucleotides at the 3’ end should be unique for each selected primer. This
constraint turned out to be quite restrictive, in that after selecting about 100 primers,
many further random sequences had to be generated in order to find a new,
compatible one, leading to an enhanced coverage by our primer panel [1].
We also succeeded in setting up controls to eliminate false positives, that are
another problem of the classical PCR-based protocols [69]. The results shown in
figure 3.2 illustrate the importance of performing a pre-screening test of several
independent clones for each band, in order to isolate the truly differentially expressed
band.
In summary, the present approach, by combining the predictive power of
computer based database analysis with the establishment of robust, repeatable
experimental conditions, proposes PCR-based RNA display as a useful and efficient
approach to study differential gene expression.
Sequence analysis of the cDNA cloned, performed by BLAST algorithm on
available databases, revealed that most of the isolated cDNAs are identical to known
mouse genes, or share significant homologies to the coding sequences of genes from
different species present in the databases.
If we succeeded in the isolation of coding regions, we did not fully accomplish
our other goal, i.e. to isolate mostly brain-specific cDNAs. In fact, many of the genes
isolated are expressed in several other tissues outside the brain, with few exceptions.
Genes as clone HSR 251, that encodes a Plasma membrane Calcium ATPase or clone
HSR 256 that encodes the ezrin, are widely expressed, and probably have a function
in the basic cellular physiology. It would be worthwhile investigating if the
expression gradient of the clone 251 or the restricted expression of the Ezrin in the
telencephalon at E l0.5 translate into some type of functional specificity in brain
development.
Among the genes isolated we found cDNA clones belonging to very different
classes of genes; this is a feature of gene trapping approaches that find new
sequences randomly. If on one hand these techniques are powerful in fishing out new
genes in a given biological context, on the other hand it is often difficult to analyse
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many different genes that perform as many different biological tasks. After a
thorough analysis of the existing literature regarding each of the sequences isolated,
and of the expression patterns of the genes, we decided to focus our attention to a
small number of them.
In particular, we found it more interesting to focus on genes presenting a
sharp regulation of expression during development, suggesting their involvement in
specific ontogenetic events in brain formation. In our experience, quantitative
differences among the different samples are not always confirmed in the following
RNA expression studies, revealing an inherent limitation of PCR-based techniques.
Many sequences isolated in this work were cloned by virtue of an expression
gradient along the A-P axis of the brain. We could confirm this expression gradient by
Northern blot analysis only in few cases (i.e. clone HSR251), and for this reason we
do not know if the banding gradients observed in the RNA display gels correspond in
all cases to specific and regulated gene expressions. We characterised in a greater
detail only two of the genes isolated with this method that presented a sharp
difference among the samples analysed in the original RNA display gel. Both the
genes revealed to have a very interesting pattern of expression as well as a specific
function during development and we are actively studying them.
This approach led us to isolate genes restricted in their regional expression at
one particular stage of development; the analysis of these genes expression in a larger
time window revealed in many cases that the regional restriction of the expression is
not conserved but is dynamic. This could be a limitation of the approach in a
particularly dynamic system as the developing brain.
In summary, despite the complexity of the biological context and the possible
limitations of the RNA display technique, we succeeded in finding new genes with
role in CNS development and differentiation

The E b f class of genes
Among the different genes isolated with this approach, we decided to
concentrate our study on the Ebf2 gene, identified thanks to its strong expression in
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the mesencephalon as compared with anterior brain structures. The gene belongs to a
new and expanding subclass of HLH transcription factors, featuring a peculiar DNAbinding domain, containing a zinc finger motif. This subclass includes several
members ranging from vertebrates to the nematode. In the mouse, the Ebf gene family
includes three members: Ebfl, the first mouse member to be characterised, Ebfl and
Ebfl subsequently studied by our group and by others [2-4].
We first characterised the gene by sequencing, by mapping in the mouse
genome, by studying both the expression during CNS development, as well as the
DNA binding properties. Comparing the data coming from the preliminary
characterisation performed by our group and those obtained in parallel by others, it
became clear that the three genes share many features with one another. The sequence
o f the three genes is very similar, in particular at the level of the DNA binding
domain and the HLH dimérisation domain; lesser similarity is observed in the Cterminal transactivation domain suggesting possible differences in the interaction
properties with possible molecular cofactors.
The DNA-binding properties of the three Ebf proteins are virtually identical.
In fact the three genes are able to bind to the same DNA palindromic sequence and to
homo or heterodimerise with one another in vitro. Furthermore, all three proteins act
as transcriptional activators in vitro.
In the developing CNS, the three genes show overlapping expression patterns
with two salient differences: 1) they are transiently expressed in differentiating
neurons, Ebf2 being expressed in early postmitotic neurons and Ebfl and Ebfl in
more differentiated cells; 2) they are expressed along the entire rostrocaudal axis from
the midbrain to spinal cord, whereas in the forebrain they are regionally restricted.
These results suggested a role for the Ebf genes in neuronal differentiation as well as
in neuronal specification in the developing forebrain. Moreover, they suggest a
possible functional difference among the three Ebfs, as indicated by their expression
patterns: Ebf2 may be involved in the control of earlier steps of neuronal
differentiation than Ebfl and EbfS.

119

Studies on the two Xenopus homologs XEbf2 and XEbfî have suggested other
possible functional differences among the Ebf genes [87]. Overexpression of each of
these genes promotes ectopic neurogenesis, as demonstrated by the induction of
ectopic expression of the neuronal marker N-tubulin, but only the overexpression of
XEbf2 is able to induce a faint ectopic expression of XNeuroD, an earlier marker of
differentiating neurons. Moreover, overexpression of XNeuroD is able to induce the
expression oiXEbfS only, and not of XEbf2. Taken together these data suggest that in
a differentiating neuron, XNeuroD acts upstream of XEbfS and possibly at the same
level of XEbf2 in a parallel pathway. These results are in agreement with the onset of
expression of these genes in Xenopus: the onset of XEbf2 is at an earlier stage of
Xenopus development (12.5) compared to the onset of XNeuroD (13.5) and XEbfS
(15.5).
The phenotype of the £6/7-deficient mice shows an early block of the B-cell
lineage at the preB stage in the immune system [92]. In contrast, no abnormality in
the olfactory epithelium and no global defects in the CNS were observed in these
mice, presumably because of complementation or redundancy among the different
£ 6 / genes. However, recent evidence obtained in £6/7-null mice suggests that Ebfl
may play a role in neuronal differentiation in the striatum, another Ebfl specific
domain of expression, as mutants show a large scale defect in neuronal differentiation,
specifically affecting postmitotic cells that leave the subventricular zone to migrate to
the mantle layer. These neurons keep on expressing early differentiation markers, and
fail to activate late differentiation ones normally expressed in the mantle [93]. It is
important to note that the Ebfl -/- mice show an abnormal phenotype in those
regions where the gene is the only member of the Ebf class of genes to be expressed,
again suggesting some degree of redundancy in those regions where more than one Ebf
gene is expressed.
In summary, comparative expression data in mouse as well as studies on the
XEbf genes, suggest that Ebf2 could have a possible specific function during
development of the mouse CNS; in contrast the analysis of the Ebfl KO mouse
seems to indicate some degree of redundancy in the functions of the three Ebf genes.
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In an attempt to answer this open question, we decided to generate a knock out
mouse for the Ebfl gene, in order to dissect its specific functions within the Ebf
network.

Generation of an Ebf2 knock out mouse
In order to generate an Ebf2 gene targeting construct, I analysed the genomic
region encoding this gene. I defined a 17 kb long genomic map of the locus spanning
4kb upstream the translation initiation site to exon 6 located 13 kb downstream the
ATG. The gene structure is very fragmented with many short exons. We studied
different possible strategies to inactivate the gene, that are discussed in Chapter 5,
and after several considerations, wc decided to generate a large deletion (5kb)
encompassing the translation initiation site to the exon 5 that encodes half of the
putative zinc finger element. In this way, we generated a functional mutation in the
gene and an Ebf2-mA\ allele for homologous recombination, avoiding any risks of
creating alleles with partial function or with a dominant negative effect. This “safe
strategy”, i.e. the large deletion operated in the targeting construct, may have resulted
in a considerable reduction in the frequency of homologous recombination events:
this step of the work was particularly aggravating as well as time consuming; in fact
we had to screen more than 1200 clones in order to find three homologous
recombinant clones. In the end, however, we obtained a mutant Ebf2 locus expressing
the LacZ gene in the same expression pattern as the wild type Ebf2 gene.

Phenotype of the Ebf2 -/- mouse
Despite the similarities observed among the three Ebf genes, suggesting
possible redundancy in their functions, Ebf2 -/- mice show an abnormal phenotype.
The knock out animals are viable at birth but show lower sizes than their littermates,
as well as a mild ataxic phenotype and problems in movements and coordination.
Around 50% of these mice die in the first two months of life.
The analysis of the Ebf2 -/- mutant CNS even if preliminary revealed
alterations in the different regions examined. We could not appreciate evident
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abnormalities in the developing mouse brain, even if it is necessary to perform a more
careful analysis of the embryonic brain structures using molecular markers. During
development, Ebf2 is expressed in undifferentiated subventricular neurons, whereas
Ebfl and EbfS are turned on in terminally differentiating mantle layer neurons. We
then analysed the pattern of expression in the mutant of the other two members of
the Ebf class, in order to check if Ebf2 could regulate their expression (not shown).
The preliminary analysis of the expression patterns of the other two members of the
Ebf class shows that their expression does not seem to be affected in the mutant,
suggesting that Ebfl and EbfS expression in more differentiating neurons does not
necessarily require Ebf2 gene expression. However, Ebf2 may be required in the
transition from the subventricular layer to the mantle layer, to modulate the function
of Ebfl and S. Gain-of-function studies conducted in Xenopus clearly indicate that
Notch signaling modulates the function of Ebf2 but not of EbfS [87]. Notch has been
considered a negative regulator of differentiation, due to its effects in primary
neurogenesis, T-cell development, oligodendrocyte differentiation, etc. [13]. However,
recent data clearly indicate a positive role for Notch signaling in the control of binary
switches in cell fate determination [137,138].
From our analysis of the postnatal mouse brain, we found some abnormalities
in different brain regions, namely the cerebellum, the hippocampus, the olfactory
bulb; we found basal telencephalic structures to be affected, including the putamen
and the septal nuclei. Finally, we observed problems in the spinal cord and an
impairment of peripheral nerve myelination.

Axonogenesis is affected in the Ebf2 -/- mice
The analysis of the C elegans mutant unc3, that carries a mutation in the
nematode homolog of Ebf genes revealed a problem in neuronal differentiation as well
as in axon pioneering and fasciculation [89].
We observed that also in the Ebfl -/- mouse axonogenesis and fasciculation are
impaired; this is suggested by several pieces of evidence, obtained in this work.
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First of all, we observed problems of axonal fasciculation in the pheripheral
nervous system. In the mutant sciatic nerve the fasciculation is impaired due to the
presence of Schwann cells ensheating axons of different caliber, including axons larger
than 1 [lM. These cells have the appearance of non-myelin forming Schwann cells,
even if we cannot exclude that they are Schwann cell precursors. In fact, the •
phenotype and molecular marker expression of the precursors and of the mature non
myelin forming Schwann cells are very similar. If this is the case, Ebfl mutation could
generate a partial block or a delay in Schwann cell differentiation.
It is important to note that most of the large caliber axons abnormally
unwrapped by the non-myelin forming Schwann cells are unmyelinated, with few
exception of axons partially myelinated (Fig 6.8F). These problems generate a defect
of fasciculation with sciatic nerve axons of different sizes running next to one another
and handled erratically by the same Schwann cell.
We observed also the presence of a slight delay in myelination during the first
postnatal weeks, with the sporadic appearance of large caliber axons surrounded by
myelin forming Schwann cells, without the production of normal myelin (Fig 6.8 A).
The sciatic nerve is composed of motor and sensory axons surrounded by
Schwann cells. Ebfl gene is expressed in dorsal root ganglia during development but
not in motor neurons. As shown in fig 6.8, Schwann cells express Ebfl. We need to
investigate if the incorrect fasciculation is due to a developmental defect in axonal
maturation or to a glial intrinsic problem.
A second feature suggesting that Ebfl mutant mice present problems in
axonogenesis is a decreased axonal caliber observed both in CNS (Fig 6.7) and in PNS
(not shown).
In figure 6.7 is shown the result of a first experiment suggesting that the
number and the caliber of the axons in the dorsal columns of the spinal cord could be
reduced in the mutant compared with the wild type. These axons are coming from
sensory neurons present in the dorsal root ganglia that strongly express Ebfl during
development. A reduction in the axonal diameter size is also evident in sections of the
ventral roots of the spinal cord, the exit route of motomeuron axons that do not
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express Ebfl. We need to confirm these data and to measure the diameter of the wild
type and mutant axons in order to have a more precise comparison.
Interestingly, one of the main features of the phenotype of the NFM -/mouse is a marked reduction of the axonal caliber of myelinated axons in the CNS as
well as in the PNS [139]. Neurofilaments (Nfs) are the most prominent cytoskeletal
components in large myelinated axons and probably the most abundant and widely
expressed among neuronal intermediate filament proteins [140]. Small unmyelinated
axons contain few Nfs and some small neurons lack morphologically identifiable Nfs
[141]. Most dendrites contains few Nfs and only in dendrites of large neurons, such
as motor neurons, are Nfs present [140]. In NFM -/- mutant, in each region
examined, reduced numbers of relatively large diameter axons were accompanied by
increased numbers o f small and medium size fibers. This shift, along with the
observation that axon numbers were not significantly altered in the mutant, argues
that the mutation is limiting the radial growth of all myelinated axons rather than
causing a class of large diameter axons to fail to develop. Despite the loss of the Nfs,
the null mutants lacked any evident behavioural phenotype. It is interesting to note
that large neurons e.g. the Purkinje cells of the cerebellum and anterior horn cells in
the spinal cord, that contains large numbers of Nfs, developed normally. This is
perhaps not surprising, since during the initial phases of axonal elongation, Nfs are
minor components of the cytoskeleton. Only as axons reach their targets and their
diameters increase do Nfs accumulate in numbers. It is during this second phase,
referred to as radial growth, that Nfs become the most abundant cytoskeletal element,
exceeding microtubules in number by over an order of magmtude in large axons.
We have indications on the possible implication of NFM in Ebf2 mutant
phenotype; first of all, microinjection experiments performed in Xenopus laevis have
demonstrated that NFM is a downstream target of Xebfi [87]. Secondly, the result
of only one preliminary experiment shows that the anti NFM immunostainmg is
reduced in mutant hippocampal sections at PI5 compared to the control (Fig 6.5).
Third, the Ebf2 -/- mouse seems to have some features similar to the NFM mutant
mouse, as suggested by the reduction of axonal caliber in the spinal cord of Ebf2 -/124

mice that is reminiscent o f the NFM -/- phenotype. We can hypothesise that the
reduction o f the E b fl -/- axonal caliber is due to lack o f NFM transcriptional
upregulation.

Interestingly we also observed a decreased in caliber but not in number in the
axons o f the sciatic nerve (not shown). This could be one of the reason of the
fasciculation defects observed in sciatic nerve: glial cells could encounter problems in
sorting different types of axons due to the fact that mutant axons fail to reach their
appropriate caliber. However, as discussed above, the problem could also be intrinsic
to Schwann cells that are unable, due to the mutation, to recognise axons based on
their caliber, and as a result myelinate both randomly. Furthermore, growing evidence
suggests that Schwann cells [136] can affect axonal caliber. In summary, our working
hypothesis is that the abnormal fasciculation observed could be an effect of failure of
the axons to mature normally, even if we are actively working to understand if these
phenotypic features could be due to a cell autonomous defect of the Schwann- cell
population.

Possible degeneration of some specific cell types is observed in the
mutant Ebf2 mice
A second feature that seems to emerge from the analysis of the E b fl mutant

mouse phenotype is a possible postnatal degeneration of different classes of neurons
observed in the different areas analysed.
A specific cell population that seems to degenerate in the mutant brain are the
Purkinje cell neurons of the cerebellum. In fact, analysing the morphology o f a P30
mutant cerebellum we observed a reduction in Purkinje cell number and a
degeneration o f the remaining Purkinje neurons, as shown by the prominent
metachromatic staining o f Purkinje cell bodies. Moreover, morphological analysis
conducted at P42 (not shown) revealed that Purkinje cells present condensed nucleus,
lack o f nuclear membrane and a cytoplasm full o f vacuoles that are clear signs o f cell
death. We are currently studying the morphology o f the cerebellum at earlier stages
o f postnatal life as PI 5, in order to see if at this time a process o f degeneration is
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already underway in this cell layer.; we are also performing comparative LacZ
staining at this age as well as immunohistochemistry using specific markers of the
Purkinje cells.
The reason for the Purkinje cells degeneration could be a cell autonomous
effect, as suggested by the fact that the Purkinje cells express the Ebf2 gene (Fig
6.6A). If Ebfl is a gene involved in the growth and pioneering of the axons, the
mutation could impair the navigation of efferent fibers towards their postsynaptic
targets. Experiments of Tunel staining are in progress at the moment to analyse if
these cells die by apoptosis.
We also observed profound morphological abnormalities at the level of the
habcnular nuclei, which are part of the limbic system. The possible degeneration of
this epithalamic structure is likely due to a cell autonomous mechanism: in fact, the
habenula expresses Ebfl steadily and at high levels, as revealed by LacZ staining (not
shown). Furthermore, this abnormality could be due to the lack of some afferent
fibers, coming from the hypothalamus, septum and hippocampus, that are regions
affected by the mutation, or to the degeneration of its neuronal targets, in the
hippocampus, in the tegmental reticular formation, in the brainstem (medial nucleus)
as well as in the hypothalamic nuclei and ventrolateral septum (lateral nucleus) [5].
A third region exhibiting morphological anomalies is the hippocampal region.
We plan to study the ultrastructure of the single domains of the hippocampal region
and in particular the connections among them that seem to be affected in the mutant.
An example is the perforant path, that includes all the projection of the entorhinal
cortex to the Ammon’s horn and to the dentate gyrus, that seems reduced in the Ebf2
-/- mouse (see Fig 6.5D). Another important connection reduced in the mutant is the
fimbria, the region where all efferent axons from the Ammon’s horn fields coalesce to
form the fornix, one of the major afferent and efferent tracts of hippocampal
connections with the other components of the limbic system.
We will study the connections of these neurons with fiber tract tracing
analysis by placing anterograde or retrograde tracers at specific positions in the brain
and by following at different times the diffusion of the tracer along the neural fibers.
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Conclusions
The major effects revealed by the preliminary analysis of the Ebf2 -/- mouse
are a general reduction in Ebfl expressing structures (cerebellum, olfactory bulbs,
basal telencephalic structures), probably due to a block of neuronal differentiation as
well as to a decreased number of neural connections. In turn, the latter may be due to
an impaired navigation of neural projections or to a defective fasciculation. After this
general overview of the mutant Ebf2 -/- nervous system, we need to study in a
greater detail each structure that we could see affected by this preliminary analysis.
The basis of all the abnormalities observed could lie within an impairment of
axonogenesis at large, including fasciculation, fiber tract navigation and connectivity.
Ebfl might regulate the expression of genes involved in growth cone pioneering or in
fasciculation as well as in axon outgrowth and maturation (NFM). In addition, the
existence of axonal projection defects in neurons that do not express Ebfl further
suggests an non-cell-autonomous defect, possibly mediated by glial cells. An example
of a non cell autonomous effect is the reduced axonal caliber of motomeurons (Fig
6.6), the cell bodies of which do not express Ebfl; the recent discovery of a role of
the Schwann cells in axonal maturation and regeneration [136] suggests that a defect
in £6/2-expressing Schwann cells could determine this phenotypic feature.
This diversity of cell-autonomus and non-cell autonomous neuronal
phenotypes suggests that the role of Ebfl is essential at different levels during the
processes of neuronal specification and differentiation.
In conclusion, the analysis of the Ebf2 -/- mouse phenotype as well as the
creation and the study of double knock-outs among the three different members of
the Ebf class will clarify in the near future the role of this gene family in neural
development and differentiation.
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