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Résumé

L’hippocampe est un composant majeur du cerveau des mammiféres. Il appartient a
I’archicortex, la parti la plus ancienne du télencéphale, et joue d'importants roles dans la
mémoire, ’apprentissage et la navigation spatiale. L’hippocampe comprend deux régions
distinctes : les champs ammoniens et le gyrus dent¢ ou DG, composés de trois couches
cellulaires. Le DG est la principale zone d’entrée d’informations dans 1’hippocampe et son
développement commence au jour embryonnaire 14 (E14.5) chez la souris. Pendant ma these,
je me suis intéressée a un régulateur de transcription important, le récepteur nucléaire COUP-
TFI, exprimé dans le neocortex et I’hippocampe, et décrit comme jouant des rdles clefs dans
la spécification et la migration neocorticale. Cependant, peu de choses sont connues sur son
implication dans 1’hippocampe, et plus particulierement dans le DG. COUP-TFI y est exprimé
en gradient a la fois dans les progéniteurs proliférants et dans les neurones différentiés, et est
fortement localisé¢ dans le neuroépithelium du DG a E14.5. Le but majeur de ma thése était
ainsi de déchiffrer le role de COUP-TFI dans le développement de I’hippocampe, et
spécifiquement au cours de la différentiation et migration des cellules granulaires, population
principale du DG. A 1’aide de deux lignées de souris mutantes, dans lesquelles COUP-TFI est
soit inactivé dans les progéniteurs et leur descendance, soit seulement dans les cellules post-
mitotiques, j’ai montré que 1’absence de COUP-TFI induit différents degrés d’altérations de la
croissance de I’hippocampe. En D’absence de COUP-TFI dans les progéniteurs, les
précurseurs des cellules granulaires se différentient précocement et présentent une
prolifération diminuée. De plus, la migration des granules est altérée conduisant a des
localisations aberrantes et a la présence de clusters hétérotopic dans le DG. Au stades
postnataux, les afferences du cortex entorhinale n’innervent pas le DG septal et I’apoptose est
accrue dans cette region. En conséquence, le gyrus denté en résulte fortement réduit a I’age
adulte, particuliérement dans la région septal, tandis que le pole temporal est moins affecté. A
I’inverse, la perte de COUP-TFI dans les cellules différentiées n’entraine que des anomalies
mineures et transitoires. Ensemble, mes résultats indiquent que COUP-TFTI est impliqué dans
la régulation d’aspects particuliers de la différentiation et migration des granules,
principalement au niveau des progéniteurs, et propose COUP-TFI comme un nouveau
régulateur de transcription requis dans le développement et le fonctionnement de

I’hippocampe.






Abstract

The hippocampus is a major component of the mammalian brain. It belongs to the
archicortical domain, the most ancient portion of the telencephalon, and plays important roles
in memory, learning, and spatial navigation. The hippocampal formation comprises two
cytoarchitectonically distinct regions: the hippocampus proper and the dentate gyrus or DG,
showing a three-layered appearance. The DG is the primary gateway for input information
into the hippocampus and its development begins at Embryonic day 14 (E14.5) in the mouse.
During my thesis work, I have challenged the role of a strong transcriptional regulator, the
nuclear receptor COUP-TFI, expressed in the neocortex and hippocampus and described to
play key roles during neocortical specification and migration. Yet, little is known about its
involvement in the hippocampus, and more particularly in the DG. COUP-TFI is expressed in
a gradient fashion in both proliferating progenitors and differentiated neurons in the
hippocampus, and is highly localized in the DG neuroepithelium at E14.5. The major aim of
my thesis work was thus to decipher the role of COUP-TFI in the developing hippocampus,
and specifically in cell differentiation and migration of granule cells, the major cell population
of the DG. With the help of two conditional knock-out mouse lines, in which COUP-TFI is
either ablated in progenitors and their derivatives, or solely in post-mitotic cells, I have shown
that absence of COUP-TFI function induces different degrees of hippocampal and DG growth
impairments. In the absence of COUP-TFI in progenitors, granule cell precursors tend to
differentiate precociously and exhibit diminished proliferative activity along the various
migratory routes. In addition, the migratory behavior of granule cells is impaired leading to
aberrant final locations and presence of heterotopic clusters within the DG. At postnatal
stages, inputs from the entorhinal cortex fail to innervate the septal/dorsal DG and apoptosis
is abnormally increased in this region. As a consequence, the dentate gyrus results strongly
reduced at adult stages, particularly in the septal/dorsal region, whereas the temporal/ventral
DG is less affected. On the contrary, loss of COUP-TFI in differentiated cells leads only to
minor and transient abnormalities. Together, my results indicate that COUP-TFI is involved in
regulating particular aspects of granule cell differentiation and migration predominantly in
progenitor dorsal cells, and propose COUP-TFI as a novel transcriptional regulator required

in hippocampal development and functions.
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Introduction

I/ The hippocampus

The hippocampus was first described by the Venetian anatomist Julius Caesar Aranzi in the
XVIth century. Its particular shape led him to name it from the Greek word for seahorse
(hippos = horse and kampos = sea monster). The hippocampus has been extensively studied
since then, and is now one of the most studied regions of the brain, due to its relative simple

structure and connectivity, as well as its major function in memory and spatial navigation.

In this first part of my introduction, I will give a short overview of the main features of
hippocampal anatomy and the different cell types and hippocampal fields, as well as the basic
circuitry. Then, I will quickly describe its different known physiological functions as well as
some of the clinical consequences when things go wrong. Finally, I will describe the
sequential steps of hippocampal development in more details, with special emphasis on

dentate gyrus development.

A) Hippocampal anatomy

1) General anatomy

In vertebrates, the dorsal telencephalon contains the cerebral cortex, subdivided into many
histologically and functionally distinct regions. The main subdivisions, based on radial
organization, divide the cerebral cortex into the neocortex and allocortex, which includes the
archicortex, the paleocortex, and the transitional periallocortex (Zilles and Wree, 1995).
Whereas the neocortex is composed of six layers, the allocortex that is evolutionary older, is
formed by three to four layers (Bayer, 1985). The hippocampus belongs to the archicortical
domain, the more ancient portion of the telencephalon and is characterized by a 3-layers

lamination.
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The hippocampal region embeds two different but connected structures (Figure 1; Bayer,
1985):
- the parahippocampal region comprising perirhinal, postrhinal and entorhinal
cortex, as well as parasubiculum, presubiculum and subiculum;

- and the hippocampal formation (HF), or simply referred as “hippocampus”.

A

Frontalf
/

lobes

Medial Y

septum

Human Mouse

Figure 1. Localization of the hippocampal region in human and mouse brains.

A. Localization of the hippocampus in the human brain. B. Localization of the hippocampus in the
mouse brain. The hippocampal formation is indicated in yellow, along with the different surrounding
structures. The septal and temporal pole of the hippocampus are also indicated. AMY: Amygdala; EC:
entorhinal cortex; HF: fippocampal formation; PER: perirhinal cortex; POR: postrhinal cortex.
Adapted from open source image and from Kesner 2013.

The hippocampus is a bilateral structure, located inside the medial temporal lobe, beneath the
cortical surface (Figure 1). In mouse, the hippocampal formation extends along a longitudinal
axis referred to as the septo-temporal axis: the septal pole is located rostro-dorsally and the
temporal pole caudo-ventrally (Figure 1B; Amaral and Witter, 1989). Notably, the septal and
temporal hippocampi are often referred to as dorsal and ventral hippocampi, respectively, but
correspond to the same structures. The terms of septal and temporal will be preferred to dorsal

and ventral in this study.
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The hippocampus appears as a C-shape structure (Figure 2B), and the pial membrane
invagination at the center forming this particular shape is called the hippocampal sulcus or
hippocampal fissure (Hf). During evolution, due to the huge expansion of the neocortex in
humans and other primates, the hippocampus has been pushed to the deeper part of the brain,

and as a consequence, its orientation has been inverted, compared to other mammals.

The hippocampal formation itself is subdivided from proximal to distal into two distinct
regions: the hippocampus proper (Hp), and the dentate gyrus (DG) (Figure 2B; Bayer, 1985).

These two structures are described hereafter.

Figure 2. Anatomy of the hippocampus.

A. View of a coronal section of an adult mouse brain, stained with Nissl, at the level of the septal/
rostral hippocampus. B. Magnification of the box in A showing hippocampal formation anatomy. The
two regions hippocampus proper (Hp) and dentate gyrus (DG) are labelled in green and red,
respectively. C. Magnification of the box C in B showing hippocampus proper layers, at the level of
the CA1 field. D. Magnification of the box D in B showing dentate gyrus three layers. The upper and
lower blades are also indicated. CA1/2/3: cornus Ammonis field 1/2/3; DG: dentate gyrus; fi: fimbria;
gcl: granule cell layer; Hf: hippocampal fissure; HF': hippocampal formation, hi: hilus;, Hp:
hippocampus proper;, ml: molecular layer, ncx: neocortex; pcl: pyramidal cell layer; sim: stratum

lacunosum moleculare; so: stratum oriens, sr. stratum radiatum. Adapted from Allen Brain Atlas.
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2) Hippocampus proper (Hp)

The hippocampus proper (Hp), often referred to as the fields of Ammon’s horn or Cornus
Ammonis (CA) fields, can also be divided into three main regions: the CA1, CA2 and CA3,
located from proximal (closer to the midline) to distal (closer to the DG), respectively (Figure
2B). These fields have been first described by Ramon y Cajal in the XIX™ century based on
their cell-size characteristics and later described by his student Lorente de No&. Since then,
several studies showed that each CA has specific characteristics, such as distinct function,
connectivity and gene expression patterns. However, it is interesting to note that there are no
sharp delimitations between these regions. The existence of the CA2 region has been subject
to many controversy, due to its resemblance with a CA1-CA3 mixed portion, however recent
data have highlighted several unique features of this substructure in terms of gene expression,
connectivity patterns and neuronal physiology (Witter and Amaral, 2004; Young et al., 2006;
Cui et al., 2013; Kohara et al., 2014).

The Hp, as part of an archicortical domain, is formed by three main cell layers: the stratum
oriens, the stratum pyramidale and the stratum radiatum. However, in addition to these
layers, there are also layers containing only fibers (axons and/or dendrites). Therefore, taken
all together, from the ventricular surface to the pial surface, the layers that compose the Hp

are the followings (Figure 2B,C; Bayer, 1985):

- The Alveus, the most superficial layer that contains the axons of pyramidal

neurons passing toward the fimbria/fornix, one of the major outputs of the Hp.

- The stratum oriens (so), which contains the cell bodies of inhibitory cells, as well

as basal dendrites of pyramidal neurons.

- The stratum pyramidale or pyramidal cell layer (pcl), the most easily
distinguishable, contains the cell bodies of the excitatory pyramidal neurons. This

stratum also contains the cell bodies of many interneurons.
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- The stratum lucidum (slu), one of the thinnest layers in the Hp, found in the CA3

only, and containing axons from the DG granule cells, called the Mossy fibers.

- The stratum radiatum (sr), as the stratum oriens contains septal and commissural
fibers. It also contains projections from CA3 to CAl, called Schaffer collateral

fibers, as well as some interneurons.

- The stratum lacunosum moleculare (slm), only present in the CAl field, and
containing Schaffer collateral fibers, projections from enthorhinal cortex called the

perforant path fibers, and distal dendrites of pyramidal cells.

Pyramidal cells are the main projection excitatory neurons of the hippocampus proper. Their
cell bodies possess a triangle shape and are localized in the pyramidal cell layer. Their apical

dendritic tree is found in the stratum radiatum, whereas their basal dendrites and axon extend

toward the stratum oriens.

The different CA fields express specific genes that can be used as markers. As an example,
pyramidal cells express Math2, also called Nex or NeuroD6, (Bartholomi and Nave, 1994;
Schwab et al., 2000) and Dkk3 (Diep et al., 2004) that are absent from DG granule cells.
More specifically, CA1 pyramidal cells are characterized by the expression of POU domain
gene SCIP (Frantz ef al., 1994), while CA3 pyramidal cells express factors such as the kainate
receptor subunit KA1 (Castillo et al., 1997), the RNA-binding protein HuB (Okano and
Darnell, 1997), as well as the post-synaptic scaffolding protein Homer3 in their dendrites
(Shiraishi et al., 2004). Moreover, the small CA2 field expresses the voltage-dependent
calcium channel gamma subunit 5 CACNGS (also known as TARP gamma-5) specifically
(Fukaya et al., 2005; Kato et al., 2008).

Finally, the hippocampal fissure, as mentioned earlier, separates the CA1 field from the DG
(Figure 2D). Although the hippocampal fissure could be considered a virtual line in adult
brains (Sievers et al., 1992), it certainly represents in the embryonic brain a real pial

membrane containing meningeal tissue as well as blood vessels.
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3) Dentate gyrus (DG)

The DG has a V-shape structure, composed of 2 blades: an upper blade (or supra-pyramidal

blade) located dorsally, and a lower blade (or infra-pyramidal blade) located ventrally (Figure

2D). As it is part of the archicortical region, the DG is also composed of 3 layers that form

this V-shape structure.

These 3 layers are, from the deepest part to the pial surface (Figure 2D; Bayer, 1985):

- The stratum polymorph or polymorphic layer, also commonly named the hilus (hi),
a complex cellular and plexiform zone containing different cell types not well
characterized so far. The hilus is also the place where all axons from the granule
cells, called the mossy fibers, converge toward the CA1 region. This layer was in
the past incorrectly denominated CA4, as if it was considered a terminal portion of

the CA3 field (Lorente de No, 1934).

The stratum granulosum or granule cell layer (gcl), a dense and easily

distinguishable layer containing cell bodies of granule projection neurons.

The stratum moleculare or molecular layer, a broad plexiform zone that mainly
contains the dendritic tree of granule cells and afferent axons with which they form
synapses. These axons include the commissural fibers from the contralateral DG
and inputs from the medial septum (Matthews et al., 1986), both found in the inner
molecular layer (iml); as well as the perforant path fibers from the entorhinal

cortex, found in the outer molecular layer (oml).

In addition to these three layers, another specific region can be identified in adult mammals

DG: the subgranular zone (SGZ). Positioned between the hilus and the granule cell layer

(Figure 2D), the SGZ is composed of cells that have retained their proliferative capacity and

form a neurogenic pool producing new granule cells throughout adulthood (Altman and

Bayer, 1990).
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Granule cells are the main projection excitatory neurons of the DG. Their cell bodies are
round and are localized in the granule cell layer. Their dendritic trees are found in the

molecular layer, whereas their axons extend toward the hilus, in the stratum lucidum.

As for pyramidal cells of the Hp, DG granule cell can be specifically labeled with several
markers. Among them, the most common is the prospero-related homeobox gene Proxl,
which is expressed by granule cells throughout development and into adulthood, but is absent
from other cell types of the hippocampus (Oliver et al., 1993; Galeeva et al., 2007). In
addition, mature granule cells are specifically distinguished by the expression of the calcium-
binding protein Calbindin in the adult brain, (Sloviter, 1989), as well as Dock10 and Clql2
(Iwano et al., 2012).

4) Connectivity: the three synaptic system

The hippocampus connectivity has been well studied and described in literature, and is,
thanks to this and its relative simplicity, a model often used for electrophysiological studies.
The main connectivity circuit of the hippocampus is formed by an excitatory glutamatergic

loop named the three synaptic system (Figure 3; Andersen et al., 1971).

As partially described above, the dentate gyrus is the primary gateway for inputs into the
hippocampus. It receives connections from the entorhinal cortex (EC), called the perforant
path (Figure 3; Ramon y Cajal, 1893; Witter ef al., 1989), whose axons form synapses with
granule cell dendrites in the molecular layer. Granule cells then send axons to the hilus toward
the CA3 region (Figure 3). They extend mainly through the stratum lucidum of the
hippocampus proper, but some fibers are also found within or under the pyramidal cell layer.
These axons, called the mossy fibers, form synapses with CA3 pyramidal dendrites within the
stratum lucidum above the pyramidal cell layer (Blackstad et al., 1970; Gaarskjaer, 1978;
Swanson et al., 1978; Claiborne et al., 1986). Next, pyramidal axons project through the

stratum radiatum and stratum lacunosum moleculare, toward the CA1 field (Figure 3). These
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fibers, called the Schaffer collaterals, form synapse with CA1l pyramidal dendrites (Ishizuka
et al., 1990). Finally, axons from the CAl pyramidal cells innervate, through the stratum
oriens, the nearby Subiculum and back to the entorhinal cortex, thus forming the main output
connections of the hippocampus. Altogether, the perforant path, the mossy fibers and the

Schaffer collaterals form the so-called “three synaptic system”.

Figure 3. Hippocampal connectivity.

The main components of hippocampal connectivity are represented on this schema, including the tri-
synaptic circuit (perforant path PP - mossy fibers MF - Schaffer collaterals SC) and the CA3 to CA1l
commissural fibers (CF). DG is represented in red, CA3 in blue, CAl in purple, and subiculum in
green. cCAlI: contralateral CAl; CAI1/3: cornus Ammonis field 1/3; CF: commissural fibers;, DG:
dentate gyrus;, EC: entorhinal cortex; MF: mossy fibers, PP: perforant path; Sb: subiculum,; SC:
Schaffer collaterals. Adapted from Kesner 201 3.

Moreover, in mammalian brains, the two hemispheres are often inter-connected and the
hippocampus does not make exception. Whereas connections within the same hemisphere are
grouped under the term of associational fibers, connections between the two hippocampi are
called the commissural fibers. Indeed, these axons cross the brain by the dorsal and ventral
commissures (Blackstad 1956; Amaral et al., 1984). Thus, the dentate gyrus receives
afferences from the contralateral DG, which forms synapses with granule cell dendrites in the
molecular layer. Moreover, CA3 pyramidal axons innervate both the ipsi- and the contro-

lateral CA1 (Figure 3; Ishizuka et al, 1990; Li et al., 1994). Notably, although the two

28



Introduction

hippocampi are highly connected in rodents (Raisman, 1965; Gottlieb and Cowan, 1973), this

commissural connection is more disperse in primates (Amaral et al., 1984).

In addition to the three synaptic associational and commissural systems, many other types of
connections have been described. As an example of other intrinsic connections, perforant path
fibers from the entorhinal cortex also establish inputs directly with pyramidal neurons of
CA3, CAI and Subiculum (Steward and Scoville, 1976). And in addition to entorhinal cortex
efferences, one of the major extrinsic outputs of the hippocampus is the reciprocal connection

with the septum.

A complex inhibitory network of interneurons is also present in the hippocampus (reviewed in

Freund and Buzsaki, 1996; Kullmann, 2011), but will not be discussed here.

B) Hippocampal functions

The hippocampus is a major component of the brain in humans and other mammals. Initially,
until the 1930s, the hippocampal region was considered by neuroanatomists to be part of the
olfactory system, but this was proven wrong, notably by the influence review of Alf Brodal
(Brodal, 1947). Another influential neuroanatomical hypothesis was proposed by James W.
Papez, who suggested that the hippocampus was part of a circuit, the so-called Papez-circuit,
which would provide the anatomical substrate of emotion (Papez, 1937). This idea was
supported by the contemporary work of Kliiver and Bucy that showed that removal of the
medial temporal lobe causes profound emotional disturbances in monkeys (Kliiver and Bucy,
1937). However, it was subsequently shown that the loss of fear and other behavioral
alterations could be attributed to the amygdala and its connections with the visual regions of
the inferotemporal cortex (Mishkin, 1954; Schreiner and Kling, 1956; Weiskrantz, 1956) and
not to hippocampal damages. Again, Brodal commented this Papez theory as of « historical

interest only » (Brodal, 1981). Nevertheless, although only moderate evidence supports the

hypothesis that the hippocampus is involved in emotion, it is occasionally brought back to

light (Gray and McNaughton, 2000; Gray, 2001).
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Nowadays, the scientific community has largely admitted the important role played by the
hippocampus in memory and learning, and additional theories of hippocampal functions in
spatial navigation and stress response have emerged. These three aspects of hippocampal

functions are further described hereafter.

1) Memory & Learning

One of the first evidence that the hippocampus plays a role in memory was the famous report
of Scoville and Milner (Scoville and Milner, 1957). In the early 1950s, in the attempt to
relieve epileptic seizures, the patient H.M. underwent a surgical ablation of its two
hippocampi. The surgery consequently led to severe anterograde amnesia, and a partial
retrograde amnesia: H.M. was unable to form new memory and could not remember any
events that occurred just before his surgery. Several other studies have since then confirmed
the role of hippocampus in forming new memory (Rolls, 1996; Kesner, 2013). Despite this
retrograde effect, which extended to a few years before the brain damage, older memories
remained following hippocampal damage, suggesting that the consolidation of memories over
time involves the transfer from the hippocampus to other parts of the brain (Squire and

Schacter, 2002).

The memory can be subdivided into two types of memory. On one hand, the declarative
memory corresponds to memories that can be explicitly verbalized, such as memory of facts
(semantic memory) and memory about experienced events (episodic memory). On the other
hand the non-declarative memory among which the procedural memory, gathers memory and
learning of motor or cognitive skills, such as riding a bike or playing an instrument. Damage
to the hippocampus affects the declarative episodic memory (Squire, 1992; Squire et al.,
2004), but does not affect the non-declarative procedural memory, suggesting that the
hippocampus is specifically involved in declarative memory, whereas the non-declarative

depends on different brain regions.
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2) Spatial Navigation

In the 1970s, O’Keefe and Dostrovsky discovered neurons in the rat hippocampus, later called
« place cells », that appeared to show activity related to the rat's location within its
environment (O’Keefe and Dostrovsky, 1971). The existence of these place cells have also
been reported in human brain (Ekstrom et al., 2003). Interestingly, both pyramidal cells of the

hippocampus proper and granule cells of the dentate gyrus show « place cell » responses.

This discovery suggested that the hippocampus might act as a neural representation of the
environment, a cognitive map (O’Keefe and Nadel, 1978). Evidences of this theory are
numerous (for review, see Good, 2002). First, since this “place cells” discovery, other types of
cells playing a role in spatial navigation were discovered, such as head direction cells, grid
cells, and border cells. Although they are located in several parts of the rodent brain, these
regions are strongly connected to the hippocampus (Moser ef al., 2008; Solstad et al., 2008).

Moreover, behavioral studies showed that rats with hippocampal lesions are impaired in
learning certain spatial memory task, such as the radial arm (Olton et al., 1979; Jarrard 1983),
the T- maze (Rawlins and Olton, 1982) and the Morris water maze, in which rats with a
lesioned hippocampus fails to find a hidden, but not a visible, platform (Morris ef al., 1982;
Pearce et al, 1998). In addition to rodents, damage to the anatomical homologue of the
hippocampus in birds and the hippocampus in humans are known to disrupt spatial learning.

Finally, in human, the « cognitive map » theory is also validated by several data: patients that
do not have a fully functional hippocampus often get lost (Chiu et al., 2004); and it was
reported that the posterior hippocampus of experienced Londoner taxi drivers (who needed to
know all the streets of London by heart) were significantly larger relative to control subjects,
showing a positive correlation between hippocampal volume and the navigation skills of taxi

drivers (before the use of GPS navigators) (Maguire et al., 2000).
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3) Stress response

Anxiety, fear and stress are very different functions from memory, but surprisingly the
hippocampus has also been implicated in these processes. Several evidences have validated

this theory.

First, the animal and human hippocampus contains a high density of mineralocorticoid and
glucocorticoid receptors (MR and GR, respectively) (McEwen 1968, 1980), which are known
to mediate stress-related corticosteroid actions. Second, there is an inverted U-shaped
function between levels of stress and memory: studies showed that increasing stress has
initially synergistic but later deleterious effects on learning capability in mice (Yerkes and
Dodson, 1908). Thus, mild stress and low concentrations of steroids can facilitate spatial
memory (Akirav et al., 2004), contextual fear conditioning (Cordero et al., 2003), and classic
eye-blink conditioning (Shors, 2001); while moderate to high levels of stress or steroid can
impair spatial memory (Diamond et al., 1996; Conrad et al., 1999), recognition memory
(Baker and Kim, 2002) and contextual fear conditioning (Pugh et al., 1997). In addition,
stress modulates the intrinsic hippocampus excitability as well as the activity-dependent
synaptic plasticity associated with learning and memory (Foy et al., 1987; Garcia et al., 1997,
Diamond and Park, 2000; Kim and Diamond, 2002). Thus, stress or stress hormone elevation
can cause deleterious structural changes both in animals (Woolley et al., 1990; Magarinos and
McEwen, 1995; Sapolsky et al., 1985; Mizoguchi et al., 1992) and humans (Starkman et al.,
1992) and can impair neurogenesis in the post-natal and adult DG (Cameron and Gould,
1994; Gould et al., 1997), through an indirect glucocorticoid mechanism since granule cell

progenitors do not express MR and GR (Kim and Diamond, 2002).

Together, these data have demonstrated a role of the hippocampus in the negative feedback
regulation of the hypothalamic-pituitary-adrenal axis (reviewed in Jacobson and Sapolsky,
1991; and Herman et al., 2005), the major system involved in orchestrating the body’s

reactions to stress.
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4) Adult Neurogenesis

As mentioned earlier, one striking feature of the dentate gyrus, distinct from the other cortical
structures, is that it contains a source of adult neurogenesis in mammals. The first evidence
was published more than 50 years ago by Joseph Altman and colleagues (Altman, 1962, 1969;
Altman and Das, 1965). The rodent forebrain possesses two regions with active ongoing
neurogenesis during adulthood: the subventricular zone (SVZ) lining the lateral ventricles,
and the subgranular zone (SGZ) in the DG. This SGZ consists of a niche of precursor cells
located at the border between the hilus and the granule cell layer (Figure 2D), and the basic
steps in the process of forming new neurons in this area are quite well understood (Abrous et
al., 2005). In addition to rodent brains, evidences for adult neurogenesis are also found in the

human dentate gyrus (Eriksson ef al., 1998).

These DG SGZ stem-like cells have the capacity to proliferate but are more restricted in their
multipotent function than stem cells. New generated cells migrate short distance to the
granule cell layer and differentiate into neurons. These cells have been shown to exhibit
granule cells properties: they receive synaptic input (Kaplan and Hinds, 1977), extend axons
into the CA3 region (Stanfield and Trice, 1988; Markakis and Gage, 1999), express several
biochemical markers of granule cells, including NeuN, calbindin, MAP-2, and Tujl (Kuhn e?
al., 1996; Gould et al., 2001), and depict granule cells electrophysiological properties (Van
Praag et al., 2002).

Additionally, multiple molecules that regulate the development of the granule cell layer are
thought to have a similar function during adult neurogenesis of the SGZ. Among them, Wnt,
BMP, Shh, and Notch regulate neural precursor cell maintenance, proliferation, and
differentiation in the adult SGZ (Alvarez-Buylla and Lim, 2004; Fuentealba et al., 2012).
Similarly, granule cell differentiation during development and adult stages share common
factors in their sequential gene expression, such as the expression of the doublecortin DCX,
the basic helix-loop-helix transcription factor NeuroD1 (ND1) and the prospero-related

homeobox gene Prox1 (detailed in Introduction-1-C-3-a)
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Several studies suggest that this continuous generation of DG neurons is required in learning
and acquisition of new memories (Van Dijck et al., 2000; Aimone et al., 2006) and in the
behavioral effects of neuropathy (Gu ef al., 2011; Surget et al., 2011; Zhang and Luo, 2011).
Indeed, it has been reported that SGZ neurogenesis is crucial for DG repairing processes:
adult neurogenesis is induced following DG damages such as mechanical or excitotoxic
lesions (Gould and Tanapat, 1997) or ischemia and seizures resulting in granule cell death
(Parent et al., 1997; Kee et al., 2001; Scharfman, 2004). Some evidence even suggests that
neurogenesis is upregulated in neurodegenerative conditions such as Alzheimer’s disease (Jim

et al., 2004).

Furthermore, studies have unraveled that the DG adult neurogenesis can be modulated by
several factors. Among them, levels of circulating steroid hormones can act either in
promoting or inhibiting adult neurogenesis. Thus, glucocorticoids inhibit the production of
new neurons by decreasing the precursor proliferation (Gould et al., 1991; Cameron and
Gould, 1994) and conversely, removal of circulating adrenal steroids has the opposite effect
(Gould et al., 1992; Cameron and Gould, 1994). On the contrary, the ovarian steroid estradiol
has a positive effect on the production of new cells in the adult rats DG (Tanapat et al., 1999).
Another known factor modulating DG adult neurogenesis is the environmental experience:
stress decreases the rate of cell proliferation in the adult DG (Tanapat et al., 2001; Malberg
and Duman, 2003; Westenbroek et al., 2004; Lemaire et al., 2000), while environmental
enrichment promotes cell proliferation and neurogenesis (Amrein et al., 2004; Kempermann

et al., 1997; Brown et al., 2003).

5) Septal/Temporal -specific functions

In the 1990s, Moser and Moser suggested that the hippocampus does not act as a unitary
structure, but the septal and temporal pole might play different roles (reviewed in Fanselow
and Dong, 2010). Indeed, anatomical studies indicated that connections of the septal (dorsal/
rostral) and temporal (ventral/caudal) hippocampus differ (Swanson and Cowan, 1977).

Moreover, spatial memory has been reported to depend on the septal pole but not on the
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temporal pole (Moser et al., 1993; Moser et al., 1995). On the contrary, lesions of the
temporal, but not of the septal pole, alter stress responses and emotional behavior (Henke,
1990). Therefore, these studies and a substantial number of others support the theory that the
septal pole of the hippocampus is specifically involved in memory function, whereas the

temporal pole modulates more emotional and affective processes.

Notably, it has also been demonstrated that “place cells” respond to fields that vary in a
gradient along the length of the hippocampus: cells at the septal end show the smallest fields
and cells at the temporal tip show fields that cover the entire environment (Moser et al.,
2008), suggesting that spatial navigation is also regionalized along the hippocampus.
Consistent with this idea and as describer earlier, the posterior (temporal pole) hippocampus,
but not the anterior (septal pole) one of experienced taxi drivers is significantly larger

compared to control subjects.

Although no distinct markers have been reported to specifically label the septal and the
temporal pole of the hippocampus, few studies have demonstrated by transcriptome analyses
that several genes are differentially enriched in the septal or temporal hippocampus (Leonardo
et al., 2006; Christensen et al., 2010; O’Reilly et al., 2014). In addition, several genes are
expressed in a gradient along the longitudinal axis in the neocortex and in the archicortex, and

can therefore be used to distinguish septal versus temporal poles of the hippocampus.

6) Disruption / Pathology of the hippocampus

Functional magnetic resonance imaging (fMRI) analyses of some neuropsychiatric disorders
have hinted to the requirement of the hippocampus in various types of mental activities in

humans.

As an example, decreased hippocampal volume has been observed in patients with depression
or post-traumatic stress disorder (PTSD) (Campbell et al., 2004; Woon et al., 2010).

Anatomical abnormalities in the hippocampus are also observed in epilepsy, lissencephaly,
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and schizophrenia (Baulac et al., 1998; Harrison, 2004; Donmez et al., 2009). Some of these
symptoms are thought to be associated with the migration deficit of hippocampal neurons

during development (Barkovich ef al., 1991; Dobyns ef al., 1996; Montenegro ef al., 2006).

More specifically, migration defects of dentate granule cells, called the Granule Cell
Dispersion (GCD), have been associated with Temporal Lobe Epilepsy (TLE) (Houser, 1990).
The extracellular glycoprotein Reelin, which is known o act as a stop signal for migrating
neurons, seems to be involved in this process: humans with GCD exhibit a decreased Reelin
expression and treatment of mice with GCD with Reelin rescued granule cell distribution
(Haas et al., 2002; Miiller et al., 2009). Despite this correlation, it still remains to be
elucidated whether epilepsy is caused by these hippocampal abnormalities and/or whether
they are consequences of the cumulative seizures, However, unilateral injections of the
glutamate agonist kainate into the mouse hippocampus induce epileptic seizures and, with
some delay, a characteristic Granule Cell Dispersion (Bouilleret ez al., 1999; Heinrich et al.,

2006), suggesting that GCD is a result of seizure activity rather than being its source.

In addition, the hippocampus is one of the first regions to suffer damage in Alzheimer's
Disease (AD): neuropathological changes are thought to appear initially in the entorhinal
cortex and progress from there to the hippocampus, before reaching the neocortex as the
disease progresses (Braak et al., 1993). AD is associated with hippocampal atrophy, both in
patients with established dementia and in the presymptomatic stage of AD (Bobinski et al.,
1999; Convit et al., 1997). Entorhinal and hippocampal damages are present in the disease
earliest stages, before AD can be clinically diagnosed, at a time called the mild cognitive
impairment (MCI), making of the detection of medial cortex damages in MCI an important
tool to achieve earlier diagnosis and treatment of AD. Interestingly, determination of
hippocampal atrophy can distinguish AD from normal aging with a high degree of specificity
and sensitivity (Jack et al., 1997). Moreover, because the hippocampus plays crucial roles in
memory and spatial navigation, its neuropathological changes in AD induces the well-known
AD symptoms of memory loss and disorientation. Consistently, deficits of episodic memory
have been correlated with atrophy of the hippocampus but not with atrophy of structures

outside the medial temporal lobe.
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C) Hippocampal development

1) Early cortical patterning events

The hippocampus arises from the caudomedial portion of the dorsal telencephalic
neuroepithelium (Stanfield and Cowan, 1979a,b; Bayer, 1980a,b). Cortical progenitors are
found along this edge and form the cortical hem (also called hem) that controls hippocampal
and dentate development at the earliest stages. Indeed, loss of function mutations inducing
hem defects, such as for Lhx5 (Zhao ef al., 1999), lead to secondary hippocampal defects due
to the loss of hem-derived patterning signals. The hem expresses many of these inductive
signaling factors, such as the Bone Morphogenetic Protein (BMP) and Wnt family members
(Furuta et al., 1997; Grove et al., 1998). The Wnt signaling pathway controls the production
and migration of granule cell progenitors during Dentate Gyrus formation (Galceran et al.,
2000; Lee et al., 2000; Roelink, 2000). BMP signaling, however, is required for cortical hem
formation and thus has only a secondary effect on DG formation, since BMPs do not seem to
be necessary any longer for specification of hippocampal cell identities once the hem is

formed (Hébert et al., 2002).

Wnt signaling plays a crucial role in the development of the dentate gyrus. Loss of several
components of the Wnt pathway leads to defective DG development and absence of DG
neural stem cells (Galceran et al., 2000; Lee et al., 2000; Zhou et al., 2004; Li and Pleasure,
2005). Among them, Lefl, a Wnt-activated transcription factor selectively expressed in the
developing dentate, regulates the generation of DG granule cells since its loss leads to an
abnormally small dentate gyrus as a result of decreased proliferation of progenitor cells
(Galceran et al., 2000). In addition, activation of the Wnt signaling pathway also induces the
expression of the homeobox gene Prox1 selectively in granule neurons and regulates dentate

gyrus neurogenesis in the adult (Lie et al., 2005; Machon et al., 2007; Karalay et al., 2011).

Another important factor for the onset of dentate gyrus formation is the homeobox-containing
transcription factor Emx2. In mice null for Emx2, the development of the dentate gyrus is

affected at the onset of its formation with defects in the dentate neuroepithelium (Pellegrini et

37



Introduction

al., 1996; Yoshida et al., 1997). As a consequence, the DG is missing and the hippocampus
proper is reduced. The few granule cells produced in the mutant are poorly differentiated
(Savaskan et al., 2002). Several evidences suggest that this problem could be a defect in the
cortical positional information signaling cascade mediated by Wnt signaling, which regulates

Emx2 (Muzio ef al., 2002, 2005; Ligon et al., 2003).

2) Hippocampus proper development

The developmental processes of the hippocampal pyramidal cell layer of the hippocampus
proper (CA fields) are roughly similar to those of the neocortical pyramidal cells. In both
cases, cells are born in the ventricular zone (VZ), differentiate in the sub-ventricular zone
(SVZ) and migrate radially along radial glial fibers to their definitive locations in the
pyramidal cell layer, in an inside-out pattern: deep layers are formed first, followed by upper
layers (Rakic, 1978; Supér and Uylings, 2001). As a consequence, the most recent neurons are

found in more superficial layers.

Since this study is focusing on Dentate Gyrus development, no further description will be

given to the development of the Cornus Ammonis in this introduction.

3) Dentate gyrus development

Compared to hippocampus proper and neocortex, the morphogenesis of the dentate granule
cell layer is fundamentally different (Angevine, 1965; Stensaas, 1967; Schlessinger et al.,
1975; Bayer, 1980a,b; Eckenhoff and Rakic, 1984; Rickmann et al., 1987; Altman and Bayer,
1990a-c; Sievers et al., 1992; Li and Pleasure, 2005; Li et al., 2009). One of the main
difference is that DG development is uniquely characterized by the existence of precursor
cells that divide and migrate at the same time, generating post-mitotic, immature neurons that

also migrate before reaching their final locations (Altman and Bayer, 1990a).
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e Progenitor & intermediate progenitor cells
o Post-mitotic cells

Figure 4. Dentate gyrus development.

Dentate gyrus developmental steps at E13.5, E15.5, PO and P7 in mouse. The upper panel (A-D)
shows DG anatomy on coronal sections labelled with Nissl staining. The lower panel (A’-D”) shows
representative schemas of the different developmental stages. Progenitors of the granule cells originate
from the dentate gyrus neuroepithelium (dgn, or primary matrix 1ry), a restricted neuroepitelial area of
the medial pallium, established around E13.5 in mice (A) and located the dorsal edge of the hem (h)
around a ventricular indentation called the dentate notch (black arrowhead in A and B). Starting at
E15.5 (B-B’), a mix of mitotic (red dots in B”) and post-mitotic (green dots in B”) cells travel through
the secondary (2ry) matrix (purple arrow in B’). At the end of their migration, cells accumulate in the
tertiary (3ry) matrix. Two routes of migration occurs: while early-generated post-mitotic cells migrate
along the pial surface (green arrow in C”), forming first the DG upper blade, progenitors accumulate in
the 3ry matrix (red arrows in C’), where they form a second germinative pool that will generate the
vast majority of granule cells within the first postnatal weeks (C’-D’). As time proceeds, hilar
proliferative zone becomes restricted to the SGZ, the adult neurogenesis niche of the dentate gyrus.
1ry/2ry/3ry: primary/secondary/tertiary matrix, CA3: cornus Ammonis field 3; dgn: dentate gyrus
neuroepithelium; fi: fimbria;, gcl: granule cell layer; h: hem; Hpn: hippocampus proper

neuroepithelium; hi: hilus; ml: molecular layer.

In 1990, Altman and Bayer demonstrated that proliferative stem cells and progenitors of the

granule cells initially originate from a restricted area of the neuroepithelium of the medial
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pallium. This focal region is located at the dorsal edge of the hem (which will later become
the fimbria), next to a ventricular indentation called the dentate notch (black arrowhead in
Figure 4A-B). This dentate gyrus neuroepithelium (dgn), or primary matrix (1%) is first
established at around E13.5 in mice (Figure 4A-A’). It contains progenitor cells that share
several characteristics with astroglia (shape, markers) and are called Radial Glia Cells
(RGCs). RGCs divide in the ventricular zone and give rise to Intermediate Progenitor Cells
(IPCs) that have retained their mitotic activity. Starting at E15.5 (Figure 4B-B’), IPCs travel
through the dorsal portion of the fimbria (suprafimbrial region). This stream of migratory
cells, called the secondary matrix (2%), is composed of a mix of dividing progenitors and
post-mitotic immature neurons. At the end of their migration, these cells accumulate in the
tertiary matrix (3%), or DG anlage, which will become the major proliferative zone of
postnatal dentate development. While DG morphogenesis starts early in embryonic
development, the vast majority of neurons are generated within the first four postnatal weeks
(Muramatsu et al., 2007). As postnatal time proceeds (Figure 4C-D), the hilar proliferative
zone becomes restricted to the SGZ, the adult neurogenesis niche of the dentate gyrus.
Although the adult neurogenesis of the DG is well studied, the mechanisms regulating its

establishment during DG development are poorly understood.

The progression from stem/progenitor cell to mature neuron requires several steps, including
specific molecular pathways, migration and positioning of newborn cells, and finally
maturation and establishment of a proper connectivity. These three processes are described

hereafter.

a - Neuronal differentiation: Transcription Factor cascade

Several transcription factors and signaling pathways, most of them commonly used during
cellular differentiation in other systems, are required for the development of the DG
(Kempermann et al., 2004; Frotscher et al., 2007; Li and Pleasure, 2007). This sequential
expression of transcription factors, called the transcription factor cascade, guides the

transition from neural stem cells to progenitors and ultimately to post-mitotic mature neurons.
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Although many other genes are expressed during granule cell differentiation, I will present

here the major steps and the main factors involved. The members of this transcription factor

cascade used in this study are summarized in Figure 5.

Kie7
Mcm2
Pax6
Tbr2
ND1
Prox1
Tbr1
NeuN

Figure 5. Transcription factor cascade involved in granule cell differentiation.
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Schematic representation of granule cell differentiation, with the different sequence of cell types from

neural stem cell (MVSC) to intermediate progenitors and post-mitotic granule cells. Their localization in

the three matrices and the specific transcription factors or markers they express are also indicated.
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The primary matrix contains neural stem and progenitor cells, the RGCs, which possess self-
renewal capability, and therefore are expressing markers of the cell cycle, such as Ki67 or
Mcm?2. These progenitors are also characterized by the expression of the transcription factors
Sox2 and Pax6. Following several rounds of divisions, IPCs are subsequently generated and
start to express the T-box transcription factor Tbr2. IPCs are found in the dentate sub-
ventricular zone of the primary matrix, in the stream of migration (secondary matrix) from
E15.5, and in the tertiary matrix at later stages. While migrating, IPCs divide, allowing
amplification of granule cell numbers. The end of this transient amplifying progenitor phase is
marked by the expression of the bHLH transcription factor ND1 in neuronal committed IPCs
(Miyata et al., 1999). The latter pushes cells to exit the cell cycle and gives rise to early
immature post-mitotic neurons, mostly localized in the tertiary matrix. Post-mitotic neurons
gradually mature and express the transcription factors ND1, Prox1, Tbrl, and finally NeuN
that mark sequential discrete steps of granule cell maturation. Interestingly, although most of
these transcription factors, such as Pax6, Tbr2, Tbrl and NeuN, are common to the neocortex
and hippocampus (Englund et al., 2005; Hevner et al., 2006), Prox1 expression is specific to
granule cells of the dentate gyrus and is absent in the adjacent hippocampus proper (Lavado et

al., 2010).

Several loss- and gain-of-function studies have unraveled the specific roles of these
transcription factors in DG granule cell differentiation. The investigated functions of some of

these factors are presented hereafter.

* Sox2
The transcription factor Sox2 [SRY (sex determining region Y)-box 2], a member of the
SOXBI1 family, is expressed by cortical mitotic precursors but absent from IPCs (Zappone et
al.,2000; Graham et al., 2003) and is a key determinant of neural stem/progenitor cell
maintenance in the cerebral cortex. Sox2 overexpression represses neuronal differentiation
(Bani-Yaghoub ef al., 2006; Bylund ef al., 2003; Graham et al., 2003), whereas Sox2 down-
regulation induces cell cycle exit and expression of early differentiation markers (Graham et
al., 2003). In humans, rare Sox2 mutations have been reported to cause impaired hippocampal

development, among other symptoms (Sisodiya et al., 2006). In the hippocampus, Sox2 was
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also shown to be required for neural stem cell maintenance, by regulating soluble factors,
including Shh (Favaro et al., 2009). Additionally, Sox2 deficiency causes neurodegeneration
and impaired neurogenesis in the adult mouse brain (Ferri et al., 2004) and conditional
ablation of Sox2 in adult hippocampal NPCs impairs the activation of proneural and
neurogenic genes, resulting in increased neuroblast death and functionally aberrant newborn

neurons (Amador-Arjona at al., 2015).

e Paxé6
The Paired box-gene 6 (Pax6) gene encodes a transcription factor involved in peripheral and
CNS development (reviewed in Simpson and Price, 2002). Pax6 is strongly expressed in
neural stem/progenitor cells, the RGC (Go6tz ef al., 1998), and plays an important role in brain
patterning, neuronal specification, neuronal migration, and axonal projections (Osumi, 2001;
Simpson and Price, 2002). In addition, and because it is known that neural progenitors cells
and astrocytes share common characteristic (such as GFAP expression), Pax6 expression was
also reported in astrocytic precursor and mature astrocytes (Sakurai and Osumi, 2008). In the
developing and adult hippocampus, Pax6 is express in the neural stem/progenitor cells

(Figure 5; Duan et al., 2013) and regulates cell proliferation and differentiation in the adult

SGZ (Maekawa ef al., 2005).

o Tbr2
IPCs in the developing and adult DG specifically express the T-box transcription factor Tbr2
(Figure 5; Hodge et al., 2008; Roybon et al., 2009). Similar to its known role in embryonic
neocortex (Arnold et al., 2008; Sessa et al., 2008), recent reports show that Tbr2 ablation
leads to an increased proliferation of neural stem/progenitor cells, as well as an IPC depletion
and consequent decrease of granule cell neurogenesis (Hodge et al., 2012). It has also been
suggested that Tbr2 may promote progression from multipotent neural stem cell to neuronal-
specified IPC by directly repressing Sox2. In an other recent study, Hodge et al. showed that
Tbr2 has additional functions during DG morphogenesis (Hodge et al., 2013): it is expressed
in Cajal-Retzius cells derived from the cortical hem and ablation of Tbr2 in these cells results
in ectopic accumulation of Cajal-Retzius cells during their migration to the developing

dentate gyrus.
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* NeuroD1 (ND1)
In the hippocampus, the bHLH transcription factor ND1 is expressed by late IPCs and early
post-mitotic neurons (Figure 5; Miyata et al., 1999). It has been reported that NeudoD1
(NDI, also named BETA-2) deficient mice have a dramatic defect in the proliferation of
progenitor cells that reach the dentate gyrus and a significant delay in the differentiation of
granule cells, leading to malformation of the granule cell layer and excess cell death (Liu M.
et al., 2000). Interestingly, loss of ND1 does not affect other hippocampal neurons (Miyata et
al., 1999; Liu M. et al., 2000), probably due to the expression of Math2 and NeuroD2, two
closely related family members, in these other regions (Pleasure et al., 2000b; Schwab ef al.,
2000). In summary, ND1 essential function is to control terminal neuronal differentiation of

granule cells.

* Prox1
Prox1, a prospero-related homeobox gene (Oliver et al., 1993), is commonly used as a
specific marker for granule cells of the DG, both in adults and during development. Lavado et
al. have reported that functional inactivation of Prox1 during development results in defective
granule cell maturation and consequent absence of this cell population (Lavado et al., 2010).
In addition, they also show that ectopic expression of Prox1 in neural stem cells promotes
premature differentiation both during DG development and adult neurogenesis in the SGZ
(Lavado et al., 2010). Moreover, conditional Prox! knock-out mice show that Prox1 post-
mitotically specifies and maintains granule cell identity over CA3 pyramidal cell fate (Iwano
et al., 2012). Thus, Prox1 is a crucial factor regulating granule cell fate differentiation and
maintenance. Furthermore Galichet e al. demonstrated that dentate progenitors also express

Prox1, even if at low levels (Galichet ef al., 2008)

* Thrl
The T-box brain gene 1 (Tbrl) is expressed in post-mitotic projection neurons (Englund et al.,
2005) and regulates their differentiation (Hevner et al., 2001; Bedogni et al., 2010). Tbrl
mutants exhibit impaired differentiation in frontal cortex and neocortical layer VI (Bedogni et
al., 2010). Although it is supposed to have similar functions in DG granule cell

differentiation, Tbr1 role in hippocampal development is poorly documented.
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* NeulN

NeuN was originally discovered by the production of a novel anti-NeuN antibody permitting
to label a nuclear antigen restricted to neurons (Mullen et al., 1992). Since then, this pan-
neuronal marker has been actively used to assess the functional state of neurons, as well as the
differential morphological diagnosis of cancer (You et al., 2005). However, the structure of
the protein remained unknown until recently, and the function of this protein is still not clear
(reviewed in Gusel’nikova and Korzhevskiy, 2015). Several evidences suggest however that
the NeuN protein is a product of the Fox-3 gene, which belongs to the Fox-1 gene family
(Kim et al., 2009).

e Calbindin and Calretinin
Calbindin and Calretinin are calcium-binding protein expressed by several neuronal sub-
populations and associated among other roles with calcium homestasis (Baimbridge et al.,
1992; Zheng et al., 2004) and interneuron expression patterns (Freund and Buzsaki, 1996).
They are also expressed during DG granule cell differentiation: transient expression of
Calretinin defines early post-mitotic step of neuronal differentiation in adult SGZ
neurogenesis (Liu et al., 1993; Brandt et al, 2003) and mature granule cells express
Calbindin, and this expression is correlated with the appearance of glutamatergic inputs and

integration into the synaptic circuit (Sloviter, 1989).

In addition to all these transcription factors, other genes have been involved in regulating
granule cell differentiation at different step of the process. Among them, Neurogenin 2
(Ngn2)-expressing progenitors generate most or all dentate granule cells and elimination of
Ngn2 function results in the loss of a large fraction of dentate granule cells and in a severe
defect in DG morphogenesis (Galichet et al., 2008). Also, Nuclear Factor I A (NFIA)
regulates both the repression of the progenitor cell state and the activation of differentiation
gene programs regulating neural development (Piper ef al., 2010). MicroRNAs have as well
been reported to regulate granule cell differentiation, since lack of miRNAs at early stages
causes precocious differentiation, and inactivation of the RNAse III enzyme Dicer causes

abnormal hippocampal development and morphological impairments (Li et al., 2011).
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b - Migration

Neuronal migration in the neocortex is well studied, and the cellular dynamics and molecular
mechanisms involved in neuronal migration are also well understood. Because the
hippocampus and neocortex belong to the cerebral cortex, their neuronal migration was first

thought to be similar, but strong differences have been highlighted in the last few years.

Around E15.5 in mice, progenitors and differentiating granule cells start to migrate away

from the 1% matrix through the 2% matrix. Gradually, this dentate migration divides into two

routes (Figure 4C”) (Altman and Bayer, 1990c; Hayashi et al., 2015):

- The first dentate migration follows the subpial route. Cells migrate along the pial
surface, accumulate in the 3" matrix and forms the outer part of the granule cell layer. Cells
from this dentate migration travel in an outside-in pattern: earliest born cells migrate the
furthest while the following cells accumulate behind them. Therefore, oldest granule cells are
located at the tip of the upper blade, and younger cells at the tip of the lower blade. As a

consequence, the upper blade of the granule cell layer is formed before the lower blade.

- The secondary dentate migration reaches the prospective hilus. Progenitors from the
ventricular zone that have retained their proliferative capacity settle in the prospective DG,
where they form a second germinative zone. Following further proliferation, these newly born
granule cells integrate the inner part of the granule cell layer (Altman and Bayer, 1990c;
Martin et al., 2002; Namba et al., 2005, 2007, 2011). Thus, at the opposite of the neocortex
and the hippocampus proper, the granule cell layer has an outside-in lamination pattern, where

the earliest-born cells settle in the outermost layers.

While the first dentate migration exhaust around birth, the second stream is mostly a post-
natal feature, and give rise to almost 80% of the granule cells during the first week (Bayer,
1980a). Adult neural stem cells of the DG (the SGZ) are thought to derive from this second

proliferative zone and thus from neural stem cells of the ventricular zone (Altman and Bayer,
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1990c; Seri et al., 2004), although a recent study has challenged this view by revealing that

adult neural stem cells are induced at peri-natal stages (Li et al., 2013).

Dentate granule migration is regulated by several factors (Hayashi et al., 2015), gathered here
in three main features. First, neuronal migration requires proper cytoskeletal machinery,
enabling cells to acquire a bipolar and/or multipolar cell shape they need for proper migration.
Second, different chemokines are involved in attracting or repulsing migrating granule cells.
They form a guidance cue/receptors system required for driving migrating cells toward their
targets. Third, dentate migration also depends on the presence of a proper scaffold, formed by

radial glia fibers, along which differentiating granule cells travel.

e Cytoskeletal machinery
In the last 20 years, many molecules involved in the cytoskeletal machinery have been

reported to be required during neuronal migration.

Inactivation of the serine/threonine kinase Cdk5 or its regulatory co-factor p35 display
disrupts laminar formation in the neocortex and hippocampus (Ohshima et al., 1996; Wenzel
et al., 2001; Ohshima et al., 2005). In the neocortex, Cdk5 regulates multipolar-to-bipolar
transition of migratory neurons via RapGEF2 phosphorylation (Ohshima et al., 2007; Ye et

al.,2014), and a similar mechanism may also act during hippocampal development.

The microtubule-associated protein Doublecortin (DCX) is a causative gene for X-linked
lissencephaly (des Portes et al., 1998). Hemizygous Dcx mutant males display abnormal
migration of CA3 neurons, while neocortical and DG neurons are quite normal (Corbo ef al.,
2002). Moreover, double knock-out of Dcx and the doublecortin-like kinase 1 (Dclkl) or 2
(Dclk2) show abnormalities also in DG lamination (Deuel et al., 2006; Tanaka et al., 2006;
Kerjan et al., 2009). These results suggest that DCX is involved in regulating the cytoskeletal

changes necessary for hippocampal neuronal migration.

As another example, Lis1 (PAFAH1BI1) regulates microtubule-based transport (Sasaki et al.,

2000), and is another causative gene for lissencephaly (Reiner et al., 1993; Lo Nigro et al.,
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1997). Lisl knock-out mice exhibit discontinuous and multiple Hp pyramidal cell layer and a
less concentrated granule cell layer (Fleck et al, 2000), making of Lisl another factor

involved in hippocampal neuronal migration.

In addition, the small Rho GTPase Rnd?2 is a key modulator of radial migration in the cortex.
It is involved in the regulation of multipolar-to-bipolar shaped cells transition and bipolar-
shaped cell migration during mid-late stages of corticogenesis, and is directly activated by the
proneural gene Ngn2 (Heng et al., 2008; Nakamura et al., 2006). Notably, our group has
reported that Rnd2 expression is directly repressed by the transcription factor COUP-TFI in
the neocortex (Alfano et al., 2011). Other factors, such as FInA and RhoA have also been
shown to control multipolar-shaped cell migration and their transition to bipolar-shaped cells
in the neocortex (LoTurco and Bai, 2006; Ge et al., 2006), and other molecules, such as
Mdgal, N-cofilin, and integrins have been implicated in the maintenance of bipolar cell
polarity and interaction of migrating neurons with the radial glia (Takeuchi and O’Leary,

2006; Bellenchi et al., 2007; Dulabon et al., 2000; Marchetti et al., 2010).

* Guidance cues
In addition to their widespread expression in the immune system, it is now known that
chemokines (chemotactic cytokines) and their receptors are expressed throughout the central
nervous system. All of the major cell types in the brain, including neurons and glia, express
many of the known receptors for chemokines (Bajetto et al., 2001). Chemokines and their
receptors have an important chemotactic function in the migration of developing neurons
during embryogenesis (Zou et al., 1998), and some, such as CXCR4 and Reelin, control the
migration of granule cell progenitors during dentate gyrus formation (Bagri ef al., 2002; Lu et

al., 2002; Li et al., 2009; Forster et al., 2002, 2006; Sibbe et al., 2009).

The CXCR4 receptor is one of the most highly expressed chemokine receptors both during
development and in the mature brain (Jazin et al., 1997, McGrath et al., 1999, Lavi et al.,
1997). Deletion of the gene coding for the CXCR4 receptor, or of its ligand Stromal cell-
Derived Factor 1 (SDF1, also named CXCL12) results in embryonic lethality. The brains of
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mouse embryos homozygous for the absence of CXCR4 receptors have severe abnormality in
the development of cerebellar morphology (Zou et al, 1998, Ma et al., 1998). SDF1 is
expressed in the meninges and in Cajal-Retzius cells, around the hippocampal fissure, and
migrating granule cells express the receptor CXCR4 (Bagri et al., 2002), supporting an
interaction between CXCR4 and SDF1 in granule cell migration. CXYCR4 mutant mice exhibit
a severe abnormality in the development of the DG due to defective granule cell positioning

(Bagri et al., 2002).

The giant glycoprotein Reelin is synthesized by Cajal-Retzius cells (CR cells) and
interneurons and secreted into the extracellular matrix (Haas et al., 2002; Alcantara et al.,
1998; Pesold et al., 1998; Ramos-Moreno et al., 2006). After this secretion, Reelin is
proteolytically cleaved and activate target cells, expressing the lipoprotein receptors, such as
the very-low-density lipoprotein receptor (VLDLR) and apolipoprotein E receptor 2
(ApoER2) (Nakano et al., 2007; Trommsdorft et al., 1999). In the neocortex, the reelin-
deficient mice, the so-called reeler, display disrupted layer formation, including overall
approximate inversion of the birthdate-dependent layering (Caviness, 1973). In the
hippocampus, reeler mice also exhibit a hippocampal inverted layer formation, as well as a
less densely packed DG and a reduced number of granule cells (Caviness, 1973; Stanfield and
Cowan, 1979a,b; Boyle et al., 2011). Interestingly, injection of CR-50, a function-blocking
antibody against Reelin protein, into the ventricle of mouse embryos resulted in a similar
layer pattern to that of reeler mice in the Hp (Nakajima et al., 1997), implying that Reelin
controls hippocampal neuronal migration in a cell-autonomous manner. Additionally, it has
been shown that Reelin and its downstream effector Dab1 guide the detachment of migrating
neurons from this radial glia scaffold (Dulabon et al., 2000; Olson et al., 2006; Sanada et al.,
2004).

¢ Radial Glia scaffold

During development of the nervous system, RGCs regulate boundary demarcation and act as
scaffolds for migrating neurons (Go6tz and Barde, 2005). Radial Glia plays an important role

in hippocampal morphogenesis (Rickmann et al., 1987; Sievers et al., 1992). In these studies,
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two distinct glial bundles have been identified: the supragranular bundle, derived from the
ammonic neuroepithelium, and the fimbrial bundle, derived from the fimbrial glioepithelium.
Both have been postulated to regulate granule cell migration (Altman and Bayer, 1990a,b;
Nakahira and Yuasa, 2005). Both of these glial bundles express GFAP, but seem to be
regulated by distinct molecular determinants. As an example, the supragranular bundle fails to
develop in Nfib-deficient mice, resulting in a failure of hippocampal fissure formation, and in
the absence of proper DG morphogenesis (Barry et al., 2008), while the fimbrial bundle

remains intact.

Moreover, in addition to its cell-autonomous role (see above), Reelin also act in a non-cell-
autonomous manner on neuronal migration. Particularly, is was reported that Reelin and its
downstream effector Dab1 affect differentiation, branching and radial alignment of RGCs in
the hippocampus (Soriano and Del Rio, 2005), and loss of these genes results in an abnormal
radial fiber formation, and a consequent failed neuronal migration (Forster et al., 2002).
Interestingly, Zhao et al. rescued reeler malformation in the orientation of RGCs fibers and
dentate cell migration in vitro by adjacently co-culturing reeler DG and wild-type DG (Zhao
et al.,2006)

¢ - Maturation & connectivity

In addition to the expression of transcription factors required in late neuronal differentiation
(such as Tbrl, NeuN, etc), and to their proper localization within the granule cell layer,
granule cells also require a proper cytoarchitecture to mature: a well developed dendritic tree,
containing mature synapses with their proper afferents, and correctly elongated axons
reaching their targets. Overall, the final maturation of a neuron depends on its connectivity

and ultimately its integration into the neuronal network.

Perforant path fibers from the entorhinal cortex are among the first afferents to reach the DG
in rodents: they arrive in the outer molecular layer at E18/E19 (Supér and Soriano, 1994).

This early arrival implies that targeted granule cells cannot control their regional specificity
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and layer-specific termination, since most of them are generated after birth (cf. Introduction-I-
C-3). Instead, Cajal-Retzius cells have been shown to serve as transient targets of early
arriving entorhinal fibers in the absence of granule cells (Del Rio et al., 1997; Frotscher et al.,
2001). However, their secreted molecule Reelin is not required in this process, since reeler

(Reelin-deficient) mice have correct perforant path lamination (Del Rio ef al., 1997; Zhao et

al., 2003).

As for mossy fibers, they start to appear at the day of birth and develop within the next 3-5
days in rats (Amaral and Dent, 1981; Blaabjerg and Zimmer 2007). Spines on the proximal
CA3 pyramidal cell dendrites start to develop about one week after birth, but a mature mossy
fiber terminal develop at 3 postnatal weeks (Amaral and Dent, 1981; Gaarskjaer, 1985;
Blaabjerg and Zimmer, 2007). Notably, it has also been reported that mossy fibers
development at septal levels seems to be relatively delayed compared to temporal levels
(Blaabjerg and Zimmer 2007). In addition, the calcium-binding protein Calbindin is
particularly abundant in the granule cell mossy fibers (Baimbridge and Miller, 1982; Celio,
1990). Calbindin can bind free calcium and thus regulate the intracellular calcium

homeostasis, which is essential for synaptic transmission and granule cell excitability (Smith

and Augustine, 1988).

3) Interneurons, glia and hippocampal fissure

a- Interneurons

In addition to pyramidal cells of the hippocampus proper and granule cells of the dentate
gyrus, the third main neuronal population in the hippocampus is represented by interneurons.
Interneurons are GABAergic neurons that inhibit the activity either of excitatory neurons or
of other interneurons (Helmstaedter et al., 2007). Thus, interneurons influence the response of
excitatory neurons to incoming inputs and balance neuronal activity (Lee ef al., 2010; McBain

and Fisahn, 2001).

51



Introduction

The main sources of interneurons of the hippocampus are the Medial and Caudal Ganglionic
Eminences (MGE and CGE, respectively) (Nery et al., 2002; Pleasure et al., 2000a; Butt et
al., 2005; Lavdas et al., 1999). Of all the different subsets of interneurons, somatostatin- and
parvalbumin-expressing ones derive exclusively from the MGE, whereas calretinin- and VIP-
positive interneurons derive from the CGE. CGE-derived cells travel within the caudal
migratory stream (CMS) (Yozu et al., 2005; Marin and Rubenstein, 2001), while MGE-
derived cells migrate dorsally to the cortex (Marin and Rubenstein, 2001). The genesis of
GABAergic interneurons occurs in mice between El11 and E17 (Soriano et al, 1986,
1989a,b). Most of the interneurons from CAl and CA3 fields are generated at E12—-E13 and
derive from the MGE and CGE, whereas the majority of DG interneurons originate at E13—
E14 (Soriano et al., 1989a,b). From their birthplace, interneurons migrate tangentially for
long distances through the neocortex, and ultimately reach the hippocampus (Yozu et al.,
2005). Hippocampal interneurons have been shown to colonize the hippocampal primordium
by E15 (Manent et al., 2006). At this stage, migrating interneurons form two distinct
pathways: one superficial in the molecular zone (MZ) in continuity with the cortical
superficial stream, and the other one in the SVZ. By E16, the superficial MZ stream reaches
CA3, whereas the deep stream reaches CA1 but stops at the border of CA3. Interneurons
colonize the DG primordium via the superficial stream by E17 (for review, see Danglot ef al.,

2006).

b- Glia

Progenitors from the cerebral cortex produce both neurons and glia. A characteristic feature of
this process is that, in the developing mammalian nervous system, neurogenesis precedes
gliogenesis (Miller and Gauthier, 2007). In the mouse hippocampus, neurogenesis occurs until

around E16.5, and is followed by gliogenesis that peaks at E17.5 (Subramanian et al., 2011).

The molecular mechanisms that control this neurogenic-gliogenic switch are not very well
understood. Nevertheless, the Notch signaling pathway is known to play a fundamental role in

this process. Accumulating evidences indicate that Notch pathway promotes glial
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differentiation while it inhibits premature neuronal differentiation (Artavanis-Tsakonas ef al.,
1999, Liitolf et al., 2002). Similarly, NFIA acts downstream of Notch to initiate gliogenesis
via activation of the astrocyte-specific gene GFAP, (Shu et al., 2003; Cebolla and Vallejo,
2006; Namihira et al., 2009). In addition, NFIA downregulates the activity of the Notch
signaling pathway by repressing the key Notch effector Hes1 (Piper ef al., 2010). Moreover,
the LIM-homeodomain transcription factor Lhx2 is also involved in regulating this transition
in the developing hippocampus (Subramanian 2011): disrupting Lhx2 function causes the
premature production of astrocytes at stages when neurons are normally generated; and at the
contrary, Lhx2 overexpression is sufficient to suppress astrogliogenesis by blocking NFIA-
mediated activation of GFAP. Therefore, Lhx2 appears to act as a “brake” on Notch/NFIA-
mediated astrogliogenesis. Strikingly, this critical role for Lhx2 has been demonstrated to be

spatially restricted to the hippocampus (Subramanian et al.,2011).

c- Hippocampal fissure (Hf)

The hippocampal fissure formation remains to be clarified. However, it has been suggested
that the hippocampal fissure is formed through the maturation of the supra granular bundle of
radial glia and the subsequent migration of neurons, and not through a mechanism such as
membrane invagination as its appearance would suggest (Barry et al., 2008). Furthermore, Hf
region is know to be populate from its onset with Cajal-Retzius cells, which express factors

such as the chemokine SDF1 and the exptracellular matrix protein Reelin (see above).
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1/ COUP-TFI

Chicken Ovalbumin Upstream Promoter Transcriptional Factors (COUP-TF) were originally
identified as transcriptional factors regulating the expression of the COUP element (Chicken
Ovalbumin Upstream Promoter) in chicken oviducts (Wang et al., 1989). In 1987, the first
COUP-TF, the human COUP-TFI (hCOUP-TFI), was purified and characterized from HeLa

cells nuclear extract (Wang et al., 1987).

In this second part of my introduction, I will present the classification, structure and species
conservation of the COUP-TF factors. Then, I will describe COUP-TFI expression profile
during mouse development. Finally, I will review the main known physiological functions
during nervous system development as well as its putative involvement in human disorders.
Although COUP-TFII functions will be mentioned (reviewed in Lin F-J et al, 2011), a

particular attention will be given to COUP-TFI (for review, see Alfano et al., 2014).

A) COUP-TF classification, sequence, structure and conservation

1) COUP-TF classification

The COUP-TF factors belong to the steroid/thyroid hormone receptor superfamily of nuclear
receptors (Pereira et al., 2000). According to the nuclear receptor nomenclature of 1999, they

are part of the NR2F (Nuclear Receptor Family 2) subgroup.

In mammals, as well as in the majority of higher vertebrates, two COUP-TF members
encoded by distinct genes and located on different chromosomes, have been identified:
- COUP-TFI (also called EAR-3 or NR2F1) (Wang et al., 1989, Miyajima ef al., 1988)
- COUP-TFII (also called ARP-1 or NR2F2) (Ladias et al., 1991, Wang et al., 1991).
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In non-mammalian vertebrates, such as Zebrafish and Xenopus, a third member has been
identified but poorly studied. It is called EAR2, is expressed in the brain and can form
heterodimers with COUP-TFII (Miyajima ef al., 1988, Avram et al., 1999). Moreover, insects
and invertebrates such as Drosophila, Caenorhabditis elegans and sea urchin possess only

one member.

In addition, these Transcription Factors are classified as orphan nuclear receptors, because no

physiological ligands for any COUP-TF have been identified so far (Germain et al., 2006).

2) COUP-TF DNA sequence and protein structure

In mice, COUP-TF proteins are encoded by the genes mCOUP-TFI and mCOUP-TFII,
located on the chromosome 13 and 7, respectively (Qiu ef al., 1995). Both mCOUP-TFI and
mCOUP-TFII DNA sequence contains 3 exons (Qiu ef al., 1995), and their mRNA is about
4.5 kb (Miyajima et al.; 1988, Jonk et al., 1994). In human, COUP-TFI was mapped to the
chromosome 5 (5q14) and COUP-TFII to the chromosome 15 (15926) (Qiu et al., 1995).

COUP-TF members have been shown to possess 4 motifs that are highly conserved between
COUP-TFI and COUP-TFII (Qiu et al.,1994a; Tsai and Tsai, 1997):

- A central DNA-binding domain (DBD), for which COUP-TFI and -II possess 80%
of homology in humans, suggesting that they both bind to a similar if not identical
response element.

- A putative C-terminal ligand-binding domain (LBD), for which the two members
share 97% of homology in humans.

- Two activation function domains, AF-1 and AF-2, necessary for co-factor
recruitment. The AF-2 motif located in the LBD is highly similar between COUP-
TFI and -II. On the contrary, AF-1 is located in the N-terminal domain and has
only 45% of homology between the two members (Ladias ef al., 1991; Wang et al.,
1989). This implies that the two COUP-TF homologs might have different

molecular interactions and therefore distinct functions.
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Similarly to other members of the steroid/thyroid hormone receptor superfamily, the DBD of
COUP-TF contains two zinc finger domains (Cooney et al., 1992). It has been reported that
COUP-TF form homodimers and bind to a wide range of direct repeat AGGTCA motifs, with
a variety of spacing and orientation (Cooney et al., 1992; Kliewer et al., 1992). However,

COUP-TF exact cellular localization and dynamics underlying their action are still largely

unknown.

3) COUP-TF conservation
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Figure 6. COUP-TFI sequence conservation among vertebrates.

Schematic representation of the homologies of COUP-TF genes in different classes of animals.
Distinct colors in the phylogenetic tree indicate divergence in different types of proteins within the
COUP-TF family. Numbers in the protein domains indicate score of sequence homology with respect
to the corresponding human COUP-TFI (EAR3) domains. The N-terminal, DBD (DNA binding
domain), middle, LBD (ligand binding domain) and C-terminal domains of each COUP-TF
homologous sequence are compared to the human COUP-TFI homologue and homology score

percentages are reported in the respective rectangle. From Alfano et al., 2014.
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The COUP-TF nuclear receptors sequences are remarkably conserved through many distant
vertebrate species like human, mouse, rat, hamster, chicken, Xenopus, and zebrafish, and to
invertebrate species such as the sea urchin (Figure 6; Alfano et al., 2014). In particular, the
DBD and LBD sequences of both COUP-TFI and -II are strikingly conserved among species
(Tsai and Tsai, 1997). This high degree of evolutionary conservation strongly suggests that the
COUP-TF family plays critical roles in many biological functions, which are similar in
different vertebrate species, and probably between vertebrates and invertebrates (Alfano et al.,

2014; Tsai and Tsai, 1997).

B) COUP-TFI expression in the developing mouse brain

The expression of COUP-TFI in mouse embryo is first detected at E7.5. It is then up-
regulated at E9.5, reaches maximal levels around E13.5, and is gradually down-regulated later
on (Qiu et al., 1994b). The two COUP-TF homologs are expressed in almost all of the
forebrain structures during embryonic development suggesting that they are strongly involved
in forebrain development (Alfano et al., 2014). At E13.5, COUP-TF are both expressed in the
cerebral cortex (in the archicortex, paleocortex and neocortex), in the preoptic area, in the
lateral and caudal ganglionic eminences (LGE and CGE, respectively), in the most dorsal
region of the medial ganglionic eminence (AMGE), and in scattered cells of the ventral

telencephalon (Tripodi ef al., 2004; Armentano ef al., 2006).

In the neocortex, COUP-TFI exhibits a high caudo-lateral to low rostro-medial expression
gradient (Qiu et al., 1994b; Liu Q. et al., 2000; Armentano et al., 2006, 2007; Tomassy et al.,
2010). This graded pattern is first seen around E9.0 when the rostral neural plate closes, and is
maintained after birth (Liu Q. et al., 2000, Zhou et al., 2001). Interestingly, and unlike other
gradient-expressed transcription factors, such as Pax6 or Emx2, COUP-TFI is expressed both
in mitotic and post-mitotic cells in the cerebral cortex (Alfano et al, 2014) and might

therefore be involved at different steps of neuronal differentiation.
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C) COUP-TFI gene regulation

1) Regulation of COUP-TFI expression: upstream regulators

It has been reported that COUP-TF genes are regulated by several signaling molecules. These
upstream regulators include Sonic hedgehog (Shh) (Krishnan et al., 1997), retinoids (Qiu et
al., 1994a; Fjose et al., 1995; Zhuang and Gudas, 2008), Mitogen-Activated Protein Kinase
(MAPK) and Protein Kinase C (PKC) signaling pathways (Gay et al., 2002), as well as

dopamine (Power et al., 1991).

During forebrain development, COUP-TF expression levels are modulated by two important
morphogens, Fgf8 and Shh, involved in antero-posterior and dorso-ventral patterning,
respectively (O’Leary et al., 2007, Sousa and Fishell, 2010). The Fibroblast Growth Factor
Fgf8 has been shown to repress COUP-TFI expression in the rostral regions of the
mammalian embryonic neocortex (Garel et al., 2003, Storm et al., 2006). Similarly, the zinc
finger transcription factor Sp8, which is a downstream effector of Fgf8 signaling (Storm et
al., 2006), is expressed in a complementary pattern to COUP-TFI (Sahara et al., 2007) and is
thus known to promote rostral cortical development (Sahara ef al., 2007; Zembrzycki et al.,
2007). Recently, Sp8 and COUP-TFI have been reported to mutually repress each others
cortical neuroepithelial expression along the rostro-caudal and dorso-ventral axes (Borello ef
al., 2014; Alfano et al., 2014). On the other hand, Shh has been shown to regulate COUP-TFII
expression during the differentiation of spinal motoneurons in the developing neural tube
(Lutz et al., 1994), but nothing is known on whether COUP-TFI is also under the control of

Shh during brain development.

COUP-TF genes are also targeted by retinoids (Neuman et al., 1995; Schuh and Kimelman
1995; Van der Wees et al., 1996) and are up-regulated during retinoid-induced differentiation
in vitro (Tsai and Tsai, 1997; Pereira et al., 1995; Fjose et al., 1995; Jonk et al., 1994; Pickens
et al., 2013). Retinoids induce COUP-TF expression in zebrafish and mouse brains in vivo
(Fjose et al., 1995, Clotman et al., 1998; Alfano et al., 2014). However, retinoids effects on

COUP-TF action and expression remain still unclear.
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Furthermore, the sequence of COUP-TFI contains several putative phosphorylation sites
recognized and phosphorylated in vivo by MAPK and PKC (Gay ef al., 2002). Interestingly,
these two types of phosphorylation differentially modulate COUP-TFI functions. Whereas
PKC-mediated phosphorylation enhances COUP-TFI affinity for DNA, MAPK-mediated
phosphorylation positively regulates the transactivating function of COUP-TFI, possibly by
recruiting specific co-activators (Gay et al., 2002). As a consequence, multiple extracellular
signals acting on these phosphorylation sites might influence COUP-TFI activity (Gay et al.,
2002).

Finally, dopamine might be another potential inducer of the transcriptional activity of human
COUP-TF (Power et al., 1991). This study show that dopamine induces the expression of
COUP-TF target genes in vitro, and that it is specific to COUP-TF modulation, since this
activation is abolished when hCOUP-TF terminal domain is deleted (Power et al., 1991). But

no direct evidence on whether this effect is reproduced also in vivo has been reported so far.

2) COUP-TFI transcriptional activity: downstream targets

Members of the COUP-TF family are prevalently transcriptional repressors (Ladias et al.,

1992; Paulweber et al., 1991; Rottman et al., 1991; Widom et al., 1992). However, it has been

reported that they can also positively regulate a considerable number of genes (Lu et al.,

1994; Power and Cereghini, 1996; Hall et al., 1995).
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Figure 7. Molecular mechanisms of COUP-TF as repressor and activator.

A-A’. Molecular mechanisms of COUP-TF as repressors: passive repression by competition for
binding site or co-factors (A) and active repression by interacting with co-repressors (A’). B-B’.
Molecular mechanisms of COUP-TF as activators: direct activation by binding to DNA response
element (B), indirect activation by acting as accessory factors for transcription activation (B’), and
activation through protein-protein interaction with a DNA-bound factor (B”). DR: direct repeats; AF:
accessory factor elements; PEPCK: phosphoenolpyruvate carboxykinase, HRE: hormone response

element, MHC: major histocompatibility complex, ApoAl: apolipoprotein Al From Park et al., 2003.

a- Transcriptional repressor activity

COUP-TF members have been shown to possess a strong transcriptional repressor activity.

There are four mechanisms that account for the repressive effects of COUP-TFs:

- COUP-TFs can repress gene expression by outcompeting the binding sites of other
hormone receptors (Figure 7A), such as the thyroid hormone receptor (TR), the retinoic
acid receptors (RAR), and the vitamin D receptor (vDR) (Cooney et al., 1993; Tran et
al., 1992).

- COUP-TFs have also been reported to subtract common co-factors from other hormone
receptors, such as the retinoid X receptor (RXR) (Figure 7A), consequently repressing
transcription of their target genes (Cooney et al., 1993; Leng et al., 1996; Berrodin et
al., 1992; Kliewer et al., 1992; Casanova et al., 1994).

- In a more active way, COUP-TFI can repress its target genes by interacting with co-

repressors, such as the nuclear co-repressor (NCoR) and the silencing mediator of

60




Introduction

retinoic acid and thyroid hormone receptor (SMRT) (Figure 7A’; Shibata et al., 1997),
and as a consequence recruit histone deacetylases to inactivate a given promoter
function (Zamir et al., 1996; Perissi et al., 2004).

- Finally, COUP-TFs can also repress transcription by directly binding to the LBD of nuclear

hormone receptors, a process called transrepression (Leng et al., 1996).

b- Transcriptional activator activity

In addition to their repressor activity, COUP-TF can also function as transcriptional activators
for many different genes (Lu et al., 1994; Power and Cereghini, 1996; Hall et al., 1995).
Positive regulation by COUP-TF can be carried out by at least three different molecular

mechanisms (Figure 7B-B”):

- COUP-TFs can bind to DNA sequences containing a specific motif and directly activate
gene expression (Figure 7B), as it has been demonstrated for some Apolipoproteins
(Ladias and Karathanasis, 1991; Haddad ef al., 1986; Reue et al., 1988), and the
lactoferrin (Liu and Teng, 1991). Similarly, in the arrestin gene promoter, a DR-7
element mediates the positive transcriptional effect of COUP-TF (Lu et al., 1994).

- Alternatively, COUP-TF can activate transcription by binding to a DNA element and
indirectly influencing expression in the context of several other transcription factors
(Figure 7B’), as in the phosphoenolpyruvate carboxykinase (PEPCK) gene
glucocorticoid response unit (GRU) (Hall ef al., 1995; Scott et al., 1996).

- Finally, COUP-TFs can activate transcription through protein-protein interaction with a
DNA-bound factor (Figure 7B”), such as with HNF-4 in the HNF-1a gene promoter
(Ktistaki et al., 1997) with Sp1 in the trout estrogen receptor (Lazennec et al., 1997) and

the phos- phoenolpyruvate carboxykinase (Hall et al., 1995).
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D) COUP-TFI functions in the developing Central Nervous System

In 20 years of intensive research since their discovery, COUP-TF transcription factors have
been implicated in many vital processes, such as organogenesis, angiogenesis, and metabolic
homeostasis, as well as in a variety of developmental programs. These developmental
processes include cell fate determination, cell differentiation, cell survival, and cell migration.
I will focus here on neural developmental processes and will present the data available so far

on COUP-TFI functions in the developing central nervous system.

1) Neuronal migration

During cerebral cortex development, neurons migrate to their proper location using two main
migration modes: the glia-guided radial migration, and the tangential migration. COUP-TFI
has been involved in the regulation of these two types of neuronal migration, even if its
importance in this process and the mechanisms underlying their function are still largely

unknown.

a- Glia-guided radial migration

The radial migration concerns cells migrating perpendicular to the ventricular surface,
heading toward the pial surface. The principal and well-described type of radial migration is
the glia-guided radial migration. In this mode of migration, neurons adopt a bipolar shape,
and migrate along the processes of RGC, also called neuronal apical progenitors, using them

as a scaffold (LoTurco and Bai, 2006; Tabata and Nakajima, 2003).

Our group recently reported that COUP-TFI plays an important role in this glia-guided
migration during development of the neocortex, mainly through transcriptional regulation of
Rnd2, a small Rho GTPase modulator of radial migration (Alfano et al., 2011). Indeed,
COUP-TFI directly represses Rnd2 expression in migrating post-mitotic cells, and as a

consequence favors late (E14.5) newborn neurons to reach their proper position (Alfano et al.,
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2011). In addition, the group also showed that COUP-TFI mutant neurons fail to be pulled by
their leading process toward the pial surface and possess abnormally long apical dendrites
(Alfano et al., 2011). Therefore, COUP-TFI might act on the neuronal cytoskeletal machinery,

crucial for proper radial migration.

b- Tangential migration

The tangential migration concerns cells migrating parallel to the ventricular surface, traveling

in some cases very long distances (reviewed in Chedotal and Rijli, 2009; Corbin et al., 2001,

Marin and Rubenstein, 2001).

Cajal-Retzius cells (CR cells), for example, originate in different regions of the brain and
constitute a transient population of neurons invading the cortex as early as E10.5 by tangential
migration (reviewed in Puelles, 2011; Borello and Pierani, 2010; Marin-Padilla, 1998;
Soriano and Del Rio, 2005). COUP-TFII is expressed in the cortical hem, the major source of
CR cells, and in a subtype of CR cells in the cerebral cortex (Tripodi et al., 2004, Takiguchi-
Hayashi et al., 2004), and might thus be involved in the migration of CR cells invading the
neocortical primordium. COUP-TFI, however, is not expressed in this cell population (Tripodi

et al., 2004).

The other cell population tangentially migrating long distances are cortical interneurons. They
originate from the ganglionic eminences and travel to different regions of the developing
cortex, including neocortex and allocortex (Faux et al., 2012; Tanaka and Nakajima, 2012a,b).
This cortical interneuron tangential migration has been correlated with COUP-TF expression
(Tripodi et al., 2004). Although both genes are expressed at high levels in the caudal
ganglionic eminence (CGE), they seem to be expressed in different cortical interneuron
populations that follow distinct migratory paths: dorsal and ventral for COUP-TFI (Tripodi et
al., 2004), and caudal for COUP-TFII (Miyoshi ef al., 2010). Whereas the latter has been
shown to promote caudal migration of CGE cells in a cell-autonomous way (Kanatani et al.,
2008), the influence of COUP-TFI in interneuron migration is still not clear and requires

further study.
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2) Cytoskeletal machinery

As mentioned above, COUP-TFI might regulate neuronal cytoskeletal machinery. This is

supported by several discoveries.

First, our group showed that COUP-TFI-deficient primary hippocampal neurons have an
abnormal distribution of actin- and tubulin-rich structures, leading to defects in axons and,
neurite formation and elongation (Armentano et al., 2006). In a more recent study, the group
showed that COUP-TFI mutant neurons have abnormally long apical dendrites in the
neocortex in vivo (Alfano et al., 2011) and abnormal axonal morphology leading to severe
impairments in cortico-cortical commissures, including corpus callosum, anterior and
hippocampal commissures (Armentano et al., 2006). COUP-TFI mutants also have a
significant decrease in MAPIB expression, an important cytoskeleton-associated protein
involved in microtubule dynamics, as well as an abnormal localization of Rnd2 (Armentano et
al., 2006), which has been involved in neurite outgrowth (Uesugi et al., 2009), and axonal
branching (Kakimoto et al., 2004). Therefore, in COUP-TFI mutant cells, abnormal Rnd2
levels might alter biochemical interactions amongst cytoskeletal proteins, ultimately leading
to the observed axonal growth and morphological abnormalities. Taken together, these data
strongly suggest that COUP-TFI might control several cytoskeletal molecules involved in

different biological processes, from cell division to cell migration and axonal elongation.

3) Interneuron specification

Any impairment in interneuron migration or specification is associated, among others, with
the onset of epileptic seizures (Baraban, 2007; Cossart ef al., 2005). Even if it is not clear yet
whether COUP-TFI is involved in interneuron migration, our group has demonstrated that
COUP-TFI plays a crucial role in the specification of distinct interneuron subpopulations
(Lodato et al., 2011). By abolishing COUP-TFI function in intermediate progenitors and early
post-mitotic interneurons derived from the medial and caudal ganglionic eminences, the

proportion of MGE- versus CGE-derived interneuronal sub-types is altered (Lodato et al.,
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2011). On the other hand, whether COUP-TFII can play a role in cortical interneuron

specification is still unclear.

4) Neurogenesis, gliogenesis, and neuronal fate specification

a- Neuronal fate specification

Seven-up (Svp), the homologue of COUP-TFs in the Drosophila melanogaster, was first
identified as a crucial factor in cell fate specification of fly eye photoreceptors (Mlodzik ef al.,
1990). In the ventral nerve cord of Drosophila, neuroblasts (neural stem cells) sequentially
express Hunchback (Hb), Kriippel (Kr), Pdm1/Pdm?2, Castor (Cas), and Grainyhead (Grh)
(Isshiki et al., 2001). After each neuroblast division, these transcription factors remain
expressed in the founder ganglion mother cell (GMC), and are silenced in the cells that switch
to a new cell fate program. Svp is able to promote the switch from Hb to Kr expression stage
by inhibiting Hb during mitosis (Kanai et al., 2005). Svp is expressed both in the neuroblasts
and in the GMC and the expression of Prospero (a homeodomain protein) in the GMC
suppresses Svp function in these cells, which consequently continue to express Hb (Mettler et
al., 2006). Interestingly, Svp has a second wave of expression at later stages of neurogenesis:
in double Cas/Grh-positive neuroblasts, Svp has a “sub-temporal” function, contributing to the
specification of a subgroup of interneurons via selective inactivation of specific genes
(Benito-Sipos et al., 2011). Finally, Svp also plays a role in the adult, where it limits
neuroblast proliferation to avoid abnormal expansion of proliferating precursors in ectopic
territories (Maurange et al., 2008). Altogether, the COUP-TF fly homologue Svp was shown
to act as a strong transcriptional regulator during temporal specification of cell lineage

formation at early and late stages of development.

Similarly, COUP-TFI seems to control neuronal cell fate in a temporally controlled manner in
mammals. In the absence of COUP-TFI, upper layers (late-born neurons) are thinner and

lower layer (early-born neurons) are mis-specified (Armentano et al., 2007; Faedo et al.,

2008, Tomassy et al., 2010). COUP-TFI-deficient mice show a reduced number of
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progenitors exiting the cell cycle and undergoing the neurogenic program, confirming a role
for COUP-TFI in cell cycle control. COUP-TFI-overexpressing mice, on the other hand, have
an opposite phenotype where progenitors anticipate their cell cycle exit and deplete the
progenitor pool (Faedo et al., 2008), leading again to a reduced production of late-born
neurons and a thinning of upper layers. Little is known on how COUP-TFI acts in the

production and specification of different progenitor populations.

Together these results demonstrate a crucial role of COUP-TFI in neurogenesis and fate

specification.

b- Neurogenic-gliogenic switch

The only study reporting a possible role for COUP-TF genes in the switch between
neurogenesis and gliogenesis in the cortex comes after knocking-down both COUP-TFs by
shRNA in vitro and in the cortex (Naka et al., 2008). In vitro, down-regulation of both COUP-
TFs prolong neurogenesis and consequently delay the onset of gliogenesis Similarly, in the
cerebral cortex, knocking-down COUP-TF leads to an increase of early-born neurons and to
the production of neurons at the expense of glia cells (Naka ez al., 2008). In addition, COUP-
TFI/II knock-down leads to an altered methylation pattern of GFAP promoter, a crucial factor
of glial fate specification (Naka ef al., 2008). Together these data indicate that COUP-TFs are
necessary but not sufficient to control gliogenesis and that they limit the neurogenic temporal

window rather than promoting gliogenesis.

5) Neocortical area patterning

As expected by its graded cortical expression profile, COUP-TFI controls the tangential
subdivision of the neocortex into functional areas, called arealization (Zhou et al., 2001;
Armentano et al., 2007). Each functional area can be distinguished by its specific
cytoarchitecture and connectivity, and is specialized in elaborating motor or sensory inputs

(reviewed in O’Leary et al., 2007). Morphogens, produced by organizing centers (hem,
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anthem and septum), are responsible for patterning the neocortex, via modulating the
expression of areal patterning genes. Refinement in functional areas is then permitted by the
arrival of thalamo-cortical afferences (O’Leary et al., 2007). COUP-TFI is one of the four so
far reported areal patterning gene, along with Pax6, Emx2 and Sp8. Together with Emx2, it
promotes caudal fate specification (Armentano et al., 2007; Zhou et al., 2001; Bishop et al.,
2000). Indeed, COUP-TFI inactivation in progenitors leads to an expansion of the rostral/
motor region, at the expense of caudal/sensory regions (Armentano et al., 2007). Some
evidences suggest that COUP-TFI acts by competing with Fgf8 signaling, which promotes
rostral fate specification (Garel et al., 2003; Fukuchi-Shigomori and Grove, 2003; Cholfin
and Rubenstein, 2008). However, the molecular mechanisms by which Fgf signalling controls

COUP-TFI and/or vice versa are still unclear.

6) Hippocampal development

Studies investigating COUP-TFI functions in the cerebral cortex are numerous, but most of
them occur in the neocortex. The role of COUP-TF specifically in the hippocampus, which
belongs to the archicortex, is poorly studied. The only evidence of a requirement of COUP-
TFI in the hippocampus comes from our group. In 2006, Armentano et al. showed a strongly
reduced hippocampus in newborn COUP-TFI null brains together with failed midline crossing
of hippocampal commissural projections in COUP-TFI-deficient mice (Armentano et al.,
2006). Moreover, primary cultures of hippocampal neurons lacking COUP-TFI showed a
defect in neurites outgrowth and an abnormal axonal morphology (Armentano et al., 20006).
However, nothing is known on whether COUP-TFTI acts intrinsically in the differentiation and

functional connectivity of the hippocampus proper and DG.

Regarding COUP-TFII, the only study dealing with the hippocampus supports its involvement

in the caudal migration of interneurons (Kanatani et al., 2008).
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E) Human COUP-TFI dysfunctions

Very few studies have been investigating the role of COUP-TFI (NR2F1 or EAR3) in human
patients. Mutation within the 5q15 region, including COUP-TFI gene have been reported in
several patients. Cardoso ef al. described three patients that had large deletions (6—17 Mb) in
this region and exhibited severe neurocognitive phenotypes, epilepsy, periventricular
heterotopia, and some dysmorphic features (Cardoso et al., 2009). The patient described by
Brown et al. had 360 and 454 kb deletions on both sides of an inversion and presented hearing
loss, dysmorphism, and developmental delay (Brown et al., 2009). In addition, Al-Kateb et al.
reported one patient with a deletion of 582 kb within 5q15, accompanied by optic atrophy,
dysmorphism and global developmental delay (Al-Kateb et al., 2013). Taken together, the size
of the minimal overlapping deletion in all these five patients is around 230 kb and
encompasses two genes: the uncharacterized non-coding RNA FLJ42709 and COUP-TFI,
suggesting COUP-TFI gene as the most likely candidate for the overlapping phenotypes (Al-
Kateb et al., 2013). A more direct genotype-phenotype study comes from Bosch et al. who
demonstrated that four individuals with optic atrophy and cerebral visual impairment (CVI)
had heterozygote de novo point mutations in COUP-TFI, and that conversely, two persons
with a similar phenotype had deletions comprising the COUP-TFI gene (Bosch et al., 2014).
Overall, these studies strongly indicate that COUP-TFI can play an important role in the
development of the visual system and that its haploinsufficiency can lead to optic atrophy
with intellectual impairments in humans (Bosch et al., 2014). However, additional patients
with precisely characterized mutations are still needed to unravel the full pathogenicity of the

loss of a COUP-TFI allele in humans.

Our group is currently working with an international network of clinicians to further link the
phenotypes described in the mouse with the cortical abnormalities found in patients with
mutations and/or deletion of COUP-TFI. The aim is to use the mutant COUP-TFI mouse line
as a research model in vivo and as a way to further understand the link between genotype and
phenotype during the process of cortical malformations. The data obtained in mice will then

be compared with those from the clinical and molecular analysis of patients with mental
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retardation, cerebral malformation and early epilepsy associated with a deletion in the 5q14.3-

ql5 chromosome region and linked to COUP-TFI haploinsufficiency (Cardoso et al., 2009).

II1 / Aim of the study

As described above, COUP-TFI has been shown to act as a strong transcriptional regulator in
the developing neocortex, having, among others, key roles in neuronal migration,
neurogenesis and arealization. Yet, little is known to date, about its involvement outside the
neocortex, and particularly in the hippocampus. Thus, the main aim of my thesis project is to

unravel its function during hippocampal development.

Since the Dentate Gyrus is the primary gateway for input information into the hippocampus,
most of my thesis work has focused on dentate gyrus development. I have analyzed different
processes required in DG development, such as cell proliferation, differentiation and

maturation, as well as migration and lamination.

Since COUP-TFI is expressed in both mitotic and post-mitotic cells in the cortex, I have
dissected its role independently in the two cell populations by using two distinct conditional

knock-out mice, the EmxCKO and NexCKO.
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Materials and Methods

I/ Animals and genotyping

All lines were maintained on the C57BL/6 genetic background. The day of the vaginal plug
was considered as embryonic day 0.5 (E0.5). For the analyses described here, conditional
knock-out mice were compared with COUP-TFPo¥/flox littermates (referred in this study as
« Controls ») which have no detectable phenotypes. Experiments involving mice were

performed by authorized investigators following national ethical guidelines.

A) Mice models
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Figure 8. COUP-TFI loss-of-function mouse models used in this study.

A. Schematic representation of the three different transgenic mouse line: the Emx-IRES-Cre and Nex-
Cre mice in which the Cre recombinase is expressed under the promoter of Emx1 or Nex, respectively;
and the COUP-TFIf/f mice, in which the third exon of COUP-TFI is flanked with loxP sites. Crossing
the latter with either of the two former results in COUP-TFI conditional knock-out mice, called

« EmxCKO » and « NexCKO ». B. Example of genotype visualization on a 2% agarose gel. The band
of COUP-TFI floxed, of the Cre-recombinase and of the 5-Actin are presented.
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1) COUP-TFIfl/fl; EmxICre line: « EmxCKO »

The COUP-TFI°¥flox mice, previously generated in the Studer lab (Armentano et al., 2007),
were mated with Emx/-IRES-Cre transgenic mice obtained from K.R.Jones (Gorski et al.,
2002). A viable and fertile Conditional Knock-Out (CKO) mouse line was obtained: COUP-
TFIfl/fl;Emx1Cre. They are referred in this study as « EmxCKO ». In the resulting mice,
COUP-TFI is inactivated in dorsal cortical progenitors from embryonic day 9 (E9.5) (Figure
8A).

2) COUP-TFIfl/fl;Nex-Cre line: « NexCKO »

The COUP-TFI™¥/1ox mice, were mated with Nex-Cre transgenic mice obtained from K.A.
Nave (Goebbels et al., 2006). A viable and fertile CKO mouse line was obtained: COUP-
TFIfl/fl;Nex-Cre. They are referred in this study as « NexCKO ». In the resulting mice,
COUP-TFI is inactivated in post-mitotic cells from E11.5 (Figure 8A) (Goebbels et al.,
2006).

3) Thyl-eYFP-H line: « Thyl-YFP »

The transgenic mouse line Thyl-eYFP-H (Feng et al., 2000) (referred in this study as « Thyl-
YFP) obtained from Josh Sanes (Harvard, USA), were kept in a heterozygous genotype and
crossed with the COUP-TFIfl/fl; Emx1Cre mice. The resulting COUP-TFIfl/fl;Emx1Cre; Thyl-
eYFP were viable and fertile and are referred to « EmxCKO » mutant mice, which express the
eYFP under the neural-specific promoter of the Thyl gene. Thus, many neurons, such as the
pyramidal cells of the neocortical layers 5 and 6 and a subset of granule cells of the dentate
gyrus, are labelled with YFP from post-natal stages (P14) (Porrero et al., 2010). Since Thyl is
a cell surface protein, eYFP marks the soma and the processes (axons and dendrites) of the

neurons, allowing to visualize their cell morphology.
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B) Genotyping

1) DNA extraction

DNA was extracted either from hand tissue at embryonic stage, or from tail or ear tips at post-
natal stages. Tissues were incubated in 500p1 Lysis Buffer [SOmM Tris pH 7.5, 100mM EDTA
pH 8, 100mM NaCl, 1% SDS] + Proteinase K [1.0mg/ml] (Roche Applied Science
03115801001) at 58°C until complete dissolution. DNA was then precipitated with 500ul of

2-Propanol and centrifuged at 14000g for 5 minutes. Then, pellets were washed with 1ml of
Ethanol 70% and centrifuged at 14000g for 2 minutes. Finally, pellets were dried at room

temperature, resuspended in 100p] of H2O mQ at 37°C under agitation for 1h, and kept at

-20°C until genotyping.

2) PCR

Mice were genotyped by Polymerase Chain Reaction (PCR), following standard methods.

* To genotype the COUP-TFI locus, three primers were used in the same reaction, allowing to
identify at once both the WT and the mutant (COUP-TFI floxed and COUP-TFI null) alleles.

The primers used were the following:
forward primer « ARMS5’3” » : 5’- CTGCTGTAGGAATCCTGTCTC -3’
reverse primer #1 « Ex351 » : 5’- AATCCTCCTCGGTGAGAGTGG -3’
reverse primer #2 « ARM402 » : 5’- AAGCAATTTGGCTTCCCCTGG -3’

The PCR reaction was performed preparing a mix containing: 1yl of DNA, 2ul of ARMS’3’
primer, 1pul of Ex351 primer, 1ul of ARM402 primer and 5ul of GreenTaq (Promega M7423)
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» To genotype the Cre-recombinase locus, two primers (« Cre fw » and « Cre rev »), internal
to the transgene were used. In the same reaction, two other primers (« CCRmL » and
« CCRmR »), designed within the ubiquitous expressed gene B-actin, were added as an

internal control. The primers used were the following:

« Cre Fw »: 5°- CCCGCAGAACCTGAAGATGT -3’
« Cre Rev »: 5°- TGATCCTGGCAATTTCGGCT -3’
« CCRmL »: 5’- CAACCGAGACCTTCCTGTTC -3’
« CCRmR »: 5’- ATGTGGATGGAGAGGAGTCG -3’

The PCR reaction was performed preparing a mix containing: 1ul of DNA, 1ul of each

primers and 5Sul of GreenTaq.

* The PCR program used was the following:

95°C 107

95°C 1" ]

60°C 1’ }25cycles
72°C 1" |

95°C 1’ ]

60°C r }-25 cycles
72°C 1)

72°C §

4°C -

3) Visualisation

PCR results were visualized by electrophoresis using a Agarose 2% gel with BET 1pl/
ml (Ethidium Bromide, Roth 7870.2) in TBE (45 mM Tris-borate, | mM EDTA, in H2OmQ).
Molecular weights of the different amplified fragments were analyzed by using a molecular
weight ladder (promega G2101). Specific molecular weights obtained are the following:

COUP-TFI WT: 240 bp

COUP-TFI floxed: 310 bp

Cre: 400 bp

B-Actin: 250 bp

An example of a gel with the different genotypes is presented in Figure 8B.
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II / Tissue Preparation

A) Dissection, Fixation and Embedding

For isolating E16.5 brains, pregnant females were euthanized by cervical dislocation and
embryonic brains were rapidly dissected in Phosphate-Buffered Saline 0,1M pH7.4 (PBS 1X).
For post-natal stages (from PO to P14), animals were anesthetized intraperitoneally with
Pentobarbital and their brains were fixed with intra-cardiac perfusion of ParaFormAldehyde
(PFA) 4% (Sigma Aldrich P6148) in PBS. In both cases, dissected brains were post-fixed in
PFA 4% at 4°C, either 2h for immunolabelling experiments, or overnight for in situ
hybridization experiments, and then washed several times in PBS.

Brains cut with a cryostat were first dehydrated by successive passages in a Sucrose gradient
at 4°C: Sucrose 10%, 20% and 30%, in PBS. Brains were then embedded in Optimum Cutting
Temperature medium (OCT, Leica Microsystems) and stored at -80°C until cutting. Brains cut
with a vibratome were washed after post-fixation and embedded in 4% Agar (Sigma Aldrich
AS5054) in PBS prior sectioning.

In order to get a good penetration of both PFA and Sucrose in the hippocampus, P14 brains

were cut through the midline and split into two hemispheres prior to post-fixation step.

B) Cryosections

OCT-embedded brains were cut coronally or sagittally with a cryostat (Leica CM3050 S), at a
thickness of 16um. Sections were collected on SuperFrost Plus slides (Fisher Scientific
12092702) and left to dry overnight at RT.

For each stage, different numbers of series were cut throughout the brain, allowing a good
rostro-caudal representation of the entire hippocampus on each series. For coronal section, 5
series were collected from E16.5 brains, 6 series from PO, and 10 series from P7 and P14
brains; for sagittal P7 sections, 4 series from each hemisphere were collected. After complete

drying, of at least one night at room temperature, slides were stored at -80°C.
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C) Vibratome sections

Agar-embedded brains were cut with a vibratome (Leica VT1000S), at a thickness of 100 or
200um, depending of the procedure. Sections were collected with a brush and stored in PBS

until further process.

I11 / Histological procedures

A) Birth-dating: EdU labelling

Pregnant females were injected intraperitonally at specified timepoints with 200ul of EdU at
2,5ug/ul (Fisher Scientific 11590926) that was diluted according to the manufacturer’s
instructions. EdU revelation was perfomed by using the EAU Click-It Alexa Fluor 647 kit
(FisherScientific 10063724), and slides were then performed for immunofluorescence (see

below).

B) Immunofluorescence

For immunofluorescence (IF) procedures, mouse brain were post-fixed 2h in 4% PFA (cf.
Materials and Methods-1I-A) and immunolabelling were performed on 16um cryosections.
Slides, stored at -80°C, were dried at room temperature for at least 1h before being briefly
washed in PBS. Slides were then boiled in an unmasking solution [8,5mM Sodium Citrate, in
H,OmQ, pH6]. This step, also called “antigen retrival” allows exposing antigens and
increasing the binding efficiency of the antibodies to their targets. After 15 seconds of boiling,
slides were let to cool down in the solution on ice. After 3 PBS washes of at least 5Smin each,
slides were incubated with 1ml each of blocking solution [10% Serum, 0,3% Triton in PBS]

for 1h at RT. Sections were then incubated over-night at 4°C with 250ul/slide of primary
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antibodies, diluted in 3% Serum + 0,3% Triton in PBS. Goat serum (GS) was commonly used
for blocking step and antibodies dilution, except when used with goat primary antibody,
where newborn calf serum (NBCS) was used instead. On the next day, sections were washed
3 times Smin in PBS, and incubated 2h at room temperature in secondary antibodies, diluted
in 3% Serum and 0,3% Triton in PBS. Primary and secondary antibodies dilution, species and
provenance are listed in Table 1 and Table 2. Following additional PBS washes, slides were
mounted and counterstained with mounting medium [2% N-propylgallate (Sigma
P3130-100G), 90% glycerol in PBS, l1ug/ml Hoechst (Invitrogen H3570)], and stored at
-20°C. Pictures were taken using either an epifluorescence microscope (Zeiss Imager.M2) or a

confocal microscope (Zeiss 710).

Primary Antibody Specie Source (ref) Working dilution

a- BLBP Rabbit polyclonal Abcam (ab32423) 1/200
a- Calbindin D-28k Rabbit polyclonal SWANT (CB-38) 1/2500
a- Cleaved Caspase-3 Rabbit polyclonal Cell Signaling (9661) 1/1000
a- COUP-TFI Rabbit polyclonal Studer lab 1/1000
o- GFAP Mouse monoclonal Sigma (G3893) 1/1000
a- GFAP Rabbit polyclonal DakoCytomation (Z0334) 1/1000
a- Ki-67 Rabbit polyclonal Abcam (ab833) 1/100
o- Map2 Mouse monoclonal Sigma 1/200
o- Mcm2 Rabbit polyclonal Abcam (ab4461) 1/1000
NeuN Mouse monoclonal Millipore (MAB377) 1/100
a- NeuroD1 (N-19) Goat polyclonal Santa Cruz (sc-1084) 1/100
o- Pax6 Rabbit polyclonal Millipore (AB5409) 1/500
a- Prox1 Rabbit polyclonal AngioBio (11-002) 1/1000
a- Reelin Mouse monoclonal Chemicon (MAB5364) 1/500
a- Tbrl Rabbit polyclonal Abcam (ab31940) 1/1000

a- Tbr2 Chicken polyclonal Millipore (AB15894) 1/500

Table 1. List of primary antibodies used in this study.
List of primary antibodies used in this study, with their species of origin, their source (commercial or

not) and their working dilutions.
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Secondary Antibody Specie Source Working dilution

Anti-Chicken IgG Alexa ey Fisher Scientific 1/300
488 (green) (10286672)

Anti-Goat IgG Alexa 594 [ET¥RR Fisher Scientific 1/300
(red) °ey (10590523)

Anti-Mouse [gG Alexa Goat Fisher Scientific 1/300
488/594 (green/red) of (10003482/10348652)

Anti-Rabbit IgG Alexa et Fisher Scientific 1/300
488/594 (green/red) od (10779623/10789623)

Anti-Rabbit IgG Goat Vector laboratories 1/300
biotinylated of (pk-6101)

Table 2. List of secondary antibodies used in this study.
List of secondary antibodies used in this study, with their species of origin, their source (commercial

or not) and their working dilutions.

C) Immunohistochemistry

For immunohistochemistry (IHC) procedures, mouse brain were post-fixed 2h in 4% PFA (cf-

Materials and Methods-11-A) and immunolabelling were performed on 16um cryosections.

Slides, stored at -80°C, were dried at room temperature for at least 1h before being briefly
washed in PBS. After 3 PBS washes of at least Smin each, slides were incubated with 1ml
each of blocking solution [10% GS, 0,3% Triton in PBS] for 1h at RT. Sections were then
incubated over-night at 4°C with 250pl/slide of primary antibody rabbit anti-COUP-TFI
(Table 1), diluted in 3% Serum and 0,3% Triton in PBS. On the next day, sections were
washed 3 times 5min in PBS, and incubated 2h at room temperature in secondary antibody
anti-rabbit biotinylated (Table 1), diluted in 3% Serum and 0,3% Triton in PBS. Following 3
washes with PBS, slides followed the standard avidin-biotin complex reaction procedure by
incubating sections with ABC reagent (Vector Laboratories pk-6101) [1/250 of A reagent and
1/250 of B reagent in PBS] for 1h at RT. After 3 additional washes in PBS, revelation was
carried out using the DAB Peroxidase Substrate (Vector SK-4100), according to the
manufacturer instructions. Reactions were monitored, stopped by washing with H2-OmQ and
the then mounted with Aquatex mounting medium (Millipore 1.08562.0050). Pictures were

taken using a brightfield microscope (Leica DM6000B) equipped with a color camera.
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D) RNA probe synthesis and In Situ Hybridization

1) RNA probe synthesis

DNA plasmids were linearized by incubating in the linearization mix [10ug/ul DNA, 1X

BSA, 1X Buffer, 50U restriction enzyme, in H2OmQ] for 2h at 37°C. The plasmids used in
this study, their provenance and corresponding restriction enzyme are listed in Table 2. All
restriction enzymes and their buffers were obtained either from Biolabs or from Promega.
Linearized DNA was then purified with illustra MicroSpin S-200 HR Columns (GE
Healthcare 27-5120-01) and linearization was confirmed by electrophoresis on a 1% agarose
gel. Transcription reactions [2J] of purified linearized DNA, 2pl of Digoxigenin mix 10X
(Roche Diagnostics 11277073910), 2pl of transcription buffer 10X, 0,5ul of RNAse inhibitor
(Invitrogen 100000840), 2ul RNA polymerase, in H-OmQ] were carried out at 37°C for 2h.
The RNA polymerases used for each probe are listed in Figure 2, and were all obtained from
Roche. Following a DNAse treatment with DNAse (RNAse-free) from Qiagen (79254) for 1h
at 37°C, the RNA probes were precipitated by adding 80ul of H2OmQ, 10p1 of LiCl 4M and
300p1 of EtOH absolute, for 20min at -80°C (or ON at -20°C), and centrifuging at 14000 rpm
for 15min at 4°C. After two washes and centrifugations with EtOH 70%, the supernatant was
carefully removed and the pellet was resuspended in 40ul of HoOmQ. Probes transcription

was confirmed by electrophoresis on a 2% agarose gel, and stored at -20°C.

2) In Situ Hybridization

For In Situ Hybridization (ISH) procedures, mouse brain were fixed over-night in 4%PFA (cf-
Materials and Methods-I1I-A) and experiments were performed on 16 um cryosections (cf.
Materials and Methods-II-B). Cryosections, stored at -80°C, were dried at room temperature
for at least 1h before being briefly washed in PBS. Slides were then treated with RIPA buffer
[150mM NaCl, 0,1% SDS, ImM EDTA pH8, 50mM Tris pHS, 1% NP-40, 0,5% Na
deoxycholate, in H2OmQ], 2 times 10 min at RT, post-fixed in PFA 4% in PBS, 15 min at RT,
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and washed 3 times 5 minutes with PBS. Tissue was then incubated in Triethanolamine buffer
[100mM Triethenolamine, 0,2% Acetic acid pH8, 0,25% Anhydride acetic, in H2OmQ)] for 15
min at RT. Following 3 washes of 5 minutes in PBS, pre-hybridization step was performed by
incubating slides in the warmed (at 70°C) hybridization solution [50% Formamide, 5X SSC,
5X Denhardts, 500pg/ml Salmon sperm, 250ug/ml Yeast RNA, in HOmQ] at RT for 1h.
Each slide was then incubated with 1 to 2ul of probe, diluted in 250ul of hybridization
solution, covered with a coverslip and left overnight at +70°C in a humidified chamber [SOM
Formamide, 5X SSC, in H>O]. The probes used were the following: Cad8, COUP-TFII,
CXCR4, LMO4 and Wnt5a.

The second day, tissues were incubated in post-hybridization solution [50% Formamide, 2X
SSC, 0,1% Tween-20, in H2OmQ)] for 2 times 1h at 70°C. After washing in MABT [100mM
Maleic acid, 150mM NaCl, 0,1% Tween-20, in H2OmQ] for 2 times 5min and 1 time 20min
at RT, the blocking step was performed by incubating sections in B2 buffer [10% Sheep
Serum in MABT] (1ml / slide) for 1h at RT. Then, 200ul of antibody anti-DIG U-AP (Roche
11093274910), diluted at 1/2000 in B2 buffer, was applied on the slides, covered with
parafilm and let ON at 4°C in a humidified chamber.

The third day, slides were washed 2 times 5min and 1 time 20min in MABT at RT, and
incubated in B3 buffer [100mM Tris pH9.5, 50mM MgCl,, 100mM NaCl, 0,1% Tween-20, in
H>OmQ)] for 30min at RT. Finally, the reaction was revealed by applying filtered NBT-BCIP
(Sigma-Aldrich B1911) + 0,1% Tween-20 on the tissue, and let to develop in the dark at 4°C.
The duration of the incubation was determined by the experimenter for each experiment, but
control and mutant followed the same treatments. When the signal was estimated clearly
visible, the reaction was stopped by washing the slides with PBST [PBS + 0.1% Tween-20] 3
times Smin at RT. Then, after briefly rinsing in H2OmQ), slides were mounted with Aquatex
mounting medium (Millipore 1.08562.0050) and left to dry and stored at RT. Pictures were
taken using a brightfield microscope (Leica DM6000B) equipped with a color camera, or with

a black and white camera microscope (Zeiss Imager.M?2).
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E) Nissl Staining

Nissl Staining were realized on 2h-PFA-fixed tissues. 16pum thick cyosections, stored at
-80°C, were dried at room temperature for at least 1h before processing. Tissues were post-
fixed in 4% PFA for 10min and washed 3min in H-OmQ. The coloration step was performed
by incubating slides in the coloration solution [0,025% Thionin, 0,025% Cresyl Violet,
100mM Sodium acetate, 8mM Acetic acid, in H2OmQ] for Smin at RT, under fume hood.
Differentiation was done in the de-coloration solution [80% EtOH, 20% H>OmQ, and around
8 drops/500ml of solution of Acetic acid]. The duration of incubation was determined by the
experimenter, and the differentiation was stopped when the signal was estimated clearly
visible. Sections were then dehydrated by passage in 96% EtOH for 3 times 5min and
minimum 2 times 5Smin in Xylen. Finally, slides were mounted using EUKITT mounting
medium (GENTAUR 361894G), let to dry for several days in the dark under fume hood, and
stored at RT. Pictures were taken using a brightfield microscope (Leica DM6000B) equipped

with a color camera.

F) Axonal tracing by injection of lipophilic Dil

Tracing of entorhino-hippocampal projections was carried out by injecting approximately
80ul of Dil crystal (DilC18(3); Molecular Probes) dissolved in DMSO in the entorhinal
cortex of P8 control and mutant fixed brains (4% PFA ON). Brains were incubated for 6
weeks in 2% PFA at 37°C, embedded in 4% agarose, cut into 100 um sections on a vibratome,
counterstained with Hoechst (Invitrogen H3570) and mounted with mounting medium [2% N-
propylgallate (Sigma P3130-100G), 90% glycerol in PBS, 1lpg/ml Hoechst (Invitrogen
H3570)], before storing at -20°C. Pictures were taken using either an epifluorescence
microscope (Zeiss Imager.M2) for localization of the site of injection, or a confocal

microscope (Zeiss 710) for visualizing fibers.
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G) Imaging

IF were imaged using the Zeiss Imager.M2 epifluorescence microscope with the AxioVision
software or the Zeiss 710 confocal microscope with the Zen software. Images were processed
in with Adobe Photoshop CS6 software. IHC, ISH and Nissl staining were imaged using the
Leica DM6000B brightfield microscope, equipped with a color camera.

H) Three-dimensional reconstruction

Adult brains representatives of hippocampal dysmorphism were coronally cryosectioned
(20pm thickness) and stained for Nissl and pictures were taken on the Leica
Stereomicroscope. Sections were identified with serial numbers and different HP components
were labeled with a color-coded graphic pen. 3-D images were aligned and integrated with

Amira 4.1.2-1 software to obtain 3D pictures.

IV / Quantification and Statistical analysis

Cell quantifications were performed on three coronal anatomically matched sections within
the rostral hippocampus (septal pole). Different areas were delineated to count the cells,
depending on the stage analyzed (Figure 9):

- At E16.5, three boxes of the same arca were selected in control and mutant three
dentate gyrus matrices (Figure 9A)

- At PO, the DG area was delineated and separated into two areas (Figure 9B): the
upper blade (UB) and the lower blade (LB)

- At P7 and P14, the DG was split into 5 areas, corresponding to the layers of the
dentate gyrus, visible with Hoechst staining (Figure 9C): the UB molecular layer
(UBml), the UB granule cell layer (UBgcl), the Hilus (UB hilus + LB hilus), the LB
granule cell layer (LBgcl) and the LB molecular layer (LBml)
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I E16.5 | | PO | | P7 & P14 |

Figure 9. Counting methodology examples.

Representation of the area delineated for counting cells in the developing dentate gyrus. A. At E16.5,
three boxes of same area were selected in the three matrices. B. At PO, the DG area was delineated and
separated into two bins: the upper blade (UB) and the lower blade (LB). C. At P7 and P14, the DG was
split into 5 areas, corresponding to the layers of the dentate gyrus: the UB molecular layer (UBml), the
UB granule cell layer (UBgcl), the Hilus (UB hilus + LB hilus), the LB granule cell layer (LBgcl) and
the LB molecular layer (LBml).

All the cell countings were made using the counting tool of Adobe Photoshop CS6 Extended
software. Error bars reflect standard errors of the mean (SEM), calculated by dividing

standard deviation (SD) by the square root of the sample number (n).
SD
vn

Statistical analyses were performed with a spreadsheet software (Numbers, Apple). A two-

SEM =

tailed paired Student’s t-test, comparing each mutant to both controls of each genotype was

used to analyze statistical significance (*p<0,05; **p<0,01; ***p<0,001).
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Results

I / COUP-TFI is expressed in the developing and adult

hippocampus

1) COUP-TFI is expressed in the hippocampus in a low septal to high

temporal gradient

COUP-TFI is expressed in the developing mouse hippocampus from its onset when the
hippocampal plate starts to be generated (Qiu et al., 1994b). As shown by
immunohistochemistry using a well-established antibody against COUP-TFI raised in the
Studer lab (Tripodi et al., 2004) (Figure 10), COUP-TFI expression is found both in the
ventricular zone (Hpn and dgn) and in the post-mitotic compartment of the developing
hippocampus at E16.5 (Figure 10A). Notably, COUP-TFI is expressed at higher levels in the
dentate gyrus neuroepithelium (dgn), or primary matrix (lry), the primordium of the dentate
gyrus, suggesting a specific role in DG formation. At PO, COUP-TFI is maintained in the
developing Hp (CA fields) and DG in almost all cells (Figure 10B), although at different
expression levels along the septo—temporal axis. This is more evident at P8 when COUP-TFI
is highly expressed in the temporal pole of the hippocampus (caudo-ventral) and at a lower
level in the septal pole (rostro-dorsal) (arrowheads in Figure 10C; Flore et al., 2015
[manuscript in annexe]). A similar differential gene expression pattern along the longitudinal
hippocampal axis has been already described for its homolog COUP-TFII (O'Reilly et al.,
2014), suggesting that both COUP-TF factors might be involved in distinct functions along
this axis. Finally at adult stages, COUP-TFI expression is maintained in both the Hp
pyramidal and DG granule cell layers (Figure 10D). High magnification views in the granule
cell layer indicate that COUP-TFI is expressed in the subgranular zone (SGZ) where adult
progenitors originate (Figure 10D’-D”’), as demonstrated by its co-localization with the radial
glia marker Pax6 (arrowheads in Figure 10E). Overall, these expression data suggest that
COUP-TFI might play multiple roles during hippocampal development and maturity. My
thesis work focuses mainly on the specific role of COUP-TFI during DG development and

maturation.
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Figure 10. COUP-TFI is expressed in a gradient in the developing and adult hippocampus.
A-D”. Immunohistochemistries showing COUP-TFI protein expression in mouse hippocampus during
development and in the adult. A. E16.5 hippocampal primordium: COUP-TFI is highly express in the
dentate granule neuroepithelium (dgn). B. PO hippocampus. C. P8 coronal sections of one hemisphere:
COUP-TFI depict a rostro-caudal gradient of protein level in the hippocampus (arrowheads). D. Adult
hippocampus: COUP-TFTI is expressed in DG granule cells and Hp pyramidal cells. D’. Magnification
of the box in D. D”. Magnification of the box in D’ showing COUP-TFI expression in the granule cell
layer. E. Immunofluorescence for COUP-TFI (in red) and the neural stem cell-like marker Pax6 (in
green) show that COUP-TFI is also expressed in the SGZ, the adult neurogenic niche of the DG (co-
expressing cells shown by white arrowheads). 1ry/2ry/3ry: primary/secondary/tertiary matrix; CA1/3:
cornus Ammonis field 1/3; DG: dentate gyrus; dgn: dentate granule neuroepithelium; gcl: granule cell
layer; Hpn: hippocampus proper neuroepithelium, hi: hilus, ml: molecular layer. Scale bars = 50um
(A), 100um (B, D), Imm (C).
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2) COUP-TFI expression is abolished in mitotic or post-mitotic cells in

conditional mutants

To investigate the role of COUP-TFI during DG development, I took advantage of two
conditional mutant (CKO) mouse lines already available in the Studer lab. Because
constitutive COUP-TFI knock-outs (KO) resulted in embryonic lethality (Qiu et al., 1997), 1
used a conditional inactivation approach to evaluate the function of COUP-TFI in the mouse
developing DG. COUP-TFI-floxed mice (COUP-TFIf/f) were mated either to EmxI-Cre or to
Nex-Cre mice, reported to be active in cortical progenitor or post-mitotic cells, respectively
(Gorski et al., 2002; Goebbels et al., 2006). In the resulting COUP-TFIf/f:EmxCre mutant
mice (referred as « EmxCKO »), COUP-TFI will be inactivated in dorsal cortical progenitors
from embryonic day 9 (E9.5), and gene inactivation homogenously occurs all over the septo-
temporal hippocampal axis from E11.5 onwards (Gorski et al., 2002; Armentano et al., 2007).
Differently, in COUP-TFIf/f:NexCre mutant mice (referred as « NexCKO ») COUP-TFI
expression will be lost in post-mitotic cells from E11.5 (¢f° Chapter 2- Material and

Methods).

To validate the correct inactivation of COUP-TFI expression in the developing hippocampus
of the two mutant mouse lines, I used the COUP-TFI antibody in coronal sections of Control,
NexCKO and EmxCKO brains from E16.5 to P7 (Figure 11). At E16.5, COUP-TFI expression
is still present in the ventricular zone (vz) of the NexCKO medio-caudal cortex, with a higher
expression in progenitor cells of the dgn similar to controls (arrows in Figure 11A-A’). This
is not the case for the EmxCKO mutant brain in which COUP-TFI expression is completely
lost in the hippocampal primordium (asterisks in Figure 11A’"). Similarly, at PO COUP-TFI
expression is clearly absent from the CA pyramidal cell layers of NexCKO and EmxCKO
hippocampi, known to contain only post-mitotic cells (blue asterisks in Figure 11B-B”’). As
described in the introduction (Figure 4C’), the developing DG has the particularity to contain
a second pool of progenitors in the 3% matrix (future DG). Thus and as expected, NexCKO
DG have decreased but still presence of COUP-TFI expression in the future dentate gyrus
(red asterisk in Figure 11B’). On the contrary, EmxCKO hippocampi have a complete

depletion of progenitors and post-mitotic hippocampal neurons (red asterisks in Figure
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11B”). The persistence of the few spread COUP-TFI-expressing cells have been shown to be
GABAergic interneurons (Flore et al., 2015), which do not originate from the dorsal palium
and therefore are not affected by the Cre-recombinase activity (Gorski et al., 2002; Flore et
al., 2015). Finally, at P7 when the hippocampus is predominantly composed of post-mitotic
neurons and COUP-TFI clearly labels the Hp pyramidal and DG granule cell layers, COUP-
TFI is maintained only in mitotic cells of the DG in the NexCKO model, whereas no
pyramidal or granule neurons express COUP-TFI in the EmxCKO hippocampus, except for
interneurons (red asterisks in Figure 11C-C”’). In summary, while COUP-TFI expression is
maintained in cycling progenitors in the NexCKO mice, expression is completely abolished in
all mitotic and post-mitotic pyramidal and granule cells in EmxCKO mice, allowing me in this
way to discern the role of COUP-TFI in mitotic versus post-mitotic neurons during

hippocampal development.

II / COUP-TFI is required in the growth and morphogenesis

of the postnatal hippocampus and dentate gyrus

To investigate the functions of COUP-TFI in hippocampal and DG development, I have
analyzed the morphogenesis of the two mutants at different developmental stages: from

embryonic E16.5 to post-natal stages PO, P7, P14 and adult.

1) Lack of COUP-TFI leads to developmental malformations of the

postnatal dentate gyrus

To visualize the overall morphology and layer organization of the hippocampus, I have used a
classical Cresyl Violet staining (known as Nissl staining) that allows visualisation of all
neuronal cell bodies on E16.5, PO, P7 and P14 coronal sections of Control, NexCKO and
EmxCKO hippocampi (Figure 12).
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Figure 11. COUP-TFI loss of expression in NexCKO and EmxCKO mutant hippocampi.

Immunohistochemistries showing COUP-TFI expression in Control (A-D), NexCKO (A’-D’) and
EmxCKO (A”-D”) hippocampi during development. A-A”. At E16.5, COUP-TFI expression is lost in
the 2ry and 3ry matrix of the NexCKO and in the 3 matrices in EmxCKO (asterisks in A’-A”). B-C” At
PO and P7, COUP-TFI expression is absent from the pyramidal cell layer of NexCKO and EmxCKO
(blue asterisks in B’-B”” and C’-C”’) and from the EmxCKO ventricular zone (black asterisk in B”’).
NexCKO DG have a strongly reduced number of cells expressing COUP-TFI, which corresponds to
mitotic cells (red asterisks in B’ and C’), whereas EmxCKO have only few sparked cells that retained
COUP-TFI expression, which corresponds to interneurons (red asterisks in B” and C’’). D-D”.
Magnifications of DG area from C-C”. Iry/2ry/3ry: primary/secondary/tertiary matrix; CAI1/3:
cornus Ammonis field 1/3; DG: dentate gyrus; dgn: dentate granule neuroepithelium; gcl: granule cell

layer; hi: hilus, ml: molecular layer vz: ventricular zone. Scale bars = 100um.
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< Figure 12. COUP-TFI loss-of function induces growth impairment.
Morphology of the hippocampus revealed by Nissl staining on coronal section of Control (A-E),
NexCKO (A’-E’) and EmxCKO (A”-E”) during development at E16.5 (A-A”), PO (B-B”), P7 (C-C”)
and P14 (D-D”’). E-E” are magnifications of the boxes in D-D”” showing DG layer organization. Both
mutants have morphogenesis impairment, including altered blade length (red arrows), layer
organization defects (red arrowheads) and lateral ventricle (LV) enlargement (red asterisks). Notably,
EmxCKO exhibits the strongest phenotype. 1ry/2ry/3ry: primary/secondary/tertiary matrix; CAIl/3:
cornus Ammonis field 1/3; DG: dentate gyrus; dgn: dentate granule neuroepithelium; gcl: granule cell

layer, hi: hilus; LV: lateral ventricle; ml: molecular layer,; ncx: neocortex. Scale bars = 200um.

During early stages of DG development (E16.5) no obvious morphological defects of the
dentate gyrus in the EmxCKO and NexCKO mutants were observed (Figure 12A-A”). The
three matrices are well distinguishable and the cell density seems similar between control and
mutants. At birth (P0), both EmxCKO and NexCKO hippocampi start to be slightly smaller
than their littermate controls (Figure 12B-B”*). This defect is more evident at P7 where both
the hippocampus proper and the dentate gyrus are clearly smaller in EmxCKO compared to
Control (Figure 12C-C”) and the size of the NexCKO hippocampus ranges between a control
and EmxCKO one.

Beside a change in the overall size, mutant NexCKO DG have a more round C-shape,
compared to the characteristic V-shape of the Control DG (Figure 12C’). This is even more
exacerbated in the EmxCKO mutants in which the length of the upper and lower blades are
altered. EmxCKO DG have a shorter upper blade and a longer lower blade compared to
controls and NexCKOs at P7 (red arrows in Figure 12C and C”), suggesting a failure of
granule cells accumulation during the primary dentate migration, in which the upper blade is
formed before the lower blade. Regarding the laminar organization, while the three layers
start to be distinguishable in the control DG at P7, both COUP-TFI-deficient mice show a
defective layer organization where the three layers are less distinguishable. Indeed, while the
molecular layer is visible, the delimitation between granule cell layer and hilus is less defined
in the NexCKO, and is completely absent in EmxCKO (arrowheads in Figure 12C-C”"). In
the latter, the putative hilus appears full of cells, presumably due to granule cells that have

failed to be organized in a thin and dense layer.
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At P14, an age at which the hippocampus is normally completely formed, NexCKO and
EmxCKO hippocampi are still smaller, with a more severe phenotype in the EmxCKO mutant
(Figure 12D-D”’). The NexCKO mutant shows an intermediate phenotype in both structures,
the Hp proper and the DG. Since the DG contains numerous progenitors (mitotic cells) and
several phases of cell divisions during its development, this might explain the more severe
phenotype in EmxCKO than in NexCKO mice, which lack COUP-TFI expression only in post-
mitotic cells. Moreover, at this age the DG lamination defect observed in the NexCKO brain
seems to be improved when compared at earlier stage and at the one of the EmxCKO,
suggesting that the defect observed at P7 might be partially rescued at P14. Nevertheless, the
NexCKO DG shape is still rather different from controls but less severe than the DG shape of
EmxCKOs. Finally, even if the lower blade has almost reached its normal size in the DG of
P14 EmxCKOs, the upper blade is still very reduced compared to the NexCKO and controls
(red arrows in Figure 12E and E”). These data collectively indicate that COUP-TFI plays a

major role in progenitors than in post-mitotic cells during DG development.
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Figure 13. Developmental defects lead to strong hippocampal volume reduction in the adult
EmxCKO brain but not in NexCKO.

Coronal section of adult brains stained with Nissl staining at the level of the hippocampus in Control
(A), NexCKO (B) and EmxCKO (C). Hippocampal volume, expressed in percentages relative to
Control volume are also presented in this figure and shows not significative differences in the
NexCKO (B) and a strong reduction in EmxCKO (C). HF: hippocampal formation; LV: lateral

ventricle; ncx: neocortex. **p<0,01.
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Finally, I have evaluated and quantified the morphological defect in adult EmxCKO mice and
compared it to control and NexCKO mice (Figure 13C; Flore et al., 2015). Strikingly, at this
age, EmxCKO mutant mice have a severely reduced hippocampal volume, of around 60% of
its normal volume, while adult NexCKO show no significant defects in size and morphology
(Figure 13B). In addition, the hippocampal volume reduction is accompanied by a huge
enlargement of the lateral ventricle, particularly in adult EmxCKO brains (red asterisk in
Figure 13C). However this defect is already visible at PO and worsens at P7 and P14 (red
asterisks in Figure 12C’-C” and D’-D’') in both mutant mice. This could be a consequence
either of the severe reduction of the hippocampus, and/or to another effect due to COUP-TFI
loss, such as defective production of cerebrospinal fluid that could impact the pressure in the

lateral ventricles.

Taken together, these results illustrate gradual growth impairments in the absence of COUP-
TFI in progenitor cells, first observed at birth and then exacerbated from P7 to P14 and to
adulthood. This suggests that the hippocampal development is affected by COUP-TFI loss
more at post-natal than at pre-natal stages and can be explained by the fact that DG formation
is known to take place predominantly post-natally. It also clearly shows that COUP-TFI acts
more in progenitor than in post-mitotic cells during DG development, since the most severe

phenotypic abnormalities are observed in EmxCKO mice.

2) COUP-TFI loss-of-function induces a more severe hippocampal and

dentate gyrus impairment in the septal than the temporal pole

As previously described, COUP-TFI is expressed in a gradient along the longitudinal
hippocampal axis (cf. Results-I-1). Since the septal/dorsal and temporal/ventral pole of the
hippocampus have been demonstrated to possess distinct functions (Moser et al., 1993; Moser
et al., 1995), it became important to quantify the morphological defect observed in EmxCKO
adults along the entire longitudinal axis. To this purpose, consecutive coronal Nissl-stained
sections were analyzed using the software Amira to produce a 3D representation of the whole

EmxCKO hippocampus. By comparing the mutant to its littermate control, and measuring
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hippocampal volume on each coronal section along the longitudinal axis, we found that
whereas the septal/dorsal regions are dramatically affected (red arrows in Figure 14E, the

most caudal parts are more similar to the control ones (Figure 14, Flore et al., 2015).
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Figure 14. The septal pole of the hippocampus is particularly affected in EmxCKO.

A-B. 3D representations of the hippocampal formation in Control (A) and EmxCKO (B). Red arrow
marks the strong volume reduction in the septal pole. C. Measures of the hippocampal volume along
the septo-temporal axis in Control and EmxCKO, showing strong significative reductions in the septal
sections (red arrows) while no significative differences are found in the temporal sections. DG:

dentate gyrus; D/V: dorsal/ventral; M/L: medial/lateral; S/T: septal/temporal.

This is also observed in P7 and P14 mutant EmxCKO and NexCKO brains, in which 1
confirmed the impairment specific to the rostral/septal hippocampal pole. As shown in Figure
15, when coronal sections of control and mutants are matched according to their rostro-caudal
axis, NexCKO and EmxCKO hippocampi become visible in more caudal regions that in
controls (with a stronger impairment in EmxCKO mutant). In addition, the extent of the
hippocampus varies between genotypes. For example, while the control septal hippocampus is
found on 6 sections, the NexCKO one appears on 5 sections and the EmxCKO only on 4
sections at P7 (Figure 15). At P14, while the control septal hippocampus spans on 9 sections,
it is only found in 7 and 5 sections of the NexCKO and EmxCKO mutants, respectively
(Figure 15). Thus, this suggests that not only the hippocampal volume but also its
longitudinal extension is specifically altered in the septal portion during post-natal

development, and is consistent with the results obtained in adults (Figure 14C).

98



Results

| P7 [ | P14 |
|  Control || NexCKO || EmxCKO || Control [[ NexCKO || EmxCKO |

Rostral

1
1
1
1
] 1
| . |
- ¢
1 " 1

[7]] 1 1

[« 1 28]

2! | 51

ol ) =

D1 1 ol

N S: 1 %I

=] 1

N o ) ~i 2

: 2 el - S
™ 0 ol
! : 8: : ol
1 ! 2 1 il
| + oy v mv
Caudal

Figure 15. The number of coronal sections in the septal hippocampus is reduced in both NexCKO
and EmxCKO during post-natal development.

Representation of the number of sections where the septal hippocampus is visible for each conditions,
at P7 and P14 (in this situation, each section is 16um thick and two consecutive sections are separated
by 144um). These data allows us to adjust our countings per section to the total amount of cells in

septal DG. Scale bars = 500um (same for all images of the same age).
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< Figure 16. COUP-TFI inactivation induces a disorganization of the rostral/septal DG lamination
but not its temporal portion, in both NexCKO and EmxCKO.
DG lamination is shown by Nissl staining (A-A” and C-C”) and Prox1 immunofluorescence (B-B”
and D-D”) in rostral/septal pole (A-B””) and caudal/temporal pole (C-D”’) at P7. The pial surface of
the DG is delineated by a white or black dashed line in each panel. In the rostral/septal DG, EmxCKO
exhibit an alteration of its blade lengths (red arrows in A”) and granule cells are abnormally located in
the hilus of NexCKO and EmxCKO (white arrowheads in B’ and B”). The temporal DG portion of
NexCKO and EmxCKO exhibit a clear delimitation between granule cell layer and hilus (red
arrowheads in C-D”’) and a properly extended upper blade (red arrows in C* and C*’). CA3: cornus

Ammonis field 3; gcl: granule cell layer, hi: hilus, ml: molecular layer. Scale bars = 100um.

To confirm that COUP-TFI loss differentially impacts the DG septal and temporal portions, I
have compared the morphology and lamination of the dentate gyrus on adjacent P7 sections,
which were either Nissl-stained or immunolabelled with Prox1, known to specifically label
DG granule cells (Oliver et al., 1993; Lavado et al., 2010) (Figure 16). Using P7 coronal
sections, the rostral sections correspond to the septal pole of the hippocampus, whereas the
caudal sections correspond to the temporal pole. The DG morphology and lamination of P7
rostral portions have been reported in the very precedent section (cf. Results-1-2), as part of a
time-course study. Thanks to Prox1 staining by IF, I was able to confirm here that cells
populating the putative hilus in NexCKO and EmxCKO are indeed granule cells, since they
express Prox1 (Figure 16B,B”). In addition, the lamination and blade length defects are less
affected in both NexCKO and EmxCKO temporal hippocampi (Figure 16C-D”’): granule cells
(Prox1%) are well organized in a dense granule cell layer, the hilus is well distinguishable (red
arrowheads in Figure 16C-D”’), and the upper blade is longer than the lower blade (red
arrows in Figure 16C’-C”), as it is in the control DG. Thus, as it is the case for the entire
hippocampus, the dentate gyrus is more affected in its septal than in its temporal portion.
However, it has to be noted, that differently from the whole hippocampal volume, the DG on
its own is still smaller in NexCKO and EmxCKO (more severe) caudal portions compared to

control ones.
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Taken together, these results suggest that, despite the fact that COUP-TFI is highly expressed
in the temporal pole, its loss affect less this region than the septal pole, leading to hypothesize

that there might be a compensatory system in this portion.

In order to enlighten the role of COUP-TFI in the developing DG, and to avoid any putative
compensatory system, I have chosen to focus my analysis on the septal pole of the DG, which

shows the most severe abnormalities.

3) COUP-TFI is not involved in specifying the septal and temporal

identities of the hippocampus

As described above, the septal hippocampus is strongly reduced and shifted posteriorly in the
absence of COUP-TFI in progenitor cells (EmxCKO mutant). Thus, the reduced septal
hippocampal portion in mutant mice might have resulted in a change of neuronal identity
within the hippocampus. In order to address this issue, I have performed in sifu hybridization
of landmark markers on P7 sagittal sections, which allow me to identify both the dorsal
(septal) and the ventral (temporal) hippocampus within the same section (Figure 17).
Although increasing evidences of distinct functions between these two portions of the
hippocampus are found together with differentially expressed genes, no specific markers for

either the septal/dorsal or temporal/ventral hippocampus have been explicitly reported so far.

In this study, I have selected three molecular markers differentially expressed between septal/
dorsal and temporal/ventral hippocampus: Cadherin 8 (CadS), a cell adhesion molecule
playing crucial roles during morphogenesis of the CNS (Zhou ef al., 2001), the transcription
factor LMO4 (Sun et al., 2005), and COUP-TFII (Fuentealba et al., 2010), the homologue of
COUP-TFI (Figure 17).
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Figure 17. Preserved septo-temporal identity of COUP-TFI-deficient hippocampi.

Sagittal sections of P7 Control and EmxCKQO brains hybridized with differentially expressed genes
along the septo-temporal (dorso-ventral) hippocampal axis. Boxes indicate high magnification views
of the dorsal (DH) and ventral (VH) hippocampus depicted to the right. A-A’. Cadherin8 (Cdh8)
transcript is expressed at higher levels in the dorsal than in the ventral hippocampus. Despite the
reduced DH volume in the mutant brain, CdhS is still expressed at higher levels in the DH. B-B’. The
LIM domain transcription factor Lmo4 is expressed at higher levels in the VH than in the DH in
Control and EmxCKO brains. C-C’. The orphan receptor COUP-TFII is highly expressed in the VH.
Levels of COUP-TFII transcripts in VH are increased in EmxCKO (red arrowheads). Red asterisks in
A’ and B’ indicate altered expression of Cdh8 and Lmo4 in the neocortex, which have been previously
reported (Armentano et al., 2007; Alfano et al., 2014). CA1/3: cornus Ammonis field 1/3; DG: dentate
gyrus;, DH: dorsal/septal hippocampus; VH: ventral/temporal hippocampus. Scale bars = Imm (low
magnifications), 200um (high magnifications).
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In the control brain, Cad§ transcript is expressed at a higher level in the dorsal hippocampus
than in the ventral part, and is localized in DG granule cells as well as in pyramidal cells of
the hippocampus proper (Figure 17A). In the absence of COUP-TFI in progenitors (EmxCKO
mutants), Cad8 mRNA is still observed in the same sub-regions of the dorsal hippocampus,
and with a similar intensity in which Cad§ is expressed at lower levels in the ventral

hippocampus (Figure 17A’).

On the contrary, LMO4 mRNA appears at higher levels in the ventral hippocampus than in the
dorsal one (Figure 17B). The dorsal signal is localized mainly in the pyramidal cell layer of
the CA1 and CA3 fields, and seems weak or absent in the CA2 and DG. The strong ventral
signal however is detected in all Hp fields. As for Cad$, the LMO4 mRNA pattern in controls
is similar to the one in the EmxCKO hippocampus, showing higher expression in the ventral

than dorsal hippocampus (Figure 17B’).

Finally, COUP-TFII transcript is expressed in all pyramidal and granule cell layers and at
higher levels in the ventral than dorsal hippocampus (Figure 17C). In the EmxCKO brain, this
low dorsal to high ventral gradient is also detected. Notably, COUP-TFII signal is not only
maintained in the mutant hippocampus, but also increased in the ventral portion (red
arrowheads in Figure 17C”), suggesting that COUP-TFII might compensate for some of the
COUP-TFI functions in the ventral/temporal pole of the mutant, since both COUP-TFs share

similar targets (Qiu ef al., 1994a).

Taken together, these results demonstrate that the septal and temporal identities are not
affected in the absence of COUP-TFI function, suggesting that the dorsal volume reduction in
the absence of COUP-TFI is caused by selective impairments of the septal domain, and not by

an identity change between septal and temporal hippocampal portions.
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III / COUP-TFI does not act on hem-derived signaling factors

The cortical hem controls hippocampal and dentate development at early stages of
corticogenesis. It is mainly responsible for the developmental onset of the hippocampus, since
it acts as a patterning center (Zhao et al., 1999). To start deciphering the mechanisms leading
to the growth impairment observed in EmxCKQO mutants, I first assessed whether COUP-TFI

was acting on this hem-derived patterning.

I COUP-TFI || Wnt5a I
| Control || Control || EmxCKO |

Figure 18. COUP-TFI does not alter hem-derived factors.

A. Immunohistochemistry indicates that COUP-TFI is not expressed in the cortical hem at E16.5. B-
B’. COUP-TFI loss does not alter the hem-derived factor Wnt5a transcript levels or localization as see
by in situ hybridization. The cortical hem is delineated by a dotted line in all panels. 1ry/2ry/3ry:
primary/secondary/tertiary matrix; h: hem. Scale bars = 100um

Immunohistochemistry using the COUP-TFI antibody shows that this factor is absent from
the cortical hem region at E16.5, while it is highly expressed in the hippocampal plate and
forming DG (Figure 18A). The Wnt member Wnt5a is expressed at high levels in the cortical
hem and at lower levels in the forming Hp and DG (Figure 18B). No changes were observed

in Wnt5a transcript levels of EmxCKO E16.5 embryos (Figure 18B’).

Together these data indicate that COUP-TFI does not affect the hem-derived signals during

hippocampal formation.
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IV / COUP-TFI is required in granule cell differentiation
during DG development

In order to investigate whether and how COUP-TFI acts on granule cell differentiation, I have
characterized the two COUP-TFI deficient mouse mutants for several key processes involved
in DG development: the proliferation capacity throughout DG formation, the embryonic and
post-natal phase of granule cell differentiation and the glia/neuron cell fate decision. To this
goal, I have performed immunofluorescences for several members of the transcription factor
cascade involved in all these processes and compared the two mouse mutants to littermate
controls from E16.5 to P14. The comparison of the two CKOs will allow me to dissect the

role of COUP-TFT in proliferating and/or differentiating cells during DG development.

1) COUP-TFI deficient mice have decreased proliferation in the developing

dentate gyrus

First, to investigate whether the proliferative capacity of granule cell progenitors is altered in
the absence of COUP-TFI, I have labelled cycling cells with the proliferation marker Ki67
during pre- and post-natal developing DG (Figure 19).

Comparison of the NexCKO and EmxCKO developing DGs shows a thinner Ki67+
ventricular zone (vz) in the 1Y matrix of E16.5 EmxCKO mutants (asterisk In Figure 19A”)
compared to the one in controls. This is supported by the quantification of the cell cycle
marker Ki67+ cells which are significantly decreased in the 1% matrix (Figure 19a; p=0,018),
and less affected in the 2% and 3% matrix, although the number of Ki67+ cells tend to
diminish in the 2% matrix, showing a p value close to significativity (Figure 19a; p=0,055).
As a consequence, the number of progenitors (Ki67+) reaching the 3% matrix at PO is
significantly decreased in this mutant (p=0,014) leading ultimately to a reduced pool of
proliferative cells in the absence of COUP-TFI. Indeed, at P7, EmxCKO mutant hippocampi
still have a strong depletion of about half of Ki67+ cells in the DG (Figure 19¢; p<0,001).
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Figure 19. Decreased proliferation in COUP-TFI deficient DG.

A-D”. Immunofluorescences for the cell cycle marker Ki67 on Control, NexCKO and EmxCKO DG at
El16.5 (A-A”), PO (B-B”’), P7 (C-C”) and P14 (D-D”’). a-d. Number of Ki67+ cells per sections at
each corresponding age. E-F. Extrapolation of the number of Ki67+ cells per section to the total septal
DG, at P7 (E) and P14 (F). Asterisks in the IF pictures marks significant reduced number of
proliferating cells, among which yellow asterisks indicate the significativity after extrapolation to the
entire septal DG only. 1ry/2ry/3ry: primary/secondary/tertiary matrix, Ctrl: Control; Emx: EmxCKO
mutant, gcl: granule cell layer; hi: hilus;, ml: molecular layer; Nex: NexCKO mutant; vz: ventricular

zone. *p<0,05; **p<0,01; ***p<0,001. Scale bars = 100um.
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As expected, NexCKO mutants, in which COUP-TFI is ablated in post-mitotic cells only, do
not show any significant differences with the control at E16.5 and PO (Figurel9a,b).
However and surprisingly, NexCKO appears to have a statistically significant decrease of
Ki67+ cells in the dentate gyrus at P7 (asterisks in Figure 19C’-C” and Figure 19c;
p=0,0019). This could be explained by an improper or delayed migration of progenitors cells
in this mutant, leading to a defective accumulation in the dentate gyrus. In support of this
hypothesis, P14 NexCKO DG show no significant differences in the number of Ki67+ cells
with Control and EmxCKO brains (Figurel9d). Surprisingly, while the defective proliferation
of EmxCKOs observed at E16.5 show cumulative consequences in PO and P7 DG, and despite
its smaller volume, no differences in the number of Ki67+ cells were found at P14 (Figure

19d).

It should be noted however that although the number of Ki67+ cells in controls and mutants
are similar at P14, these countings reflect the density of labelled-cells within a section of
septal DG (mean of 3 rostral coronal sections). Since the number of sections that compose the
septal pole of the hippocampus is not the same in all conditions, as previously shown, (cf-
Results-11-2, Figure 15), it becomes necessary to extrapolate the density of Ki67+ cells per
section to the estimated total amount of rostral DG sections in all conditions (Figure 19E-F).
In this way, the Ki67+ cell decrease is still confirmed at P7 in both mutants (Figure 19E;
p<0,001 for P7 NexCKO; p<0,001 for P7 EmxCKQO), and P14 EmxCKO septal DG parts have
a significative decrease of proliferative Ki67+ cells when compared to controls (Figure 19F;
p=0,021) and to NexCKO (p=0,0057).

Taken together, these results indicate that absence of COUP-TFI in mitotic cells affects their

proliferative capacity in the developing DG.
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2) COUP-TFI EmxCKO brains have a diminished number of intermediate

progenitors (IPCs) during embryonic phases of granule cell differentiation

To investigate whether COUP-TFTI acts on the transcription factor cascade involved in granule
cell differentiation, I have labelled different members of this cascade, such as Pax6, Tbr2,
NDI, Prox1, Tbrl and NeuN, by IF at E16.5, a time at which no visible morphological

defects are observed in the two COUP-TFI-deficient mutants.

- Progenitors and IPCs

First, and in line with previous data reported above, the NexCKO mitotic cell populations are
unaffected: no changes are observed in the number of Mcm2+ (a cell replication marker (Yan
et al., 1993)), Pax6+, Tbr2+ or double Mcm2/Tbr2+ and Pax6/Tbr2+ cells (Figure 20). In
EmxCKO embryos, however, I obtained a significant reduction of the number of dividing cells
in the 1Y (p=0,019) and 2% (p=0,023) matrix (Figure 20A-A”, a), consistent with what was
obtained with the cell proliferation marker Ki67 (cf. previous section), and confirming
reduced cell proliferation in this mutant. In addition, although the number of single and
double Pax6+ and Tbr2+ cell populations, which are considered apical progenitors and IPC
(Figure 5), respectively, are found unchanged in the EmxCKO mutant at this age, the amount
of dividing IPCs (double Mcm?2/Tbr2+) is significantly reduced in the 1% (p=0,022) and 2%
(p=0,026) matrix of the mutant embryos when compared to their littermates (Figure 20D-D”’,
d). This suggests that COUP-TFI alters the ratio between proliferating and neurogenic (no
more proliferating) Tbr2+ cells in the DG primordium. To confirm this, I have analyzed the
distribution of the different populations of single expressing Mcm2+, Tbr2+ and co-
expressing double Mcm2/Tbr2* cells in the two mutants and in the 3 matrices by normalizing
the total amount of cells expressing either one or both of these markers to 100% and
comparing their relative proportions in the different genotypes (Figure 20F). Thus, while the
proportions remain constant between NexCKO and Control, in the 1% matrix of EmxCKO
embryos the Mcm2™ single-expressing population (Mcm2*Tbr2-), representing the progenitors
Tbr2 negative (not IPC) decreases from 37% to 24% (p=0,0021) whereas the double Mcm2/
Tbr2*, representing the Tbr2+ proliferating population, decreases from 28% to 7% (p=0,0097)

relative to the total population. As a consequence, Tbr2* single-expressing cells increase
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approximately from 35% to 70% (p=0,0044). This is also maintained in the 2% and 3% matrix
of EmxCKO brains, with an increased Mcm2-Tbr2" population (p=0,0043) at the expense of
Mcm?2/Tbr2* population (p=0,02). Finally, with a lower significativity, EmxCKO 3% matrix
also depict an expanded Mcm2-Tbr2* population (p=0,016) at the expense of single Mcm2*
single cell population (p=0,016). These results confirm that the amount of dividing IPC is
decreased in the absence of COUP-TFI in progenitors at the expense of Tbr2+ non-dividing
cells. Thus, the majority of Tbr2+ cells are not proliferating cells but are most probably IPC

going through a differentiation process.

In the same manner, although the absolute number of Pax6+ and Pax6/Tbr2+ cells are not
changed in the EmxCKO developing DG (Figure 20b,e), their proportions are altered (Figure
20G). Slight increases of the single Pax6"Tbr2- sub-population are detected in the 1V
(p=0,033) and 2% (p=0,034) matrices, whereas the 3% matrix has decreased Pax6+Tbr2-
(p=0,0035) and increased Pax6-Tbr2+ sub-populations (p=0,043). This implies that more
proliferating progenitors expressing Pax6 and not Tbr2 are located in the 1% and 2% matrix of

EmxCKO embryonic DGs.

Taken together, these results suggest that COUP-TFI might promote the proliferative capacity
of IPC in the early developing DG by repressing the transition from apical progenitors
(Pax6+) to basal intermediate progenitors (Tbr2+). Thus, in the absence of COUP-TFI, future
granule cells are abnormally pushed toward a differentiating process at the expense of a

proliferative state necessary for the expansion of granule cell numbers.
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< Figure 20. Mitotic cell populations during embryonic DG development.
A-E”. Immunofluorescences on Control, NexCKO and EmxCKO DG at E16.5 for Mcm2 (A-A’), Pax6
(B-B”), Tbr2 (C-C”), co-expressing Mcm2/Tbr2 (D-D’) and Pax6/Tbr2 (E-E’). a-e. Number of cells
expressing the corresponding marker per sections. Significant changes are reported on the
corresponding IF picture (white asterisks). F-G. Sub-populations proportions in the 3 matrices from
Mcm2/Tbr2 (F) and Pax6/Tbr2 (G) co-labelling. 1ry/2ry/3ry: primary/secondary/tertiary matrix;
*0<0,05; **p<0,01. Scale bars = 50um (same between all genotypes).

- Post-mitotic immature and mature granule cells

To validate my hypothesis that COUP-TFI-deficient progenitors tend to differentiate earlier
than normal DG progenitors, I performed co-IF of Tbr2 and the early post-mitotic marker
NDI1 (Figure 21A-B'"). By quantifying single and double ND1 and Tbr2/ND1-expressing
cells in the 2% and 3" matrices, where early neurons are located at this stage, I observed a
down-regulation of the number of early post-mitotic cells expressing ND1 in EmxCKO 2%
and 3% matrices (Figure 21a), even if not reaching statistical significance. However, double
Tbr2/ND1+ co-expressing cells, which correspond to a transitory mitotic to post-mitotic state,
are slightly but significantly increased in the EmxCKO 3% matrix (Figure 21b). This suggests
that more IPC reaching the 3" matrix already express the post-mitotic marker ND1 when
lacking COUP-TFI. Similarly, a higher amount of these IPC also express Prox1 (Figure 21d)
in the 3% matrix of EmxCKO, which is a marker that appears even after ND1 in granule cell
differentiation, despite the fact that less Prox1+ cells seems to reach the 3% matrix in

EmxCKO brains (Figure 21c¢).

However, more Prox1+ and double Tbr2/Prox1+ granule cells were found in the 2% and 3%
matrix, respectively, of both NexCKO and EmxCKO (Figure 21¢,d). Similarly, an increased
amount of double ND1/Prox1+ cells was detected in the 2% matrix of both conditional
mutants when compared to controls (Figure 21e), suggesting a combination of a migratory
defect (more cells stuck in the 2% matrix) together with precocious differentiation (more post-

mitotic neurons in the 3% matrix).
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Figure 21. Late mitotic and early post-mitotic cell populations during embryonic DG

development.

A-E”. Immunofluorescences on Control, NexCKO and EmxCKO DG at E16.5 for ND1 (A-A’), Tbr2/
NDI1 (B-B”), Proxl (C-C”), Tbr2/Prox1 (D-D”) and NDI1/Prox1 (E-E’). a-e. Number of cells

expressing the corresponding marker per sections. Significant changes are reported on the

corresponding IF picture (white asterisks). /ry/2ry/3ry: primary/secondary/tertiary matrix. *p<0,05;

**p<0,01. Scale bars = 50um (same between all genotypes).
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Figure 22. Post-mitotic cell populations during embryonic DG development.

A-D”. Immunofluorescences on Control, NexCKO and EmxCKO DG at E16.5 for Tbrl (A-A’), Tbr2/
Tbrl (B-B”’), NeuN (C-C”’), and Prox1/NeuN (D-D”’). b and e. Number of cells co-expressing Tbr2/
Tbrl (b) and Prox1/NeuN (d). Significant changes are reported on the corresponding IF picture (white
asterisks). Iry/2ry/3ry: primary/secondary/tertiary matrix; *p<0,05. Scale bars = 50um (same
between all genotypes).

Finally, by further evaluating the type of neurons reaching the 3% matrix in NexCKO and
EmxCKO DGs, cells were labelled with more mature differentiation markers, such as Tbrl or
NeuN (Figure 22). No visible changes were observed in their numbers and distributions, as
well as in the amount of double Tbr2/Tbrl* colocalizing cells (Figure 22b), most probably
because of the low amount of post-mitotic granule cells at E16.5. However, the total number

of double Prox1/NeuN+ cells, labelling late differentiating granule neurons, is significantly

114



Results

increased in the 3% matrix of NexCKO (Figure 22D’,d), suggesting that post-mitotic
expression of COUP-TFI might be required for the late differentiation process of DG granule

cells.

Taken together, my data show that early embryonic granule cell differentiation (at E16.5) is
already altered in the EmxCKO model before morphological defects become apparent. On one
hand, COUP-TFI inactivation in progenitors leads to a premature cell cycle exit and decreased
IPC proliferation, suggesting that COUP-TFI might maintain a proper balance between
progenitor self-renewal and differentiation. On the other hand, COUP-TFI inactivation in
post-mitotic cells results in mild differentiation and migration impairments at E16.5. To
further understand and discern the role of mitotic versus post-mitotic COUP-TFI function
during DG granule cell differentiation, it becomes necessary to look at post-natal stages, when
a higher amount of differentiated neurons are generated. This will be the aim of the next

section.
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3) Post-natal mitotic differentiation of granule cells and SGZ establishment

are altered in the absence of COUP-TFI

To further investigate the reasons of the altered morphological defects observed in post-natal
NexCKO and EmxCKO mutant DGs, I used the same battery of proliferating and
differentiating markers used above, and evaluated their distribution in PO to P14 mutants by
comparing them to littermate controls. During this period, the majority of granule precursors
and IPCs have reached the 3" matrix where they undergo a further step of cell division before

being positioned within the DG upper and lower blades.

- Progenitors and IPCs

First, I used single and double Mcm?2/Tbr2 IF to identify the mitotic and IPC population of
the proliferating niche in the DG anlage (Figure 23). By counting single and double+ cells in
all genotypes from PO to P14, I found no obvious alteration in the absolute number of single
Mcm2+, Tbr2+ or double Mcm2/Tbr2+ cells in both mutants (Figure 23A-I). However, as
mentioned earlier, these countings correspond only to the number and density of labelled-cells
per section and not to the whole DG. Since the volume of the forming rostral/septal DGs is
different between Controls, NexCKOs and EmxCKOs, 1 extrapolated the cell number of single
sections to the total number of septal DG sections in each conditions (Figure 25). The data
showed that the proliferating Mcm2+ cell population is reduced by half in EmxCKO at P7
(Figure 25A; p=0,021) and at P14 (Figure 25F; p=0,016). Similarly, the Tbr2+ IPCs and
dividing Mcm2/Tbr2+ IPCs are significantly depleted in EmxCKO at both P7 and P14
(Figure 25B-C and G-H; Tbr2+: p=0,021 at P7 and p=0,017 at P14; Mcm2/Tbr2+: p=0,017
at P7 and p=0,020 at P14), indicating that the whole septal DG has reduced proliferative
capacities in the absence of COUP-TFI. Surprisingly, both Mcm2+ and co-expressing Mcm?2/
Tbr2+ cells are also found reduced in NexCKO at P7 (Figure 25A,C; p=0,032 for Mcm2+;
p=0,015 for Mcm2/Tbr2+), but this phenotype is not significant anymore at P14, consistent
with the hypothesis that NexCKO mice have a delayed DG development which is rescued
around P14.
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< Figure 23. Mitotic cell populations during post-natal DG development: Mcm2/Tbr2.

A-I”. Immunofluorescences on Control, NexCKO and EmxCKO DG at PO (A-C”), P7 (D-F”’) and P14
(G-I’) for Mcm2 (in red), Tbr2 (in green), and co-expressing Mcm?2/Tbr2. a-i. Number of cells
expressing the corresponding marker per DG. Significant changes are reported on the corresponding
IF picture with white asterisks and significant changes after extrapolation to the total septal DG (see
Figure 25) are reported with yellow asterisks. Dashed and dotted lines delineate the DG (A-C”’) and
its 3 layers (D-1""). Ctrl: Control; Emx: EmxCKO mutant; Nex: NexCKO mutant; ns:not significative.
Scale bars = 100um (same between all genotypes).

Differently from Tbr2+ IPC cells, the density of single Pax6+ cells is reduced in PO, P7 and
P14 EmxCKO DG sections (Figure 24a,c,e) and their total number is even more affected in
the whole septal DG of EmxCKO at P7 (Figure 25D; p=0,0038) and P14 (Figure 25I;
p<0,001). In addition, the total number of double Pax6/Tbr2+ cells is also affected in P7
(Figure 25E; p=0,013) and P14 EmxCKO brains (Figure 25J; p=0,013). This supports the
reduced proliferation rate of COUP-TFI-deficient DG cells and is consistent with the gradual

DG shrinkage observed with age (Figure 12).

Surprisingly, NexCKO P14 DGs also have decreased Pax6+ DG cell density (Figure 25e) and
total cell number (Figure 25I; p=0,0023), whereas the double Pax6/Tbr2+ transitory
population is not affected in these mice. This suggests that the reduced Pax6+ cell population
in NexCKO mice is most probably a secondary effect due to the delay of migrating cells in
reaching the 3% matrix than to an intrinsic proliferative effect, differently from the EmxCKO

mutants, which instead have a clear impairment in their proliferative capacity.
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Figure 24. Mitotic cell populations during post-natal DG development: Pax6/Tbr2.
A-F”. Immunofluorescences on Control, NexCKO and EmxCKO DG at PO (A-B”’), P7 (C-D”’) and
P14 (E-F”) for Pax6 (in red), and co-expressing Mcm2/Tbr2. a-f. Number of cells expressing the

corresponding marker per DG. Significant changes are reported on the corresponding IF picture with
white asterisks and significant changes after extrapolation to the total septal DG (see Figure 25) are
reported with yellow asterisks Dashed and dotted lines delineate the 3 layers of the DG. Ctrl: Control;
Emx: EmxCKO mutant; Nex: NexCKO mutant. *p<0,05. Scale bars = 100um.
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Figure 25. Reduced mitotic cell populations in COUP-TFI-deficient DG at post-natal stages.

All counting of cells per sections were extrapolated to the estimated number of sections with septal
DG at P7 (A-E) and P14 (F-J). This thus represent the absolute number of cells expressing the marker
of interest in the septal DG of Control (Ctrl), NexCKO mutant (Nex) and EmxCKO mutant (Emx). For
the corresponding IF, refer to Figure 23 and Figure 24. *p<0,05; **p<0,01; ***p<0,001.

Finally, by evaluating the proportion of the different single and double sub-populations, no
drastic changes were observed in PO to P7 NexCKO and EmxCKO DGs (Figure 26),
differently from what was reported at E16.5 (cf. Results-IV-2). This clearly indicates that
COUP-TFI acts more during the early pre-natal phases of granule cell proliferation and

differentiation than during the post-natal phase of cell amplification.

- Post-mitotic immature and mature granule cells

To assess granule cell differentiation during post-natal DG development, I used Prox1, Tbrl
and NeuN IF in Control, NexCKO and EmxCKO PO and P7 DGs (Figure 27, Figure 28 and
Figure 29). Since these experiments have been performed only twice, I was unable to
precisely quantify all the different cell populations of the three genotypes. I will just give few

quantitative results and an overview of what I observe in terms of granule cell distribution.
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Figure 26. The proportion of mitotic cell sub-populations are not altered in mutant DG at post-
natal stages.

A-A’. Sub-population distribution of single Mcm?2, single Tbr2 and double Mcm2/Tbr2 cells at PO (A)
and P7 (A’) in Control (Ctrl), NexCKO (Nex) and EmxCKO (Emx) DG. B-B’. Sub-population
distribution of single Pax6, single Tbr2 and double Pax6/Tbr2 cells at PO (B) and P7 (B’) in Control,
NexCKO and EmxCKO DG.
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Figure 27. Early post-mitotic cell population Tbr2/Prox1+ in post-natal DG.
A-A”. Immunofluorescences on Control, NexCKO and EmxCKO DG at P7 for co-expressing Tbr2/

Prox1 cells. B. Percentage of Tbr2/Prox1+ cells among the Prox 1+ population. Significant changes are
reported on the corresponding IF picture with white asterisks and significant changes after
extrapolation to the total septal DG (see Figure 25) are reported with yellow asterisks. Dashed and
dotted lines delineate the DG (A-B”) and its 3 layers (C-F”*) Ctril: Control; Emx: EmxCKO mutant;
Nex: NexCKO mutant. *p<0,05; **p<0,01. Scale bars = 100um (same between all genotypes).
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First, by labelling the transition from IPC to post-mitotic cells with Tbr2 and Prox1 IF at P7
(Figure 27), I have shown that the percentage of double Tbr2/Prox1+ expressing cells among
Tbr2+ population is increased in EmxCKO DG (p=0,022; Figure 27B), suggesting a
precocious expression of early-post-mitotic marker Prox1 by IPC. Notably, this increase is not

seen in NexCKO mutant.

At PO, a substantial number of Tbrl+ expressing cells are found in the future DG of both
NexCKO and EmxCKO mutants (Figure 28A-A”). As expected with its smaller size,
EmxCKO DG exhibit a reduced number of Tbr1+ granule cells (asterisk in Figure 28A” and
Figure 28E). However, no significative changes in the amount of Tbr2/Tbrl+ cells per
section are observed (Figure 28B-B” and E’), and no alterations of the sub-population
proportions are detected (Figure 28E”). Additionally, when compared to controls, the
distribution of these cells within the DG is altered in both mutants, even if more affected in
the EmxCKO one (Figure 28A”). While NexCKO Tbrl+ cells are distributed quite similarly
to the control, differentiated granule cells in the EmxCKO are spread all over the DG with no

clear laminar organization (asterisk in Figure 28A”).

At P7, the distribution of Tbrl cells within the DG of mutant mice resume the morphological
defects seen with the Nissl (Figure 28C-C””), namely the imbalance between upper and lower
blade length, more prominent in the EmxCKO in which the upper blade is strongly shortened
(arrows in Figure 28C”), suggesting here again a migratory defect. At this age, when Tbrl1 is
expressed in the outer two-third of granule cell layer in both controls and NexCKOs,
EmxCKO Tbrl+ cells seems more sparse in the granule cell layers and hilus (arrowhead in
Figure 28C””). Moreover, EmxCKO upper blade appears to have a lower level of expression

than the lower blade.
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Figure 28. Post-mitotic cell population during post-natal DG development: Tbhr2/Tbr1.

A-D”. Immunofluorescences on Control, NexCKO and EmxCKO DG at PO (A-B”’) and P7 (C-D”) for
Tbrl (in red) and the co-expressing Tbr2/Tbrl cells. White arrow in C” show the smaller upper blade
of EmxCKO, and the arrowhead shows its disorganized DG lamination. E-E”. Number of Tbr1+ cells
per DG (E), of Tbr2/Tbrl+ co-expressing cells per DG (E’) and sub-population proportions (E”).
Significant changes are reported on the corresponding IF picture with white asterisks. Dashed and
dotted lines delineate the DG (A-B”’) and its 3 layers (C-D”’). Ctrl: Control; Emx: EmxCKO mutant;
Nex: NexCKO mutant. *p<0,05. Scale bars = 100um (same between all genotypes).

Figure 29. Late post-mitotic cell populations during post-natal DG development: Prox1/NeuN.
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< A-G”. Immunofluorescences on Control, NexCKO and EmxCKO DG at PO (A-C”), P7 (D-F”) and
P14 (G-G”) for Tbrl (in red) and the co-expressing Tbr2/Prox1 cells. White arrow in D”” show the
smaller upper blade of EmxCKO, and the arrowhead shows its disorganized DG lamination. Arrows in
E-E” and G-G” indicate the proper position of NeuN+ mature granule cells in all genotypes. H.
Percentage of Prox1/NeuN+ cells among the Prox1+ population in the three conditions. Dashed and
dotted lines delineate the DG (A-C”’) and its 3 layers (D-G™). Ctrl: Control; Emx: EmxCKO mutant;
Nex: NexCKO mutant. Scale bars = 100um (same between all genotypes).

Finally, to visualize immature and mature granule cells simultaneously, I performed IFs with
Prox1 and NeuN antibodies on PO to P14 Control and mutant DGs (Figure 29). At PO and P7,
similarly to Tbrl, Prox1+ expressing cells are found in the future DG of both NexCKO and
EmxCKO mutants (Figure 29A-A”), although in a more disorganized way in EmxCKO
mutants than in Controls (asterisk in Figure 29A” and arrowhead in Figure 29D”). In
addition, NeuN, which marks more mature neurons, is correctly expressed in the outer layer
of both blades where mature granule cells are normally positioned, in both mutants at P7
(arrows in Figure 29E-E”). Moreover, the percentage of double Prox1/NeuN+ expressing
cells among the Prox1+ neurons show no significative differences between controls and
mutants (Figure 29H), suggesting that the transition from post-mitotic immature to mature
granule cells is not affected by COUP-TFI loss. At P14, more mature granule cells have been
generated, and thus NeuN marks the outer two-third of the granule cell layer in both controls
and mutants (arrows in Figure 29G-G”). Thus, despite their reduced size, immature
(Prox1+) and mature (NeuN+) granule cells of P7 and P14 COUP-TFI mutants are properly
located within both blades of the DG.

Taken together, these data show that despite the early differentiation and migration defects
observed in perinatal COUP-TFI mutants, granule cells do differentiate into proper mature
granule cells and get positioned at the expected locations. Thus, COUP-TFI seems mainly to
act on mitotic granule cell amplification (progenitors and IPCs), and to a less extent on the
post-mitotic phase of granule cell differentiation. This would also justify the severely reduced
DG of EmxCKO mutant mice compared to the mild phenotype observed in the NexCKO mice.
4) The reduced DG cell population does differentiate into granule cells in
the absence of COUP-TFI
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Because COUP-TF genes have been reported to be involved in the cell fate switch between
neurons and glia in the cortex by limiting the neurogenic period (cf. Introduction-1I-D-4-b), 1
have first labelled the cells generated at E14.5 in the dgn and then quantified their number and

challenged their fate in the DG of PO controls and COUP-TFI mutant mice.

Pregnant females were injected with EdU at 14.5 dpc (days post coitum) to specifically label
dividing cells of E14.5 old embryos. Pups were then sacrificed at birth (P0O) and the number
and distribution of EAU+ cells generated at E14.5 were counted in controls and mutants 3%
matrix. A clear reduction of EdU+ cells is found in the EmxCKO but not NexCKO entire
hippocampi (asterisk in Figure 30A-A”). The amount of EAU+ cells that reached the DG is
indicated in Figure 30B: EmxCKO have around half less EQU+ cells in their DG, indicating
that only 50% of the expected DG neurons were generated at E14.5 in the absence of COUP-

TFI in mitotic cells, in line with the reduced proliferation observed at E16.5 (Figure 19).

To investigate the fate of these E14.5-generated cells, I performed co-labelling with the
granule cell-specific marker Prox1 (Figure 30C-C”). Co-expressing EdU/Prox1+ cells were
counted, and normalized on the total number of EAU+ cells that have reached the dentate

gyrus (Figure 30D). The result shows no significant changes in the percentage of double
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EdU/Prox1+ cells among the DG EdU+ cell population (Figure 30D). The remaining EdU
+Prox1- cells are likely to be cells that have chosen a gliogenic fate. This indicates that
despite the reduced proliferation rate in the embryonic ventricular zone of EmxCKO mice,
NexCKO and EmxCKO cells that have exited the cell cycle after E14.5 (and thus are EdU+
cells) and reached the DG, have differentiated into Proxl+ granule cells in the same
proportion that in control animals. This suggests that the balance between neurogenic versus
gliogenic fate is not altered in NexCKO and EmxCKO mutant DG at early developmental

stages.

Figure 30. EmxCKO early born DG neurons are less numerous, but differentiate in granule cells
in the same proportion as the Control.

A-A”. Views of Control, NexCKO and EmxCKQO hippocampi at PO, labelled with EdU. EdU
fluorescence labels cells born at E14.5, the time of injection to the pregnant mother. The numbers of
EdU+ cells in the entire hippocampus is clearly reduced (A”). B. Number of EdU+ cells that have
reached the DG by P0. EmxCKO show a significant reduced number of early-born cells in the DG at
birth, compared to Control of NexCKO. C-C”. Immunofluorescence for the granule cell marker Prox1
on Control, NexCKO and EmxCKO DG with E14.5-born cells labelled with EdU. Boxes area are
presented in high magnification below and show co-localizing EdU/Prox1+ cells (arrowheads). D.
Percentage of EdU/Prox1+ cells among all the EAU+ cells of the DG. No significative differences
between the three genotypes are reported, whichh all show around 50% of EdU+ cells that became
granule cells Prox1+. Iry/2ry/3ry: primary/secondary/tertiary matrix; CA1/3: cornus Ammonis field
1/3; Ctrl: Control; Emx: EmxCKO mutant; Nex: NexCKO mutant, ns: not significative. ***p<0,001.
Scale bars = 100um.

Nevertheless, this result is preliminary and needs further investigation. Especially, cells need
to be labelled by EdU injection at later stage, such as at E17.5, which is a time where
gliogenesis peaks. Thus, this would allow us to assess whether the neurogenic period is
prolonged in COUP-TFI-deficient mice, as it is the case when COUP-TFI and II are

inactivated in cortical cells (Naka et al., 2008).
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V / Abnormal granule cell migration in COUP-TFI mutants

We have suggested earlier in this study that COUP-TFI might act on granule cell migration. In
order to investigate this, I have analyzed different aspects of granule cell migration, such as
the position of the cells along their migratory path, the possible guidance cues involved in this

process, and the radial glia scaffold required in granule cell migration.

1) Impaired cell migration leads to the formation of ectopic clusters and

altered laminar organization in COUP-TFI-deficient DG

- 2 matrix migratory stream

To follow granule cell migration, I have first used Tbr2 as a marker since at PO it labels
migrating IPCs from the 1% to the 3% matrix (Figure 31). Tbr2-expressing cells are generated
in the 1Y matrix and migrate along the 2" matrix in a narrow stream before reaching the
outermost region of the future DG in the 3% matrix (Figure 31A). The width of the migratory
path does not seem to change in NexCKOs (Figure 31A’), but is drastically enlarged in
EmxCKO DGs as seen by the expanded region ventral to the Hp pyramidal cell layer (bar in
Figure 31A”). In addition, several Tbr2+ cells appear to migrate towards the hilar region
(arrows in Figure 31A”) instead of the outer portion of the 3% matrix (along the pial surface)
in PO EmxCKO DGs. At P7, when all IPCs and post-mitotic granule cells have reached the
DG anlage, EmxCKOs retain several Tbr2+ cells in the 2% matrix, suggesting that they have
failed to reach the DG (arrowheads in Figure 31B”"). These cells seem to differentiate in
loco into Prox1- and Tbrl-expressing granule cells forming ectopic clusters of granule cells
(arrowheads in Figure 31C'" and D''). These clusters of post-mitotic cells expressing Tbrl
and NeuN at low levels are also present at P14 in the LB molecular layer of the EmxCKO DG
(arrowheads in Figure 31E'" and F'). The presence of these clusters suggests that a
subpopulation of IPCs has failed to migrate to the DG granule cell layer and has differentiated

into granule cells in ectopic positions.
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Figure 31. Impaired secondary migratory stream and presence of heterotopic clusters of post-
mitotic cells during EmxCKO DG post-natal development.

A-B”. Immunoflorescences for Tbr2, labelling IPC in Control, NexCKO and EmxCKO developing
DG, at PO (A-A”) and P7 (B-B”). The migratory stream (2ry matrix) is enlarged (bars in A-A”) and

more cells seems to cross the future DG in EmxCKO hippocampus (arrows in A”). At P7, many Tbr2+

cells are still migrating in the 2ry matrix of in EmxCKO (arrowheads in B”’) whereas they have all
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< (figure legend continuation) reached the DG in Control and NexCKO. C-F”. Immunofluorescences for
post-mitotic markers Prox1, Tbrl and NeuN in Control, NexCKO and EmxCKO post-natal DG, at P7
(C-D”) and P14 (E-F”’). EmxCKO mutants have heterotypic clusters of post-mitotic cells (Prox1+,
Tbrl+ and NeuN+) located in the 2ry matrix at P7 (C-D”’) and in the lower blade molecular layer at
P14 (E-E) (arrowheads in C”-F”). Iry/2ry/3ry: primary/secondary/tertiary matrix; CA3: cornus
Ammonis field 3; gcl: granule cell layer; hi: hilus;, ml: molecular layer; pcl: pyramidal cell layer.

Scale bars = 100um (same between all genotypes).

- Layer distribution

Next, I evaluated whether the abnormal migratory path described in the EmxCKO and
depicted by Tbr2+ expression (Figure 31A-A"") might affect the final laminar organization of
the postnatal DG. To this purpose, I have subdivided the PO 3% matrix into upper blade (UB)
and lower blade (LB), whereas at P7 and P14 the DG was split into UB molecular layer
(UBml), UB granule cell layer (UBgcl), hilus, LB granule cell layer (LBgcl) and LB
molecular layer (LBml) (c¢f. Materials and Methods-1V; Figure 9). Schema representing these
subdivisions are depicted in Figure 32 upper panel. Are also indicated the figures of the
corresponding IFs. All the cell counts were normalized on the total of cells expressing the
marker of interest, which allows describing their laminar distribution independently of their

number.

Thus, while at PO the location of proliferating Ki67+ cells is similar in control and mutant 3%
matrix with approximately 60% of the Ki67+ cells located in the LB (Figure 32A and Figure
19B-B”), both NexCKO and EmxCKO mutants have a partially disorganized distribution of
cycling cells at P7: compared to control, NexCKOs have more Ki67+ cells in the LBgcl
(p=0,031) and EmxCKO have less cells in the hilus (p=0,022) (Figure 32A’). However, at P14
Ki67+ cells of NexCKOs are again distributed similarly to controls (Figure 32A”),
corroborating the hypothesis of a delayed DG organization that is rescued at P14. On the
contrary, the laminar defects are maintained in the EmxCKOs at P14: significantly more cells
are found in the LBml (p=0,0049) at the expense of the UBgcl which contains less cells
(p=0,0077) (Figure 32A”; corresponding IF in Figure 19D”), in line with the morphological

alterations and inverted length of upper and lower blades, as described in part Results-1I-1.
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Figure 32. COUP-TFI inactivation leads to impairment in layers distribution of mitotic cells
during post-natal development.

Upper panel. Schema representing the different counting area delimitating either upper and lower
blades at PO, and the 3 layers at P7 and P14. Lower panel (A-D”). Layers distribution of Ki67+ (A-
A’), Mcm2+ (B-B”’), Pax6+ (C-C”) and Tbr2+ (D-D”’) expressing cells in Control, NexCKO and
EmxCKO DG. Figures to refer for the corresponding IFs are indicated. At PO (A-D), no alterations are
observed in the two mutants. At P7 (A’-D’), mild impairment in both NexCKO and EmxCKQO are
reported. Finally, at P14 (A”-D”*), strong alteration of progenitors and IPC distribution in the DG are
observed in EmxCKO, but not in NexCKO mutant. CA3: corpus Ammonis, LB: lower blade; LBgcl:
lower blade granule cell layer; LBml: lower blade molecular layer; UB: upper blade; UBgcl: upper
blade granule cell layer; UBml: upper blade molecular layer. *p<0,05; **p<0,01; ***p<0,001.

Similar results were obtained with the other cell marker Mcm2 and the IPC transcription
factor Tbr2 (Figure 32B-B’'; corresponding IFs in Figure 23). At first, no alterations of UB
versus LB cell distribution were observed in either the Mcm2+ or Tbr2+ sub-populations at
PO (Figure 32B and corresponding IF in Figure 23A-B”). At P7, NexCKOs show a

significant greater proportion of Mcm2+ cells in the LBml (p=0,049) and a consequent
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reduction in the UBgcl (p=0,0064). EmxCKOs appear to have a similar tendency, as seen also
in the IF (Figure 23D””) but without statistical significativity for Mcm2+ cells, most probably
due to a more widespread distribution of labelled cells which increases variability (see bigger
error bars in Figure 32B’), but not for Tbr2+ cells which result to be more localized in the
LBml than the LBgcl at this age (p=0,021) (Figure 32D’ and corresponding IF in Figure
23E”). Finally at P14, the two sub-populations Mcm2+ and Tbr2+ are found in a higher
proportion in the LBml of EmxCKO DGs (Mcm2+: p=0,0029; Tbr2+: p=0,00043), and in the
UBml (Mcm2+: p=0,0031; Tbr2+: p=0,0079), at the expense of the Hilus (Mcm2+: p=0,0071;
Tbr2+: p=0,016), and the UBgcl (Mcm2+: p=0,0032; Tbr2+: p=0,0047), compared with the
Control (Figure 32B” and D”; corresponding IFs in Figure 23G-H”). Moreover, as
expected, the Mcm2+, and Tbr2+ populations are normally distributed in the NexCKO DG
layers at P14 (Figure 32B” and D”).

Similar results were obtained when analyzing layer distribution of Pax6+ cells: whereas PO
and P7 show no alterations (Figure 32C-C’), P14 EmxCKO have significantly more Pax6+
cells located in the UBml (p=0,0032), at the expense of cells located in the UBgcl (p=0,0017)

(Figure 32C” and corresponding IF in Figure 24E”).

Taken together, these results demonstrate that COUP-TFI loss in post-mitotic cells (NexCKO)
induces mild impairments of cycling cells into the different layers of the DG at P7, which is
rescued later on at P14. However, since COUP-TFI is not inactivated in cycling cells in this
mouse model, the weak and transient defects is most probably due to a non-cell-autonomous
secondary consequence of COUP-TFI invalidation or to a delay in cell migration. On the
contrary, COUP-TFI inactivation in mitotic cells (EmxCKQO) induces a strong alteration in the
distribution of cycling cells throughout the DG. These cells abnormally accumulate in the 2%
matrix stream and subsequently in the molecular layer (predominantly of the lower blade) and
form characteristic clusters or aggregates of post-mitotic cells, which is consistant with the
mispositioning of post-mitotic cells that we previously reported (cf. Results-1V-3). These data
suggest that COUP-TFI might act on the proliferation and migration of granule cell
progenitors and IPCs, both during their journey through the 2% matrix and during their

positioning and layer organization in the dentate gyrus.
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2) Loss of COUP-TFI leads to altered guidance cues signaling

One of the important factors regulating granule cell migration are the guidance cues, which
are secreted in the surrounding and either attract or repel migrating cells. The DG granule
cells are known to depend on Reelin and SDF1/CXCR4 pathways to migrate to their proper
locations during development (Bagri ef al., 2002; Lu et al., 2002; Li et al., 2009; Forster et
al., 2006).

Control [ | NexCKO [ | EmxCKO

[ Hoechst/ Reelin | [J

Figure 33. Reelin signal is altered in EmxCKO DG at birth.

Immunofluorescence for Reelin (in red) on PO coronal sections at the level of the septal DG, and
counterstained with Hoechst (in blue). In the Control, Reelin signal is detected in the hippocampal
fissure (Hf) region (A) and at a lower extent in the most medial part if the lower blade molecular layer,
close to the pia surface (white arrowheads). No alterations are observed in Reelin signal in NexCKO
mutant (B), but EmxCKO exhibit a reduced signal in the Hf region (red arrow in C) and a strong
increase ectopic Reelin signal in the entire lower blade molecular layer (red arrowheads in C). Dashed
lines delineate the hippocampal fissure in all panels. DG: dentate gyrus; Hf: hippocampal fissure.
Scale bars = 100um.

In the hippocampus, Reelin is secreted in the extracellular matrix by Cajal-Retzius cells
around the hippocampal fissure (Haas et al., 2002; Pesold et al., 1998). Despite the fact that
Cajal-Retzus cells do not express the transcription factor COUP-TFI (Studer et al., 2005), I
have observed an impairment in the distribution of Reelint+ cells in EmxCKO hippocampi
(Figure 33). At PO, Reelin is normally highly expressed in the hippocampal fissure region
(Hf) and to a lower extend in cells positioned in the ml of the lower blade and most probably
migrating towards the hippocampal fissure (arrowheads in Figure 33A). While no obvious

differences are observed in NexCKOs (Figure 33A”), EmxCKOs have a strong upregulation of
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Reelin at the pial surface of the DG lower blade (red arrowheads in Figure 33A”), while
cells expressing Reelin in the hippocampal fissure are more dispersed than in controls (red
arrow in Figure 33A""). This phenotype could be a secondary effect of a defective migration
process occurring in the EmxCKO DG. Thus, Cajal-Retzius cells, which originate in the
cortical hem, would partially fail to invade the hippocampal fissure region and secret Reelin
in ectopic positions. Since granule cells respond to Reelin signaling, mis-positioning of this
signal most-probably contributes to the granule cell migration impairment, and would explain
the increase of ectopic mitotic and post-mitotic granule cells in the molecular layer of the

lower blade that we illustrate above.

The other system known to strongly regulate granule cell migration is the chemokine/receptor
couple SDF1/CXCR4 (Bagri et al., 2002; Lu et al., 2002). The ligand SDF1 is expressed by
the meninges, whereas the receptor CXCR4 is expressed by migrating granule cells.
Surprisingly, while the granule cell migratory defect observed in the COUP-TFI EmxCKO
would at first instance predict a down-regulation of the receptor CXCR4 expression, in situ
hybridization revealed instead a strong up-regulation of transcipt levels in the 2% and 3%
matrix of PO EmxCKOs (red arrow in Figure 34). This indicates that COUP-TFI normally
modulates CXCR4 expression levels in migrating granule cells and that either abnormally
high levels or ectopic expression of CXCR4 in low or non-expressing cells might perturb their
migratory behavior by abnormally responding to SDF1 expressed by the meninges and Cajal-

Retzius cells.
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CXCR4

Figure 34. Increased CXCR4 transcript levels in EmxCKO 2" matrix at birth.
In situ hybridization detecting CXCR4 mRNA levels in the developing DG at PO in Control and

EmxCKO mutant. EmxCKO exhibit a strong increase in CXCR4 transcript expression in the 2ry
matrix (red arrow in B). Dashed lines delineate the 2ry and 3ry matrices in the 2 panels. 2ry/3ry:
secondary/tertiary matrix. Scale bars = 100um.

3) Loss of COUP-TFI impacts the formation of radial glia scaffolds

One of the other factors required in DG granule cell migration is the presence of a fairly
organized radial glia scaffold (Rickmann et al., 1987; Sievers et al., 1992), which supports
cells to reach their targets during migration. To investigate whether this scaffold is impaired in
both COUP-TFI-deficient models, I have labelled post-natal hippocampal sections with two
markers of radial glia cells (RGC): GFAP and BLBP (Figure 35).
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< Figure 35. COUP-TFI inactivation leads to glia scaffold disorganization in post-natal DG.

Upper panel (A-A”’). GFAP immunofluorescence on Control, NexCKO and EmxCKO DG at PO.
Radial glia scaffold (GFAP+) appear increased and disorganized in EmxCKO 1ry and 3ry matrices
(red arrowheads in A” high magnifications). Lower panel (B-C” and u-z”’). Inmunofluorescences for
GFAP (in green) and BLBP (in red) on Control, NexCKO and EmxCKO DG at P7 (B-B” and high
magnifications u-w’’) and P14 (C-C” and high magnifications x-z”’). Dashed lines in B-B”” and C-C”
delineate the DG. Dashed and dotted lines in thigh magnifications (u-w’’ and x-z”) delineates the three
layers of the DG upper blade. EmxCKO mutant exhibit defects in radial glia scaffold process (red
arrows) and cell bodies localization (white arrows) at P7 and P14, while NexCKO appear to have only
transient defects at P7. Empty arrowheads in x-x”” mark the astrocytic-shape cells GFAP+ found in the
hilus. 1ry/2ry/3ry: primary/secondary/tertiary matrix, gcl: granule cell layer; hi: hilus; ml: molecular
layer. Scale bars = 100um (low magnifications), 50um (high magnifications).

At PO, GFAP-expressing RGCs are compacted in specific locations of the developing DG,
such as the future fimbria, along the 2% matrix and at the outmost borders of the developing
DG including the hippocampal fissure (Figure 35A). Very few GFAP+ cells are observed in
the 1% matrix at this stage. No specific alterations are found in the 1% and 3% matrix of the
NexCKO (Figure 35A° and high magnifications). On the contrary, more GFAP+ cells are
found in the 1% matrix of EmxCKO DGs and the radial glia scaffold in the forming DG is
severely disorganized in these mice, especially in the future lower blade and in the hilus
where abnormally too many GFAP+ cells seem to cross the DG toward the hippocampal
fissure (Figure 35A'" and arrowheads in high magnifications). This suggests that COUP-
TFI might act on the establishment of the radial glia scaffold necessary for granule cell

migration and laminar distribution in the 3% matrix of the DG.

At P7, the RGC themselves have migrated across the DG and their cell bodies start to
accumulate in the restricted area of the future adult neurogenic zone, the SGZ, as seen with
BLBP IF (arrowheads in Figure 35v). Meanwhile, their processes extend along the granule
cell layer (gcl), as seen by GFAP labelling (red arrows in Figure 35u), in order to set a new
scaffold that will be used later by adult newborn granule cells to be integrated in the gcl. This
new radial glia scaffold is fully established at P14, a stage when more SGZ cells can be
detected (arrowheads in Figure 35y). At P7, in the NexCKO brains a prominent sub-

population of RGCs is abnormally found in the hilus, as seen by their BLBP expression
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(arrowheads in Figure 35v’ and their process also appear rather disorganized, as seen with
GFAP expression (red arrows in Figure 35u’). This phenotype seems to be rescued at P14
where RGCS are now properly located in the SGZ (arrowheads in Figure 35y’), and
properly extend their processes across the gcl (red arrows in Figure 35x). In the EmxCKO
however, RGCs appear poorly organized in both P7 and P14 DGs (Figure 35B”,C”): their
cell bodies fail to be organized in a single layer in the SGZ, and remain spread through the
DG (arrowheads in Figure 35v”,y’"), and their processes lack the characteristic orientation
and extension observed in controls (red arrows in Figure 35u”,x”). These results indicate
that the establishment of the DG adult neurogenic niche (the SGZ), with RGCs at the border
of the granule cell layer and hilus and a trans-granular scaffold, is specifically altered in
EmxCKO brains, suggesting that the adult neurogenesis is most likely to be also affected in

this mutant.

Moreover, we notice an increase in GFAP expression in the hilus of both mutants at P14
(empty arrowheads in Figure 35x,x’,x”’). This staining reminds us of astrocytes, which are

also labelled by GFAP, suggesting either migratory defects or an increased gliogenesis.

VI / COUP-TFI inactivation leads to increased apoptosis in

the newborn dentate gyrus

The drastic reduction of the hippocampus in the EmxCKO mutants might suggest a problem
of cell survival and cell death. To thus investigate whether COUP-TFI plays a role in cell
survival, I have performed a Caspase 3 (Casp3) IF on E16.5 and PO coronal sections, and
quantified the number of Casp3+ cells in all DG developing regions, comprising the three

matrices (Figure 36).
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Figure 36. COUP-TFI loss-of-function induces a perinatal apoptosis in the developing dentate
gyrus.

Cell death was estimated by Caspase 3 (Casp3) immunofluorescence at E16.5 (A-A”) and PO (B-B”).
Graphs show the number of Casp3+ cells per section, within the DG 3 matrices area, in the septal/
rostral hippocampus at E16.5 (C) and PO (D) and in the temporal/caudal hippocampus at PO (E,
corresponding IF not shown). PO septal DG exhibit a higher number of Casp3+ cells in NexCKO and
EmxCKO. Casp3+ cells in the developing DG are indicated by white arrowheads in B-B”’, whereas
yellow arrowheads in B’ shows the region of increased cell death (not quantified) in the NexCKO. Iry/
2ry/3ry: primary/secondary/tertiary matrix; ns: not significant. *p<0,05. Scale bars = 100um.
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At El16.5, very few Casp3+ cells are detected in all three conditions, and no significative
difference has been found between controls and mutants (Figure 36A-A”,C). At PO, however,
COUP-TFI EmxCKOs show a significative increase (around 3 times) of cell death in the
developing septal DG, compared with control pups (white arrowheads in Figure 36B”° and
Figure 36D: p=0,037). Surprisingly, I also found a statistically significative increased cell
death in NexCKO mutant mice when compared to controls (p=0,024), although less severe
than in EmxCKO mutants (Figure 36D). However, while Casp3+ cells are mainly found in
the 3% matrix in the DG of NexCKOs, spread dying cells are instead located in the 2% matrix
of EmxCKO mutants (Figure 36B°,B'""). This leads us to hypothesize that it is not the same
cell population that undergoes apoptosis in the two types of mutant. Most likely, progenitors
and IPCs stuck in the 2% matrix of EmxCKO, and post-mitotic and mature cells not properly
integrated in the 3" matrix of NexCKO are depleted by apoptosis. Furthermore, no significant
differences in cell death have been observed in the temporal/caudal portion of the
hippocampus (Figure E), confirming a stronger effect of COUP-TFI loss in the septal/rostral
portion of the DG.

Notably, NexCKO mutants have a prominent increase of apoptotic cells in the CAl/
Subiculum region (yellow arrowheads Figure 36B’), implying that post-mitotic expression
of COUP-TFI is important in the cell survival of this region. Surprisingly, this was not
observed in EmxCKO mutants despite reduced growth in this region, suggesting either that
cell death has occurred at an earlier stage in the EmxCKO mutant, or that the equivalent cells
did not differentiate in EmxCKOs, while they probably reached a post-mitotic state in
NexCKO, but could not properly survive. This reveals a particular aspect of COUP-TFI post-

mitotic function in this region that will not be further investigated in this study.

At later stage, at P7, no or very few apoptotic cells were detected in all three conditions (data
not shown), indicating that selected cell death occurs in a temporally controlled window.
Taken together, these results demonstrate that COUP-TFI inactivation induces an increase of
cell death in the perinatal septal DG, which could contribute in the shrinkage of this region.
This impairment in cell survival might be either a direct effect of COUP-TFI or a

consequence of improper granule cell migration and/or differentiation.
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VII / COUP-TFI is required in the establishment and

maturation of granule cell connectivity in the septal pole

Although the DG of EmxCKO hippocampi is smaller, and contains fewer cells, these cells do
properly differentiate into granule cells, since they express Prox1, Tbrl and NeuN. However,
in addition of expressing the proper combination of transcription factors, granule cells have to

establish a proper connectivity loop in order to become fully mature and functional neurons.

1) COUP-TFI mitotic inactivation alters the septal but not the temporal
perforant path fibers

The primary inputs to the hippocampus correspond to the perforant path fibers that originate
from the entorhinal cortex. To evaluate whether this connection is modified in the absence of
COUP-TFI, we have performed immunological detection of Map2, a microtubule-associated
protein highly expressed in the perforant axons and CA1 dendrites (Steward and Halpain,
1999), on COUP-TFI EmxCKO brains and showed a strong downregulation of Map2 mainly
in the mutant septal hippocampus, but not in the temporal one (arrowheads in Figure 37A-

B’, Flore et al., 2015).

141



Results

Control

Adult Map2
Temporal pole | Septal pole

DG Perforant path

P8 Dil ex vivo

|[EC injection site] |

Figure 37. Impaired perforant path fibers in the septal COUP-TFI EmxCKO mutant
hippocampus.

A-B’. Map2 immunohistochemistry on coronal sections of adult Contro/ and EmxCKO septal (A-A’)
and temporal (B-B’) hippocampus. Map2 labels CAl pyramidal dendrites and entorhinal perforant
path fibers. Map2 signal in EmxCKO is strongly decreased in the septal hippocampus (red arrowheads

in A-A’) and similar to Control in the temporal hippocampus (red arrowheads in B-B’).
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< (figure legend continuation) C-C’. Retrogradely Dil-labeled perforant paths in P8 Control (C) and
EmxCKO mutant (C*) temporal hippocampus. Dil-labeled fibers appear in red and cell nuclei are
counterstained in blue with Hoechst D-E’. Site of Dil injection seen in whole hemibrain (blue arrows
in D-D’) and in coronal section at the level of the entorhinal cortex (E-E’). Dashed line delineate the
DG hippocampal fissure in all panels. CA1/3: cornus Ammonis field 1/3; DG: dentate gyrus; EC:
entorhinal cortex; gcl: granule cell layer; hi: hilus;, ml: molecular layer; sr: stratum radiatum; sim:

stratum lucidum moleculare. Scale bars = 100um (A-C’), 500um (E-E’).

To confirm that connectivity between the entorhinal cortex and hippocampus was indeed
maintained in the temporal EmxCKO DGs, as suggested by the Map2 staining, | performed an
axonal tracing experiment on Control and EmxCKO post-mortem brains. The lipophilic tracer
Dil was injected in the ventral entorhinal cortex (Figure 37D-E’) and let diffuse for several
weeks, allowing a full labelling of the entorhinal axons to the DG molecular layer and CA1
(Figure 37C-C’). COUP-TFI mutant EmxCKO show a properly retrogradely labeled
perforant path in the caudal/temporal hippocampus (arrows in Figure 37C-C’), confirming
that entorhinal cortical afferences in this region are indeed well established. However, because
of the position of the Dil, only perforant path fibers in the temporal hippocampus were
labelled in this experiment. Since projections from the entorhinal cortex to the hippocampus
are topographically organized in rodents (Van Groen et al., 2003), septal perforant path fibers
need to be further investigated by injecting Dil into a more lateral part of the entorhinal cortex

that would support the Map2 septal staining described above.

Hence, COUP-TFI is mainly involved in the establishment of the perforant path fibers from

the entorhinal cortex to the septal/rostral hippocampus.

2) COUP-TFI loss does not affect granule cell dendritic growth but induces

an impairment of inner molecular layer fibers

My previous data showed impairment in granule cell maturation in the septal hippocampus
primordially by molecular markers. In this last part of my thesis, I started to characterize the

morphology of mature granule cells in P21 Control and EmxCKO brains. To this purpose, I
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have crossed the Thyl-H-YFP transgenic line, in which a subset of granule cells is labelled by
YFP (Feng et al., 2000), with the EmxCKO line. Since Thyl1 is a transmembrane protein, it is
express in all compartments of the neuron, thus permitting to label the cell body, the dendrites

and the axons of granule cells.

GC dendrites

| P21] | Control [ | EmxCKO

Figure 38. Granule cell dendritic arborization is not altered in the absence of COUP-TFI.
A-A’. View of the DG of Thyl-YFP Control and EmxCKO. High magnifications of the dashed box are
presented in the lower panel for the two blades (UB and LB). Dendritic arborization of EmxCKO

granule cells seems well developed (arrows in UB and LB high magnifications) although the length of
their dendritic trees, and thus of the molecular layer, seems to be extended in EmxCKO mice (red
arrows in A-A’). EmxCKO DG also exhibit a loss of YFP signal in the inner molecular layer (iml)
(arrowheads in A-A’ and high magnifications) gcl: granule cell layer; hi: hilus; iml: inner molecular
layer; LB: lower blade; ml: molecular layer, oml: outer molecular layer;, UB: upper blade. Scale bars

= 100um (A-A’), 50um (UB and LB high magnifications).

144



Results

At P21, several granule cells and their dendrites are labels with YFP in both Control and
EmxCKO hippocampi (Figure 38A-A4) and are correctly localized in the molecular layer.
Magnifications of either the upper (UB) and lower blade (LB) show no obvious differences in
the overall dendritic morphology in the EmxCKO DGs compared to controls: they extend
correctly to the hippocampal fissure and seem fairly well organized (white arrows in Figure
38UB and LB), although the length of their dendritic trees, and thus of the molecular layer,
seem to be extended in EmxCKO mice (red arrows in Figure 38A-A’).A more detailed
morphological analysis using specific imaging softwares will be necessary to better assess the
detailed morphology of single granule neurons in mutant mice of different ages and compare

them with their control littermates.

Nevertheless, I have noticed a weaker if not absent signal of YFP in the inner molecular layer
(iml) of EmxCKO DGs (arrowheads in Figure 38A-A' and high magnifications). This layer
is known to contain mainly associational/commissural fibers from ipsi- and contro-lateral
mossy cells, making synapses with the proximal dendrite of granule cells. Notably, our
collaborators has recently shown that calretinin expression in mossy cells is missing in
COUP-TFI-deficient hippocampi (Flore et al., 2015). However, mossy cells, which cell
bodies are located in the hilus, are not labelled by YFP in this mouse line. The inner molecular
layer has also been shown to contain axons from the medial septum nucleus, in which few
cells are indeed labelled by YFP (Porrero et al, 2010 and data not shown), or fibers
corresponding to granule cell collaterals (Haug, 1974), but these hypotheses need to be further

investigated.

3) Mossy fibers are present but immature in the absence of COUP-TFI

With the help of the Thyl-YFP line, I was also able to visualize granule cell axons forming
the so-called mossy fibers (MF in Figure 39A). Both in the control and mutant hippocampus,
these fibers are found extending to the hilus and to the stratum lucidum, toward the dendrites
of CA3 pyramidal cells (arrows in Figure 39A-A’). This suggests that granule cell axons

properly form and project to their targets in the absence of COUP-TFL
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However, the expression of Calbindin, a calcium binding protein, normally found in these
fibers is lost in the septal EmxCKO hippocampus at adult stage (Figure 39B-B’), suggesting
that granule cells axons and synapses are most likely not properly mature although they can

extend to their final targets.

[ P21] | Control

Thy1-YFP

Mossy fibers

Calbindin

Figure 39. Mossy fibers are present but immature in EmxCKO mutant hippocampi.

A-A’. View of the hippocampi of Thyl-YFP Control and EmxCKO. Mossy fibers (MF) of DG granule
cells that reach dendrites of the CA3 pyramidal cell layer are observable in both conditions (arrows).
B-B’. Calbindin immunohistochemistry in coronal sections of the septal/rostral hippocampus, strongly
labels MF in Control, whereas its signal is strongly altered in EmxCKO hippocampus (red
arrowheads). CA1/3: cornus Ammonis field 1/3; DG: dentate gyrus, fi: fimbria; MF: mossy fibers.
Scale bars = 200um (A-A), 100um (B-B’).
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VIII / Behavior

The ultimate proof of whether a cell, structure and/or circuit are physiologically functional is
to test their in vivo function in a physiological dynamic situation. With the help of our
collaborators, we have challenged the behavioral consequences of a COUP-TFI-deficient
underdeveloped hippocampus in adult mice (Flore et al., 2015). Both the spatial and
emotional memories, controlled by the septal/dorsal and temporal/ventral poles of the
hippocampus, respectively, were tested on control and EmxCKO adult mice (Moser et al.,
1993; Moser et al., 1995). Only a summary of these results is presented here, since the tests
were not performed at iBV. More details can be found in the manuscript in annex (Flore ef al.,

2015).

To test the spatial navigation memory, known to be under the control of the septal/dorsal
hippocampus, control and EmxCKO mice were processed through the « water maze task ».
This task revealed that mutant mice did learn to find the platform during training days, but
were dramatically impaired in showing any preference for the target area (where the platform
was previously located) during testing day, suggesting that COUP-TFI-deficient mice have
impaired spatial memory. Notably, extension and volume of the hippocampus significantly
correlated with this test and indicates that the impaired spatial memory is most probably due
to the hippocampal dysmorphism observed in this mutant. It was also demonstrated that this
effect is not linked to the sensory motor deficits associated with altered neocortical changes of

COUP-TFI EmxCKO mice described before (Tomassy et al., 2010).

Furthermore, by using the « one-trial inhibitory avoidance task » and the « spontaneous short-
term object recognition task », our collaborators reported that COUP-TFI mutant mice do not
show any impairments in their ability to form emotional memory, which is controlled by the

temporal/ventral portion of the hippocampus.

Taken together, these behavioral data indicated that the hippocampal dysmorphism in COUP-

TFI EmxCKO animals is associated to selective spatial memory impairments.
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The orphan nuclear receptor COUP-TFI is well described to act as a strong transcriptional

regulator in the developing neocortex, playing, among others, key roles in neuronal migration,

neurogenesis and neocortical arealization (Alfano et al., 2014). In this study, I have shown

that COUP-TFI is also required for the development of the hippocampus, and in particular of

the dentate gyrus. Thus, this is the first evidence of COUP-TFI function in archicortical

domains. To dissect the role of COUP-TFI in dentate gyrus development, I have characterized

and compared two distinct COUP-TFI conditional knock-outs, the so-called NexCKO and

EmxCKO mouse models, in which COUP-TFI is either inactivated in the progenitors or in the

post-mitotic cells, respectively. Below in Table 3 a summary of the different phenotypic

alterations in the two models. These results will be discussed hereafter.

NexCKO
COUP-TFI post-mitotic inactivation

EmxCKO
COUP-TFI mitotic inactivation

Post-natal development: mild defects
Adult: no morphological differences

N.D.
Unaffected

Unaffected

Unaffected

Unaffected

Increased in DG septal pole

N.D.

N.D.

Post-natal: gradual reduction
Adult: strongly underdeveloped

Unaffected

Decreased from embryonic stage

Impaired

Unaffected

Cell positioning, layer repartition and glia
scaffold impaired
Presence of heterotopic clusters

Increased in DG septal pole

Perforant path: impaired in septal pole
Granule cells dendrites: normal
Mossy fibers: normal growth but not
active

Spatial memory impaired
Emotional memory unaffected

Table 3. Summary of the phenotypes observed in the two COUP-TFI-deficient models.
The effect of COUP-TFI inactivation in post-mitotic (NexCKO) or mitotic (EmxCKO) cells reported in

this study are summarized in this table. N.D.: no data.
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* COUP-TFI gradient expression in progenitors is required for post-natal development

and functional organization of the hippocampal septo-temporal axis

COUP-TFI 1s expressed in the hippocampal primordium, both in the Hp neuroepithelium and
in the DG neuroepithelium (dgn) with specifically high levels of expression in the latter one.
Since COUP-TFI is expressed at the onset of DG development and maintained all along its
formation, it was hypothesized that COUP-TFI might be an important factor for DG
development from the earliest stages. Additionally, COUP-TFI is also expressed by the post-
mitotic cells of the hippocampus, more particularly by pyramidal cells of the Hp and granule
cells of the DG, and is maintained throughout development and adulthood (Figure 10). Thus,
COUP-TFI acts both during development and adulthood as well as both, within the
progenitors and differentiated cells. In order to distinguish these two putative roles, we have
created two mutant mouse line that conditionally inactivate COUP-TFI expression, either in
the cortical progenitors (EmxCKO) or solely in the cells that exited the cell cycle, called post-
mitotic cells (NexCKO).

We have demonstrated that COUP-TFI expression along the septo-temporal axis of the
hippocampus is not uniform (Figure 10). COUP-TFI expression exhibits a low septal (rostral/
dorsal) to high temporal (caudal/ventral) gradient. Intriguingly, despite this observation, we
have shown that the septal pole is particularly affected when COUP-TFI is depleted, while the
temporal portion remains mildly impaired (Figure 14 and Figure 16). This result is consistent
with our collaborator’s behavioral study (cf. Result-VIII; Flore et al., 2015) showing that the
EmxCKO hippocampal dysmorphism is positively correlated with a selective spatial memory
impairment, known to be controlled by the septal/dorsal hippocampus; this mutant instead has
no gross impairments in emotional memory, controlled by the temporal/ventral portion of the

hippocampus.
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Thus, how comes that the portion in which COUP-TFI is expressed at its highest is instead the

less affected? I would like to propose two possible explanations:

- The COUP-TFI homologue COUP-TFII, which share several targets, has increased
expression levels in the temporal hippocampus of EmxCKO (Figure 17) suggesting that
COUP-TFII might compensate for part of COUP-TFI function in this region, and thereby
explaining why the hippocampal septal portion, in which COUP-TFII is expressed only at
low levels, is more affected than the temporal pole. Double COUP-TFI and -II mutants,
where both genes become inactivated in the same cortical cell types, would be extremely

informative for supporting this hypothesis.

- Another plausible explanation for this phenotype could be that the connectivity is
differentially impaired between septal and temporal pole of the dentate gyrus. Arrival of
proper afferences plays a crucial role in the final patterning steps of the neocortex
(Windrem and Finlay, 1991), and this might also apply for hippocampal morphogenesis. As
a matter of fact, we have shown that depleting COUP-TFI in progenitors induces a loss of
perforant path fibers reaching the septal hippocampus (Figure 36 and Flore et al., 2015),
most probably due to the impaired entorhinal cortex observed in this mutant (Flore ef al.,

2015), while the fibers reaching the temporal hippocampus are still present (Figure 36).

In the neocortex, COUP-TFI gradient expression is responsible for area patterning, along with
other patterning genes such as Pax6, Sp8 and Emx2, by promoting caudal fate specification
(Armentano et al., 2007; Zhou et al., 2001; Bishop et al., 2000). Thus, it is reasonable to
hypothesize that COUP-TFI also plays a role in the region-fate specification within the
hippocampus. It is now well recognized that the hippocampus can be divided into separate
structures or zones, both radially (CA fields and DG) and tangentially (along its septo-
temporal axis). The latter subdivision is a rather recent observation, which arises from several
studies showing that the septal and temporal poles of the hippocampus (often referred as the
dorsal and ventral hippocampus) exhibit heterogeneity in terms of gene expression pattern,
connectivity, and behavioral functions (cf. Introduction-I-B-5; reviewed in Fanselow and

Dong, 2010). However, this work shows that the septal and temporal identities are not
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affected by COUP-TFI loss (Figure 17), indicating that the septal volume reduction is caused
by selective impairments of the septal domain, and not by an identity change along the septo-
temporal axis. However, to specifically challenge COUP-TFI function in the fate specification
of temporal identity, a COUP-TFI-overexpressing model in which the graded expression is

lost at the expense of a forced and uniform expression would be worth analyzing.

Therefore, the hippocampal dysmorphism observed in EmxCKO mutant mice is more due to a
growth impairment than to a change of fate, also because the hippocampus appears to have a
gradual increasing reduction of its volume (Figure 12). While no obvious alterations are seen
at embryonic stages, the post-natal development is particularly affected. This phenotype is not

so surprising since it is known that most of the DG granule cells are generated after birth.

Unexpectedly however, NexCKO mutants also depict mild growth impairment, whereas its
volume is not reduced at adult stage (Figure 12 and Figure 13). The reasons of this apparent
growth delay still remains unclear, since no strong defects have been observed in this mutant
in terms of granule cell differentiation and migration. Nevertheless, I reported an alteration in
cell survival by showing a transient cell death increase at perinatal stages (see below). Hence,
even if apoptosis might reduce granule cell number at postnatal stages, this reduction would

be compensated afterwards since most of granule cells are generated after birth.
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* COUP-TFI and hem-derived patterning

The cortical hem controls DG development at the earliest stages (Galceran et al., 2000; Lee et
al., 2000; Roelink, 2000), since it acts as a signaling center. It was therefore necessary to
understand whether COUP-TFI acts on this hem-derived patterning. We demonstrated that
COUP-TFI is not expressed in the cortical hem and that consequently the hem-produced
signal Wnt5a is not changed in the absence of COUP-TFI (Figure 18), suggesting that
COUP-TFI does not affect the hem-derived hippocampal formation onset. However, this
result needs to be confirmed with other cortical hem factors, such as other members of the
Wnt family. Additionally, even if we do not see any obvious alterations in the hem expression
of morphogens, their signaling cascade could be affected by COUP-TFI loss and DG granule

cells response to hem-derived signals could be changed.

For example, depletion of the Wnt signaling co-receptor LRP6 and the transcription factor
Lef1 leads to DG morphological defects, due to a decreased number of mitotic precursors and
abnormalities of the radial glial scaffold (Galceran et al., 2000; Zhou et al., 2004), which are
defects that we also observe in the COUP-TFI-deficient mice. The B-catenin, a key mediator
of the intracellular Wnt signaling, has also been involved in the development of the
hippocampus (Machon et al., 2003). Similarly, BMP-signaling, through function of its
receptor Acvrl (Activin receptor type I, also known as Alk2), also regulates DG neurogenesis

by modulating Lefl expression (Choe et al., 2013).

Notably, some evidences of functional interactions between COUP-TFI and Wnt signaling
have been reported in a previous report. The B-catenin pathway is repressed by COUP-TFI
(Faedo et al., 2008) but also directly by retinoic acid (Easwaran et al., 1999), which is known
to induce COUP-TFI expression (Clotman et al., 1998). If and how COUP-TFI interact with
Wnt signaling remains to be determined. Further studies, using down-stream factors of hem

signals, are hence needed to investigate the role of COUP-TFI on hem early patterning.
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* COUP-TFI regulates the differentiation of DG granule progenitor cells

In this study, I propose that COUP-TFI might regulate the balance between progenitor self-
renewal and differentiation, by regulating the transition from progenitors to IPCs and
promoting the proliferative capacity of IPCs in the early developing DG. Thus, in the
EmxCKO mouse model, future granule cells are pushed toward a differentiating process, at
the expense of a proliferative state necessary for expansion of granule cell number (cf.
Results-1V). In this situation, a depletion of the progenitor pool and a defective amplification

occurs, leading ultimately to a strongly reduced DG.

As mentioned in the Introduction, COUP-TFI and its fly homologue Svp have been shown to
promote cell cycle exit and differentiation at the expense of progenitor pool maintenance
(Kanai et al., 2005; Maurange et al., 2008; Armentano et al, 2007). Our results in
hippocampal development are therefore unexpected and contrast with these previous findings.
The reasons of such a difference can be numerous and still need to be investigated. COUP-
TFI could for example act on different target genes in this region, due to epigenetic factors, or
be regulated by specific upstream local modulators, such as hem-derived patterning genes.
Nonetheless, it demonstrates that the same transcription factor can have opposite effects on
different part of the brain, most probably because of the different organization and
development of the different regions. The number of layers, the cell composition, the mode of
migration (inside-out versus ouside-in), as well as the time of neurogenesis are fundamentally

different between DG and neocortex, and could explain this discrepancy.

Despite the partial exhaustion of IPCs in EmxCKO mice, cells that have exited the cell cycle
seem to properly differentiate into mature granule cells following the same sequence of
transcription factor expression. However, the increased proportion of IPCs expressing early
post-mitotic markers (ND1 and Prox1) suggests again that granule cells lacking COUP-TFI
function are pushed toward a differentiating process, by precociously expressing post-mitotic
markers. Notably, since this aspect of precocious Prox1 expression in IPC is also seen in
NexCKO DG, we can deduce that COUP-TFI also acts post-mitotically in regulating

expression of early post-mitotic transcription factor. Surprisingly however, late differentiation

156



Discussion

process, such as the expression of mature granule cells markers (NeuN) does not seem to be
altered, indicating that the maintained expression of COUP-TFI in mature granule cells might
have a different function from modulating the granule differentiation process. For instance,
we have provided some evidences of a role of COUP-TFI in the integration of granule cells

into an active network (see below).

We have also reported in our two conditional COUP-TFI mutants a significant increase of
apoptosis in the newborn DG (Figure 35). This increase is specific to the septal pole of the
hippocampus, confirming the importance of COUP-TFI selective function along the
hippocampal septo-temporal axis. Moreover, this excessive cell death correlates well with
neocortical data in which inactivation of COUP-TFI leads to excessive cell death of subplate
and layer IV neurons that failed to differentiate (Zhou et al., 1999). However, the localization
of these apoptotic cells differs between the two mutants. EmxCKO apoptotic cells are
localized in the 2% matrix, within the granule cell migratory stream, suggesting that they
might be IPCs or early post-mitotic cells, whereas NexCKO apoptotic cells are localized in the
3% matrix, corresponding to the DG anlage. Considering that COUP-TFI is ablated only in
post-mitotic cells in this mutant, we can speculate that these apoptotic cells are post-mitotic
immature granule cells. However, it remains to be determined more precisely which cell
populations undergo abnormal cell death, and for which reason they do so. One possibility is
that apoptotic cells might die because of their ectopic positions, due for example to a delay in
differentiation and/or migration, and are unable to receive appropriate trophic factors to

survive.

Could increased cell death also due because of an imbalance between neurogenesis and
gliogenesis, as suggested by a previous study (Naka ef al., 2008)? COUP-TF genes seem to
limit the neurogenic period by promoting gliogenesis (cf. Introduction-1I-D-4-b). Acute
inactivation of both COUP-TFs prolongs neurogenesis and delays gliogenesis in vitro and in
vivo and leads to an altered methylation pattern of the GFAP promoter, a crucial factor of glial
fate specification (Naka et al, 2008). Our preliminary data demonstrate that the cell fate
decision of early-generated hippocampal cells does not appear to be altered in the two

mutants, since granule cells are produced at the same rate as controls, at least from E14.5-

157



Discussion

generated cells (Figure 29). Further studies are currently undergoing to determine whether at
the time of gliogenesis, mutant mice would still produce granule cells, which would imply an
extension of the neurogenic period. Surprisingly, we observed an increase of actrocytic-like
cells in the hilus of EmxCKO DG at P14. If confirmed with the support of astrocyte-specific
markers, this result would provide evidence of an unexpected role of COUP-TFI in promoting
gliogenesis at the expense of, neurogenesis, which would contrast with the opposite effect
previously reported in the neocortex. Notably however, we can also speculate that this
putative increase of hilar astrocytes might be only due to a defective migration leading to mis-

positioned astrocytes at late post-natal stages.

e COUP-TFI regulates the migration of DG granule progenitor cells

COUP-TFI is known to be associated with the migration behavior of various cell types during
embryonic development and cancer (Tripodi et al., 2004; Alfano et al., 2011; Boudot et al.,
2014). This study supports this role in cell migration since migration of granule cells during
DG development is altered in the absence of COUP-TFI in progenitors: a high number of
IPCs is still found migrating in the 2% matrix at a stage when normally they are already
positioned in the 3% matrix in controls (Figure 30). In addition, heterotopic clusters of post-
mitotic cells are observed at late developmental stages (Figure 30), and the layer distribution
of both mitotic and post-mitotic granule cells are severely altered, resulting in a less dense
granule cells layer with spread progenitors and IPCs (Figure 31). The latter effect ultimately
leads to a failed establishment of the SGZ, the adult neurogenic niche of the DG.

The reasons of this impaired migration appear to be multiple. First, radial glia scaffolds are
altered: both at birth, when it is necessary for granule cells to reach their proper location in a
densely packed granule cell layer, and at late developmental stages, when the trans-granular
scaffold is used by adult-born granules to invade the granule cell layer. Second, guidance
cues, such as Reelin and SDF1/CXCR4 pathways, are affected in the absence of COUP-TFI
in progenitors. EmxCKO mutants exhibit a mis-positioned Reelin signal (and thus mis-

positioned Cajal-Retizius secreting it) (Figure 32) and increased CXCR4 mRNA expression
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(Figure 33). Notably, altered SDF1/CXCR4 signaling has been associated with an invasion of
breast cancer cells and is controlled by COUP-TFs (Boudot et al., 2014). Differently from the
previous study, EmxCKO mutants exhibit an increase in CXCR4 expression, which most
probably leads to an altered SDF1 signaling from the meninges and/or Cajal Retzius cells, and
thus abnormal migration. Granule cells could also ectopically express CXCR4 during their
migration, in line with their precocious differentiation. Again, migrating cells would
abnormally respond to SDF1 and their migratory behavior affected. To determine the reasons
and effects of the CXYCR4 mRNA up-regulation in EmxCKO, further investigation are needed,

starting by analyzing protein levels and localisation, in addition to SDF1 expression levels.

All these effects are most likely to synergize and interact with each other. The abnormal
position of Cajal-Retzius cells secreting Reelin and the increase of CXCR4 expression might
be directly or indirectly linked and most likely affect the behavior of migrating granule cells
and their positioning within the DG in EmxCKO mutant mice. For example, it is known that
cortical meninges signals (including SDF1/CXCR4) and radial glia regulate Cajal-Retzius
cell positioning in the early embryonic cerebral cortex (Borell and Marin, 2006; Paredes et
al., 2006; Kwon et al., 2011) and reversely, Cajal-Retzius cells promote the radial alignment
of the radial glia cells in the hippocampus (Forster et al., 2002). Notably, I found some
heterotypic clusters of post-mitotic cells in the molecular layer of COUP-TFI deficient DG
that are characteristics of impaired cell migration and that remind us of those observed in
Lefl and ND1 mutants (Schwab et al., 2000; Galceran et al., 2000), and which have been
reported to be associated with epilepsy (Liu et al., 2000).

Thus, even if I cannot precisely define which of these mechanisms are directly modulated by
COUP-TFI, a clear defect in cell migration associated with cell differentiation has emerged

from my analysis. Further studies will be needed to clarify how and when the Reelin and

SDF1/CXCR4 pathways are affected by COUP-TFI loss.
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* COUP-TFI and the granule cell tri-synaptic circuit

We have shown that the granule cell cytoarchitecture does not appear to be strongly altered in
the absence of COUP-TFI: correctly positioned granule cells exhibit a roughly well-organized

dendritic arborization and have well-extended mossy fibers.

First, those granule cells that have managed to properly reach the granule cell layer in
EmxCKO mutants develop a seemingly correct dendritic arborisation extending to the
hippocampal fissure in the upper blade and to the pia membrane in the lower blade (Figure
37). Trophic interactions between afferent entorhinal fibers and granule cell dendrites are
required for the maturation of distal granule cell dendritic segments (spine maturation) in the
outer molecular layer, as this is affected in the absence of entorhinal input (Drakew et al.,
1999; Frotscher et al., 2000). Dendritic tree arborization however, is independent from
electrical activity and entorhinal inputs (Frotscher et al., 2000). As described above, since
COUP-TFI EmxCKO mutants depict a loss of perforant path fibers in the septal hippocampus
(Figure 36 and Flore et al., 2015), it is very plausible that granule cell dendrites have an
alteration in their spine maturation. Thus, a detailed morphological spine analysis will be

needed to better characterize this phenotype.

Second, I have shown that granule cells axons forming the mossy fibers extend correctly to
the CA2/CA3 distal ends of EmxCKO mutants (Figure 38). However, we have also
demonstrated that these fibers almost completely fail to express the calcium-binding protein
Calbindin, a marker of mature mossy fibers (Figure 38). Calbindin overexpression has been
reported to enhance mossy fibers presynaptic function (Dumas et al., 2004), suggesting that
granule cell axons and synapses are most probably not mature in the EmxCKO, although they

seem to correctly extend to their final target.

Our group previously showed that COUP-TFI-deficient primary hippocampal neurons have
an abnormal distribution of actin- and tubulin-rich structures when cultured in vitro, leading
to defects in axons and neurite formation and elongation (Armentano et al., 2006). Thus, to

further evaluate whether and how COUP-TFI acts during dendritic arborisation in vivo, it will
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be necessary to perform a precise analysis by quantifying branching, spine numbers and

lengths on GFP+ granule cells in EmxCKO mutant animals.

Furthermore, the use of the Thyl-eYFP-H mouse line revealed a missing signal in the inner
molecular layer of the EmxCKO DG (Figure 37). This layer (also named supragranular band)
is known to contain mostly associational/commissural fibers from ipsi- and contra-lateral
mossy cells as well as axons from cholinergic cells of the medial septum and mossy fibers
collaterals (Bayer, 1985; Matthews et al., 1987). The first population, the mossy cells, are not
labeled by YFP in this line and can thus be excluded. Few cells of the medial septal nucleus
are labelled by YFP (Porrero et al., 2010 and data not shown) as well as a subpopulation of
DG granule cells, that are known to possess mossy fibers collaterals to this supra granular
area, although mainly in the temporal portion of the hippocampus (Haug, 1974).
Consequently, we can hypothesize that either the septo-hippocampal projections and/or mossy
fibers supragranular collaterals are affected in the absence of COUP-TFI. Previous studies of
the lab showed impairments of the hippocampal commissure together with other axonal
defects in a COUP-TFI null model (Armentano et al., 2006). Further studies are of course
required to clarify this issue. This would be quite informative since, on one hand, septo-
hippocampal projections are one of the largest subcortical inputs to the hippocampus and play
a critical role in learning and memory (Kesner, 1988; Bond et al., 1989), and on the other
hand, mossy fibers are known to undergo a reorganization in response to repeated seizures,
mostly by enhancing these supragranular connections (Sutula et al., 1988; Stanfield, 1989;

Cavazos et al., 1991; Golarai et al., 1992).

Further studies are needed to understand in which extent granule cells are integrated in the
neuronal network when COUP-TFI is missing. The amount of active synapses could be
evaluated with specific markers such as PSD95 (post-synaptic density 95) and

electrophysiological recording would bring added value to the study.
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* Concluding remarks:

In summary, we have taken a mouse genetic approach and demonstrated that COUP-TFTI is
important for the development of the hippocampus, especially the dentate gyrus, one of the
two major adult neurogenenic regions. Mechanistically, COUP-TFI is important for proper
differentiation of neural stem cells and intermediate progenitors by regulating cell cycle
progression, transcription of related genes and neuronal migration, and act predominantly in
progenitor cells. Notably, some of the functions of COUP-TFI suggested in this study contrast
with its known role in other brain area, such as the neocortex, in which COUP-TFI acts
predominantly post-mitotically to organize functional areas. Therefore, this suggests that the
orphan nuclear receptor COUP-TFI possess specific and distinct functions in the

hippocampus.

In our study, the COUP-TFI post-mitotic role remains more vague since its depletion in post-
mitotic cells have only mild and transient defects in the hippocampus. We speculate that it
could be instead involved in regulating cell survival, calcium-dependent neuronal activity or
other refinement of granule cells properties. Intriguingly, some of the impairments found in
this mutant partially affect mitotic cells, suggesting that COUP-TFI might also act in a non-

cell autonomous manner.

In addition, our study shows that COUP-TFI graded expression is involved in shaping the
morphology of the hippocampus and its subsequent function in spatial memory (attached

manuscript).

Finally, COUP-TFI-dependent DG development appears also to affect the establishment of
the adult neurogenic niche. Since COUP-TFI is also expressed in adult neural stem-like cells
of the SGZ, it might play a direct role during adult neurogenesis. To challenge this, it will be
necessary to inactivate COUP-TFI only in the SGZ through an inducible and cell-specific Cre

recombinase.
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To conclude, we have provided evidences for a crucial role of COUP-TFI in dentate gyrus
formation and we thus propose COUP-TFI as a novel transcriptional regulator required in

hippocampal development and function.
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Perspectives

To further examine the influence of COUP-TFI in the development of the hippocampus, and

the mechanisms involved in this process, I propose several experiments.

As mentioned above, I am currently working on confirming the absence of the septal
perforant path, observed by the lack of Map2 staining in EmxCKO P7 mutants, with
retrograde labelling experiment, after injection of the Dil tracer in the lateral entorhinal
cortex, known to specifically connect to the septal hippocampus (Van Groen et al., 2003). I
am also investigating the plausible effect of COUP-TFI on the gliogenic switch by assessing

the neurogenic versus gliogenic fate of late-born progenitors in postnatal EmxCKO DGs.

In addition, in a short-term view, I would investigate more in depth the relations between
COUP-TFI and cortical-hem derived signals, by analyzing expression pattern of Wnt
signaling downstream factors (Frizzled, LRP6, Lefl etc), that could be altered in granule cells
lacking COUP-TFI expression. More attention should also be given to decipher the impact of
COUP-TFI inactivation on guidance cues, such as protein expression of CXCR4 and its
ligand SDF1, and downstream effectors of the Reelin signaling pathway. It is also worth
examining whether other factors regulating neuronal migration, such as those involved in the
cytoskeletal machinery and the detachment of glia scaffold (cf. Introduction-1-C-3b), are
altered in the absence of COUP-TFI.

In a more long-term view, I think that this work can lead to many other informative studies.
Proper analysis of the granule cell cytoarchitecture, dendritic spine maturation, and
electrophysiological properties would shed light on the role of COUP-TFI in regulating
granule cell connectivity. Furthermore, analysis of a double COUP-TFI and COUP-TFII
mutant or of a COUP-TFI-overexpressing model would unravel more precisely the role of
COUP-TFs transcription factors in specifying the septo-temporal molecular and functional

hippocampal axis.
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Abstract

The hippocampus, a medial cortical structure, is subdivided into a distinct dorsal (septal) and ventral
(temporal) portion, which is separated by an intermediate region lying on a longitudinal curvature.
While the dorsal portion is more dedicated to spatial navigation and memory, the most ventral part
processes emotional information. Genetic factors expressed in gradient during development seem to
control the size and correct positioning of the hippocampus along its longitudinal axis; however, their
roles in regulating differential growth and in supporting its anatomical and functional dissociation
remain unexplored. Here, we challenge the in vivo function of the nuclear receptor COUP-TFI in
controlling the hippocampal anatomical and functional properties along its longitudinal axis. Loss of
cortical COUP-TFI function results in a progressive dysmorphic hippocampus with altered shape,
volume and connectivity, particularly in its dorsal and intermediate regions. Notably, topographic
inputs from the entorhinal cortex are strongly impaired in the dorsal portion of COUP-TFI mutants.
These severe morphological changes are associated with selective spatial memory impairments.
Together, these findings identify a novel transcriptional regulator required in the functional
organization along the hippocampal septo-temporal axis supporting a genetic basis of the hippocampal

volumetric growth with its final shape, circuit and type of memory function.

Keywords: hippocampus, septo-temporal longitudinal axis, COUP-TFI gradient expression,

entorhinal connectivity, spatial memory.
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Introduction

The hippocampus (HP) (Cornu Ammonis [CAl,
CA3] and the dentate gyrus [DG]) is a limbic
system structure in the medial temporal lobe of
the mammalian telencephalon involved in
memory formation. Functional studies have
shown that the HP mediates behavioral tasks that
depend on relating information from multiple
sources (Kumaran D and EA Maguire 2005;
Hannula DE et al. 2013). Animals with HP
lesions are impaired in finding a hidden platform
in water maze when relying on spatial strategies
(Eichenbaum H et al. 1990), and in consolidating
spatial information into long-term memory
(Broadbent NJ et al. 2004; Ramos JM 2008). In
contrast, the HP is not involved in behavioral
tasks independent of relational information, such
as finding a platform in the water maze signaled
by a visual cue (Eichenbaum H et al. 1990).

Even small developmental and/or
adulthood variations in the HP volume can have a
dramatic impact on spatial memory ability, and
are key features of neurodevelopmental
psychiatric disorders (Mateffyova A et al. 2006;
Arnold SJ et al. 2014). Multiple findings have
suggested that the HP is not completely
homogeneous along the dorso-ventral axis, also
referred to septo (dorso)-temporal (ventral)
longitudinal axis in rodents and antero-posterior
axis in primates (for review see Strange BA et al.
2014). While the dorsal HP is more involved in
spatial learning (Moser E et al. 1993; Moser MB
et al. 1995), the ventral HP is required for non-
spatial aspects of HP-dependent learning and
emotional behaviors (Kheirbek MA et al. 2013;
Wang ME et al. 2013). Neuronal ventral HP
excitotoxic lesion is still one of the most used
animal model of schizophrenia, as it resembles
the neuropsychiatric deficits reported in humans
(Lipska BK et al. 1993; Le Pen G et al. 2000;
Ersland KM et al. 2012; Naert A et al. 2013;
Arnold SJ et al. 2014; O'Reilly KC et al. 2014).

Anatomical and functional differences
along the HP longitudinal axis are evolutionarily
conserved, as reported in rats (Jung MW et al.
1994; Moser MB and EI Moser 2000; Vann SD et
al. 2000; Bannerman DM et al. 2002), monkeys
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(Colombo M et al. 1998), and humans (Small SA
et al. 2001), suggesting that they might be
genetically regulated. Several genetic factors,
differentially expressed along the dorso-ventral
HP axis, have been indeed identified (Leonardo
ED et al. 2006; Lein ES et al. 2007; O'Reilly KC
et al. 2014). However, whether regionalized-
expressed genetic factors are causally linked to
HP differential growth and to hippocampal
functional dissociation along the longitudinal
axis, is still unknown.

The transcription factor COUP-TFI
(chicken ovalbumin upstream promoter
transcription factor 1, also called Nr2fl) is a
member of the nuclear hormone receptor
superfamily of steroid hormone receptors, and is
particularly interesting in this regard, because of
its regionalized expression gradient in the cortex
that results to be necessary and sufficient for
neocortical areal organization and associated
sensorimotor behavior (Tomassy GS et al. 2010;
Alfano C et al. 2014). In this study, we
hypothesized that COUP-TFI might belong to
one of these genetic factors responsible for the
differential growth and functional organization of
the hippocampal longitudinal axis. To directly
test this hypothesis, we characterized COUP-TFI
expression along the HP longitudinal axis and
challenged its role in HP functional organization
in a genetically modified mouse model.
Interestingly, we found that COUP-TFI is not
only expressed in a low dorsal to high ventral
gradient during HP postnatal development, but
that its cortical ablation leads to severe HP
dysmorphogenesis and connectivity impairments,
and ultimately to selective impaired spatial
memory. We thus provide the first evidence of a
differentially expressed gene that acts by
regulating volume, growth and functional
organization of the septo-temporal longitudinal
axis of the hippocampus.

Materials and Methods

Animals: COUP-TFI"//Emx1-Cre (named also CKO
or mutant) mice were generated and genotyped as
previously described (Armentano M et al. 2006;
Armentano M, SJ Chou, GS Tomassy, et al. 2007).
COUP-TFoxfox and COUP-TFI"*+ mice are defined
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as “controls” (ctrl) in this study since they have no
detectable and quantitative defects and can be
considered like wild-type mice. Midday of the day of
the vaginal plug was embryonic day (E) 0.5. All
experiments were conducted following guidelines of
the Institutional Animal Care and Use Committee,
CNR Animal Facility, Naples, Italy and European
Union Guidelines. The experimenter was always blind
to the treatment the animal had received.

Immunohistochemistry (IHC) and in situ
Hybridization (ISH): Vibratome and cryostat
sections were processed for immunohistochemistry
and/or in situ hybridization as previously described
(Armentano M, SJ Chou, GS Tomassy, et al. 2007).
The following primary antibodies were used: mouse
anti-human COUP-TFI (1:100, Abcam); rabbit anti-
COUP-TFI (1:500) (Tripodi et al., 2004); rabbit anti-
Calbindin D-28k (1:2500, SWANT), rabbit anti-
Calretinin (1: 3000, SWANT) mouse monoclonal anti
Map2 (1:200, Sigma) mouse monoclonal anti-SMI31
(1:500 Sternberger Monoclonals). For IHC,
Biotinylated secondary antibodies (goat anti-rabbit,
goat anti-mouse, (Vector Laboratories, Burlingame,
CA, 1:200) were revealed by ABC-DAB reaction
(Vector). Antisense RNA Probes were labelled using a
DIG-RNA Labelling Kit (Roche). The following
probes were used: Cdh8, Lmo4, COUP-TFII, SCIP,
KAI, GADG67, 1d2, Neuropilin2 (Nrp2), Fezf2. COUP-
TFI septo-temporal protein localization was quantified
in 6 (3 females and 3 males) post-natal day 8 (PS8)
control hemi-brains. For each animal two septal slices
(between 1600-2200 as reported in “control” of Figure
2D) and 3 temporal slices (between 400-1000) were
sampled. Using the Imagel] graphic pen unit area
(380um? for each subfield) optical density (minus the
slice background optical density) was measured in
CAl, CA3 and DG. MAP2 was quantified in 3 control
and 3 CKO hemi-brains at P§. This measure was taken
in both genotypes starting from the first evidence of
hippocampal tissue (see Figure 1C) by comparing
them at different antero-posterior coordinates. Septal
ranges (two slices) were between 2600-3200 vs.
1600-2000, while temporal ranges (3 slices) were
800-1600 vs 800-1400 for control and CKO,
respectively (as reported in Figure 1C). Using the
ImagelJ graphic pen unit area (30um?), optical density
(minus the slice background optical density) was
measured around the perforant path. Entorhinal cortex
volume was quantified in 4 animals per genotype by
measuring Npn2 expression area in 4 consecutive (200
pm) hemi-brain sections at post-natal day 0 (PO).
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Values are expressed as percentage from control
values.

Axonal tracing by injection of lipophilic Dil

Tracing of entorhinal-hippocampal projections was
carried out by injecting appr. 80ul of Dil crystal
(DiIC18(3); Molecular Probes) dissolved in DMSO in
the entorhinal cortex of P8 control and mutant fixed
brains. Brains were incubated for 6 weeks in 2% PFA
at 37°C, embedded in 4% agarose, cut into 100 um
sections on a vibratome, counterstained with Hoechst
(Invitrogen H3570), mounted in glycerol +phosphate
buffer and photographed under fluorescent light.

Hippocampal volumetric analysis and field
assessment: Mice brains were vibratome-sectioned
coronally with a thickness of 50um and processed for
Nissl staining, as previously described (Tomassy GS et
al. 2010). For the adult HP phenotype, we evaluated
the volume of the entire hippocampus and its rostro-
caudal extension in coronal sections (one hemisphere,
28 controls and 41 CKO, 21 slices per animal). We
also compared the septo-temporal volume distribution
(average of the population +SE for each rostro-caudal
point) in mutant and control brains.

For P8 (4 controls and 3 CKO hemi-brains,
14 slices per animal), PO (3 controls and 3 CKO hemi-
brains, 10 slices per animal) and at E15.5 (4 controls
and 4 CKO, 9 slices per animal in both hemispheres)
brains were cryosectioned (20um thickness) across the
entire hippocampus, Nissl stained and evaluated at
increments of 200pum using the ImageJ graphic pen.
All evaluations previously described for adult animals
were done during developmental stages. A second set
of at least n=3 animals (9 slices per animal) was used
to quantify the GAD67-positive cells in the HP at P8.
For the CA1-CA3 field assessment (3 controls and 3
CKO hemi-brains, 11 slices per animal), the relative
expressions of SCIP and KAl mRNA with respect to
pyramidal layer extension were evaluated with
Imagel. For the evaluation of adult pyramidal layers
cell density, n=6 animals per genotype were
considered: two hemispheres (200 pm) in the septal
domain and three hemispheres (every 200um) in the
temporal domain were analyzed for CA1 and CA3 cell
density by 100um? bins posed parallel to the
pyramidal layer from the pyramidal/stratum radiatum
border, and for 100um unit of length. Quantification
was performed exactly as described for MAP2.

For three-dimensional illustrations of the
state of altered mutant HP, adult and P8 brains
representatives of HP dysmorphism were coronally
cryosectioned (20um thickness at P8; 50um thickness
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floating in adults) and Nissl stained. Pictures were
taken with a LEICA MZ 16 FA Stereomicroscope and
converted from RGB to BW with Adobe Photoshop
software. Sections were identified with serial numbers
and different HP components were labeled with a
color-coded graphic pen. 3-D images were aligned and
integrated with Amira 4.1.2-1 software to obtain 3D
pictures.

Statistical analysis: All the histological data were
statistically analyzed and graphically represented
using Statistica 10 and Microsoft Office Excel
software, respectively. The error bars represent S.E.M.
A two-tailed paired Student’s #-test was used to
analyze statistical significance. Data were normalized
by defining the control value as 100%. Four-way
ANOVA for repeated measures, with genotype
(Control and CKO), gender (male and female) and HP
subregions (CAl, CA3, DG), was used to analyze
gene expression along different septo-temporal
coordinates. As we have not detected any interaction
between the factors gender and HP subfields, and the
other factors, we grouped them together. Two-way
ANOVA for repeated measures, with genotype
(Control and CKO) as between group measure, and
septo-temporal gradient as repeated measure was used
to analyze HP volume and MAP2 expression along
different septo-temporal coordinates. A Duncan post
hoc test was used when appropriate to make direct
comparisons.

Behavioral testing: A total of three-four months old
62 controls (34 females and 28 males) and 67 mutants
(29 females and 38 males) were used for behavioral
testings. They were divided into three subgroups. Two
subgroups were tested in the spatial (11 controls and
27 CKO) and cue (16 controls and 11 CKO) versions
of the water maze; a third group of animals (21
controls and 18 CKO) was subjected to the object
recognition task on the first day, to the elevated plus
maze on the second day, and to the passive avoidance
task on the third and fourth day of testing. All
behavioral tests were performed on mice under normal
lighting conditions using previously established
protocols. Before each behavioral task, animals were
acclimatized to the testing room for at least 30
minutes. Before each test procedure, mice were placed
in a waiting cage for at least 10 minutes before the
beginning of the task; at the end of the measurement,
they were placed back in their home cages.

Water maze apparatus: The tank (1.50 m diameter)
was located in a cue-controlled environment
(surrounded by many visual cues). The water
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(temperature = 23 °C + 1) was colored white and a
platform (12 cm diameter) was placed in one of the
four ideally present quadrants.

Visuo-spatial memory. Spatial memory testing
procedure: the test consists in training the animals to
use visuo-distal spatial cues (spatial map) in order to
find a platform submerged below the surface of the
water. 11 controls (5 males and 6 females) and 27
CKO mice (17 males and 10 females) were tested in
the spatial water maze task. The position of the
platform was kept constant during training, and it was
randomized between different mice. During the 4
training days, the platform was submerged 1.5 cm
below the water surface. Four sessions of three trials
lasting 60 seconds each were performed each day for 4
consecutive days. The intertrial interval lasted about
an hour. Animals were introduced to the tank in
different quadrants each trial, in random order. If the
animals did not reach the platform alone, they were
accompanied to it. At the end of each trial, the animal
was left on the platform for about 15 seconds. On the
fifth day, a single probe trial of 60 seconds was
performed, during which the platform was removed to
assess the mice’s memory of the platform position.
Twenty-five of these animals (11 controls and 24
CKO) were used for volumetric assessment of the
adult hippocampus at the end of behavioral testing.
Cue-memory procedure: the test consists in training
the animals to use a cue (a flag) positioned on the top
of the submerged platform to find it. Cue memory was
tested in 15 controls (7 males and 8 females) and in 11
CKO (5 males and 6 females) mice, under exactly the
same general conditions used to test spatial memory,
with the addition of 2 further training days after the
probe trial. The key differences between the spatial
and the cue version of the task were: 1. No cues were
present in the environment; 2. In each session, the
position of the platform was displaced to 8 different
points in the maze, and was visually signaled by a flag
placed on the top of it. During testing, the platform
was removed, and the flag placed in a further new
place. Twenty-two (13 controls and 9 CKO) of these
animals were used for assessment of volumetric
measurements of the hippocampus. Data collection:
The latency to reach the platform was used as index of
visuo-spatial performance during training days. In the
probe trial we scored the number of target annulus (a
24 cm ring around the place where the platform was
located during training) and compared them to the
number of crossing in similar areas located in the
other quadrants of the pool; a preference for the target
annulus is considered as an indicator of functional
memory.
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Emotional memory: emotional memory was tested in
the step-through inhibitory avoidance task (Ugo
Basile, Italy) using a procedure identical to the one
previously described (Manago F et al. 2009). Briefly,
each mouse was placed in the light compartment,
facing away from the dark compartment and the door
leading to the dark compartment was automatically
raised. When the mouse had stepped with all four
paws into the dark compartment, the door was
automatically closed and an electric foot-shock (0.5
mA, 50 Hz, 2 s) was delivered. Memory retention was
tested recording step-through latency 24 hrs after
training, following a similar procedure except that no
shock was delivered. Cut-off was set at 60 s and 180 s
for training and test, respectively.

Object memory: to test object memory, we used the
spontaneous object memory task for mice with one-
min delay and 3 identical object protocol, since we
previously demonstrated that selective dorsal
hippocampus lesions do not affect performance in this
task (Sannino S et al. 2012). The other advantage of
using this task in this study is that performance in this
version of the task has never been clearly
demonstrated to rely on the integrity of the prefrontal
cortex (Mitchell JB and J Laiacona 1998; Yee BK
2000), and of other neocortical areas (Ennaceur A et
al. 1997; Haijima A and Y Ichitani 2012). Animals
were first habituated for 10 min to the empty open
field (35%47x60 cm). After 1 min spent in their
waiting cage, they were subjected to the study phase,
during which they were allowed to explore for 10 min
3 identical objects (3-I0T) (Sannino S et al. 2012).
During the 5 min test phase, the animal was exposed
to identical copies of the familiar objects and one new
object. We measured objects exploration, defined as
the time in which the nose of the animal was in
contact (2 cm from the object) with the object. The
animal’s behavior was recorded by a video-tracking
system (Any-maze, Stoelting, USA) and analyzed by a
trained observer.

Anxiety: Anxiety was measured in the plus-maze task
for mice (Ugo Basile, Italy) in a 5 min trial. Distance,
time and number of entries in the open and closed arm
were recorded.

Data Collection and statistical analysis: The behavior
was recorded with a video camera, located on the top
of the mazes, and analyzed by a video-tracking (ANY-
MAZE) program. ANOVA was used to analyze
between subject factors genotype (controls and CKO)
and gender (males and females). As we have never
detected any interaction between the factor gender and
the other factors, we grouped male and female mice
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together. A Duncan post-hoc test was used, when
appropriate, to make direct comparisons. Statistical
significance was set at p <0.05.

Results

COUP-TFI is expressed in a gradient and
regulates hippocampal growth along the
longitudinal axis

To investigate whether COUP-TFI could be
involved in adult hippocampal morphogenesis
and functionality, we first characterized COUP-
TFI protein distribution in the postnatal HP at
different ages. We previously reported strong
COUP-TFI expression at E15.5 in the medio-
caudal cortex where the hippocampal plate and
dentate gyrus primordia develop (Fig. 1A)
(Armentano M et al. 2006). Expression is
maintained in the Ammon’s horns and dentate
gyrus from birth (PO) to adulthood (Fig. 1A),
indicating that COUP-TFI might play multiple
roles during hippocampal development and
maturity. Similarly to what reported for its
homolog COUP-TFII (or Nr2f2) (O'Reilly KC et
al. 2014), COUP-TFI is expressed in a gradient
fashion, which gradually increases dorso-
ventrally along the anterior-posterior axis of all
HP subfields [septo-temporal (F1/12=21.94;
p=0.0005)] (Fig. 1B, B’) at P8, when the HP
shows different connectivity and differential gene
expression patterns along its longitudinal axis.

To directly test whether this expression
gradient is required in the hippocampal
differential morphogenesis and functional
connectivity, we assessed HP formation in
postnatal COUP-TFI"//Emx1-Cre mice (or
COUP-TFI CKO) in which COUP-TFI is
inactivated in all cortical and archicortical
neuronal progenitors (Armentano M, SJ Chou,
GS Tomassy, et al. 2007; Alfano C et al. 2014).
Gene inactivation in the mutant homogenously
occurs all over the septo-temporal HP axis,
consistently with a fully penetrant EmxI-Cre
activity from E11.5 onwards (Gorski JA et al.
2002; Armentano M, SJ Chou, G Srubek
Tomassy, et al. 2007). Quantification of the
volume and total longitudinal extension of the
COUP-TFI mutant HP (Fig. 1C) revealed an
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overall volume reduction of 47% (total volume in
CKO=52.8 + 2.8%, n=41, compared to controls,
n=28; two-tailed paired t-test; p<0.0001; Fig.
1D). Mutant mice have reduced septo-temporal
volume, which is statistically different between
adult mutant and control HP [genotype
(F1/19=64.16; p<0.0001); septo-temporal
coordinate (F19/1273=194.74; p<0.0001);
genotype X septo-temporal coordinate
(F19/1273=20.05; p<0.0001); Fig. 1E]. Post-hoc
analysis confirms that whereas the septal/dorsal
regions are dramatically affected, the most caudal
parts are more similar to the control ones (Fig.
1C, E). Three-dimensional model representations
of isolated control and mutant HP (Fig. 1F) better
illustrate the strong decrease of the dorsal
portion, which begins to occur at approximately
the same rostro-caudal level of the ventral region,
confirming that the majority of the septal pole is
severely underdeveloped in mutants. The 3-D
models also show that the HP appears caudo-
ventrally shifted and rostro-dorsally poorly
developed in COUP-TFI CKO compared to
control mice (Fig. 1F). Thus, in the absence of
COUP-TFI function, the hippocampus is caudally
shifted and dramatically reduced in its dorsal
portion.

To further investigate the onset and
evolution of this morphological defect, we
quantified the volume and extension of control
and mutant HP at different developmental ages
(Fig. 2). COUP-TFI CKO mice show a gradual
reduction in HP volume during development,
which peaks at postnatal ages (Fig. 2). While the
mutant HP primordium volume is only slightly
reduced (7%) at E15.5 (total volume in
CKO=93.1 £ 11.9%, n=4, compared to controls,
n=4; two-tailed paired t-test; p=0.66; Fig. 2A,
A’), the total volume of the mutant HP decreases
by about 30% when compared to control pups at
PO (Fig. 2B) even if not statistically significant
(CKO=69.5 £ 17.2%, n=3; two-tailed paired t-
test; p=0.193; Fig. 2B’). Detailed quantification
of the volume distribution along the septo-
temporal axis of the mutant HP at PO supports a
reduction of the dorsal portion, which again fails
to show statistical significance when analyzed
with repeated measures (Fig. 2C). However at
P8, the overall shape of the mutant HP is
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dramatically altered (Fig. 2D), showing little
growth (the mutant volume is 52.6 £+ 3.1%, n=3,
of that of the control, n=4; p=0.0003; two-tailed
paired t-test; Fig. 2D’) and a clear imbalance
between septal and temporal portions [genotype
(F1/5=78.96; p=0.003); septo-temporal
coordinates (F5/65=16.56; p<0.0001)], as
supported by post-hoc analysis on quantitative
volume distribution between mutant and control
mice along the longitudinal axis (Fig. 2E). This is
also illustrated in the 3-D models of control and
mutant HP (Fig. 2F). Thus, a dorso-ventral
imbalance, first evident at PO and exacerbated at
P8, becomes even more prominent in adult
mutant HP, whose morphology is drastically
altered when compared to that of control
hippocampi.

In summary, these data indicate that
impaired COUP-TFI function leads to the
development of an asymmetric dysmorphic HP,
which shows reduction in its dorsal portion, and
suggest that COUP-TF]I plays an imperative role
in regulating proper HP growth along the septo-
temporal axis during development.

Conserved septo-temporal identity of the
COUP-TFI mutant hippocampus

The observed septal volume reduction and
posterior shift of the HP in mutant mice might
have resulted in a change of neuronal identity
within the HP. To address this issue, we
hybridized P8 control and mutant brains with
molecular markers differentially expressed
between dorsal and ventral HP (Fig. 3). Sagittal
sections and high magnifications of dorsal and
ventral hippocampi show that the normally higher
expression of Cdh8 in dorsal HP is maintained in
COUP-TFI CKO brains of the same age (Fig.
3A), even if the dorsal HP is reduced, as
described above (Fig. 2D, D’). Similarly, higher
expression of Lmo4 in the ventral HP and lower
expression in the dorsal HP are maintained in the
mutant ventral HP (Fig. 3B), supporting a
conserved septo-temporal identity of the mutant
HP despite its dorsal volume reduction. Notably,
the low dorsal to high expression gradient of
COUP-TFII is not only maintained in the mutant
HP, but also exacerbated in the ventral portion
where COUP-TFII is expressed at higher levels
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than in controls (Fig. 3C). This suggests that
COUP-TFII might compensate for some of the
COUP-TFI functions in the ventral/temporal pole
of the mutant HP. Taken together these data
confirm that dorsal volume reduction due to the
absence of COUP-TFI is caused by selective
impairments of the septal domain, and not by an
identity change between septal and temporal
hippocampal portions.

Normal field specification and neuronal
distribution in the dysmorphic hippocampus
We next investigated whether neuronal density
and field specification were altered in the COUP-
TFI mutant HP. Notably, P8 and adult control and
COUP-TFI-deficient septal and temporal
hippocampi maintain a comparable neuronal
density and cell number within the CA fields and
DG, despite the difference in size of mutant
brains (Fig. 4A-D). Expression of the two
complementary field specification markers, KA1
and SCIP, in the pyramidal neurons of CA3 and
CALl, respectively (Tole S et al. 1997), are also
not altered (Fig. 4E-F) indicating that the
distribution and the relative subdivision into CAl
and CA3 fields are not affected in the dysmorphic
COUP-TFI-deficient HP.

Expression of COUP-TFI is abolished in
pyramidal neurons of the dorsal and ventral
hippocampus (Fig. 4G), but not in GABAergic
interneurons, identified by the expression of the
glutamate decarboxylase GAD67 (Fig. 4G, H);
this because hippocampal interneurons, which
normally originate from subpallial regions, are
not under the activity of the EmxI-Cre (Gorski
JA et al. 2002) and thus still express COUP-TFI
(Armentano M, SJ Chou, GS Tomassy, et al.
2007). Statistical analysis confirmed a normal
number and distribution of GADG67-expressing
cells within the different strata of P8 COUP-TFI
CKO hippocampi (Fig. 4H, I), consistent with a
cell-autonomous inactivation of COUP-TFI in
pyramidal neurons. Taken together, these data
indicate that, despite the dramatic morphological
hippocampal dysmorphism observed in the
absence of COUP-TFI function, the CA field
allocation and the distribution of excitatory and
inhibitory hippocampal populations are properly
assigned.
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Impaired connectivity in dorsal portions of the
dysmorphic hippocampus is linked to
abnormal entorhinal cortex

Normal cell density does not imply proper
function. We thus assessed the hippocampal
connectivity network that forms a closed loop in
which the perforant path, composed by entorhinal
cortical axons transmitting sensory information to
the DG and CA fields (Steward O and SA
Scoville 1976; Ruth RE et al. 1982), represents
the unique direct connection between the HP and
the cortex (Fig. 5A). The other paths involve
ipsilateral (associational) and contralateral
(commissural) intrahippocampal connections
(Super H and E Soriano 1994). To determine the
connectivity pattern in the dysmorphic HP, path-
specific markers were used on adult control and
COUP-TFI CKO hippocampi along their septo-
temporal axes (Fig. SA, B). No expression of
calbindin, which labels ipsilateral mossy fibers
projecting to CA3 pyramidal neurons, and
calretinin, specifically expressed in hilar mossy
cells projecting to the contralateral DG (Liu Y et
al. 1996; Blasco-Ibanez JM and TF Freund
1997), is found in the septal/dorsal portion of
dysmorphic HP (Fig. 5C); however, in more
temporal sections, expression levels of calbindin
and calretinin are less affected and more
comparable between controls and mutant brains
(Fig. 5D). Similarly, Schaffer collateral axons
projecting from the ipsilateral or contralateral
CA3 neurons to the CA1l region, fail to express
SMI31 in the septal/dorsal mutant HP (Fig. 5C).
MAP2, a microtubule-associated protein highly
expressed in the perforant axons and CAl
dendrites (Fig. SE) (Steward O and S Halpain
1999), is strongly downregulated in the mutant
septal HP. Statistical analysis on the
quantification of MAP2 protein levels shows
significant differences in terms of genotype
(F1/4=248.78; p<0.0001), septo-temporal areas
(F1/4=35.27; p=0.044) and of the interaction
between the two (F1/4=11.07; p=0.02). Post-hoc
analysis reveals that MAP2 expression is
significantly reduced in mutants as compared to
the control group at both septo-temporal levels
(Fig. 5E-G); nevertheless, in the CKO group, but
not in the control group, the expression in the
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temporal region is significantly higher compared
to that in the septal portion, suggesting a milder
defect in the ventral than dorsal area (Fig. 5F,G).
This is also confirmed by Dil axonal tracing, in
which the perforant paths to the DG and to the
CAL are properly retrogradely labeled in COUP-
TFI CKO ventral hippocampi (Fig. SH). Taken
together these findings consistently suggest a
correlation between connectivity and growth, and
support a functional role for COUP-TFI in
differentially regulating dorsal versus ventral
portions of the developing HP.

It is well known that projections from the
entorhinal cortex (EC) to the HP are
topographically organized in rodents and follow a
dorsolateral to ventromedial gradient in the EC
that corresponds to the dorsoventral axis of
termination in the HP (van Groen T et al. 2003).
Thus, altered connectivity to the dorsal HP of
mutants might be due to abnormal development
of the dorsal EC. To test this hypothesis, we first
assessed COUP-TFI expression in the EC and
then EC-specific markers in COUP-TFI mutant
brains. Interestingly, coronal sections at PO show
a dramatic reduction of COUP-TFI expression at
the rhinal fissure (red arrowhead in Fig. 6A),
where the dorsal portion of the EC starts to
appear, as also supported by the dorsal expression
boundary of Nrp2, a molecular marker for the EC
(Chen H et al. 1997) (Fig. 6C). However, COUP-
TFI is highly expressed in the ventral part of the
EC in more caudal sections (black arrow in Fig.
6A). Sagittal views further support this abrupt
COUP-TFI downregulation at the transition
between dorsal EC and neocortex, and re-
expression in the most ventromedial part of the
EC (Fig. 6B). This is also corroborated by the
complementary expression patterns of Nrp2 and
Fezf2, a neocortical-specific marker (Molyneaux
BJ et al. 2005), which nicely delimitate
paleocortical and neocortical tissues, respectively
(Fig. 6D). Thus, similar to the neocortex and the
HP, COUP-TFI is expressed in a gradient in the
developing EC, suggesting that it might control
topographic entorhinal to hippocampal
connectivity in the dorsal portion of the HP.
Indeed, dorsalmost Nrp2 expression is drastically
downregulated and Fezf2 is ventrally shifted in
the absence of cortical COUP-TFI function (Fig.
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6C, D), in line with impaired dorsolateral EC and
caudally shifted neocortex. Quantification of the
Nrp2 expression area in the EC (Fig. 6C’)
confirms that COUP-TFI mice have a significant
[genotype (F1/6=6.5; p=0.04)] reduced EC
volume as compared to control animals.

Overall, these data illustrate that COUP-
TFI shares a common expression gradient
between EC and HP, and suggests that its
expression is required in the formation of a
proper topographic circuit between dorsal EC and
dorsal HP.

Impaired spatial memory defects are
correlated to abnormal hippocampal growth

In light of the septal to temporal hippocampal
dysmorphism, we tested whether COUP-TFI
mutant mice had any impairment in spatial
memory, known to be controlled by the septal/
dorsal HP pole (Moser E et al. 1993; Moser MB
et al. 1995). Different groups of adult COUP-TFI
CKO and their littermates control mice were
subjected to the spatial and cued versions of the
water maze. In the spatial version, animal had to
retrieve the position of the submerged platform
using visual distal cues surrounding the pool.
Two-way ANOVA for repeated measures
revealed that COUP-TFI CKO as well as control
mice reduce the time required finding the
platform during the training days (Training days:
F3/108=15.249; p<0.0001) (Fig. 7A). However,
mutant mice have a higher approaching latency
compared to controls (Genotype: F1/36=3.24;
p=0.07). On the testing day, COUP-TFI CKO
mice are dramatically impaired in showing any
preference for the quadrant [Quadrant time
(F3/108=6.402; p<0.0005); Quadrant time x
Genotype (F3/108=2.958; p=0.03), two-way
ANOVA for repeated measures] and annulus (“?”
point in Fig. 7B) where the platform was
previously located (Fig. 7B), when compared to
the other annulus areas of the tank [Annulus
crossing (F3/108=13.992; p<0.0001); Annulus
crossing x Genotype (F3/108=5.52; two-way
ANOVA for repeated measures; p=0.001)]. This
is also reflected by a significant reduction in the
percentage of target annulus crossings
(Genotype: F1/36=4.3; one-way ANOVA;
p=0.04) (Fig. 7C), suggesting that COUP-TFI
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CKO mice have impaired spatial memory. To
assess whether abnormal target annulus crossing
was caused by the abnormal HP differential
growth due to COUP-TFI deficiency, we used
simple regression to correlate the percentage of
the target annulus crossings with the extension
and volume of the HP. We found that both of
these measures significantly correlate with the
percentage of annulus crossings on the testing
day (Extension: R=0.343; p=0.03; Volume:
R=0.358; simple regression analysis; p=0.03)
(Fig. 7D, E), indicating that impaired spatial
memory might most probably due to the
hippocampal dysmorphism observed in COUP-
TFI CKO mice.

Next, to exclude that this effect was not
secondary to sensory-motor deficits associated
with altered neocortical changes (Tomassy GS et
al. 2010), different groups of animals were
subjected to a cue version of the water maze. In
this case, the position of the submerged platform
was labeled by a visual cue, and the use of spatial
information was limited. Two-way ANOVA for
repeated measures show that both groups exhibit
similar reduced latency in reaching the platform
during the four training days (Fig. 7F), and when
the platform is removed, both groups focus their
searching below the cue (Annulus:
F6/144=25.055; one-way ANOVA; p<0.0001)
(Fig. 7G). This indicates that the sensory-motor
deficits associated to the previously described
neocortical defects of COUP-TFI CKO mice
(Armentano M, SJ Chou, G Srubek Tomassy, et
al. 2007; Tomassy GS et al. 2010) are most likely
not contributing to the spatial memory deficits
reported here.

Since the ventral hippocampus has been
implicated in non-spatial aspects of hippocampal-
dependent learning and emotional behaviors
(Kheirbek MA et al. 2013; Wang ME et al. 2013),
we subjected other groups of mice to the one-trial
inhibitory avoidance task, which probes animals’
ability to form emotional memory. COUP-TFI
mutant mice fail to show any impairment and,
similarly to control animals, they increase the
step-through latency from the training day to the
testing day performed 24 hr later (Day:
F1/25=44.93; p<0.0001), indicating that they
learned to avoid the shocked compartment (Fig.
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7H). Similarly, when they are tested for their
ability to recognize a new object from a familiar
one in the spontanecous short-term object
recognition task, mutant mice do not show any
significant difference from controls. Both groups
explore the new object significantly more than
the familiar ones during the study
(control=26+2.4; COUP-TFI CKO= 22+2.1) and
the test phase (object type: F2/72= 18.31;
p<0.0001) (Fig. 7I). This is consistent with
previous findings showing that dorsal HP lesions
generally spare short-term recognition memory,
when the same (Sannino S et al. 2012) or similar
behavioral protocols are used (Broadbent NJ et
al. 2004; Ainge JA et al. 2006; Dere E et al.
2007).

Finally, we tested basal level of anxiety
in the elevated plus maze task; we found no
significant difference between genotypes in the
percentage of time and distance spent in the open
arm (Fig. 7J), as well as in the total distance and
arm entries (data not shown). Taken together, our
behavioral data confirm that the hippocampal
dysmorphism in COUP-TFI CKO animals is
associated to selective spatial memory
impairment.

Discussion

Our study provides to our knowledge, the first
experimental evidence of a neurodevelopmental
genetic program controlling HP development
along its septal/dorsal to temporal/ventral axis.
We find that the nuclear receptor COUP-TFI is
expressed in the hippocampus in a dorso-ventral
gradient, and that its developmental loss leads to
a dysmorphic HP, in which the size of the septal
pole is specifically reduced and connectivity
strongly impaired. We also identified gradient
COUP-TFI expression in the EC and an impaired
perforant path projecting to the dorsal HP in the
absence of cortical COUP-TFI function. These
data strongly support a role for this
transcriptional regulator in establishing and/or
maintaining proper connectivity between cortex
and HP. Importantly, these distinct morphological
and anatomical changes are associated with
selective impairment in spatial memory
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formation, consistently with a functional
dissociation between the dorsal and ventral HP.

Unraveling the molecular mechanisms
required in proper hippocampal anatomical and
functional organization along its longitudinal axis
is becoming a priority issue, in particular after the
identification of a whole series of genes
differentially enriched in the dorsal or ventral HP
from birth to adulthood (O'Reilly KC et al. 2014),
and their contribution in neuropsychiatric
developmental disorders. Indeed, recent
anatomical and connectivity studies have shown
that at birth (i) the hippocampus is shortened
along its dorso—ventral axis; (ii) the ventral
regions remain ventral similarly to the adult HP,
and (iii) the terminal distribution of EC input
along the dorso—ventral hippocampal axis reflects
the adult topography. In addition, the most
ventral one-third of the hippocampus is the one
that seems to differ more than the other two third
in terms of intrinsic connectivity,
electrophysiological properties, behavioral
function, and genetic program (O'Reilly KC et al.
2014; Strange BA et al. 2014). Thus, altering
differentially expressed genes along the
longitudinal axis will contribute in our
understanding on how the HP undergoes major
volumetric increase in length and curvature from
PO to P15, and whether changes in HP curvature
might be due to changes in HP volume along the
dorso—ventral axis.

In this study, we have abolished the
function of a differentially expressed gene, the
transcriptional regulator COUP-TF]I, expressed in
a gradient fashion in the postnatal developing HP
and EC, two functionally related structures
during HP circuit formation. We previously
reported that gradient cortical expression of
COUP-TFI is required in neocortical organization
and thalamo-cortical topographic connectivity by
regulating identity, size and position of functional
areas during corticogenesis (reviewed in Alfano
C and M Studer 2013). In this study, we
demonstrate that gradient archicortical COUP-
TFI expression is involved in setting up the
anatomical and functional architecture along the
hippocampal longitudinal axis.

Interestingly, COUP-TFI mutant adult
hippocampi have a shape similar to neonatal HP,

Annexe - Flore et al., 2015

since it is shortened, lacks the normal HP
curvature but preserves a proper ventral pole-“the
most ventral one-third”, which is located more
posterior than age-matched control brains, and
has reduced size and volume in its dorsal portion.
Although this phenotype already appears at birth,
it becomes fully established at P8, an age when
the hippocampal length and growth are
substantially increasing and which will ultimately
dictate its final curvature and shape (O'Reilly KC
et al. 2014). Various mechanisms might be
involved in this morphological dysmorphism,
ranging from alteration in regional growth to
reduced cortical connectivity. Since the
“intermediate” portion, a transitional structure
with mixed dorsal and ventral features, seems
crucial for obtaining an optimal HP volume and
shape during the first postnatal week (O'Reilly
KC et al. 2014), we propose that the graded
COUP-TFI expression might be involved in
modulating the volume of intermediate and
ventral portions thus allowing the dorsal part to
properly expand (O'Reilly KC et al. 2014;
Strange BA et al. 2014). As for the neocortex
(Faedo A et al. 2008), COUP-TFI might be
required in controlling the spatio-temporal
regulation of the balance between progenitor
proliferation and differentiation. Accordingly, we
observed altered neurogenesis in the prospective
hippocampus at E15.5 (G.F, J.P. and M.S,,
manuscript in preparation). In addition,
maintenance and even higher expression of the
homolog COUP-TFII in the ventral HP might
compensate for the lack of COUP-TFI in this
region, thus allowing proper ventral growth at the
expense of dorsal parts.

Absence of EC afferent projections might
be another contributor of the septal/dorsal
reduction, which gets worse with age becoming
dramatic in adult COUP-TFI mutant mice.
Neurogenesis is strictly correlated with the
topographical organization of entorhinal-HP
reciprocal connections. The dorsal EC
preferentially connects with the dorsal part of the
HP, whereas portions of the EC positioned more
ventrally connect to ventral parts of the HP
(Witter MP et al. 2000). Our molecular analysis
indicates an important reduction of the dorsal EC
portion at the expense of neocortical tissue at PO,
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whereas part of the ventral EC seems to be
preserved. Connectivity impairments appeared
also graded along the longitudinal axis of the
mutant HP, in accordance with a gradient- rather
than absolute-like HP organization along its
dorso-ventral axis (Scorzin JE et al. 2008;
Strange BA et al. 2014). The topographic EC to
HP connectivity defects at early postnatal ages
might thus contribute to the severe septal HP
reduction observed in COUP-TFI adult mutants.

The hippocampus is crucial for spatial
memory formation. Accordingly, the findings we
report in this study show that COUP-TFI mutant
mice have a specific impairment in spatial
memory formation that correlates well with their
HP volume reduction, as indicated by our
regression analysis. We previously showed that
these mice have no major impairments in open
field exploratory activity as well as in
neuromotor performance in the hanging wire and
rotarod task (Tomassy GS et al. 2010). In
contrast, they were affected in fine motor-skill
learning tasks, such as the adhesive-removal and
the skilled-reaching tasks.

In the aim to dissociate neocortical from
archicortical dependent behavioral defects, we
used a spatial water maze procedure based on
distal landmarks. This procedure relies on the
integrity of the HP and is not affected by
prefrontal and parietal cortex functional
deactivation (Save E and B Poucet 2000;
Mogensen J et al. 2004; Lopez J et al. 2012). At
the same time, the lack of effect on the visual cue
and on the spontaneous object recognition task
confirmed that in COUP-TFI CKO mice the
sensory-motor defects related to neocortical
dysfunctions are very specific and involve fine
sensory-motor skills. Spontaneous object short-
term recognition memory task, differently from
the instrumental visual object discrimination task
(Kesner RP et al. 1996), has never been clearly
demonstrated to rely on the integrity of the
prefrontal cortex (Mitchell JB and J Laiacona
1998; Yee BK 2000), and of other neocortical
areas (Ennaceur A et al. 1997; Haijima A and Y
Ichitani 2012). On the contrary, it relies on the
integrity of the perirhinal cortex, in particular of
its most caudal part (Albasser MM et al. 2009),
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which seems not to be affected in COUP-TF
CKO mice.

Thus, the lack of impairment in the visual
water maze and the correlation between the
spatial memory impairment with altered HP
volume and gross morphology, strongly suggest
that the spatial memory defect here reported is
not secondary to the sensory-motor deficit
associated with altered neocortical patterning
(Tomassy GS et al. 2010). The selectivity of the
spatial memory defects, in the absence of major
changes in anxiety observed in mutant mice, is
consistent with a dramatic dorsal HP volume
reduction and altered connectivity between EC
and HP (Steffenach HA et al. 2005), and no major
changes in the functionality of the ventral HP.
This is in line with the observation that absence
of cortical COUP-TFI during development
differently affects the dorsal and ventral HP
portions, indicating that HP development and
functional specification along its septo-temporal
axis is indeed controlled by different genetic
developmental programs, as previously suggested
in a study involving quantitative trait loci (Martin
MV et al. 2006). Although we cannot completely
exclude that the ventral HP is affected in COUP-
TFI mutant mice, our study supports a major role
for this transcriptional regulator in patterning the
septal/dorsal HP portion and its connectivity with
the dorsal EC during development and in early
postnatal stages.

In conclusion, this study shows that the
archicortical expression gradient of a
transcription factor, such as COUP-TFI, can
regulate HP volume and connectivity along its
dorsal-to-ventral axis and, ultimately, HP-
dependent behavioral functions. To our
knowledge, this is the first experimental evidence
supporting the anatomical and functional dorso-
ventral HP dissociation on a genetic
developmental basis. COUP-TFTI loss of function
causes optic atrophy with intellectual disability
(Al-Kateb H et al. 2013; Bosch DG et al. 2014).
Furthermore COUP-TFI expression has been
found to be strongly associated with childhood
general cognitive ability and mental retardation
(Webber C et al. 2009; Ersland KM et al. 2012).
Our findings paw the way for investigating
COUP-TFI mutations and associated changes in
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septo-temporal volumetric distribution in children
with neurodevelopmental cognitive impairments.
It is also highly interesting in this regard that
COUP-TFI is deregulated in fetuses of pregnant
women-smokers (Fowler PA et al. 2014), as
compared to non-smokers, suggesting it might be
a pathway of teratogenic effects on HP growth
and function.
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Figure 1. Absence of cortical COUP-TFI expression gradient leads to a dysmorphic hippocampus (HP) in
adult mice. (A) COUP-TFI protein localization in mouse E15.5 and PO coronal sections and in adult sagittal
sections. (B, B’) Black arrowheads indicate the increased graded dorsal to ventral COUP-TFI hippocampal
expression from rostral to caudal coronal sections of a P8 representative brain (B), quantified as optical density
(OD)/unit area expression in septal and temporal sections (B’). (C) Representative Nissl-stained sections of adult
hippocampus in control (Ctrl) and COUP-TFI CKO mice at different antero-posterior sections (Opum
representing the most caudal slice where the hippocampus is present). Red arrowheads indicate the reduction and
caudal shift of the dorsal hippocampus in the mutant, compared to control brains of the same age. In contrast, the
ventral part is comparable to that of control animals, although posteriorly shifted. (D, E) Histograms reporting
the total hippocampal volume quantification and the hippocampal septo-temporal volume extension in
percentage. (F) 3D reconstructions of the hippocampal hemispheres in control and COUP-TFI CKO mice
highlight the overall reduction of the mutant HP and the imbalance between dorsal and ventral portions, leading
to a “drop-like” dysmorphism in the mutant HP. Dashed lines indicate that the dorsal portion emerges almost at
the same level as the ventral one in mutant brains (black arrows in COUP-TFI-CKO). Values are indicated in
average = S.E.M. Duncan post-hoc values: CKO vs. Ctrl *p<0.05; **p<0.01;***p<0.001. Scale bars: (4) 50um
(E15.5); 50um (P0); 100um (Adult); (B) Imm; (C) 2mm. HP, hippocampus;, HPp, hippocampal primordium;
DGn, Dentate Gyrus neuroepithelium; pyr, pyramidal layer; DG, Dentate Gyrus;, CAl, CA3, Cornus Ammonis
fields1,3; gcl, granule cells layer; LV, Lateral ventricle; CC, corpus callosum; Cx, Cortex.
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Figure 2. Postnatal hippocampal development is compromised by conditional inactivation of COUP-TFI.
(A, B, D) Representative Nissl-stained sections of the hippocampal plate in control (Ctrl) and COUP-TFI CKO
(CKO) mice show no abnormalities in embryonic mutant brains (A), but a trend of hippocampal decreased
volume at birth (B, C), which becomes significant at P8 (D), (Oum representing the most caudal section where
the hippocampus is present). Red arrowheads indicate the dramatic hippocampal defect evident in mutant mice at
P8. (A’, B’, D) Histograms indicating the total hippocampal volume in percentage of control and COUP-TFI
CKO mice at the different developmental ages, E15.5 (A’), PO (B’) and P8 (D’). At PO, although the
hippocampal volume is reduced in CKO as compared to control mice, the difference does not reach statistical
significance (B, B’). (C, E) Histograms representing the hippocampal rostro-caudal extension (%) in control and
COUP-TFI CKO mice at PO and P8. The overall volume (D, D’), the rostro-caudal extension and the dorsal
hippocampus (E) are significantly reduced in P8 CKO dorsal/septal HP, with minor differences in the ventral/
temporal region. (F) 3D reconstructions of the left hippocampal hemisphere in control and COUP-TFI CKO
highlight the poor development of the dorsal mutant portion compared to the ventral one, which is more similar
to controls. Values are indicated in average + S.E.M. Duncan post-hoc test, p values: *p<0.05;

**p<0.01;***p<0.001 CKO vs. Ctrl, within slice. Scale bars: (A, B, D) Imm. HP, hippocampus; DG, Dentate
Gyrus.
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Figure 3. Preserved dorso-ventral identity of COUP-TFI-deficient hippocampi. (A-C) Para-sagittal sections
of P8 control and COUP-TFI CKO brains hybridized with differentially expressed genes along the longitudinal
hippocampal axis. Boxes indicate high magnification views of the dorsal (DH) and ventral (VH) hippocampus
depicted to the right. (A) Cadherin8 (Cdh8) transcript is expressed at higher levels in the dorsal than in the
ventral hippocampus. Despite the reduced DH volume in the mutant brain, Cdh8 is still expressed at higher
levels in the DH. (B) The LIM domain transcription factor Lmo4 is expressed at higher levels in the VH than in
the DH in controls and COUP-TFI CKO brains. (C) The orphan receptor COUP-TFII is highly expressed in the
VH. Levels of COUP-TFII expression in VH are increased in COUP-TFI CKO (indicated by red arrowheads).
Red asterisks indicate altered expression of Cdh8 and Lmo4 in the neocortex, which have been previously

reported (Armentano et al. 2007; Alfano et al. 2014). Scale bars: (4, B, C) Imm.

184



Annexe - Flore et al., 2015

C HPcell density in adults

+ Lo :
CA1_CA3 CA1 _CA3
septal  temporal

1]

CA1 _CA3 CA1 CA3
septal temporal

o833

Cell # average
Junit area

60
40
20

e
lunit Ieng!ﬂ

Cell # avera

3| ‘ Ve S0 F CAfield distribution D DGecen density in adults ™ KO

100 OPyr
‘i 52 § 0 ECA3
- §: 60
s mCA1
o M N s
3

60 o Ctrl

]‘I | mCKO
1

septal  temporal

ge
area
IS
o

Ratio in %
»n
o

Cell # avera
funit

o

ctrl  cKO
G Control COUP-TFI CKO H COUP-TFI CKO
, s. @ [~ I TR T g
P8 5, L | . DA :
------- e s 22 L ®
v CAJ\ oTCAr T oA~ | g‘
E‘l : ,,.‘bG | SZADGH 8 o ‘/ <
= | CA3 o CA3 - - B g It}
[ st Lym
8 e i vl P % '\ # 3
e |
S 40 ot
g 30 W CKO

GADE67+ interneurons
distribution in %
N
=3

0
so spy sr sim .
Hippocampai Layers Flore et al. Figure 4

Figure 4. Adult COUP-TFI CKO hippocampi have preserved field specification, pyramidal cell density and
GABAergic interneuron distribution. (A) Nissl staining of P8 coronal sections through the HP of control and
COUP-TFI CKO mutant brains. Boxes indicate high magnification views of CA1 and CA3 and depicted in (A’).
(B) Details of CA1, CA3 and DG in Nissl-stained adult control and mutant hippocampal coronal sections. (C, D)
Histogram indicating neuronal cell density within the pyramidal layer of adult control and CKO hippocampi. The
cell number and cell density per unit area and per unit length are comparable between the two genotypes in
septal and temporal regions of CA1, CA3 (C) and DG (D). (E) Coronal sections of P8 control and COUP-TFI
CKO HP taken at the same level and hybridized with SCIP for CA1 and KA1 for CA3. (F) Histogram indicating
the field percentage representation within the pyramidal layer of control and COUP-TFI CKO HP. (G) Double
GADG7 in situ hybridization (in blue)/COUP-TFI immunohistochemistry (in brown) on P8 coronal sections
through septal (above) and temporal (below) HP. Boxes indicate high magnification views depicted to the right.
In mutants, COUP-TFI co-labels solely with GAD67. (H) In situ hybridization of GAD67 on P8 coronal sections
of control and COUP-TFI CKO septal HP. (I) Histogram representing the percentage distribution of GAD67+
neurons in control and COUP-TFI CKO HP. Values are indicated as average + S.E.M. Scale bars: (A,E,G,H)
250um; (A’,B) 100um; (High mags in G, H) 500um. Cx, cortex; HP, hippocampus; DG, Dentate Gyrus, CAl,
CA3, Cornus Ammonis fieldsl, 3, gcl, granule cell layer; pyr, pyramidal layer, so, stratum oriens; spy, stratum

pyramidale; sy, stratum radiatum; slm, stratum lucidum molecolare; up, upper blade; low, lower blade, hi, hilus.
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Figure 5. Impaired connectivity in the dorsal COUP-TFI mutant hippocampus. (A) Diagram of
hippocampal anatomy and connectivity (modified from Tutorial on neural systems modeling, Sinauer Associates,
Inc, 2010) mapping out the major circuits within the HP and between the HP and entorhinal cortex (EC). (B) 3-D
reconstruction of a normal HP (taken from Fig. 1F) indicating the planes of sections shown in C to H. (C-F)
Immunohistochemistry on coronal sections of adult control and COUP-TFI CKO dorsal (C, E) and ventral (D,
F) HP. (C) Dotted lines and arrowheads indicate the calbindin-expressing stratum lucidum moleculare (slu) layer
of mossy fibers axons. Red arrowheads indicate calretinin-expressing terminals of commissural fibers
originating from hilar mossy cells, which normally reach the contralateral DG inner molecular layer (iml) of
granule cells dendrites. SMI31-expressing CA3 axons, which normally form the Shaffer collaterals (dotted lines
and red arrows) in the associative pathway; dashed lines indicate the DG upper blade border. (E) MAP2
normally labels CA1 pyramidal dendrites (arrows) and axons of the entorhinal perforant pathway (arrowheads).
Boxes depict high magnification views of the CA1 regions label with MAP2 and illustrated below. (D) Calbindin
is expressed at lower levels in the mossy fibers of COUP-TFI mutants at more ventral levels (arrowheads) when
compared to controls. However, Calretinin is still expressed in commissural fibers of mutant HP at more ventral
levels (arrowheads in insets). (F) Axonal MAP2 staining of the perforant path and in CA1 dendrites is partially
maintained in ventral mutant HP (arrowheads). Boxes depict high magnification views of the CAl region
illustrated below. (G) Quantification of optical density (OD)/unit area of the perforant path labeled by MAP2 in

dorsal (septal) and ventral sections (temporal). Values are indicated as average = S.E.M. Duncan post-hoc test,
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*p<0.05, **p<0.05 CKO vs. ctrl within septo-temporal area, #p<0.05 temporal vs. septal, within genotype. (H)
Retrogradely Dil-labeled perforant paths in P8 control and mutant ventral HP. Below, region of the entorhinal
cortex in which the Dil has been injected. Scale bars: (C-F, H above) 100um; (H below) 500um; HP,
hippocampus; DG, Dentate Gyrus, EC, entorhinal cortex,; hi, hilus; alv, alveus; gcl, granule cell layer; so,
Stratum oriens, sp, stratum pyramidale; sg, stratum granulosum; ml, molecular layer, sr, stratum radiatum, sim,

stratum lucidum molecolare.
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Figure 6. Reduced entorhinal cortex in COUP-TFI CKO mutants. (A-B) PO brains stained with COUP-TFI
antibody indicate a dorso-ventral gradient of expression for COUP-TFI in the entorhinal cortex (EC). Rostral to
caudal coronal sections indicate an abruptly reduced expression at the level of the dorsal entorhinal cortex (red
arrowheads), partially reestablished in the most ventromedial part at rostro-caudal levels (black arrows). Below
schematics of the sections (A). Serial sagittal sections confirm the dorsal to ventral COUP-TFI gradient in the
EC. Red arrowheads point to the neocortical to entorhinal cortical transition, and black arrows indicate the
gradual-reestablishment of COUP-TFI expression in the most ventral EC region. Below schematics of the
sections (B). (C-D) Paleocortical (Nrp2) and neocortical (Fezf2) marker expression in control and COUP-TFI
CKO brains. Nrp2 in situ hybridization on coronal sections at medial and caudal levels indicates reduced Nrp2
expression in the mutant EC (compare black and red arrows). To the left schematics of the sections (C). (C”)
Histogram reports quantification of the EC volume in control and COUP-TFI CKO mice expressed in percentage
(%). Nrp2 and Fezf2 in situ hybridization on sagittal sections indicate expanded expression of Fezf2 at the
expense of Nrp2 in mutant dorsal EC (compare black and red arrows) (D). Values are indicated as average +
S.E.M. *p<0.05 CKO vs. ctrl. Scale bars: A, 200um; B-D, 500um. AM, amygdaloid nuclei, DG, Dentate Gyrus,
fi, fimbria; Cpu, Caudato Putamen; CC, Corpus Callosum, Ncx, Neocortex, Pir, Piriform cortex;, Sub,
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subiculum;; EC, Entorhinal Cortex; Ect, ectorhinal cortex; Prh, perirhinal cortex; coll, colliculus; PAG,

Periaqueductal Gray;, dME, deep Mesencephalic nucleus,; dhc, dorsal hippocampal commissure, Pn, pontine

nuclei.
A 60 Spatial training B s Spatial probe C Spatial probe
= Ctrl * O Ctrl 60 O ctrl
50 =cko 2% # mCKO ¢ 50 u cKO
0 Ee . § 4 a 2 # \
540 % .@. g, # # o@ g4
cE n L] % 30
2 30 r 3 —
5 1/1 I 32 an
=
20 # * <1 B 10
10 0 0
Day1 Day2 Day3 Day4 Target A B c
Training days Annulus area
D E
o ctrl o Ctrl
100 . u CKO 100 L > mCKo
g £
= 80 G 80 °
£ 60 L] - s 60 L}
; - - ‘g - [} -
2 a4 - < 40 L]
z o . I:__ > Z " 3
20 20 | |
3 = 3 .
o - - no o - - o
o 1000 2000 3000 4000 5000 o 5 10 15 20
Extension (mm) Volume (mm?)
F Cue training G Cue probe *
——Ctrl octrl
B ) 13 8 Ko
50 12
= ®10
40 2 %
z §e11,
230 26
o =
i | 24
e 2l 1A
T
10 — o ﬁ ] ﬁ
Day1 Day2 Day3 Day4 Day8 Day9 Target A B € D E F
Training days Annulus area
H Inhibitory avoidance ] Object recognition Jd o Elevated Plus Maze
180 0 Ctrl 24 ocCtrl actr
460 u CKO u CKO E® u CKO
E‘140 O 2 20
8120 c 14 * g
5 100 H o 15
.E, 29 § *E- 10
3 60 k& S
13 il B
= ‘n
a:- [\ T 1] 0+ - -
Training Test New F1 F2 % Time OA % Distance OA
Testing day Object

Flore et al. Figure 7

Figure 7. COUP-TFI CKO mice have impaired spatial memory but preserved visual-cue memory. (A-C)
Behavior of control and COUP-TFI CKO mice in the spatial version of the water maze task. (A) COUP-TFI
CKO mice show an increase in latency and time to reach the hidden platform during training. (B, C) During the
probe trial, they have a random searching behavior with no preference (number of annulus crossing) and correct
annulus (target). (D, E) Correlation between the percentage of target annulus searching on the probe trial with
hippocampal extension (D) and volume (E) in COUP-TFI CKO (filled square) and control animals (open
square). Both these histological measurements were significantly correlated with the percentage of crossing in
the target annulus.*p<0.05 Day 4 vs Dayl (A) or Target vs other annulus (B) within genotype; # p<0.05 COUP-
TF1 CKO vs controls. (F-I) Behavior of control and COUP-TFI CKO mice in the cue version of the water maze
task. (F) COUP-TFI CKO and control animals use the same time (s) to reach the cue signaled (flag) platform
during training days. (G) Both groups show a clear preference for searching (number of annulus crossing) the
platform in the correct annulus (target), when tested 1 day after the last training day. Values are indicated as

average = S.E.M. *p<0.05 Target vs other annulus (B) within genotype; # p<0.05 COUP-TF1 CKO vs controls.
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(H-J) COUP-TFI CKO and control mice in the one-trial inhibitory avoidance (H) in object recognition (I), and
in the plus maze (J) tasks. (H) COUP-TFI CKO and control groups showed comparable step-through latency (s)
during both training and testing (1 day after training) in the one trial inhibitory avoidance task, suggesting that
CKO had intact capacity to form emotional long-term memory. (I) COUP-TFI CKO and control mice showed
comparable new object exploration time (s) as compared to two familiar objects during the test phase of the
object recognition task, suggesting that mutant mice had retained intact object recognition memory. (J) COUP-
TFI CKO and control mice showed no significantly different percentage time and distance in the open arm of the
plus-maze task, indicating that their anxiety level was comparable. Values are indicated as average + S.E.M.

*p<0.05 New vs familiar objects, within genotype.
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Résumé

L’hippocampe est un composant majeur du cerveau des mammiféres. Il appartient a
I’archicortex, la parti la plus ancienne du télencéphale, et joue d'importants roles dans la
mémoire, ’apprentissage et la navigation spatiale. L’hippocampe comprend deux régions
distinctes : les champs ammoniens et le gyrus dent¢ ou DG, composés de trois couches
cellulaires. Le DG est la principale zone d’entrée d’informations dans 1’hippocampe et son
développement commence au jour embryonnaire 14 (E14.5) chez la souris. Pendant ma these,
je me suis intéressée a un régulateur de transcription important, le récepteur nucléaire COUP-
TFI, exprimé dans le neocortex et I’hippocampe, et décrit comme jouant des rdles clefs dans
la spécification et la migration neocorticale. Cependant, peu de choses sont connues sur son
implication dans 1’hippocampe, et plus particulierement dans le DG. COUP-TFI y est exprimé
en gradient a la fois dans les progéniteurs proliférants et dans les neurones différentiés, et est
fortement localisé¢ dans le neuroépithelium du DG a E14.5. Le but majeur de ma thése était
ainsi de déchiffrer le role de COUP-TFI dans le développement de I’hippocampe, et
spécifiquement au cours de la différentiation et migration des cellules granulaires, population
principale du DG. A 1’aide de deux lignées de souris mutantes, dans lesquelles COUP-TFI est
soit inactivé dans les progéniteurs et leur descendance, soit seulement dans les cellules post-
mitotiques, j’ai montré que 1’absence de COUP-TFI induit différents degrés d’altérations de la
croissance de I’hippocampe. En D’absence de COUP-TFI dans les progéniteurs, les
précurseurs des cellules granulaires se différentient précocement et présentent une
prolifération diminuée. De plus, la migration des granules est altérée conduisant a des
localisations aberrantes et a la présence de clusters hétérotopic dans le DG. Au stades
postnataux, les afferences du cortex entorhinale n’innervent pas le DG septal et I’apoptose est
accrue dans cette region. En conséquence, le gyrus denté en résulte fortement réduit a I’age
adulte, particuliérement dans la région septal, tandis que le pole temporal est moins affecté. A
I’inverse, la perte de COUP-TFI dans les cellules différentiées n’entraine que des anomalies
mineures et transitoires. Ensemble, mes résultats indiquent que COUP-TFTI est impliqué dans
la régulation d’aspects particuliers de la différentiation et migration des granules,
principalement au niveau des progéniteurs, et propose COUP-TFI comme un nouveau
régulateur de transcription requis dans le développement et le fonctionnement de

I’hippocampe.



