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“Equilibre et harmonie sont atteints, dans la nature, par la différenciation constante, par
une diversité toujours croissante. La stabilité [...] n'est pas fonction de la simplicité et de
I'homogénéité, mais de la complexité et de la variété. La capacité d'un [écosystéme a

maintenir son intégrité ne dépend pas de I'uniformité du milieu, mais bien de sa diversité.”

Murray Bookchin - L'écologie sociale

“Much of epistemology seems to be parasitic upon religious impulses to discipline and
sacrifice [...]. But even if religious overtones are absent or dismissed as so much window
dressing, there remains a core of ethical imperative in the literature on how to do science and
become a scientist. The mastery of scientific practices is inevitably linked to self-mastery,

the assiduous cultivation of a certain kind of self.”

Lorraine Daston & Peter Galison - Objectivity



Abstract

The hippocampus is associated with several functions including navigation, memory, and
emotional processing. It is still unclear how this brain structure parallelly computes relevant
information to support this diverse functional repertoire. Several recent studies suggest that
separate subsets of principal cells that route information to specific pathways, would provide
a circuit basis for the diversity of hippocampal function. This notion of 'division of labor’
at the cellular level is in line with the observation that in the CAl area, the main output
region of the hippocampus, pyramidal neurons (PN) are not a homogeneous cell population
like previously thought. In fact, experimental evidence demonstrated PN heterogeneity
encompassing dendritic morphology, electrophysiological properties, connectivity profiles,
gene expression and participation in oscillatory activity. Many of these features correlate
with the cell body location along the radial axis of the stratum pyramidale (SP). This
adds up to the notion that PNs segregate functionally according to their radial position,
forming a deep and a superficial sublayer with distinct characteristics. From embryonic day
11 (E11) to E17, differentiating PNs migrate via an 'inside first-outside last’ scheme and
position themselves in progressively more superficial positions. However other migratory
schemes superpose to the radial one, so that the correspondence between cell birthdate and
location is not as clear-cut. Here we asked whether embryonic birthdate, rather than soma
location, is a better predictor of CA1 PN identity, and ultimately function. To this aim, we
used an inducible genetic fate mapping approach to label PNs according to their birthdate
(E12.5, E14.5, E16.5) and studied their morphological and electrophysiological properties
in vitro, as well as their connectivity and cFos expression in the adult CA1. We show
that the birthdate contributes to defining intrinsic electrophysiological and morphological
properties. Likely, a predetermined genetic program acts in synergy with other extrinsic
(positional) factors in determining cell identity. In addition, we find that the early-born
subpopulation (E12.5) displays remarkable intrinsic features and unique recruitment upon
exploration. This study is the first in-depth characterization of CA1l pyramidal cells in the
adult hippocampus as a function of the temporal embryonic origin and provides evidence
that the embryonic origin of a neuron critically determines its properties, and possibly its

function.



Résumeé

L'hippocampe est associé a plusieurs fonctions, dont la navigation, la mémoire épisodique
ainsi que d’autres processus cognitifs et affectifs. Nous ignorons toujours comment
cette structure cérébrale peut intégrer plusieurs types d'information a la fois et ainsi
porter ce répertoire fonctionnel diversifié. Plusieurs études récentes indiquent que des
sous-populations distinctes de neurones pyramidaux (NP) acheminent les informations
vers des voies spécifiques, suggérant ainsi une base cellulaire a la diversité des fonctions
de I'hippocampe. Cette notion de 'division de la tiche’ au sein du circuit neuronal
rejoint |'idée récente que les NP de I'aire CA1, principale sortie de |'hippocampe, ne
constitueraient pas une population cellulaire homogéne comme supposé auparavant. Ainsi,
une hétérogénéité des NP allant de leurs propriétés morpho-physiologiques, connectivité a
leur participation aux oscillations neuronales, ou leur activité in vivo a été mise en évidence
expérimentalement. Nombre de ces caractéristiques corrélent avec la position du soma
selon |'axe radial de la couche pyramidale de CAl. Ceci renforce I'idée que les NP se
séparent fonctionnellement selon leur position radiale selon deux couches, une profonde et
une superficielle aux caractéristiques distinctes. A partir du 11le jour embryonnaire (E11)
jusqu'a E17, il est établi que les NP migrent selon un schéma 'inside first-outside last’,
se positionnant progressivement de plus en plus superficiellement. Cependant, d'autres
schémas migratoires se superposent au schéma radial, de sorte que la correspondance
entre la date de naissance et la localisation des cellules n'est pas aussi stricte. Au cours
de cette thése, nous avons testé |'hypothése selon laquelle la date précise de naissance
embryonnaire, plutét que la localisation terminale du soma, serait un meilleur indicateur
du phenotype cellulaire et de la fonction des NP dans CAl. Dans ce but, nous avons
utilisé une approche inductible de « cartographie du devenir génétique » pour marquer les
NP en fonction de leur date de naissance (E12.5, E14.5, E16.5) et étudier les propriétés
morphologiques et électrophysiologiques in vitro, ainsi que leur connectivité et expression
de cFos dans le CA1 adulte. Nous démontrons que la date de naissance embryonnaire des
NP contribue a définir les propriétés électrophysiologiques et morphologiques intrinséques.
Il est probable qu'un programme génétique prédéterminé agisse en synergie avec d’'autres
facteurs extrinséques (liés a la localisation) pour déterminer I'identité de ces cellules et leur
role dans le réseau hippocampique. De plus, nous montrons que les NP générés trés tot
(E12.5) forment une sous-population aux caractéristiques remarquables et présentant un
recrutement unique lors de I'exploration. Cette étude est la premiére caractérisation en
profondeur des cellules pyramidales CA1 dans I'hippocampe adulte en fonction de I'origine
embryonnaire temporelle et fournit la preuve que I'origine embryonnaire d'un neurone a un

effet sur la détermination de ses propriétés, et éventuellement de sa fonction.
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1. The Hippocampal Formation

1.1 Nomenclature and anatomy

Originally identified in the human brain as a bulge in the floor of the lateral ventricle,
the hippocampus was named by early anatomists after the sea-horse (hippdkampos in
Ancient Greek) due to its curved, elongated shape. This region is found bilaterally beneath
the temporal lobe of the mammalian cortex and is linked interhemispherically by the
hippocampal commissure.

It should be noted that the anatomical nomenclature of the hippocampus has varied
across time and is still causing some controversy. Following the classification started by
Ramén y Cajal (1893) and his disciple Lorente De N6 (1934), the hippocampus proper
consists exclusively of the subdivisions of the cornu ammonis (CA1, CA2, CA3)!. However,
by synecdoche the term "hippocampus’ is employed for the region including the dentate
gyrus and the subiculum as well. Many neuroscientists now use the more comprehensive
hippocampal formation, in which the presubiculum, parasubiculum and entorhinal cortices
are considered (Amaral and Lavenex, 2007). In the text, | will follow a slightly different
nomenclature (Strange et al., 2014) where the term hippocampus comprises the dentate
gyrus and CA1-CA3 domains (without the subiculum). However, the word "hippocampal’
will refer interchangeably to the hippocampus or the hippocampal formation.

Figure 1.1 recapitulates anatomy of the hippocampal region in a rat brain. Anatomically
the hippocampus is described by two main axes. First, the septo-temporal axis, also called
long axis owing to the elongated banana-like shape. This divides it anatomically in two
poles: the septal, located anteriorly and dorsally, and the temporal, at the posterior-ventral
end. Interestingly the two portions are now considered as two functional regions with
distinct implications in mnemonic processes, despite a stunningly constant architecture
along the axis (Fanselow and Dong, 2010; Dong et al., 2009)2. Second, the horizontal
or proximo-distal axis. In CA1 for instance, the proximal end is close to CA3 and the
distal one to the subiculum, following the same direction as the trisynaptic circuit (see

section 1.2). The same applies to the other subregions. A third axis is specific to the layer

Lorente de N6 called CA4 what is now considered the hilar part of CA3 (Lorente De N6, 1934). This
is not in use anymore.

2For the sake of consistency with the vast majority of publications, | will use 'dorsal’ and 'ventral’
as substitutes for 'septal’ and 'temporal’, respectively. Please note that the use of 'posterior’ instead of
'ventral’ often leads to confusion, because both the septal and the temporal poles are present posteriorly.
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Proximal ——

Subiculum

CA1

f Subiculum
ssure

PrS
Distal

PaS

Layer VI
Layer V
Layer Il
Layer Il

MEC

FIGURE 1.1: Anatomy of the hippocampal formation. On the left, a schematized rodent brain,
showing the hippocampus with the dentate gyrus (DG), CA3 and CA1; the subicular
region including subiculum, presubiculum (PrS) and parasubiculum (PaS) and the
entorhinal cortex divided in the medial (MEC) and lateral (LEC) part. The dashed
line represents the horizontal section shown in the adjacent panel. On the right, the
same regions are depicted with a corresponding color-code. In addition, CA2 and
the layers in MEC are shown. Please note that 'proximal’ and ’distal’ refer to the
horizontal axis of CAl. (Adapted from Moser et al. (2014))

formed by pyramidal cells (present in the cornu ammonis and subiculum): the radial or
deep-superficial axis. Later in the text, | will elaborate on how these three axes are relevant
for pyramidal cell diversity (chapter 3) and on how they link to hippocampal development
(chapter 4).

The reader can appreciate that, although the hippocampus is located internally and is
hidden by the cortical surface, it is not separated anatomically from its partner regions. In
fact, despite its subcortical location, the hippocampus is cortical from a developmental
and evolutionary standpoint. Embryologically it derives from the pallium that in mammals
generates the 6-layered neocortex (dorsal pallium) and the more phylogenetically ancient
allocortex (Medina and Abellan, 2009). More precisely, the medial portion of the pallium
gives rise to the archicortex including the hippocampus proper, dentate gyrus and subiculum,
characterized by 3 layers, whereas the lateral pallium develops into structures with more
than 3 layers that are closely related to the hippocampus by their connectivity and function,
i.e. the entorhinal cortex (EC) (see figure 1.2). EC is anatomically divided into two parts,
lateral entorhinal cortex (LEC) and medial entorhinal cortex (MEC). Despite being adjacent
and sharing the same 4-layered architecture of an allocortical-neocortical transition cortex,
they process distinct types of information and exhibit different connectivity, including
towards the hippocampus (Witter et al., 1989).

The hippocampal formation appears then as a heterogeneous region, composed of
subdivisions having different cytoarchitecture and embryology, although unified by the
anatomical continuity. The main reason why it can be considered an 'operational unit' is the
largely (but not exclusively) unidirectional neuronal circuit formed by its components, with

the entorhinal cortex acting as an interface between the hippocampus and the neocortex,
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since the latter does not provide any direct input to the former (Amaral and Lavenex, 2007).

The hippocampal connectivity will be discussed in more details in the following section.

NEOCORTEX

DP
MP P

Embryo Adult Mammal

FIGURE 1.2: The hippocampus derives from the medial pallium. On the left, a schematic section
of the neural tube at early developmental stages with the pallium subdivided in a
medial (MP), dorsal (DP), lateral (LP) and ventral (VP) portions. On the right, in
the adult brain the hippocampus is derived from the MP, whereas the DP gives rise
to the neocortex. (Adapted from Luzzati (2015))

1.2 The ’revisited’ tri-synaptic loop

As mentioned earlier in the text, intrahippocampal connectivity is constituted by a predom-
inantly feed-forward excitatory pathway. The entry is provided by the entorhinal cortex.
Both medial (MEC) and lateral entorhinal (LEC) cortex layer Il (L2) project to the dentate
gyrus via the perforant path. Then dentate granule cells send axonal terminals to CA3 via
the mossy fibers, and CA3 projects to CA1 through Schaffer collaterals (SC). This circuit,
known for decades under the name of 'trisynaptic circuit’ (Andersen et al., 1971), only
captures a limited fraction of the connections among hippocampal subdivisions. Despite
the functional importance of this pathway, largely responsible for the unidirectionality of

the information flow (Buzsaki, 2013), a number of other projections are worth mentioning.

e The EC layer V (L5) receives projections from both CA1 area and subiculum, and
CA1-to-subiculum connections are also present (Naber et al., 2001).

e CA1 and subiculum are targeted via the temporoammonic pathway by MEC/LEC
axons from layer Il (L3) (Naber et al., 2001).

e Two major inputs to CA3 neurons are provided by MEC/LEC L2 (Witter, 1993) and

by recurrent collaterals originated in CA3 itself.
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e CA2 is also integrated in the synaptic pathway, being contacted by CA3, dentate
gyrus and entorhinal L2 input (Kohara et al., 2014). In turn, CA1 is a known target
of CA2 (Chevaleyre and Siegelbaum, 2010).

e Backprojections exist between the subiculum and CA1 (Xu et al., 2016b), CA3 and
dentate gyrus (Scharfman, 2007).

The ensemble of these connections is schematised in Figure 1.3. As the reader can see,
the relations among subdivisions in the hippocampal formation are more complex than
the classic trisynaptic model describes. A 'revisited' hippocampal circuit emerges in which
multiple loops are integrated in the larger hippocampus-EC network, the EC representing
the gate to/from the neocortex (Buzsaki, 2013). Obviously, this model does not take
into account the complete extrahippocampal connectivity, neuromodulatory innervation or
fine-scale microcircuitry of all areas. These aspects will be treated in further details only
for CAL in chapter 2 of the introduction, since the work presented in this text is related to

this area.

/ Subiculum
L5 Entorhinal -
Q 2 Cortex <::|

CA3

\ Dentate

Gyrus

FIGURE 1.3: Schematic representation of the intrahippocampal connectivity. Dark blue arrows
depict the trisynaptic circuit, with EC contacting the dentate gyrus via the perforant
path, the dentate gyrus sending mossy fibers to CA3, and CA3 contacting CAl via
the Schaffer collaterals. Light blue arrows are connections that were not originally
included in the model and that follow the same directionality. On the contrary, back
projections, running in the opposite sense, are represented by orange arrows. Large
arrows symbolise the flow of (neo)cortical information gated by the EC (Adapted
from Xu et al. (2016b))
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1.3 Roles of the hippocampal formation

Little was known of the intimate relationship between the hippocampus and memory before
Scoville and Milner (1957) reported severe loss of memory in an epileptic patient, patient
H.M., after bilateral surgical removal of the hippocampal formation and the surrounding
medial temporal lobe areas. “After operation this young man could no longer recognize the
hospital staff nor find his way to the bathroom, and he seemed to recall nothing of the
day-to-day events of his hospital life. [...] he did not remember the death of a favourite
uncle three years previously, nor anything of the period in hospital [...]. His early memories
were apparently vivid and intact.”. They conclude that these observations point to “the
importance of the hippocampal region for normal memory function.”.

Since this seminal paper, H.M.'s memory impairment has been replicated and tested in
laboratory animals and a now large body of evidence has confirmed Scoville and Milner's
insight. The current understanding is that the hippocampal formation is an associational
area® of the cerebral cortex intimately linked to mnemonic processes. It contributes to
the encoding, association, consolidation and recall of representations of the external and
internal world through the coordinated firing of neurons in its subfields. The hippocampus,
together with the subiculum, the EC and other regions, is thought to represent specific
life events (places, episodes, items...) by the firing of groups of neurons (assemblies) in a
temporally organized fashion (sequences) (Somogyi and Klausberger, 2017).

It is noteworthy that the citation above already hints at the multitude of features of the
external world that the hippocampus can contribute to encode. The bilateral hippocampal
ablation resulted in a severe anterograde amnesia that made it impossible for H.M. to
retain notions about WHERE, WHAT and WHEN of specific events. Additionally, he could
not recognise people he met (WHO), and was severely impaired regardless of the kind
of memory test, regardless of the kind of stimulus material and of the sensory modality
through which information was presented (Corkin, 2002).

In the following paragraphs, | will give an overview of these types of memory in rodent
and briefly discuss the current understanding of how they can coexist in and be supported
by the same brain region. One central idea of the present work is that such a variety of
mnemonic processes require specialized systems that are able to treat them simultaneously.
Thus, if we accept the notion that the activity of the groups of neurons within the
hippocampus is a neurobiological correlate of memory, we can reasonably speculate that
diversity of functions corresponds to variety of cell types. In a successive section of the

introduction | will emphasise on the description of this variety, focusing on the CA1 area.

1.3.1 Neural correlates of space in the hippocampal formation

In a freely behaving animal, i.e. a mouse, the activity of neurons in the hippocampal

formation is modulated by the animal’s location in space. Place cells were the first class of

3An associational area is a part of the cerebral cortex that processes and integrates information coming
from various other areas of the brain, thus is often linked to complex functions.
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neurons identified by extracellular recording thanks to their property of firing selectively at
one (or few) location(s) in space (O'Keefe and Dostrovsky, 1971). Another way to see it
is that, in any given point of an environment, a subset of hippocampal cells are recruited,
so that different neuronal ensembles map the animal’s location in different environments,
forming what is called a ‘spatial map'. Place cells are predominantly recorded in CAl and
CA3, but can also be found in other regions of the hippocampal formation.

Place cells are memory cells. Two basic observations suggest why this is the case.
First, when the mouse is exposed to an arena for the first time and even in absence of
any cognitive task, the formation of 'place fields’, the receptive fields of place cells, is
almost instantaneous. The neurobiological trace of that specific arena can be stable over
days, weeks or even months, as the same subset of place cells would reactivate in the same
locations (Sheintuch et al., 2017). However, exposing the mouse to another arena causes
the activation of another population of neurons (a phenomenon called 'remapping’) and
these two maps are minimally overlapping (‘orthogonal’) (Leutgeb et al., 2005). Second,
place cells express current as well as past and future locations. This is the most evident when
considering how place cells fire in respect to a hippocampal oscillation that is commonly
recorded by local field potential (LFP), the theta rhythm. The theta rhythm is a slow
oscillatory activity that ranges from 5 to 12 Hz and that dominates the LFP signal during
locomotion and during periods of active engagement in the environment, such as rearing,
exploring an object, as well as during REM sleep. If we observe closely the firing of place
cells within a theta cycle (120-150 ms), we will notice that one or few cells fire maximally
at the trough, as the animal goes through the center of their place field. In the descending
phase (before the trough), place cells whose place field was crossed earlier fire at lower
frequency. The earlier the spikes occur in respect to the trough, the longer distance was
run from the place field. These spikes represent the past location of the animal. Oppositely,
when the animal is approaching a location, the place cells corresponding to it fire more and
more intensely, on the ascending phase of the cycle before reaching the trough*. These
cells code for the future directions.

More recently, the existence of other cell types whose firing is tightly linked to the
motion of an animal in its environment was demonstrated (see figure 1.4). Grid cells are
abundant in the superficial layers of the medial entorhinal cortex and fire at several regularly
space locations, forming a grid-like pattern (Hafting et al., 2005). Head-direction cells
are sensitive to the orientation of the animal's head with respect to the environmental
frame (and not of the animal’s location) and are found in the pre- and parasubiculum, as
well as the entorhinal cortex (Sargolini et al., 2006; Taube, 2007). Border cells, found
mostly in subiculum and EC, are active specifically along one or several borders of the local
environment (i.e. walls of the experimental arena) (Solstad et al., 2008; Lever et al., 2009).
Describing in greater details all these classes is beyond the scope of the present text (cf.
Grieves and Jeffery (2017) for an extensive review); however, it has become clear that

spatially modulated cells (above all place and grid cells) are part of a diverse and entangled

4This phenomenon is called 'phase precession’ (Skaggs et al., 1996)
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network of cell types throughout the hippocampal formation with distinct functions in

spatial representation (Moser et al., 2015).

@ = Path of rat

iF = Spikes

CA3

Place cell | CA1

20 Hz

Head-direction cell. Grid cell

FIGURE 1.4: Space modulated cells in the hippocampal formation. A representative firing plot
is illustrated for each space modulated cell, active when a rat is exploring a square
arena (except for head-direction cell, spikes are red dots, and the black line is the
path taken by the animal). Place cells are mostly found in the hippocampus proper
and fire preferentially in a certain location of the environment. Head-direction cells,
mostly in presubiculum (PrS) and parasubiculum (PaS), are most active at a certain
angle of the animal’s head with respect to arena, regardless of the position. Border
cells in subiculum (Sub) and entorhinal cortex (EC) signal when the animal is next to
the wall (or obstacle) in the environment. Grid cells are mainly found in the medial
EC and fire regularly in a grid-like pattern across the whole arena. DG: dentate gyrus.
Adapted from Marozzi and Jeffery (2012)

1.3.2 Navigation and episodic memory

Nonetheless, H.M.'s cognitive deficits were not exclusively in his sense of orientation in
space, but also extended to episodic memory, which is defined as ‘the ability to recall
events in a spatiotemporal context’ (Sugar and Moser, 2019). Whether navigation is
the prominent feature of the hippocampus and directly supports episodic memory (or
the opposite), is matter of long-lasting debate. Undoubtedly, the last decades of intense
hippocampal research have brought forward the notion that the two might be intimately
related. Two basic observations suggest why this is the case.

First, when the mouse is exposed to an arena for the first time and even in absence
of any cognitive task, the formation of 'place fields', the receptive fields of place cells, is
almost instantaneous. The neurobiological trace of that specific arena can be stable over
days, weeks or even months, as the same subset of place cells would reactivate in the same

locations (Sheintuch et al., 2017). However, exposing the mouse to another arena causes
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the activation of another population of neurons (a phenomenon called 'remapping’) and
these two maps are minimally overlapping (‘orthogonal’) (Leutgeb et al., 2005). Second,
place cells express current, as well as past and future locations. This is most evident when
considering how place cells fire in respect to a hippocampal oscillation that is commonly
recorded by local field potential (LFP), the theta rhythm. The theta rhythm is a slow
oscillatory activity whose frequency ranges from 5 to 12 Hz and that dominates the LFP
signal during locomotion and during periods of active engagement in the environment,
such as rearing, exploring an object, as well as during (rapid eye movement) REM sleep
(Vanderwolf, 1969). If we observe closely the firing of place cells within a full theta cycle
(120-150 ms), we will notice that at the trough one or few cells fire maximally, as the
animal goes through the center of their place field. In the descending phase (before the
trough), place cells whose place field was crossed earlier fire at lower frequency. The earlier
the spikes occur in respect to the trough, the longer distance was run from the place
field. These represent the past location of the animal. Oppositely, when the animal is
approaching a location, the corresponding place cells fire more and more intensely, on the
ascending phase of the cycle before reaching the trough . These cells code for the future
directions (Buzsaki and Moser, 2013).

It should also be noted that the expression of such rhythmic activity, carrying a precise,
population-level organization of neuronal firing is critical for navigation, as well as for
memory-guided spatial tasks. A proof of principle is that perturbating theta sequences
degrades the consolidation of newly acquired memories and affects behavioral performance
(Bolding et al., 2020; Drieu et al., 2018; Robbe and Buzsaki, 2009). Sequences are observed
at several time scales: (i) behavioral time scale (several seconds), the progression of place
cell firing when a rodent is crossing successive fields; (ii) nested within theta oscillations
(hundreds of milliseconds), like mentioned above; (iii) compressed timescale (40-100 ms),
during fast oscillations. | will explain more thoroughly in 2 how these oscillations are
generated in CA1 and how they relate to one another.

Although this remains partially speculative, sequences of neuronal activation seem
to be a common governing principle explaining how the hippocampus provides a flexible
structure to store and bind together ‘snapshots’ of experience. “Although re-experiencing
the past appears as a continuous process, we are consciously aware of only short segments
of the episodes at any one time" (Buzsaki and Moser, 2013). It should be noted that
these segments are associated to one another and can be related to multiple dimensions
of the experience (not only space, but also time, emotional state, motivation, ...). This
view has generated interest because it bridges the gap between the hippocampal spatial
map (O'Keefe and Nadel, 1978) and the function of the hippocampus in the formation of
episodic memory (Scoville and Milner, 1957; Eichenbaum et al., 2007), in which non-spatial
information is an essential compontent. In fact, hippocampal cells have also been shown to
code other features of an experience in their firing rates, and sometimes through sequences,
like time (Eichenbaum, 2014), odors (Allen et al., 2016), task- and context-related variables
(Aronov et al., 2017; Wood et al., 2000), social space (Schafer and Schiller, 2018), to
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mention just a few. Of course, the hippocampus does not operate on its own, and
its interactions with other brain regions are crucial in supporting these many types of
information processes. This is particularly evident when looking at the involvement of the
hippocampus in behaviors with an emotional component, which | will delineate in the next
section. More examples will also be provided by describing behaviorally-relevant pathways
from and to CA1l in chapter 2 and 3.

1.3.3 Hippocampus and Emotions

Historically, the hippocampus was considered the entry and exit point of a large brain
network thought to control emotion, the Papez circuit (Papez, 1937). Although this
terminology is considered outdated nowadays, the link between the hippocampal formation
and affect is currently widely accepted and experimentally investigated. Among those
emotional states that relate to hippocampal activity are fear and anxiety, which promote
adaptive avoidance behaviors to proximal and distal threats, respectively, to safely navigate
in an environment. Hippocampal activity is essential to the induction of fear conditioning,
mostly in respect to the contextual component of an aversive episode (Corcoran and Maren,
2001; Jimenez et al., 2020; Kim and Fanselow, 1992). In addition, some studies showed
that hippocampal inactivation can also block tone-cued fear memory, that is regardless
of the context (Hunsaker and Kesner, 2008; Maren and Holt, 2004). For the execution
of fear-related behavioral response, such as freezing in rodents, reciprocal connections
between the amygdala and the temporal-most aspect of the hippocampus are known to be
crucial (Tovote et al., 2015).

Similarly, lesions of the ventral hippocampus reduce avoidance response when rodents
are exposed to potential threats, such as cat odor (Pentkowski et al., 2006), or to an
elevated plus maze, a test commonly used to probe anxiety-like behavior (Kjelstrup et al.,
2002). Manipulation of the hippocampus itself or its inputs and cortical outputs can directly
impact these responses (Felix-Ortiz et al., 2013; Padilla-Coreano et al., 2016; Parfitt et al.,
2017), suggesting that they form a functional circuit that processes emotional information.

Not surprisingly, owing to its connectivity to cortical, striatal and hypothalamic regions,
the hippocampus occupies a key position to control alertness and stress. First, it exerts
strong regulatory control of the hypothalamic-pituitary-adrenal axis. It was shown that
hippocampal lesions impair modulation of the hormonal stress response (Dedovic et al., 2009;
Jacobson and Sapolsky, 1991) and that increase of stress hormones, such as glucocorticoids,
can induce hippocampal dysfunction (McEwen and Magarinos, 1997). Second, the temporal
pole of the hippocampus can bimodally regulate locomotion (Bast et al., 2001; Zhang
et al., 2002), supposedly through the interaction with the nucleus accumbens of the ventral
striatum and the dopaminergic system (Peleg-Raibstein and Feldon, 2006; Rosen et al.,
2015). These observations are also coherent with the engagement of hippocampal activity
in goal-directed behaviors (Schumacher et al., 2018; Yoshida et al., 2019) and the presence
of specific neurons that signal the presence (or lack thereof) of a seeked reward (Ciocchi
et al., 2015; Gauthier and Tank, 2018).
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As an additional proof of the importance of the hippocampal region in mood and affect,
some psychological disorders with strong affective components, such as posttraumatic stress
disorder, bipolar disorder, and depression, are associated to decreased hippocampal volumes
and hippocampal dysfunction in patients (Bonne et al., 2008; Frey et al., 2007). From a
behavioral perspective, the feature these conditions share in common is that avoidance

responses are exacerbated or occur in absence of a specific threat (Kheirbek et al., 2012).
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2. CA1l anatomy and Physiology

2.1 Cytoarchitecture and cell types

CA1 is the area of the hippocampus with the simplest cytoarchitectural organization. It is
divided in 4 layers, according to the orderly arrangement of cells and afferent fibers (see
figure 2.1). The stratum pyramidale, or pyramidal cell layer, comprises the large majority
of glutamatergic principal cells (also called pyramidal cells) and form a relatively compact
sheet of approximately 5-to-10 somata in mice. These cells extend a prominent apical
dendritic tree in one direction, and smaller yet more numerous basal dendrites in the other.
The latter is the called stratum oriens and is located between the pyramidal layer and the
alveus. It contains excitatory fibers arising from CA3, CA2 and entorhinal cortex to a lesser
extent, as well as interneurons. The former is further subdivided in the stratum radiatum
and the stratum lacunosum-moleculare. Both are enriched with a variety of interneuron
classes but can be grossly distinguished by the presence of CA3 Schaffer collaterals and
temporo-ammonic fibers from EC, respectively. In addition, the pyramidal apical dendrite
forms in the stratum radiatum one or more two main branches, as well as oblique dendrites
(proximal dendrites), and ramifies more conspicuously in the stratum lacunosum-moleculare
in what is called the 'dendritic tuft’ (distal dendrites) (Amaral and Lavenex, 2007).

2.1.1 Pyramidal cells in CA1

Pyramidal cells are the most numerous neuron class in CA1, representing almost 90% of
the all neurons (Bezaire and Soltesz, 2013). They are glutamatergic projection neurons
with their axon contacting regions located several millimeters away from the hippocampus.
The fundamental role of pyramidal cells is to integrate excitatory and inhibitory input
originating from different sources, and to provide an output to intra- and extrahippocampal
targets. Although this is a general principle of neuronal networks, it is even more prominent
for pyramidal cells, if we consider their stance within the hippocampal circuitry. Since
CALl is the 'gateway region’ between the hippocampus and the EC (as well as many other
extrahippocampal regions)®, the activity of these cells can arguably be seen as the readout
of the hippocampus as a whole.

Information processing in the hippocampus is often interpreted in a framework of the

dynamic interaction between a large population of principal neurons and a plethora of

5According to the nomenclature used, CA1 shares this feature with the subiculum as well.
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FIGURE 2.1: Laminar composition of CA1 field of the hippocampus. A) Nissl staining of a coronal
section including the dorsal pole of the hippocampus, from the publicly available
Allen Brain Reference Atlas for mouse. B) Magpnification of the dashed rectangle
in A, showing the laminar composition of CAl and the corresponding dendritic
compartments of a stylized pyramidal cell. From top to bottom, alveus, below the
cortex (Cx) and containing axons from principal cells; stratum oriens (so); stratum
pyramidale (sp), where most pyramidal cell somata are found; stratum radiatum
(sr) and stratum lacunosum-moleculare (slm), above the dentate gyrus (DG). CAl
pyramidal cells extend their basal dendrites in the so and proximal and distal apical
dendrites in the sr and slm, respectively.

highly heterogeneous interneuron classes (Klausberger and Somogyi, 2008). This model
emphasizes on the description of these classes and how they organize local inhibition onto
pyramidal cells in a spatially and temporally segregated manner.

Although it has been extremely useful in the mechanistic explanation of the neurophysiol-
ogy of CA1 microcircuitry (see section 2.2), an essential aspect is largely overlooked and has
come to gain more attention in the last decade. Pyramidal cells are a not a monolithic cell
type, with a constant phenotype, but present an appreciable degree of diversity (Slomianka
et al., 2011; Soltesz and Losonczy, 2018; Cembrowski and Spruston, 2019; Mallory and
Giocomo, 2018). Importantly, the heterogeneity observed within pyramidal cells, ranging
from morphology to connectivity or firing in vivo, is not chaotic or unorganized, but rather
follows topographic gradients matching the three axes of the hippocampus. The existence
of pyramidal cell diversity raises the intriguing possibility that different subpopulations
might differentially subserve specific mnemonic processes. | will treat extensively this topic
(chapter 3), and jointly with the experimental results of the present work, | will suggest

(chapter 4) that these 'axes of diversity’ are developmentally defined.

2.1.2 GABAergic interneurons in CA1

As mentioned above, GABAergic interneurons are characterized by their pronounced diversity

(Ascoli et al., 2008). At present, there is only partial consensus on how to subdivide them.
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A given classification criterion (such as neuropeptide expression, morphology, physiology...)
might capture some level of heterogeneity and neglect others. In fact, in the light of modern
technological advances even the existence of defined interneuron classes (as opposed to a
continuum of cell phenotypes) appears questionable (Harris et al., 2018). However, in figure
2.1, | synthetically present the main interneuron types in respect to the spatial organization
of their synaptic innervation onto pyramidal dendritic compartments, pyramidal cells being
the focus of this work (for a more exhaustive description, see Klausberger and Somogyi
(2008)).

Interneuron type:

Bistratified cell

' PV basket cell

OLM cell
. Axo-axonic cell
Synapse:
O Inhibitory
‘(\?/O/ ‘ « Excitatory
.7

FIGURE 2.2: Schematic representation of the main interneuron classes innervating different com-
partments of CAl pyramidal cells. In green, a bistratified cell forms synapses onto
basal and proximal distal dendrites, where excitatory input from CA2/CA3 is most
represented; in red, parvalbumin (PV)-expressing interneurons innervate the peri-
somatic region; in light blue, an oriens/lacunosum-moleculare (OLM) cell targets the
distal dendritic compartment, similarly to EC axons; in beige, axo-axonic cells can
control pyramidal cell firing via direct innervation of their axons.

e Peri-somatic innervating interneurons are named basket cells due to their abun-
dant axonal arborization around the pyramidal soma and proximal dendrites. This
rich somatic innervation grants them a privileged role in modulating the firing activity
of pyramidal cells and in the generation of oscillatory ripples (see section 2.2) (Gan
et al., 2016). Basket cells are either parvalbumin (PV) or cholecystokinin (CCK)
expressing interneurons. PV+ interneurons have their soma within or in the prox-
imity of the pyramidal layer, dendrites spread across all layers and are mostly fast
spiking. CCK+ cells can be located either around the stratum pyramidale or at
the radiatum/lacunosum-moleculare border and express endocannabinoid receptor 1

(CB1R) at the presynaptic site.

e Axon innervating interneurons, also called axo-axonic or chandelier cells. The
soma is found within or near the stratum pyramidale, and their dendrites are spread
across all layers of CA1l. They contact the axon initial segment of pyramidal cells,

through which they control the generation and back-propagation of pyramidal action
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potentials through fast spiking activation. Unlike PV-basket cells, they are inhibited
during sharp wave-ripples (Klausberger and Somogyi, 2008).

e Dendrite innervating interneurons include several subfamilies, among which
oriens/lacunosum-moleculare (OLM) cells, bistratified cells, Schaffer collateral-
associated cells, perforant path-associated cells. Beside the differences in their
physiology and expression of neuropeptides, a common underlying principle is that
they associate their synapses mainly with one of the major glutamatergic input zones,
thus supporting a pathway-specific regulation of pyramidal cell activation (Somogyi
and Klausberger, 2017). For instance, (i) the axon of OLM interneurons contacts
the apical dendritic tuft of pyramidal cells in the same location as the EC input;
(i) bistratified cells innervate principal neurons in the stratum oriens and radiatum,
matching the distribution of Schaffer collateral fibers (Miiller and Remy, 2014).

e Other classes include long-range projecting GABAergic neurons, whose targets are
located outside CA1, and interneuron-specific interneurons, that do not contact

pyramidal cells.

2.2  Microcircuitry and neurophysiology

When recorded extracellularly, the CA1 network exhibits distinct oscillations at various
frequencies and these are correlated with certain behaviors or brain states. The common
understanding of how they are generated is that, in combination with excitatory input
(mainly CA3 and EC), various classes of interneurons cooperatively support the firing of
specific ensembles of pyramidal cells (Klausberger and Somogyi, 2008). This is made
possible by compartmentalization of their axonal targets on pyramidal dendrites, as well as
by the temporal organization of interneuron activation during these events. The following
are the main oscillatory activities that can be recorded extracellularly in CA1 (figure 2.3).
As mentioned in section 1.3.2, theta rhythm is a slow frequency oscillation (5-12 Hz),
observed in the entire hippocampal region during locomotion, memory tasks and REM
sleep (Vanderwolf, 1969). When a CAl pyramidal cell fires, for example, because the
animal entered the cell’s place field, it can fire with bursts of action potentials that are
modulated by the theta rhythm and are subject to phase precession on subsequent theta
cycles. This rhythmic activation changing in rate and phase cannot be solely explained by
entorhinal input in the stratum lacunosum-moleculare, where the theta signal is robust and
highly regular (Buzsaki, 2002). It has become clear that pyramidal cells are periodically
inhibited and display the lowest firing probability at the peak of the theta cycle, which is
when axo-axonic interneurons are the most active. PV+- and CCK+-basket cells fire at the
descending and ascending phase of the cycle, respectively. On the contrary, at the trough
place cells receive little inhibition on the somatic region (thus the high firing probability)
but are hyperpolarized by GABA release at various dendritic compartments due to OLM and
bistratified cells, among others. On average, Pyramidal cells fire action potentials at a time

when the soma is most depolarized and after the discharge of PV+ basket and axo-axonic
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FIGURE 2.3: Distinct local field potential (LFP) patterns in the hippocampal circuit and cell-type
specific recruitment. A) Left, LFP trace of theta oscillations from CA1 pyramidal cell
layer of rodent hippocampus recorded during REM sleep (filtered theta oscillations
(4-10 Hz) in gray tone). Middle, LFP trace of theta-nested gamma oscillations (30-80
Hz) from the previous trace (black rectangle). Right, LFP trace of an individual
hippocampal sharp wave-ripple (SPW-R, upper trace) and band-pass filtered ripples
(100-300 Hz, lower trace, marked with dashed lines) recorded during slow wave
sleep (SWS). Adapted from Caliskan and Stork (2019). B) Temporal relationships
between hippocampal oscillations and 6 cell types, including GABAergic interneurons
cited above and pyramidal cells. Left, firing probability histograms during theta
oscillations. Note that pyramidal cell firing probability is lowest at the theta peak,
when axo-axonic cells fire maximally and the sum of CCK- and PV-expressing basket
cell firing probability is also maximal. Middle, depth of firing modulation during
gamma waves (r). Here, bistratified cells show the highest gamma coupling, and
most of their dendrites are in the input zone from CA3 pyramidal cells which are
strongly modulated by (slow) gamma oscillations. Right, firing probability histograms
centered on the ripple peak. Axonal inhibition from axo-axonic cells is withdrawn,
allowing maximal pyramidal cell discharge synchronized by PV-expressing basket and
bistratified cells. Adapted from Somogyi et al. (2014).

cells. In parallel, dendritic hyperpolarization may contribute to 'resetting’ pyramidal cell

firing, by reactivation of voltage sensitive channels (Somogyi and Klausberger, 2005).
Theta activity often occurs in concert with gamma oscillations, at higher frequency

(25-100 Hz) but smaller amplitude (Csicsvari et al., 2003). Although not restricted to a
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single brain region or behavioral state, gamma rhythms are of particular interest in the
hippocampal framework. In the CA1 region, at least two distinct gamma oscillations coexist,
with opposite theta phase preferences, distinct spatial distributions in CA1 input-layers,
and different frequency ranges (Colgin, 2016). Gamma in the 25 to 55 Hz frequency band
(or 'slow gamma') is mostly present in the stratum radiatum, has higher amplitude in the
theta peak/descending phase and is driven by CA3. By contrast, EC input entrains 'fast
gamma’ (60-100 Hz), which is the strongest in the stratum lacunosum-moleculare at the
theta trough (Colgin et al., 2009; Schomburg et al., 2014). In a similar fashion to what
has been shown for theta oscillations, CA1 interneuron classes are differentially modulated
by separate gamma frequencies in behaving or anesthetized rats (Klausberger and Somogyi,
2008; Lasztéczi and Klausberger, 2014).

Sharp wave-ripples (SPW-R) represent brief transitory network state recorded in CAl
during awake immobility and consummatory behaviors (drinking, eating, grooming...), as
well as slow-wave sleep (Buzsaki et al., 1983). They consist of a large negative deflection
of the field potential recorded in the stratum radiatum, accompanied by a high frequency
(140-200 Hz) oscillation in the stratum pyramidale, lasting 50 to 100 ms. Despite being
temporally coupled, sharp waves and the ripple events are thought to have different
mechanistic origins. Sharp waves are explained by a massive synaptic input in the stratum
radiatum, which is in turn largely due to a synchronous discharge of CA3 pyramidal cells
(Buzsaki, 1986) (CA2 is also a potential trigger (Oliva et al., 2016b)). By contrast, ripples
are generated locally in CA1 by specific interneurons (Somogyi and Klausberger, 2005).
While axo-axonic and OLM interneurons are silenced, bistratified and PV+4-basket cells
increase their firing during the ripple, inducing rapid cycles of hyperpolarization. Thus, in
combination with the strong excitation from CA3 area, this might produce pyramidal cell

discharges at the ripple frequency.

2.3 Oscillations and memory

The description and mechanistic dissection of hippocampal oscillations illustrate the need
for the existence of numerous specific types of interneurons supporting temporally organized
pyramidal cell and, ultimately, network activity. As mentioned previously, these are not
mere epiphenomena of hippocampus neuronal firing, but are the neurobiological correlates
of cognitive states, and more specifically mnemonic processes (Colgin, 2016).

The most parsimonious way to explain how we form new memories is to suppose the
existence of two main stages (Buzsaki, 1989). First, the hippocampus rapidly encodes
information of an ongoing experience during wakefulness in the form of a memory trace.
Then, during ‘offline periods’, memory traces are reactivated by the hippocampus, thus
allowing the long-term storage in cortical networks or strengthening associations between
traces in different brain regions (O'Neill et al., 2010). In addition to this, when the
behavioral context requires it, memories need to be retrieved. The coupling of theta-

gamma rhythms is thought to be critical for the encoding of memory and its successive
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FIGURE 2.4: Neuronal sequences are expressed in CAL at different time scales. A) Spikes from
successively activated place cells (bottom) as a rodent passes through the cells’
place fields in a particular trajectory on a linear track (top). B) Schematic drawing
illustrating theta oscillations recorded during exploration (top) and place cell sequences
within a theta cycle (theta sequences). Note how spikes occur at progressively earlier
theta phases across successive theta cycles (phase precession). C) Example of sharp
wave—ripple (SPW-R, top) recorded during rest after exploration of the linear track
and a bandpass filtered (150-300 Hz) version of the sharp wave—ripple is shown
immediately. Spikes from the same place cells (forming an assembly) reactivate
during SPW-R in the same order as in exploration. Note the much faster timescale.
Adapted from Colgin (2016)

recall. When a mouse is exploring a novel environment (i.e. a linear track, figure 2.4), a
subset of CA1 pyramidal neurons will respond to defined aspects of the experience, e.g.
location (as well as context, sensory cues, emotional state...) and will synchronize their
firing within a theta cycle. This group of co-active neurons is called a cell assembly (Harris
et al., 2003). During each single cycle (about 125 ms), they activate one after the other
in a coordinated fashion, producing a so-called 'theta sequence’ (Skaggs et al., 1996).
These orderly discharges, nested within a theta cycle, are modulated by gamma oscillations,
whose shorter time window is in the same range of what predicted by spike-dependent
synaptic plasticity (Buzsaki and Draguhn, 2004). In other words, gamma would allow the
binding of those cells whose activity carries related information (an assembly); theta would
coordinate these assemblies into discrete 'chunks’ of experience that are linked together
at the behavioral scale and collectively form a memory trace (Colgin, 2016). There is
increasing evidence that distinct gamma sub-bands are selectively involved in either memory
encoding or recall. Fast gamma, driven by the entorhinal cortex and most prominent in CAl
lacunosum-moleculare, is likely to support the transfer of processed sensory information
during learning. Oppositely, slow gamma might help CA3-CA1 coordination during retrieval
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of a past experience (Tort et al., 2009; Shirvalkar et al., 2010; Siegle and Wilson, 2014).
In section 2.5, the importance of neuromodulation by acetylcholine in this transition will
be further discussed.

After the mouse has explored the environment, previously active neuronal sequences
can be reinstated in a temporally compressed manner, the so-called 'replay’ during sharp
wave-ripples (Nadasdy et al., 1999) (figure 2.4. As mentioned above, this occurs at times
of immobility or slow wave sleep post-experience and has been causally linked to memory
consolidation (Girardeau et al., 2009). According to the current theory, long-term storage
is supported by the transfer of the memory trace from the hippocampal formation to
the neocortex and highly synchronous activity associated to sharp wave-ripple events is a

candidate mechanism for hippocampo-cortical coordination (Girardeau and Zugaro, 2011).

2.4 Long-range connectivity

In addition to the intrahippocampal circuitry, CA1 presents a rich structural and functional
connectivity with many other brain areas. In this section, | will schematically present the
main afferents and efferents, giving account of the behavioral or cognitive processes in

which these pathways are involved.

e The prefrontal cortex is one of the main targets of the hippocampus, attracting a
great deal of scientific interest. The organization of CA1 projections to the neocortex
has been the object of extensive tracing studies (Groen and Wyss, 1990; Verwer et al.,
1997) that revealed axon terminals innervating a wide portion of the frontal lobe in
rat. Specifically, the septal pole of CAl sends projections mainly to the retrosplenial
(RSC) and the anterior cingulate area (ACC). The infralimbic (IL), prelimbic (PL)
and perirhinal (PRC) cortices are favored by the ventral pole. Cenquizca and Swanson
(2007) complemented these findings and identified structural connections that were
previously neglected. Ventral CAl neurons appear to also contact olfactory-related
regions (orbitofrontal, piriform area and accessory olfactory bulb) and, to a lesser

extent, other cortical associational areas.

CA1 projections to IL/PL have traditionally been associated to spatial memory and
goal-directed tasks (Burton et al., 2009; Hok et al., 2005), especially from the
dorsal pole. More recently, ventral hippocampal-prefrontal interaction was found
to be a key player in anxiety (Ciocchi et al., 2015; Padilla-Coreano et al., 2016;
Padilla-Coreano et al., 2019), social recognition (Phillips et al., 2019; Sun et al.,
2020a) and modulation of fear memory (Marek et al., 2018; Twining et al., 2020), in
concert with the amygdala. It is crucial to mention that the prefrontal cortex does
not provide input to the hippocampus, despite this rich innervation originating from
CA1 (Cassel et al., 2013).

e The nucleus reuniens (Re) is a small portion of the midline thalamus that forms a

tripartite network with the prefrontal cortex and the hippocampus and is thought to
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serve as a ‘relay’ between the two regions. Cassel and colleagues (2013) discussed
the functional relevance of the circuit, that appears to be crucial in the acquisition
and retrieval of memory in goal-directed or spatial tasks requiring “the coordinated

activation of prefrontal cortex and the hippocampal system”.

From a structural standpoint, this is supported by numerous experimental findings.
First, the Re provides excitatory input in the stratum lacunosum-moleculare of CA1
(Witter et al., 1989; Wouterlood et al., 1990) and forms a disynaptic circuit with CA1
through the subiculum (McKenna and Vertes, 2004). Second, the nucleus reuniens is
bidirectionally connected to the prefrontal cortex, mainly IL, PL and more weakly to
ACC (Vertes, 2006). These findings were confirmed in two studies using retrograde
tracers (fluorogold and cholera toxin subunit B), which additionally showed that
hippocampal projections are denser from ventral than dorsal CA1 (Hoover and Vertes,
2012; Varela et al., 2014). Importantly, almost 10% of Re projecting neurons present
collaterals in both the hippocampus and the prefrontal cortex, supporting the notion

of Re as a relay between the two structures.

e Amygdala.There is considerable evidence implicating the hippocampus-amygdala
circuit in conditioned fear. A pioneering study showed that lesions in either the
hippocampus or the amygdala abolished fear conditioning to an electric foot-shock,
specifically when it was dependent on the context (conditioning apparatus), and not
on auditory cues (Phillips and LeDoux, 1992). Furthermore, recent studies have
suggested that inactivation of either dorsal or ventral hippocampal pyramidal neurons
can differentially affect specific aspects of contextual fear conditioning. Goshen et al.
(2011) found that dorsal CA1 inactivation impaired both fear memory acquisition and
retrieval, whereas the same manipulation in the ventral pole resulted in the disruption
of memory consolidation only, but not encoding or retrieval (Zhu et al., 2014). Other
than fear conditioning, in the past ten years the functional relevance of this pathway
was extended to anxiety (Felix-Ortiz et al., 2013; Pi et al., 2020), social (Felix-Ortiz
and Tye, 2014) and consumptive behavior (Ewin et al., 2019). How these different
aspects coexist and interact is still not clear, however one should not forget that
many regions are simultaneously involved in these cognitive operations. In addition,
the amygdala is a composite structure, formed by several nuclei, each with its own

specific cellular composition, physiology and connectivity (Pitkdnen et al., 1997).

Anatomically, projections to the basal, basomedial and accessory basal nucleus of
amygdala originate mostly from the ventral end of CA1 and the subiculum (Canteras
and Swanson, 1992; Groen and Wyss, 1990). Pitkdnen and colleagues gathered
evidence of the bidirectionality of these connections (Pikkarainen and Pitkédnen, 2001;
Pitkanen et al., 2000). They highlighted how the same basal nuclei send axons back
to the ventral hippocampus. Furthermore, they found that the central and medial
portion of the amygdala are outputs of the ventral pole of CAl as well, but only the

medial nucleus appears to provide input.
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e The nucleus accumbens (NAcc) of the ventral striatum is composed of a core,
surrounded by an external shell and plays a key role in reward learning and motivated
behavior (Humphries and Prescott, 2010). Most structural and functional studies
in relation with the hippocampus have focused on the NAcc shell. Indeed, synaptic
tracing initially brought to light the existence of a ventral CA1-NAcc shell connection
(Britt et al., 2012; Kelley and Domesick, 1982; Groen and Wyss, 1990) 6 Later,
the manipulation of this pathway was shown to alter spatial reward-seeking behavior
(Britt et al., 2012; Ito et al., 2008; LeGates et al., 2018). It should be noted that a
direct route from dorsal CAl was proved essential in recruiting NAcc shell neuronal
ensembles in a conditioned place preference assay (Trouche et al., 2019), challenging

the notion that these projections originate only from the ventral pole.

In addition, another functional circuit including hippocampus-NAcc projections was
unraveled by the collective effort of several teams (see review by Okuyama (2018)).
In a nutshell, hypothalamic supramammillary body contact dorsal CA2, and can
drive principal cell firing in response to social novelty (Robert et al., 2020; Chen
et al., 2020). CA2 in turns projects to ventral CA1 pyramidal neurons, which are
functionally connected to the nucleus accumbens shell. This circuit is modulated by
oxytocin (Raam et al., 2017; Tirko et al., 2018) and a large body of evidence proved
its crucial implication in the expression of social memory, i.e. recognizing familiar
versus unknown conspecifics (Chen et al., 2020; Hitti and Siegelbaum, 2014; Meira
et al., 2018; Rao et al., 2019; Okuyama et al., 2016).

e The septal region and the hippocampus are reciprocally connected (Raisman, 1966;
Nyakas et al., 1987). The medial septum (MS) and diagonal band of Broca (DBB)
send cholinergic afferents in CA1 onto all types of neurons, with a bias towards
interneurons, whereas GABAergic afferents specifically contact CA1 interneurons
(Freund and Antal, 1988). Septo-hippocampal back-projections to MS and DBB
arise from long-range GABAergic cells, and not from principal cells (Takacs et al.,
2008). Collectively, MS and DBB form a complex whose input to the hippocampus
is involved in the generation of theta oscillations. Indeed, MS cholinergic afferent
stimulation in CA1 increases frequencies in the theta-band, while abolishing SPW-R
(Vandecasteele et al., 2014). Conversely, inhibition of the MS-DBB complex abolishes
theta oscillations, which in turn leads to learning impairments (Lawson and Bland,
1993; Leutgeb and Mizumori, 1999). In addition, a causal link between memory
retrieval and GABAergic input from MS was recently established in a contextual fear
paradigm (Sans-Dublanc et al., 2020).

The lateral part of the septum (LS) is richly innervated by CA1 (Alonso and Kéhler,
1982; Arszovszki et al., 2014; Groen and Wyss, 1990) in a topographic manner (see

section 3.1 (Risold and Swanson, 1997)). It is noteworthy that almost all neurons

®However, synaptic terminals found in the core might control the formation and retrieval of memory in
a drug-induced place preference paradigm (Zhou et al., 2019)
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send collaterals to the lateral septum and that many of these axons collateralize to
multiple extrahippocampal targets (Calderazzo et al., 1996; Swanson et al., 1981).
Recently, it was quantitatively demonstrated that bifurcated neuronal trajectories
including the LS (i.e. LS 4+ NAcc, LS + mPFC, LS + lateral hypothalamus) are
significantly more represented than others (Gergues et al., 2020). Although the
importance of each of these motifs is not elucidated yet, a few studies probed the
role of CA1-LS projections and pointed at an implication in innate behaviors, such as
feeding and foraging-related memory (Sweeney and Yang, 2015; Davis et al., 2020),
response to threat (Chee et al., 2015) and anxiety (Parfitt et al., 2017; Anthony
et al., 2014).

e Axonal innervations to the hypothalamus from ventral CA1 have been related to
food intake (Noble et al., 2019), anxiety (Jimenez et al., 2018) and social behavior
(Lo et al., 2019). This is not dissimilar from other projectional motifs mentioned
previously, like with the prefrontal cortex and the septum. Although we cannot
yet clearly discern the single contribution of each pathway, this body of evidence
seems to converge on one observation. The hippocampus receives and integrates
a multitude of exogenous (spatial, contextual, sensory cues...) and endogenous
(endocrine, emotional, motivational...) signals to regulate innate and learned
behaviors (Tannenholz et al., 2014). As a proof, the densest projections are found in
lateral area of the hypothalamus (LHA, but also in the anterior and the ventromedial
nuclei) (Cenquizca and Swanson, 2006; Groen and Wyss, 1990). A subpopulation
expressing MCH (melanin-concentrating hormone) in LHA is reciprocally connected to
CA1 and the MCHR1 receptor is heavily expressed along the entire hippocampal long
axis (Chee et al., 2013; Lembo et al., 1999). Synaptic terminals from MCH+-cells
were recently discovered in the dorsal pole and shown to be involved in the process of
forgetting associated to REM sleep. Indeed, their chemogenic inactivation increased
memory performance in different hippocampus-dependent behavioral tasks (Izawa
et al., 2019). Furthermore, MCH signaling onto ventral CA1 appears to modulate
impulsivity in feeding, in line with its known role in food intake (Kowalski et al.,
2004).

e The bed nucleus of stria terminalis receives heavy projections from, among other
areas, the hippocampus and basolateral amygdala, and in turn targets hypothalamic
and brainstem nuclei that mediate many autonomic and behavioral responses to
aversive or threatening stimuli. Recent studies have shown that the bed nucleus of
the stria terminalis does participate in certain types of anxiety and stress responses
(see reviews by Walker et al. (2003) and Adhikari (2014)).

Finally, other structures exhibit some degree of connectivity with CA1, but their
relevance has only been started to be investigated. Two examples are the Edinger-Westphal
nucleus (Li et al., 2018) and the nucleus incertus (Szényi et al., 2019).
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FIGURE 2.5: Main extra-hippocampal inputs and outputs of CA1. Each region is stylized in coronal
sections reporting their location in the brain. Connections are color-coded (gray arrow:
glutamate, purple dot: GABA, beige square: acetylchole) and behavioral functions
associated to each pathway are summarized (see text for specific references). Please
note that the arrangements of regions does not correspond to the septo-temporal
organisation of these projections. Medial prefrontal cortex (mPFC), nucleus reuniens
(Re) of the thalamus, lateral septum (LS), medial septum (MS), diagonal band of
Broca (DBB), amygdala (Amy), nucleus accumbens (NAcc), lateral hypothalamic
area (LHA).

2.5 Neuromodulation

Intuitively, we know that not all experiences are turned into actual memories. Some sort of
filter must operate to select and store only the most salient events for a certain behavioral
context. A proposed mechanism by which this happens is through neuromodulation of
the hippocampal network. Acetylcholine, serotonin, dopamine, and several neuropeptides
are released in association to certain cognitive states (arousal, stress...) or in response
to specific stimuli (reward, pain...) and exert a variety of effects on synaptic plasticity.
As mentioned above, dynamic changes in the strength of neurotransmission between

neurons are thought to underlie the association (or loss thereof) of cell assemblies, making
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neuromodulation a well-suited candidate for controlling this process (Palacios-Filardo and
Mellor, 2019). The main neuromodulatory systems acting on CA1 are listed here, in an

attempt to illustrate how their orchestrated action is linked to memory processes.

Cholinergic system

During exploration and concomitantly with theta-gamma oscillations, acetylcholine levels
are increased in the hippocampus (Marrosu et al., 1995). This neurotransmitter is released
by afferents exclusively originating from the MS-DBB complex, which is involved in the
generation of theta rhythms. Indeed, application of scopolamine, a cholinergic receptor
antagonist, suppresses electrically-induced hippocampal theta oscillations (Siok et al.,
2006). Both pyramidal cells and interneurons of practically all hippocampal fields are
sensitive to acetylcholine, which acts on a combination of fast nicotinic (ionotropic) and
slow muscarinic (metabotropic) receptors. The wide range of receptor subtypes and their
heterogenous expression localization enables this neurotransmitter to modulate cellular
and network activity and behavior in a complex manner (Teles-Grilo Ruivo and Mellor,
2013). At synapse level, long-term potentiation (LTP) is enhanced by cholinergic receptor
activation (Leung et al., 2003). However, reducing acetylcholine levels seems to cause
attentional deficits, rather than direct memory impairment (see review by Micheau and
Marighetto (2011)). At cell level, acetylcholine depletion compromises the formation of
new place fields, without influencing the basic properties of place cells (Ikonen et al., 2002).

In the attempt to bring these elements together, Hasselmo and colleagues proposed that
acetylcholine modulates hippocampal function by favoring the switch between two different
network states (Hasselmo et al., 2002; Hasselmo, 2006). At times of attentional demand,
high acetylcholine promotes memory encoding by enhancing the influence of entorhinal
input carrying new sensory information at the trough of each theta cycle. Consistently
with the notion that the cholinergic stimulation induces LTP, this creates a window for
updating synaptic weights, and possibly cell assemblies. Oppositely, at theta peak, the
CA3 recurrent network is more likely excited and its input onto CA1 is predominant. This
is when already established associations are reactivated for memory recall (Hasselmo et al.,
2002; Hasselmo, 2006). Recent experimental evidence appears to support this fascinating
model (Douchamps et al., 2013; Betterton et al., 2017; Palacios-Filardo et al., 2020; Udakis
et al., 2020).

Serotonergic system

Despite the historical importance of serotonin in the study of synaptic plasticity as a molec-
ular and cellular correlate of memory (Carew et al., 1971; Kandel, 2004), its contribution to
hippocampal function is not clear. The hippocampus receives serotonergic input from the
dorsal and medial raphe nuclei located in the brainstem (Vertes, 1991; Vertes et al., 1999).
Recent studies have shown that the serotonergic system promotes plasticity in CA3-CA1
(Teixeira et al., 2018) or EC-CA1 (Cai et al., 2013) synapses. In addition, the global effect
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FIGURE 2.6: The cholinergic system and memory. Acetylcholine (Ach) is thought to promote a
network switch between memory encoding and memory retrieval. When Ach is high,
entorhinal (EC) predominates and drives CAl activity, as witnessed by the stronger
fast gamma in the LFP. When Ach is low, the network is entrained by recurrent
connections in CA3, which becomes the main input of CAl. Here, slow gamma is
predominant. Adapted from Colgin (2016) and Hasselmo (2006)

of raphe innervation is likely distinct in the dorsal versus ventral poles. Knowing that the
latter has a preferential role in emotional and anxiety-related behaviors, it was suggested
that serotonin tone encodes the threat- or reward-related salience of signals processed by
the hippocampus (Mlinar and Corradetti, 2018; Yoshida et al., 2019). A role in the control
of attention in hippocampus-dependent tasks was also recently proposed (Li et al., 2018).
A unified role of the neuromodulator can hardly emerge from this variety of phenotypes
from the cellular to behavioral level. What is to be kept in mind is that a plethora of
receptor types and molecular cascades are expressed by all cell types present in CAl and

these can operate in synergistic or opposing ways (Meneses, 2013).

Dopaminergic system

Two midbrain nuclei send dopaminergic axons to the hippocampal region, the ventral
tegmental area (VTA) and the locus coeruleus (LC). While in earlier studies, the contribution
of VTA to dopamine levels was considered the most prominent (Lisman and Grace, 2005),
this is now put into question. More recently, the LC was found to send dense projections
and it is now seen as the key source of dopamine release, at least in the dorsal aspect
of the hippocampus (Kempadoo et al., 2016). Overall, several studies have linked this
neuromodulatory system and the encoding of novelty of an experience (Wagatsuma et al.,
2017; Takeuchi et al., 2016). The novel component might be crucial in everyday life to

select which memory traces will be turned from labile associations to stable representations.
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Indeed, enhancing dopaminergic input can induce hippocampal synaptic strength through
metabotropic receptors (Li et al., 2003; Lemon and Manahan-Vaughan, 2012) and ultimately
facilitate learning and memory consolidation (Kempadoo et al., 2016; McNamara et al.,
2014).

Interestingly, both VTA and LC can co-release dopamine and norepinephrine at their
synaptic targets, and the individual effect of either neuromodulator is the object of some

controversy (Palacios-Filardo and Mellor, 2019).

Cannabinoid modulation

Endocannabinoids, e.g. anandamide and 2-arachidonoylglycerol, are lipidic signaling
molecules acting at the synapse on metabotropic receptors CB1R and CB2R (Castillo
et al., 2012). In the CAL field of the hippocampus, endocannabinoids can be released at
the post-synaptic sites by pyramidal cells onto CCK-expressing interneurons, that highly
express CB1R receptors, and onto Schaffer collateral terminals. Here, they modulate
neurotransmitter release and induce several forms of short- and long-term synaptic plasticity
in both glutamatergic and GABAergic neurons (described in details Soltesz et al. (2015)).

Globally, the cannabinoid system exerts a strong modulatory effect on hippocampal
function. Indeed, cannabinoid administration in the hippocampus dampens theta oscillations,
severely disrupts the temporal coordination of cell assemblies, which is accompanied by
memory impairment in hippocampus-dependent spatial tasks (Basavarajappa and Subbanna,
2014; Robbe et al., 2006). Recent work has also shown that CB1R controls synaptic
integration in the distal dendrites of pyramidal neurons by acting on the hyperpolarization-
activated cyclic nucleotide-gated (HCN) channels and enhancing h-currents (lh) (Maroso
et al., 2016). In addition, the abolishment of Ih currents or of CB1R-mediated signaling
induces alterations of LTP and memory performance (Maroso et al., 2016; Nolan et al.,
2004).
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3. Three Axes of Diversity

Pyramidal cells in CA1 are arranged anatomically following three conventional axes: lon-
gitudinal, transverse, and radial. As mentioned in the previous chapters, this spatial
organization nests at least as many gradients of cellular diversity, spanning from transcrip-
tomic to physiological, projectional to functional properties. In other words, pyramidal
neurons are thought to segregate into several subtypes that are spatially organized. These
axes associate in a combinatorial manner (i.e. a neuron located in the deep sublayer of
the distal part of dorsal CA1) and are similarly present in CA2, CA3, dentate gyrus and
subiculum. It should be noted that principal neuron diversity does not represent a mere
singularity of the hippocampus, but is known to be a prominent feature in other cortical
areas and is possibly a general principle of brain architecture (Gokce et al., 2016; Ramsden
et al., 2015; Tasic et al., 2016).

Why should neuroscientists be interested into the details of fine scale diversity of a single
cell type? Heterogeneity at the cell level is thought to promote functional diversification at
the circuit level. If a given cell type embodies in fact a set of heterogeneous elements, such
cell type could perform a corresponding set of unique operations (Cembrowski and Spruston,
2019). As outlined above, hippocampal cell assemblies are thought to form memory traces
by coordinating their firing to code for ‘chunks’ or aspects of a given experience. According
to this view, several kinds of information that compose the memory, ranging from spatial
and contextual, to motivational and emotional, could be treated by different assemblies
and temporally organized in a sequential manner (Buzsaki and Moser, 2013). Whether
pyramidal neurons functionally segregate into distinct assemblies according to their cellular
phenotype is still partly a speculation. However, it has become clear that unravelling
principal cell diversity is of the utmost relevance in the case of the hippocampus, a relatively
simple cortical structure implicated in a plethora of cognitive and affective functions.

| will present the three main axes of diversity in an order that mirrors their discovery, as
well as the amount of work dedicated to each. Nonetheless, the section dedicated to the
‘radial axis’ forms a crucial part of the present manuscript and is highly relevant for the
interpretation of my work. | will devote an extensive focus to this section and will discuss
it in detail. It will become apparent that multiple axes of variability are intertwined so that
the ‘final’ cellular identity is defined by their combination at several levels, from molecules
to network (Cembrowski and Menon, 2018). With the last part of the introduction (chapter
4), | wish to convince the reader that the developmental origin is one on them, overlooked
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FIGURE 3.1: Schematic illustrations of the three anatomical axes of CAl. A) Coronal view of the
rostral (dorsal) hippocampus, where one can distinguish the transverse axis, with
proximal (towards CA2/CA3) and distal (towards the subiculum) ends of CAl, and
the radial axis, dividing the pyramidal cell layer in a deep and a superficial portion.
B) Coronal view of the caudal hippocampus, where both dorsal and ventral ends of
CA1 are represented. The transverse axis here is not identifiable but an even more
pronounced segregation of deep and superficial sublayers can be seen. C) Higher
magnification of the dashed rectangle in B, further showing the anatomy of the
stratum pyramidale across the radial axis. Superficial somata are smaller and tightly
arranged; whereas those of deep pyramidal cells are slightly bigger and more loose.

if not ignored in the current understanding of how pyramidal neuron diversity is organized
in CAL.

3.1 Dorso-ventral axis

Essentially owing to early lesion studies, the hippocampus, and CA1 by consequence,
has been divided into two functionally distinct parts: a ‘dorsal’ pole (septal or posterior
in humans) and a ‘ventral’ pole (temporal or anterior in humans). This view was later
corroborated with more advanced (and less invasive) techniques. The dorsal hippocampus
is involved in navigation and related spatial memory, whereas the ventral hippocampus
influences stress responses (Henke, 1990), goal-directed (Ciocchi et al., 2015), social (Meira
et al., 2018; Okuyama et al., 2016; Rao et al., 2019) and emotional behaviors (Zhu et al.,
2014; Xu et al., 2016a).

It is now well-established that hundreds of genes are differentially expressed by pyramidal
cells following a dorsal-to-ventral (or septo-temporal) gradient (Cembrowski et al., 2016;
Dong et al., 2009) and their spatial distribution correlates with that of other brain regions
connected to either pole, even in human (Dong et al., 2009; Vogel et al., 2020). Among
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these genes are members of voltage-gated channel or neurotransmitter receptor families, a
finding that is in line with the electrophysiological diversity also discovered along the axis.
Consistently in mouse and rat, CA1 pyramidal cells were found to differ in their excitability
and synaptic transmission, with the ventral ones being more depolarized and able to elicit
more action potentials upon stimulation than the dorsal counterpart (Dougherty et al.,
2012; Malik et al., 2016; Milior et al., 2016). It was suggested that, despite having
a common “default developmental program”, the two subpopulations acquire different
trajectories during the first postnatal month (Dougherty, 2019).

Furthermore, marked differences on the connectivity level led neuroanatomists to support
the dorsal-ventral functional subdivision (see figure 3.2 and Strange et al. (2014) for an

exhaustive review).

e Cortico-hippocampal connectivity: pyramidal neurons of CAL are reciprocally
connected to the neocortex, by the relay of the entorhinal cortices, following a
topographical gradient. For example, the septal-most part of CA1 is preferentially
linked to the dorsolateral portion of the MEC and sends dense projections to the
retrosplenial and anterior cingulated cortices, involved in visuo-spatial information
processing. In contrast, temporal CAl provides strong connections to the ventromedial
part of the MEC and shares intimate bidirectional connectivity with the infralimbic and
prelimbic cortices, that are linked to emotional regulation and motivation (Cenquizca
and Swanson, 2007; Groen and Wyss, 1990).

e Subcortico-hippocampal connectivity: a topographical organization also exists
between CA1l and several diencephalic regions, among which the lateral septum.
Dorsal CA1 pyramidal neurons send their axons to a very small dorsal portion of
the LS, whereas progressively larger regions of the LS are innervated by neurons
located more ventrally. It is useful to remind that neurons in ventral CAl are
connected to many other areas including the amygdalar complex, hypothalamus,
nucleus accumbens and olfactory regions (Andersen et al., 1971; Cenquizca and
Swanson, 2007; Cenquizca and Swanson, 2006; Swanson and Cowan, 1978; Groen

and Wyss, 1990), which show little to no dorsal axon terminals.

Despite this variability, Fanselow and Dong (2010) warn not to overlook the “obvious
similarities” between the two hippocampal poles: “the intrinsic wiring throughout the
longitudinal axis of the hippocampus still revolves around the trisynaptic circuit, whose
major characteristics are preserved'.

The neuroanatomical data is at least partially in contradiction with the dorsal-ventral
dichotomy, which is probably an oversimplified depiction. In fact, a clear-cut spatial /non-
spatial subdivision of the two poles was not confirmed by later observations. For instance,
the dorsal hippocampus was shown in some experimental paradigms to code for the affective
valence of specific stimuli, since strong fear-associated cues can induce increased cell firing
(Moita et al., 2003; Wang et al., 2012). Conversely, the ventral pole also plays a role in
navigation (Beer et al., 2014; Loureiro et al., 2012) and, although single place cells in
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FIGURE 3.2: Extrinsic connectivity gradients along the dorsoventral axis. A) Topographic organi-
sation of projections from the hippocampus (HPC) as a whole to the lateral septum
(LS), mirrored by a similar pattern from LS to the hypothalamus, through the medial
forebrain bundle (MFB). Three pathways are schematised: 1. dorsal HPC-dorsal
LS-mammillary body (MB), linked to spatial memory; 2. intermediate/ventral HPC-
rostral LS (LSr)-medial zone nuclei (including the anterior nucleus (AHN) and the
ventromedial nucleus (VMH)), linked to social behavior; 3. ventral HPC-ventral
LS (LSv)-medial preoptic nucleus (MPN) and hypothalamic periventricular zone
(PVZ); involved in endocrine and autonomic responses. B) Topografic organisation
of projections from HPC to entorhinal cortices (EC). A dorsolateral portion of EC
(magenta) is preferentially connected to the dorsal hippocampus. Increasingly more
ventral and medial bands of the EC (purple to blue) are connected to increasingly
more ventral levels of the hippocampus. The panel below shows an enlarged EC,
indicating the topology of its major cortical connectivity. Note that this connectivity
matches projections from the hippocampus to the neocortex. The white line indicates
the border between the lateral EC (LEC) and medial EC (MEC). Adapted from
Strange et al. (2014)

ventral CA1 (vCA1) are less accurate and have larger place fields (Jung et al., 1994), as a
population they convey precise spatial information (Keinath et al., 2014; Royer et al., 2010).
Based on the observation that receptive fields of CA1 place cells progressively increase
along the long axis (Kjelstrup et al., 2008), it was proposed that the region as a whole
provides a flexible multiple-scale representation. In this way, the hippocampal map would
have the ability to adapt to complex environments presenting a myriad of navigational cues
with varying size and arrangement (Harland et al., 2018).
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The present view is that the long axis reveals several genetic, physiological and connec-
tivity profiles (schematized in figure 3.3), defining two main functional domains (dorsal and
ventral)’, reflected by the cellular phenotypes of pyramidal cells. Cembrowski and Spruston
(2019) elegantly summarize: “the disparity of [CA1] pyramidal cell identity at the two poles
may be an important feature underlying the functional segregation of the dorsal and ventral

regions of the hippocampus, allowing to extract and impart foundationally different types
of information”.
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FIGURE 3.3: Heterogeneity of CA1 pyramidal cell properties along the dorso-ventral axis. From
left to right, schematic view of the dorsal (dCAL, light green) and ventral CA1 (vCAL,
dark green) at two different coronal levels; genetic gradients including genes coding for
electrophysiologically relevant proteins, such as sodium channel Scn4b in dorsal and
NMDA receptor Grin3a (in ventral); differential anatomy of the pyramidal cell layer,
which is wider in ventral than dorsal CAL; excitability and place cell firing (reflected in
the size of place fields) increases along the dorso-ventral axis; differential connectivity
of dCA1 and vCAl towards the lateral septum (LS in red, D-LS: dorsal, V-LS:
ventral), entorhinal cortices (EC in black, DL-EC:dorsolateral, VM-EC:ventromedial),
prefrontal cortex (blue, anterior cingulate (ACC), retrosplenial (RSC), infralimbic
(IL), PL (prelimbic)) and other extrahippocampal targets; Functional segregation of
dCA1 vs vCAL. Inspired from Masurkar (2018)

3.2 Transverse axis

The transverse or horizontal axis is revealed by sectioning perpendicularly to the septo-
temporal length of the hippocampus. Consequently, this axis anatomically divides CA1 in
proximal (close to CA2/CA3), middle and distal (bordering with subiculum) and nests an
additional gradient of pyramidal cell heterogeneity.

By far, the most striking difference between the proximal and distal part of CAl is
the combination of topographic connectivity gradients, noticed even in pioneering work
by Lorente De N6 (1934). Firstly, the proximal end of CA1 is preferentially innervated

"Supposedly, intermediate CA1 would form a third domain. It is still matter of debate whether they
are discrete regions or a continuum, and if the intermediate portion has distinct or mixed functions, in
respect to the dorsal and ventral poles (Cembrowski et al., 2016; Dong et al., 2009). Strange et al. (2014)

hypothesize that, depending on the features considered, sharp subdivisions and continuous gradients might
be superimposed along the axis.
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by distal CA3 (closer to CA2) and projects in turn to the distal subiculum. Parallelly, a
proximal CA3 -> distal CA1 -> proximal subiculum circuit is observed (Amaral et al., 1991;
Ishizuka et al., 1990). Secondly, the entorhinal cortex projections are biased along the
transverse axis, with MEC providing input preferentially to neurons in proximal CA1, and
LEC terminals to distal CA1 (Tamamaki and Nojyo, 1995; Witter et al., 1989).
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FIGURE 3.4: Schematic diagram of proximo-distal segregation of the two main hippocampal
information processing streams. While MEC is mostly involved in the processing
of spatial information (green), LEC is the entry point of non-spatial stream (red).
Medial (MEC) and lateral (LEC) entorhinal cortices project to CAL through direct
and indirect pathways. In the direct pathway (1) these two streams are segregated:
layer 111 cells in MEC largely project to proximal CA1 (prox), whereas layer Il cells in
LEC to distal CA1 (dist). By contrast, in the indirect pathway they are supposedly
mixed: axons of layer Il cells in MEC and LEC (2) converge on the same population
of cells in dentate gyrus (DG) and CA3. This mixed information is conveyed to CAl
via mossy fibres (3) and Schaffer collaterals (4). CA1 outputs the entorhinal cortex
directly or via subiculum (SUB). Note the inverted connectivity pattern from CA3 to
CAl, and from CAL to SUB. In the insert are an example of grid cell firing in MEC
(green) and a representative cell with low spatial information in LEC (red). Rate
maps of spikes recorded in 1 m square box are shown. Adapted from Igarashi et al.
(2014a).

A consistent portion of MEC neurons are modulated the animal’s location or motion
relative to the geometry of the environment (grid cells, head direction cells, border cells; see
section 1.3.1). By contrast, principal cells in LEC display a less marked spatial modulation
but are instead strongly driven by odors or encounters with discrete objects (Deshmukh and
Knierim, 2011; Young et al., 1994). These observations are neatly mirrored by data from
CA1 neuronal activation in vivo, pointing at a functional subdivision along the transverse
axis. A first study by Henriksen et al. (2010) demonstrated that proximal CAl cells have
higher spatial specificity, whereas place cells in distal CA1 have more (up to 7) place fields
in the same environment and the fields are wider. In addition distal CA1 firing fields are
sensitive to object manipulation (Burke et al., 2011), as well as olfactory cues (lgarashi
et al., 2014b), as opposed to proximal ones. In figure 3.4, the reader can see how the

proximal and distal ends of CA1 are likely embedded in two separate connectivity streams,
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treating spatial and non-spatial information from MEC and LEC, respectively. Moreover,
distal CA1 is enriched with bursting neurons (Jarsky et al., 2008), differently from its
counterpart, suggesting that proximal-to-distal heterogeneity is not only observed at the
circuit-level, but is also present in “intrinsic” physiological properties.

It should be kept in mind that “spatial information is present across the whole transverse
axis’, meaning that a combined spatial /non-spatial code is likely conveyed by “the activity
of a large number of CA1 cells, giving rise to cells with conjunctive firing properties”
(Igarashi et al., 2014a). Accordingly, an immediate-early gene (IEG)-based approach (Ito
and Schuman, 2012) showed that exposure to novel objects primarily enhanced cFos
activation in distal CA1, while exposure to a novel spatial context increased its expression

uniformly across proximal and distal CA1.

3.3 Radial axis

Although the radial or deep-superficial axis was already identified by the anatomical
distribution and size of cell bodies in the stratum pyramidale (Lorente De N6, 1934), the
lack of high-resolution techniques has long prevented from revealing differences in such
small areas. As originally described, deep CA1 pyramidal cells (dPN), closer to stratum
oriens, present larger and more loosely distributed somata, whereas superficial ones (sPN),
bordering stratum radiatum, are more tightly arranged and relatively smaller in size®. This
difference, surprisingly conserved across many species (Slomianka et al., 2011), brought
forward the idea of the presence of two distinct superficial and deep pyramidal sublayers.
Recent technical advances in the recording of neuronal activity in vivo, among which
silicone probes and 2-photon calcium imaging, have allowed to further unveil this prominent
gradient of pyramidal neuron diversity in CA1°, despite the close spatial proximity (tens to
a hundred microns).

First, | will describe the genetic and morpho-physiological diversity that resides within
the layer. Next, | will discuss differences in connectivity between the deep and superficial
part and possible circuit-level consequences. Finally, | will address the functional relevance
in vivo, highlighted in recent work published by several labs.

Molecular and genetic markers

Since early immunohistological experiments, a few markers have been known to be dif-
ferentially expressed along the radial gradient, although their physiological implication is

still a matter of debate. One of the most studied is calbindin, a calcium chelator linked to

8If we consider the surface of the brain, it is counterintuitive that superficial cells are actually located
below deep ones. However, | will describe in the next chapter that during embryogenesis the hippocampus
is formed from an invagination of pallium, meaning it can be considered upside-down in respect to the
neocortex (due to radial migration occurring in the opposite sense). Hence, superficial cells in CA1 are
embryologically homologous to neocortical cells in superficial layers (I1/111).

9Starting from the beginning of the 2010s, this topic has drawn such attention that led to the publication
of no less than 6 bibliographic reviews only in the past 3 years.
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cellular plasticity (Blatow et al., 2003; Dumas et al., 2004), and another is zinc, a gluta-
mate receptor-binding ion (Paoletti et al., 2009). Both are mainly detected in superficial
pyramidal cells (Baimbridge and Miller, 1982; Slomianka, 1992). Later and thanks to the
advent of transcriptomics technologies, more subtle genetic differences could be unraveled.
In a seminal paper by Cembrowski et al. (2016), CA1 pyramidal neurons were characterized
by next-generation RNA sequencing. They validated and extended previous work (Dong
et al., 2009) pointing at tens of genes preferentially enriched in either sublayer, i.e. Ndst4
and Colllal in dPN, Nov and Htrla in sPN. In addition, they quantitatively showed that
the transcriptional heterogeneity across the radial axis is even more pronounced than that

observed proximo-distally.

Dendritic arborization

On the morphological level, a sharp difference was described in anatomical studies (Amaral
et al., 1990; Bannister and Larkman, 1995). The main apical dendrite, emerging from
the soma and running through the stratum radiatum towards the stratum lacunosum-
moleculare, can give rise to a single or twin (bifurcating) trunk. Although initially these
two morphological phenotypes were not correlated with the soma location (Bannister
and Larkman, 1995; Jarsky et al., 2008), this has now been called into question. Li
and colleagues (2017) performed an unbiased morphological analysis on more than 350
reconstructed pyramidal neurons of dorsal CAl and found the existence of two clusters
based on the arborization of apical dendrites (simple and complex), corresponding to
the previous classification. In addition, these two clusters were not distributed randomly
in the pyramidal layer. The ‘complex’ (twin-dendrite) group was largely located in the
superficial sublayer and was enriched with calbindin-expressing neurons, as opposed to the
‘simple’ group. Other experimental work highlighted some minor morphological differences
in the basal dendritic compartment (in stratum oriens): sPN present a reduced total basal
dendritic length (Lee et al., 2014) and a higher proportion of cells with the axon emerging
from a basal dendrite, rather than the soma (Thome et al., 2014).

Electrophysiological properties

Although not conclusively, these and other studies attempted to put in relation the
morphological and positional data with electrophysiological responses in vitro. In fact,
differences in passive membrane properties, such as in the expression of h-currents (lh), are
found across the radial axis. |h are involved in synaptic integration in the most distal part
of pyramidal apical dendrites, where they are mediated by HCN channels (Nolan et al.,
2004). They also contribute to the ‘sag’, a depolarizing response observed when inducing
a somatic hyperpolarization. It was shown that sPN present slightly more depolarized
membrane potentials and exhibit larger sag responses, whereas dPN have a higher input
resistance and smaller sag (Jarsky et al., 2008; Lee et al., 2014; Li et al., 2017). In sPN
exclusively, HCN conductances are able to gate long-term potentiation (LTP) through a
cannabinoid receptor 1 (CB1R)-dependent pathway (Maroso et al., 2016). Furthermore,
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FIGURE 3.5: Genetic, morphological, and electrophysiological differences across the stratum pyra-

midale. A) Scheme representing the pyramidal cell sublayers (deep and superficial)
across different levels of the septo-temporal axis. Globally, this can vary between
50 and 200 pm. B) Genetic and molecular differences between deep (dPN) and
superficial (sPN) pyramidal neurons. Among others, sPN express calbindin (cb, top)
and high levels of serotonin receptor Htrla, whereas extracellular matrix gene Colllal
is greatly expressed in dPN. This was found in both RNA expression (middle) and by
in situ hybridization (bottom). C) While sPN mostly display ramified apical dendrites
("complex’ morphology), dendritic trees in dPN have a 'simple’ arborization. D)
PV-expressing basket cells (PVBC) inhibit more strongly dPN than sPN. E) Upon
hyperpolarization, sPN exhibit a more pronounced Ih-mediated sag response. Adapted
from Soltesz and Losonczy (2018)

the tendency to fire action potentials upon current stimulation was higher in the deep

than in the
(2014) and
were found

superficial sublayer in acute slices ((Masurkar et al., 2020) but not in Lee et al.
Li et al. (2017)), as well as in extracellular recordings in vivo, where deep cells
more ‘bursty’ than sPN (Mizuseki et al., 2011; Oliva et al., 2016a).

It is important to note that more recently, Masurkar and colleagues (2020) examined

the contrib

ution of both the transverse and radial axes to these features and discovered

that they interact in a complex manner to define the cellular phenotypel®. For instance,

they found

that the disparity in resting and sag potential was only present in proximal CA1,
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and that input resistance was higher in dPN vs sPN in middle CA1 exclusively.

Local circuitry

The data described above defines two discrete (or possibly a continuum of) subpopulations
in CA1 pyramidal cells spatially segregated along the depth of the stratum pyramidale.
Like we saw in the long and transverse axes, this diversity is not limited to intrinsic cell

properties but exists at the local circuit level as well (see figure 3.6).
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FIGURE 3.6: Intrahippocampal connectivity gradients across the stratum pyramidale. Deep (dPN)
and superficial (sPN) pyramidal neurons are differentially innervated from excitatory
and inhibitory inputs. CA2 preferentially targets dPNs, while CA3 has a stronger
drive on sPN. The medial (MEC) and lateral (LEC) entorhinal cortices display a
bias towards the deep and the superficial sublayer, respectively (but see Masurkar
et al. (2017)). Note how several parallel streams of connectivity act on either sPN
(i.e. through CA3 or LEC via the temporo-ammonic path (TA)) or on dPN (i.e.
indirectly by EC/DG driving CA2 or directly via MEC). Finally, cholecystokinin
(CCK)-expressing interneurons exert a stronger inhibition on sPN, which in turn are
likely to contact parvalbumin (PV)-expressing interneurons. When active, PV cells
can effectively silence both dPN and CCK inteneurons and increase sPN firing by
disinhibition. gc: granule cell; PP: perforant path, EC: entorhinal cortex.

Two groundbreaking studies addressed the question whether dPN and sPN are equally
innervated by GABAergic interneurons. In the first (Lee et al., 2014), authors used a
combination of in vitro electrophysiological recordings and optogenetics to show that soma-
targeting parvalbumin basket cells (PVBC) preferentially inhibit dPN, in terms of number
of synaptic boutons and post-synaptic current amplitude. They additionally proved that
PVBC are in turn mainly innervated by sPN, revealing a previously unknown connectivity
motif that links the superficial and deep sublayers (sPN — (%) PVBC —(i"h) dPN). The

10To our knowledge, this is one of the few experimental works that thoroughly investigate heterogeneity
from a multidimensional perspective, that is considering more than one gradient at the same time. It
strongly indicates, like mentioned above, that multiple axes of variability are intertwined and should best
be considered jointly.
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second study (Valero et al., 2015) confirmed and extended these results, despite some
minor differences. Based on their membrane potential responses recorded in anesthetized
rats during sharp-wave ripples, they divided dorsal CA1 principal neurons in two groups:
depolarized and hyperpolarized cells. They reported that the former were mostly located
superficially and expressed calbindin, whereas the deep sublayer was enriched with the latter
group. Similarly to Lee and colleagues (2014), hyperpolarized dPN were highly innervated
by PVBC. However, they additionally found that CCK-expressing interneurons exhibited
the opposite connectivity pattern, with CCK+ boutons being densest on depolarized
sPN (unlike Lee et al. (2014))!1. The interest of this work goes beyond this finding,
as authors went further by probing the intrahippocampal circuitry. In a nutshell, they
showed that: 1) GABAergic inhibition is stronger on deep cells; 2) thus, Schaffer collateral
stimulation induces a global inhibitory and excitatory drive onto dPN and sPN, respectively;
3) participation to SPW-R is higher among sPN; 4) CA2 stimulation causes a stronger
glutamatergic activation in the deep portion of the stratum. In the same line, the Tonegawa
lab unraveled a new synaptic pathway that can specifically activate dPN in CA1. This
circuit originates from the perforant path (EC layer Il) and projects to CA2 pyramidal cells
directly, or indirectly via the dentate gyrus (Chevaleyre and Siegelbaum, 2010; Kohara
et al., 2014). The emerging picture is that parallel streams of information can act in a
competing way, depending on the predominant input converging to CA1 (Geiller et al.,
2017b). More precisely, CA3 drives superficial and inhibits deep cells, whereas CA2 can

induce deep cells to fire!2,

Output projections

As well, several long-range projections likely present a bias according to the soma location in
the stratum pyramidale, especially in vCA1 where the variety of outputs is most pronounced.
For instance, performing multiple retrograde tracer injections, the Soltesz group showed
how mPFC and amygdala are privileged outputs of dPN, while MEC receives homogenous
projections from the superficial and deep sublayer (Lee et al., 2014). However, more
recent reports point to the presence of a fraction of mPFC-projecting neurons among
sPN, possibly depending on their subregional targets (Jimenez et al., 2018; Sanchez-Bellot
and MacAskill, 2020). Ventral deep principal cells also provide a preferential input to the
nucleus accumbens and to the lateral nucleus of the hypothalamus. These layer-specific
pathways seem to be respectively involved in social memory (Okuyama et al., 2016) and
anxiety-related behaviors (Jimenez et al., 2018).

It should be noted that up to know only few research groups have probed whether the
radial gradient of connections extends to afferents. In a recent study using large scale

1t js fascinating to point out that PV+ interneurons and CCK+ are preferentially recruited in distinct
behavioral states (Dudok et al., 2021). The former are most active concomitantly with oscillations (theta,
SPW-R) and locomotion, while the latter during awake immobility, in absence of ripples. Furthermore,
the firing of PV+ inhibits CCK+ neurons, thus forming an additional local circuit motif controlling the
transition between hippocampal activity patterns.

21t should be kept in mind that, despite the bias towards superficial cells, CA3 input is the main driver
of the vast majority of CA1 place cells (Davoudi and Foster, 2019).



40 Chapter 3. Three Axes of Diversity

viral-genetic tracing, it was suggested that ventral CA1 projection neurons receive similar
input from upstream regions (Gergues et al., 2020), although a bias according to the soma
location was not probed. Indeed, Pi et al. (2020) found a spatial segregation of the axon
terminals coming from basolateral amygdala: the posterior part targeting preferentially
sPN, the anterior one targeting dPN. Inputs from other regions should be tested as well.

Functional implications

As for the network-level implications of such diversification, these findings are still elusive,
notably in the ventral hippocampus where monitoring neuronal activity in vivo is technically
challenging. On the other hand, in the more experimentally accessible dorsal pole, a few
recent studies have speculated on the functional role of the radial gradient. In particular,
Danielson and colleagues (2016) performed 2-photon calcium imaging to simultaneously
monitor tens to hundreds of both superficial and deep sublayers, by rapidly shifting the
field of view in the z-plane. Using several behavioral paradigms on imaged head-fixed mice
running on a treadmill, they showed that dPN are more prone to remapping (change their
preferred firing location in an environment) and their activity was strongly influenced by
the presence of a reward. Oppositely, SPN were more stable over time and remapped less
when the reward was moved. Interestingly, the Royer group recorded with silicon probes in
similar experimental settings and found strikingly comparable results. First, they confirmed
that deep cell firing is more tightly linked to tactile and visual cues, constituting external
environmental landmarks (Geiller et al., 2017a). Then, by pharmacological inactivation
the medial septum, they perturbed MEC grid cell activity, which is thought to underlie
self-motion based navigation (or ‘path-integration’ (McNaughton et al., 2006)). As a
result, superficial place fields significantly shifted from cue-poor to cue-rich zones of the
treadmill (Fattahi et al., 2018). Altogether, it appears that the two sublayers in dorsal CAl
differently participate to spatial coding, probably contributing to different aspects (external
cues vs self-referenced information) of the representation of an environment or episode.

An even more recent study, schematized in figure 3.7, condenses many of these findings
(Sharif et al., 2020). In a nutshell, in a linear environment with few landmarks, the majority
of active cells was located superficially, and the position of the animal was well predicted
by their firing rates. Oppositely, in cue-rich conditions dPN activity was more represented
and theta-phase preferences of single spikes could help predict the animal location better
than firing rates. According to authors, this implies that when self-motion information is
predominant, CA3 input prevails and drives sSPN more strongly, as shown by their increased
coherence in the slow gamma-band. When many external cues are available, multisensory
information might instead converge onto CALl via the entorhinal cortex and drive dPN.

It is then proposed that coding of space relies on two complementary mechanisms
that are spatially segregated and are supported by different physiological mechanisms
and connectivity motifs. This ‘dual input model’ posits that the hippocampus can create
an adaptable representation of the external world by shifting from a rate code, more
suitable to coarse spatial scales (cue-impoverished), to a phase code, encoding one self’s
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FIGURE 3.7: Differential contribution to spatial coding across the stratum pyramidale. The
deep and superficial sublayers of CA1 use different codes for space depending on the
availability of cues. Driven by EC input, dPN are more active in cue-rich environments
and their firing in respect to theta cycles is predictive of the position of the animal
(phase code). Oppositely, sPN are preferentially recruited by CA3 input in cue-poor
environments and the animal position can be accurately decoded from the firing rates
(rate code). Adapted from Sharif et al. (2020)

accurate position using fine-scale information from the environment (Fernandez-Ruiz et al.,
2017). The shifts between the two does not only rely on the predominant excitatory
input, like we just mentioned, but is also modulated by different families of interneurons
(i.e. PV basket cells). This hypothesis has the strength (and the beauty) of combining
data from connectivity, network-level and behavioral studies. However, it does so to
explain (dorsal) hippocampal activity only in the prism of the representation of spatial
information. If it is true that navigation and episodic memory might share common circuits
and mechanisms(Buzsaki and Moser, 2013), it is still unclear how the model can extend
to the ventral hippocampus, notably in a larger framework encompassing other functional
aspects of memory, such as the affective, social, motivational components of mnemonic

processes.
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4. An Embryonic Origin for Diver-
sity

In the previous section, | described that the CAl pyramidal neuron population, which has
tacitly been regarded as a homogenous entity, presents in fact a wide range of properties
that vary across the three main anatomical axes of the hippocampus. In the superficial-
to-deep dimension, most experimental data converge on the definition of seemingly two
distinct sublayers. Our driving hypothesis is that this segregation has a developmental
origin and that the time of neurogenesis or 'birthdate’ is a strong predictor of the observed
heterogeneity. Before moving to the experimental part of this work, | will first introduce
the main developmental phases of CAl in the rodent brain, from neurogenesis and cell
differentiation to circuit maturation, with a specific focus on pyramidal cells. Next, | will
present experimental evidence, notably from our group, supporting the notion that adult
hippocampal circuits are sculpted during development, possibly by predetermined genetic

programs.

4.1 Development of CAl

4.1.1 Anatomical shaping of the hippocampus

The hippocampal formation derives from the medial portion of the pallium, which as a
whole gives rise to all cortical areas. Starting from embryonic day 9 (E9.5), an invagination
along the pallial midline causes the medial pallium to progressively fold inwardly in respect
to the dorsal part (Monuki et al., 2001). This explains why the hippocampus is ultimately
located beneath the neocortex at all septo-temporal levels (and why it is sometimes defined
as a ‘subcortical structure, mistakenly). The hippocampal ventricular zone (VZ) is then
positioned ‘back-to-back’ to the neocortical VZ and will coordinate the proliferation and
migration of pyramidal cells in the Cornu Ammonis (CA) in a ‘inward’ fashion (as opposed
to the ‘outward’ neocortical migration)3.

At this very early stage of embryogenesis (E10.5-E11.5), a major actor in tissue
differentiation is the cortical hem, shown in figure 4.1. The cortical hem is contiguous to

the medial pallium and is essential to induce the formation of the hippocampal region in

13As mentioned in the previous chapter, this explains why in CA1 the so-called deep sublayer is located
above and the so-called superficial sublayer is the furthest from the (neo)cortical surface.
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the cortical

primordium, via the secretion of many different molecular signals, like BMP,

Whnt and Lhx2 (reviewed in Subramanian and Tole (2009)).
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Anatomical development of the hippocampus. Schematic representation of the pallium
at different developmental stages. Right, starting from approximately embryonic
day 10 (E10.5), the cortical hem (CH, light blue) is formed at the medial border
of the pallium upon signalling of bone morphogenetic protein (BMP) and WNT,
among others. Middle, from around E11 on, CH-secreted WNT (light green) forms a
gradient that contributes to the formation of hippocampal fields. At this stage, several
proliferative (neuroepithelial) zones arise: dentate neuroepithelium (DNE, dark green)
and hippocampal neuroepithelium (HNE, red). The neocortical primordium (NP)
forms lateral to that. Neuronal migration from each neuroepithelium appears at this
stage. Right, the hippocampal formation results from a two-fold invagination of the
medial pallium under the neocortex. In the adult brain, it presents an 'S shape’ and
is patterned (from medial to lateral) into dentate gyrus (DG, green), cornu ammonis
(CA, red) and subiculum (Sub, purple). The neocortical parahippocampal gyrus
(PHG, blue) lies next to the hippocampal formation. With white arrows are indicated
the two opposing directions of pyramidal cell migration of the cornu ammonis (bottom
left) and the neocortex (top right). SP: subpallium. Adapted from Pang et al. (2019)

Neurogenesis, and the consequent anatomical expansion, follows this phase and starts
from around E11.5 (Angevine, 1965). It should be noted that removal of the cortical

hem from E12.5 on does not affect the subsequent definition of hippocampal fields (Tole

and Grove, 2001). Within the CA, field-specific markers come in play and mediate the

differentiation of pyramidal cells. Tole et al. (1997) identified several genes that are
expressed either in CA3 or CA1 during neurogenesis. Notably, KA1 and SCIP begin to

be upregulated at E14.5 in CA3 and E15.5 in CA1 respectively from the opposing ends

(dentate and subicular poles, respectively) of the CA. They anatomically fuse in CA2 around
birth and remain present in either field through adulthood (Grove and Tole, 1999). In

other words, mouse hippocampal fields differentiate during the peak of neurogenesis. At

this stage, CA1 (and CA3) begin to express characteristic molecular features that continue
to define these fields into adulthood.
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4.1.2 Pyramidal neurogenesis and migration

Principal neurons in the hippocampus are originated in the hippocampal VZ from radial
glial cells (RGC). RGC are neural stem cells that display a bipolar morphology with one
short apical process anchored to the luminal surface of the VZ, and long basal process
extending to the pial surface (Xu et al., 2014). While their somata remain within the
VZ, their processes are parallelly organized spanning across the neural tube. During E10.5
to 11.5 in mice, RGC undergo symmetric cell divisions, expanding the proliferative pool
(a phase of cortical development which is referred to as 'neural expansion’). Later, RGC
undergo asymmetric cell divisions (Mukhtar and Taylor, 2018). More precisely, these
specialized embryonic cells give rise to either intermediate progenitors that further divide
or to immature glutamatergic neurons that start displacing along radial scaffold, in the

so-called radial migration to subsequently differentiate into mature neurons (Hatten, 1990).
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FIGURE 4.2: Migration of pyramidal cells in CALl. A) Schematic representation of the migratory
behavior of hippocampal cells. During late development (after 'neural expansion’ has
occurred) radial glial cell (RGC) division in the ventricular zone (VZ) can generate
either basal progenitors, which further divide, or multipolar cells without further cell
division. The latter accumulate just above the VZ in the multipolar cell accumulation
zone (MAZ). Eventually, all progenitors acquire multipolar morphology, enter the
presumptive stratum pyramidale (SP), transform into spindle-shaped bipolar cells
and migrate by 'climbing’ mode. That is, they translocate several times and change
their scaffolds from the original radial fibers to other radial fibers until they reached
the top of SP. Towards the end, they also displace by 'radial’ migration. SR, stratum
radiatum, SO, stratum oriens. Adapted from Kitazawa et al. (2014). B) Scheme
representing of the main developmental difference in the organisation of neocortical
and hippocampal pyramidal layers. Top, the layer arrangement in the cornu ammonis
occurs roughly in a birth-date dependent inside-out manner. This is probabibly due
to the 'climbing’ migration mode and to radial glia bending at the apical end (not
shown, see text). Bottom, Neocortical neurons form neatly-arranged layers in a
birthdate-dependent inside-out manner. PP, preplate; VZ, ventricular zone; MZ,
marginal zone; CP, cortical plate; IZ, intermediated zone; WM, white matter; HP,
hippocampal plate; SLM, stratum lacunosum-moleculare; SR, stratum radiatum; SP,
stratum pyramidale; SO, stratum oriens. Adapted from Hayashi et al. (2015).

As mentioned in the previous paragraph, principal cell neurogenesis in CA1 begins as
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early as E11 and ends at E19, shortly before birth. However, the majority of pyramidal cells
are generated between E14.5 and E16.5, with a peak at E15 (Angevine, 1965; Caviness,
1973; Smart, 1982). Interestingly, the generation of CA3 cells starts approximately 1 day
later but peaks earlier than in CAL, at E14 (Bayer, 1980; Stanfield and Cowan, 1979).
Newly born post-mitotic cells adopt a multipolar state presenting multiple thin processes.
Concomitantly, they leave the VZ and stay just above it for a variable lapse of time, before
starting to migrate. Early born neurons (E12-E13) sojourn for about 24 hours, whereas
later born ones can spend in this transitory state up to 4 days (Kitazawa et al., 2014;
Nakahira and Yuasa, 2005). Figure 4.2 (right) illustrates that the pattern of migration is
not only radial, like it is observed in the neocortex. Multipolar cells first move obliquely,
then gradually migrate along the radial scaffold. After reaching the hippocampal plate
(HP, the presumptive pyramidal layer), radially migrating neurons can sequentially contact
several radial processes and move in a zigzag manner. This mode was named 'climbing
migration’ (Kitazawa et al., 2014). Another major difference with the neocortex is that
radial glial fibers of hippocampal RGC display a progressive bending at their apical end,
towards the HP. This causes cells to displace in an almost perpendicular manner in respect
to the previous direction, which causes neurons issued from the same precursor to be
aligned along, not across, the stratum pyramidale (Xu et al., 2014).

In spite of differences with between allo- and neocortex, all pyramidal neurons follow
an ‘inside first-outside last’ migration. That is, after the first cells are generated and have
migrated to the HP, subsequent waves of newly-born cells will cross this layer and reach
more superficial locations. In the end, early born neurons constitute the deep location of
the pyramidal layer and late-born neurons take up the superficial part. At the end of this
process, the vast majority pyramidal cells will accumulate in a seemingly single stratum of
50 to 200 pm, depending on the septo-temporal level. However, as the reader can see in
the left side of figure 4.2, pyramidal cells in the cornu ammonis are not as orderly arranged
according to their birthdate as in the neocortex, where the layering is clearly visible. Likely,
both the climbing migration mode and the apical bending of the radial glia contribute to
this. In addition, it should be noted that ectopic cells are found in the stratum radiatum
(Gulyas et al., 1998; Savi¢ and Sciancalepore, 2001) and the boundary with the stratum
oriens becomes progressively looser at distal /ventral locations of CA1 (Slomianka et al.,
2011). Many genes, including reelin, doublecortin or Lisl, are crucial for correct lamination.
As a matter of fact, their suppression induces not only severe brain malformations, but also
alterations that are specific to the arrangement of CA1 pyramidal layer, like a two-layered
stratum in mice with mutated reelin gene (see Slomianka et al. (2011) for an overview).

4.1.3 Pyramidal neuron differentiation

At the state of an immature post-mitotic neuron, the cell has already committed to its
future cell fate. In our population of interest, pyramidal cells in CAL, migrating cells are
differentiating and acquiring their glutamatergic, projection neuron phenotype. This process
is regulated by a complex chain of gene interactions. While some transcription factors help
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maintain cells in a proliferative mode, like Notch (Shimojo et al., 2008), others promote

pyramidal neuronal differentiation, such as Emx1, Neurogenin 1/2 and Pax6.

The Role of Neurogenin2

In the present work, the genetic approach we used to fate-map neurons in a temporal
manner relies on the selective expression pattern of Neurogenin2 (Ngn2). Ngn2 belongs to
the Neurogenin family, which encode basic-helix-loop-helix (bHLH) proneural transcription
factors (Schuurmans et al., 2004). In the hippocampus and the neocortex!*, Ngn2 is
specifically and transiently expressed in glutamatergic progenitors (Ozen et al., 2007). In
general, expression of Ngn2 was shown to temporarily increase in cells exiting the mitotic
phase of cell cycle and entering quiescence or GO (Britz et al., 2006). In addition, Ngn2 has
proved to have a key role in the initiation of pyramidal cell fate specification, by enhancing
other downstream gene targets (Seo et al., 2007). Oppositely, its suppression induces
migration deficits during cortex formation and prevents neurons from acquiring a pyramidal
unipolar dendritic morphology (Hand et al., 2005). In accordance with the specificity of a
glutamatergic phenotype, it is not surprising that Ngn2 expression is mutually exclusive
with that of genes necessary for GABAergic neuron specification, such as Mash1 or DIx1/2
(Schuurmans et al., 2004).

Given the specific and transient expression of Ngn2 in glutamatergic progenitors, this
gene represents a powerful tool to selectively label cohorts of newborn cells (see figure 4.3).
To this end, we used a knock-in mouse line in which the expression of tamoxifen-inducible
Cre recombinase is under the control of the endogenous Ngn2 promoter (Zirlinger et al.,
2002). It should be noted as well that tamoxifen has a half-life of 12 hours in vivo (Danielian

et al., 1998), which further restricts the induction system to a relatively narrow time window.

4.1.4 Interneuron neurogenesis and migration

Unlike pyramidal neurons, prospective hippocampal and neocortical interneurons originate
in the subpallium. Two transitory regions located in the subpallium are largely responsible
for interneuron proliferation, the medial (MGE) and caudal (CGE) ganglionic eminences
(Pleasure et al., 2000). The earliest-born inhibitory neurons originate around E9.5 in the
MGE, with a peak of neurogenesis occurring three days later (E12.5). CGE-derived neurons
are presumably generated later, between E12.5 and E16.5 (Tricoire et al., 2011). It is now
well-established that the cell fate acquired by newly-born cortical GABAergic neurons is
rooted in their embryonic origin, both in space (MGE vs CGE) and time of neurogenesis
(Chittajallu et al., 2013; Ishino et al., 2017; Miyoshi and Fishell, 2011; Tricoire et al., 2010).
Indeed, in a very comprehensive investigation, Tricoire and colleages (2011) showed that
different chemically-defined interneuron subpopulations are originated in timely organized

waves of neurogenesis. First, mostly PV-, SST- and nitric oxide synthase (nNOS)-expressing

Ngn2 expression is also found subcortically (Gouty-Colomer et al., 2018).
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FIGURE 4.3: Inducible genetic fate-mapping based on Ngn2 gene expression. Synthetic scheme
of the genetic fate-mapping strategy used in the present work to label pyramidal
cells based on their time of birth. A male mouse carrying the Ngn2-CreER™ driver
(tamoxifen-inducible Cre recombinase gene under the control of Ngn2 promoter) and
the Ail4 reporter cassette (loxP-flanked STOP codon preceding Tdtomato gene) is
crossed with a non transgenic (Swiss background) female. In embryos, post-mitotic
pyramidal cell precursors transiently express Ngn2, which drives CreER expression. At
embryonic days 12.5 (E12.5), E14.5 or E16.5, the pregnant female is force-fed with
tamoxifen, which activates CreER. This leads to excision of the STOP codon and
expression of red fluorescent Tdtomato protein, specifically in cells expressing Ngn2
at the time of force-feeding. Once induced, fate-mapped are permanently labelled
with Tdtomato.

interneurons arise from the MGE, then CGE-derived CCK-, vasoactive intestinal peptide
(VIP)-, and later calretinin-expressing neurons take the lead.

Collectively, MGE- and CGE-derived interneurons start being observed within the cornu
ammonis from E14/E15 on (Manent et al., 2006). They leave the ganglionic eminences and
adopt a tangential migration, that is perpendicular to the RGC scaffold. Once arrived in
the hippocampal primordium, interneurons can invade the hippocampal plate (see Danglot
et al. (2006) for an extensive review). Here, they recognize specific molecular motifs on

target cells to establish appropriate inhibitory connections.

4.1.5 Circuit wiring and maturation

Concurrently with the last phases of neurogenesis, wiring within the hippocampal formation
begins to be established and the network reaches completion over the course of the first
postnatal month in rodents. In the next paragraphs, | will briefly describe the emergence
of such connectivity (figure 4.4), then | will mention early hippocampal dynamics and their
link to circuit maturation (summarised in figure 4.5).

Strikingly, extrahippocampal inputs reach CA1 earlier than axons from CA3. First,
entorhinal afferents are observed in CA1 from E16 and by E17 they start innervating the
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stratum lacunosum-moleculare and increase in density during the first postnatal week. In
turn, CA1 cells were shown to send axonal projections to the EC as early as E17 (Deng
et al., 2007; Supér and Soriano, 1994). Second, the septum sends projections to CAl
around the same time, targeting putative GABAergic interneurons and pyramidal cells
at E16 and E17, respectively (Supér and Soriano, 1994). Differently from the EC, the
maturation of this pathway is prolonged postnatally until 10 days after birth. Third, axons
from the nucleus reuniens of the thalamus reach CA1 around P1, and they are reciprocated

only at P5 by CA1 projections (Hartung et al., 2016).
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FIGURE 4.4: Developmental timeline of hippocampal synaptogenesis. Long-range glutamatergic
inputs from the entorhinal cortex and septum as well as long-range GABAergic inputs
reach CA1l first, towards the end of the last embryonic week. Axons originating
from nucleus reuniens appear in the first postnatal days, a few days before CA3. In
turn, CA1 interneurons with a long-range projection (and putative hubs) mature
before dendritic-targeting interneurons, while somatic GABAergic inputs develop last,
towards the end of the first postnatal week. Adapted from Cossart and Khazipov
(n.d.), under revision.

During the first postnatal week, local connections see the light as well, both from
interneurons and from CA3. CA3 Schaffer collaterals form glutamatergic synapses onto CAl
pyramidal neurons from P2 (Durand et al., 1996). Parallelly, GABAergic synapses develop
initially on the dendritic and then on the perisomatic compartment as well (Harris and
Teyler, 1983; Swann et al., 1989). Possibly however, the very first GABAergic connections
originate from MGE-derived early born (E9.5) interneurons, which operate as hubs during
early postnatal development and become long-range projecting cells (see section 4.2.1)
(Bocchio et al., 2020; Villette et al., 2016). Overall, GABAergic synapses are functional
before glutamatergic ones, although, unlike in adult, GABA exerts mostly a depolarizing
effect as a result of higher intracellular chloride concentrations, until P10 approximately
(Ben-Ari et al., 2012; Tyzio et al., 1999).
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Different kinds of hippocampal activity have been described in the embryonal or perinatal
stages, mostly in ex vivo conditions, represented in figure 4.5. These early dynamics are
thought to be essential for proper hippocampal network maturation and, ultimately for
the emergence of its many functions, like spatial navigation, which are established by the
end of the first postnatal month (Tan et al., 2017). First, in absence of any functional
synapses (either electrical or chemical), spontaneous uncorrelated activity is observed in
CA1 before birth (Crépel et al., 2007). Concomitantly with the appearance of gap-junction-
mediated connectivity, neuronal activity becomes more correlated. This corresponds to the
appearance of synchronous plateau assemblies (SPA), characterized by sustained firing and
large calcium conductances (Crépel et al., 2007), around birth. Both pyramidal cells and
interneurons participate, although their recruitment seems to be associated to their stage
of maturation (Allene et al., 2012). Indeed, around P4 developing interneurons are still
active during SPA, while more mature interneurons begin to engage in giant depolarizing
potentials (GDP). GDPs are large synchronous events, associated to burst firing and
increase of intracellular calcium concentration of both pyramidal and GABAergic cells
(Ben-Ari et al., 1989; Garaschuk et al., 1998; Khazipov et al., 2004). Their appearance
follows the course of Schaffer collateral connectivity, since many GDP events propagate
from CA3 to CAl (Menendez de la Prida et al., 1996) and GDP frequency is the highest at
P7, when collaterals from CA3 notably increase in density (Gémez-Di Cesare et al., 1997).
However, the contribution of local GABA release is crucial and GDPs wear off and cease
completely by the end of the second postnatal week, when GABA progressively loses its
depolarizing effect to become inhibitory (Khazipov et al., 2004; Tyzio et al., 2007).

It should be noted that these activities are recorded in brain slices, in absence of
extra-hippocampal and sensory influences. This implies that they are most likely the
product of internally generated hippocampal dynamics, emerging from the maturation
stage of the neuronal population. Oppositely, early sharp waves (eSPW) are preceded by
myoclonic movements of the pup. They are observed in vivo from P1 in CAl and seem
to be mainly driven by entorhinal input (Leinekugel et al., 2002; Mohns and Blumberg,
2010). At this stage, perisomatic inhibition is not fully mature yet (Doischer et al., 2008)
and eSPWs are not accompanied by ripple oscillations, which co-occurs with adult sharp
waves and appear only from around P14 (Buhl and Buzsaki, 2005)

4.2 Evidence for a developmental origin of diversity

In the light of what was exposed above, we can summarize by saying that “successive
molecular, cellular, and electrical events operate to carry out progressive neuronal [and
circuit] maturation” (Khalaf-Nazzal and Francis, 2013), leading to a fully functional
hippocampal network composed of neatly organized cell types and finely-tuned connections.
In other words, its development follows a precise sequential program that attributes given

elements (regions, neurons, synapses, ...) to specific roles and that preconfigures the
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FIGURE 4.5: Developmental stages of hippocampal activity. Triangles are principal cells and
circles indicate GABAergic interneurons (‘I'). Colored or dark grey symbols represent
active neurons. At the bottom of each network sketch, spikes are indicated by
bars in corresponding colors. (A) The most immature networks show little to no
connectivity and, hence, mostly uncorrelated neuronal activation. (B) Before or
around birth, electrical coupling between neurons allows weakly synchronous activity,
in the form of synchronous plateau assemblies (SPAs). (C) From around postnatal
day 4 (P4), multiple neurons are recruited into strongly synchronous patterns called
giant depolarizing potentials (GDPs). These rely mainly on GABAergic signaling
and are modulated by hub neurons. (D) Mature hippocampal networks contain
highly specific assemblies of neurons with inhibitory or excitatory synaptic coupling.
The emerging patterns of activity sustain highly ordered sequences, serving specific
functions in information processing. Adapted from Egorov2013.

adult hippocampus to sustain certain patterns of activity. The present work is based on
the hypothesis that these programs, established during embryogenesis, are also responsible
for within-cell type heterogeneity, specifically in the case of CA1 pyramidal cells (described
in chapter 4). As | will argue in the following paragraphs, there is increasing evidence in
favor of this hypothesis and that the embryonic origin is pivotal for the diversification of
many, if not all, hippocampal cell types. First, | will summarize research from our lab that
has focused on early born neurons, then | will draw from other groups as well and highlight
the convergence of these data.

4.2.1 Findings from our group: cell fate in the hippocampus is devel-
opmentally determined

While most of the data supporting the idea that the embryonic origin determines (at
least partially) neuronal cell fate in the hippocampus was indirect, the use of inducible
genetic fate mapping granted the possibility to identify neurons according to the time
of neurogenesis (Joyner and Zervas, 2006). In such way, glutamatergic and GABAergic
neurons could be fluorescently labelled by the means of Ngn2 and DIx1/2, respectively, at
specific developmental stages to provide direct evidence.

The first results were obtained in CA3 during the first postnatal week. By combining this
genetic approach with calcium imaging, Allene and collaborators (2012) found that earlier
born interneurons (E11.5) started participating in GDPs, while their younger counterpart

(E18.5) was still involved in SPAs. Also, the morpho-physiological profile of the former
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seemed to nicely mirror the overall maturation of the circuit (Villette et al., 2016). Inter-
estingly, even earlier born GABAergic cells (E7.5/E9.5, from now on ebGABA) appear to
form a unique functional subpopulation (Picardo et al., 2011). Here, ebGABA were shown
to present a highly arborized axon and could single-handedly impact network dynamics
when stimulated ex vivo. These and other features, such as their long-range projections,
lead our group to conclude that they represented a type of hub neurons (Bonifazi et al.,
2009), key players in the coordination of neuronal activity within and across networks.
Similarly, ebGABA in the developing CA1 also operate as hubs, as their manipulation
synchronizes GDP occurrence, likely thanks to their widespread axon (Bocchio et al., 2020).
The unique cell morphology and functional connectivity are maintained in adulthood, in both
CA1 and CA3 (Bocchio et al., 2020; Villette et al., 2016). In addition, ebGABA imaged in
awake mice displayed a higher recruitment during locomotion and during population bursts,
as compared to random interneurons, strongly vouching for their uniqueness, and further

confirming the notion of a developmental imprint on the mature hippocampus.

Given the relationship between an early neurogenesis and the fate of interneurons,
brought to light by our group, glutamatergic cells were also probed under the developmental
prism (Marissal et al., 2012; Save et al., 2019). CA3 pyramidal cells born at E11.5 were
found to be located in the deeper portion of the pyramidal layer, mostly in the distal end
of CA3, both developing before their superficial / proximal counterpart (Bayer, 1980).
Furthermore, differently from later born neurons (E15.5), they participated in the early
phase of GDPs and exhibited burst firing and less ramified dendritic trees (Marissal et al.,
2012). Interestingly, these findings were more recently corroborated by a study from the
Spruston lab, in which two different pyramidal subpopulations were identified in adult CA3
(Hunt et al., 2018). Here, neurons with a stunningly analogous phenotype to those above
(deeply-located, bursting and a ‘simple’ morphology) were shown to be active in the early
phase of sharp waves, and to possibly initiate them.

Likewise in the dentate gyrus: semilunar granule cells (SGC) are a specific subclass of
granule cells, that can be distinguished by their widespread dendritic tree (Williams et al.,
2007). In our group, Save et al. (2019) extensively characterized this population in vitro
and proved that SGCs are mostly generated in early phases of development (between E12
and E16)'%and have distinct membrane properties. Once again, an ensuing publication
extended on this, showing that fate mapped SGC, born predominantly at E15-16, were
preferentially activated in a wide range of behavioral paradigms (Erwin et al., 2020)1°.

5The reader should bear in mind that primary neurogenesis in this regions spans from E12 to P7.

'®Here the fundamental difference between the two studies is that Erwin et al. (2020) highlighted how
the suprapyramidal blade of the DG is enriched with this cell subtypes, in respect to the infralaminar blade,
while Save et al. (2019) looked at the soma location in the depth of the granule cell layer altogether.
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On a personal note, the early- versus late-born dichotomy is possibly an oversimplifica-
tion. | illustrated above how cellular heterogeneity spans several gradients simultaneously,
the most evident ones being observed along the anatomical axes, and one dimension alone
does not suffice to explain diversity as a whole. However, taking into account the develop-
mental imprint on molecular, physiological and synaptic features, our group contributed
with a significant step forward to understanding hippocampal cell diversity. Therefore, this
body of work has the undeniable worth of systematically showing how hippocampal neurons
are set to specific differentiation paths in early development and largely by their precise
temporal (and spatial) origin. Compared to principal cells CA3 and DG, it is less clear how
CA1 pyramidal cells situate within this developmental framework. Yet, no experimental
work has addressed this question in depth, and this is precisely the purpose of the present
study. To properly lay the ground, in the next couple of paragraphs | will outline several

converging data pointing in this direction.

4.2.2 Converging evidence for a developmental imprint onto hippocam-
pal cell fate

As previously described, correct lamination of the CA1 area depends on the expression of
several genes involved in migration, mostly encoding cellular cytoskeleton proteins (Caviness,
1973; Deller et al., 1999; Hirotsune et al., 1998; Deuel et al., 2006). Misexpression of these
genes causes severe heterotopias, often inverting the inside first-outside last patterning. “In
reeler [reelin mutated mice], it is the more superficial cells which are the earliest formed,
and the deepest lying the latest formed” (Caviness, 1973). In a recent paper, D'amour and
colleagues (2020) provided convincing data that pyramidal neurons maintain a temporally-
based subtype identity, despite the inversed layering. In a Lisl-mutated mouse line, which
is phenotypically similar to the reeler model, they observe (i) diffuse, but not exclusive, Cb
expression in the deep (thus later born) sublayer; (i) PV+-somata shift to more superficial
positions, where earlier born pyramidal neurons are misplaced!’; (iii) inverted gradient of
dendritic morphologies, with ‘complex’ cells in the deep and ‘simple’ cells in the superficial
sublayer.

In another publication, the transcription factor Zbtb20, involved in CA1 pyramidal
neuron specification, was experimentally manipulated (Nielsen et al., 2010). While this gene
co-labels with Cb in normal conditions, downregulation of Zbtb20 suppresses Cb expression
in the superficial sublayer and affects distal apical dendrite formation in the stratum
lacunosum-moleculare. Taken together, these studies suggest that Lisl, Zbtb20 (among
others) participate to an intrinsic genetic program that starts in early CA1 maturation and
exerts a stronger influence than the soma location alone in the determination of pyramidal
cell fate.

The early developmental schedule might not be limited to morpho-physiological prop-

erties (that can be seen as ‘intrinsic’ to the cell type) and local innervation, but could

"CB1R+ puncta were also found in more superficial positions, which is opposite to the expected shift
of CCK+ cells in the deep sublayer.
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also extend to global connectivity. On one hand, the Caroni lab has brought to light the
existence of subpopulations of cells that were interconnected according to the temporal
schedule of neurogenesis and synaptogenesis. First, principal cells within the trisynaptic
pathway appeared to establish connections preferentially with other temporally-matched
principal cells (Deguchi et al., 2011), so that neurons maturing simultaneously in DG, CA3
and CA1 were more likely integrated into the same network, and ultimately formed related
functional assemblies. Second, early born PV cells were found to target deep CA1 cells
while late born PV cells targeted superficial CA1 cells (Donato et al., 2015). On the other
hand, extrinsic factors are also likely to play a role. For instance, in the reeler mouse, the
disorganization of the entorhinal afferent fibers mirrors the cellular disorganization and
axon terminals appear to contact their putative targets despite the mis-lamination (Deller
et al., 1999). As if “the laminar organization of the hippocampus [depended] on the correct
positioning of postsynaptic target cells” (Deller et al., 1999). In addition, experiments where
embryonic tissue was grafted onto the adult hippocampal region revealed that afferents
growing out from the transplanted tissue innervated the host hippocampus with proper
laminar specificity (Forster et al., 2006; Zhou et al., 1990).

Many reviews and papers cited in 3.3 allude (more or less explicitly) to development as
a possible contributing factor to heterogeneity in the superficial-deep axis. A (somewhat
paradoxical) example is given by the seminal work of Cembrowski et al. (2016). Authors
labelled CA1 neuronal subpopulations by in utero viral injections at E14 and E17, performed
a high-throughput analysis of their respective transcriptomes and concluded that the radial
axis yields a pronounced genetic variability. However, an alternative interpretation of these
results is that the differences in gene expression between E14- and E17-labelled cells are
due to the embryonic birthdate, which incidentally also determines the soma location within
the stratum pyramidale.

All in all, the hypothesis of an embryonic origin of diversity has been making its way in
respect to the radial gradient. The reader should note that it is still matter of speculation
whether the developmental framework is applicable to the long and transverse axes. By
combining observations of cellular and regional heterogeneity with developmental notions,
several pieces of evidence point in this direction. Although no obvious temporal gradient
along the dorso-ventral axis was identified in the development of CA1, there likely is one in
CA3 and the entorhinal cortex, where the dorsal and lateral portions, respectively, originate
before ventral CA3 and the more ventral MEC (Bayer, 1980; Donato et al., 2017; Stanfield
and Cowan, 1979). Still, it should be noted that CA1 fibers reach the medial (older) part
before the lateral (younger) part of the lateral septum (Bayer, 1980; Swanson and Cowan,
1978). By contrast, a developmental gradient is more evident in the transverse axis, with
distal ends of CA1 and CA3 supposedly first to emerge, before the proximal counterpart
(Bayer, 1980).
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A first remark (or reminder) is that connectivity gradients intermingle in their develop-
mental component as well. Distal CAL is preferentially targeted by LEC, which is generated
slightly earlier than MEC (Angevine, 1965). In turn, MEC (generated later) is biased
towards the younger proximal CA1l (Masurkar et al., 2017). Also, CA2 is formed early in
development (Angevine, 1965) and innervates more densely the deep sublayer (Kohara
et al., 2014).

Second, it is important to point out that across these axes, similar electrophysiological
gradients seem to be established. Although the pattern not is always consistent, CAl
pyramidal cells occupying earlier formed subregions (deep, distal, and dorsal, supposedly)
globally display smaller lh-mediated sag responses, lower membrane resistance (Jarsky
et al., 2008; Malik et al., 2016; Maroso et al., 2016; Masurkar et al., 2020) and higher
bursting propensity ((Jarsky et al., 2008; Mizuseki et al., 2011), altough lower for dorsal
CA1 (Malik et al., 2016)).

Third, in functional terms, there is a higher likelihood to engage in spatial processing
in the deep and dorsal CA1 due to the strong MEC input (presumably older), as opposed
to superficial and ventral CA1 treating non-spatial information as well, carried by LEC
(Igarashi et al., 2014b; Masurkar et al., 2017). Although the transverse axis obviously does
not follow the same pattern, it also shares common functional features with the radial axis.
While superficial /proximal cells present fewer place fields with higher spatial tuning, the
older counterpart can fire in multiple place fields with lower spatial coherence (Danielson
et al., 2016; Henriksen et al., 2010; Mizuseki et al., 2011; Oliva et al., 2016a).

The emerging picture is that early developmental programs constitute the fundamental
backbone for the organization across the whole adult hippocampus and the observations
above constitute the footprint of circuit pre-wiring at various levels and anatomical scales
(Cossart and Khazipov (n.d.), under revision). In other words, at a time when experience
has not come in play yet, a set of predetermined features are established at cell and network
level, i.e. determining certain physiological properties or connectivity schemes. Later
during early postnatal development, the hippocampus receives (indirect) stimuli from the
external world and undergoes plastic changes, modelling its wiring and activity based on
their preexisting configuration, as recently seen for place cells in CA1 (McKenzie et al.,
2021). It becomes clear that elucidating these predetermined developmental sequences is
essential for understanding neuronal dynamics and functions observed within the mature
hippocampus, and, as the main output of this structure, pyramidal cells in CA1 ought to
be considered under the developmental prism. Specifically, in the present work we focused
on ventral CA1 pyramidal neurons and asked whether the temporal embryonic origin is
a major determinant of the phenotypic diversity observed among this population. | will
present the main experimental findings of my doctoral project in the next part (Il) and |

will elaborate on their significance in part Ill.
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5. Preamble

It is still debated how the hippocampus, and particularly the ventral pole, can compute
various kinds of information supporting a broad functional repertoire, i.e. navigation,
episodic memory, and emotional processing (chapters 1 and 2). Unlike previously thought,
pyramidal neurons (PN) in adult hippocampal CA1 exhibit a pronounced heterogeneity,
including gene expression, dendritic morphology, physiological properties, connectivity and
oscillatory activity. Many features correlate with the soma location across the stratum
pyramidale (SP) and the existence of two functionally distinct CA1 sublayers, deep and
superficial, was proposed. Altogether, these observations point at a cell-level 'division of
labor" and provide a circuit basis for the diversity of hippocampal function (chapter 3).
During embryogenesis, differentiating PNs migrate via an 'inside first-outside last’ scheme
and position themselves in progressively more superficial positions. Since this mirrors the
radial segregation in cellular properties, the time of birth could play a role in PN cell fate
determination (chapter 4).

Thus, we asked whether the temporal embryonic origin is a major determinant of ventral
CA1 PN neuronal heterogeneity observed in adulthood. To this aim, we labelled PNs
according to their time of birth during neurogenesis (E12.5, E14.5 and E16.5, see 4.1.3)
and described their properties using a combination of ex vivo electrophysiology, neuronal
tracing, immunohistrochemistry and behavioral assays. Specifically, we probed excitatory
and inhibitory input connectivity, dendritic morphology, intrinsic membrane properties,

extrahippocampal projections and recruitment upon exploration.

The main experimental findings are illustrated and commented in the next chapter (6),
in the form of an article. We show that the embryonic birthdate contributes to defining
PN diversity in ventral CA1, from intrinsic morpho-physiological properties, to projection
patterns and exploration-induced cFos expression. In addition, we find that pioneer PNs
(E12.5) display unique characteristics. Hence, we provide evidence that the developmental
origin, likely in synergy with positional factors, critically determines CA1 PN properties,
and possibly function. At this moment, the manuscript is available as a preprint and is
soon to be submitted to a scientific journal. Note that it contains a detailed 'Materials

and Methods’ section, not reproduced elsewhere.


https://doi.org/10.1101/2021.03.07.433031
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Furthermore, the reader will find a summary of two additional experiments that are not
mentioned in the article. We tested a novel viral strategy for anterograde tracing (annex
A) and calcium imaging combined to microendoscopy in ventral CA1 of the awake mouse

(annex B), but neither yielded a successful outcome.
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Abstract

Cellular diversity supports the computational capacity and flexibility of cortical circuits.
Accordingly, principal neurons at the CA1l output node of the hippocampus are
increasingly recognized as a heterogeneous population. Their genes, molecular content,
intrinsic morpho-physiology, connectivity, and function seem to segregate along the main
anatomical axes of the hippocampus. Since these axes reflect the temporal order of
principal cell neurogenesis, we directly examined the relationship between birthdate and
CAL1 pyramidal neuron diversity, focusing on the ventral hippocampus. We used a genetic
fate-mapping approach that allowed tagging three groups of age-matched principal
neurons: pioneer, early- and late-born. Using a combination of neuroanatomy, slice
physiology, connectivity tracing and cFos staining, we show that birthdate is a strong
predictor of CA1 principal cell diversity. We unravel a subpopulation of pioneer neurons
recruited in familiar environments with remarkable positioning, morpho-physiological
features, and connectivity. Therefore, despite the expected plasticity of hippocampal
circuits, given their role in learning and memory, the diversity of their main components is
significantly predetermined at the earliest steps of development.

Introduction

Hippocampal circuits serve multiple complex cognitive functions including
navigation, learning, and episodic memory. For this purpose, they form highly associative
networks integrating external inputs conveying multi-sensory, proprioceptive, contextual
and emotional information onto internally-generated dynamics. For many years, in
contrast to their inhibitory counterparts, principal glutamatergic cells have been treated
experimentally and modeled computationally as identical twins. Hence, multiple streams
of information serving a variety of functions were considered to be integrated by a uniform
group of neurons. This conundrum has been recently clarified by converging results
indicating that the hippocampus is in reality comprised of heterogeneous principal cell

populations forming at least two distinct, nonuniform parallel circuit modules that are
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independently controlled and involved in different behaviors. This diversity would
contribute to the computational flexibility and capacity of the hippocampal circuit (Soltesz
and Losonczy, 2018; Valero and de la Prida, 2018).

At population level, it is becoming increasingly evident that most features of
neuronal diversity within the CA1 output node of the hippocampus distribute in a way that
matches the temporal schedules of development across transverse and radial axes.
According to early autoradiographic studies, mouse CA1 principal neurons (CA1 PNs) are
born between E12 and birth with a peak at E14 (Angevine, 1965; Bayer, 1980). In the
radial axis, successive generations of PNs occupying the principal pyramidal layer
migrate past the existing earlier born neurons thus creating layers in an “inside-out”
fashion. Therefore, superficial neurons (closer to the stratum radiatum) are in general
born later than deep neurons (closer to the stratum radiatum). In the transverse axis,
distal CA1 neurons (CAla and b, closer to the subiculum) are born first, followed by
proximal CALl (closer to CA2). In contrast, there is no apparent developmental gradient
along the dorsoventral axis in CA1 as compared to CA3 or entorhinal cortex, where
ventral neurons are born significantly later that dorsal ones (Bayer, 1980; Donato et al.,
2017). In sum, in CAl, early born neurons are preferentially found throughout the
dorsoventral axis, in CAla,b (distal) and in deep radial positions, whereas later born ones

are located in CAlc and closer to the stratum radiatum.

Heterogeneity of the morpho-physiology of CA1 PNs distributes in a similar pattern.
Hence, adult CA1 PNs located in regions associated with a presumed earlier birth date
(i.e. CAl deep and/or distal) display a smaller HCN-mediated h-current (lh) (Jarsky et al.,
2008; Lee et al., 2014; Maroso et al., 2016; Masurkar et al., 2020), a lower membrane
resistance (Rm) (Graves et al., 2012; Masurkar et al., 2020) as well as a higher
excitability ((Cembrowski et al., 2016; Mizuseki et al., 2011) and bursting propensity
(Jarsky et al., 2008). The same applies to the local and long-range connectivity schemes
of CA1 PNs. For example, seminal early studies noted how the order of neurogenesis in
the entorhinal cortex, proceeding from lateral to medial, also strictly correlated with the
order of its termination on CA1 PNs along transverse and radial axes (Bayer, 1980); a
property recently probed at functional level (Masurkar et al., 2017). The temporal order of
neurogenesis was directly evidenced at single-cell level to impose the local patterning of
glutamatergic connectivity to form isochronic circuits throughout the hippocampal

trisynaptic circuit (Deguchi et al., 2011). This also applies for the mesoscopic organization
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of adult GABAergic inhibitory circuits. Indeed, both along the radial and transverse axes of
development, late born PNs and subregions are more likely to drive CAL interneurons,
while early born regions and PNs receive stronger inhibitory inputs (Donato et al., 2017;
Lee et al., 2014; Oliva et al., 2016; Valero et al., 2015).

Finally, functional diversity also appears to correlate with presumed birthdate.
When combining the information of many recent reports a picture emerges by which in the
dorsal hippocampus putatively early born PNs are comprised of a higher fraction of place-
modulated neurons (Danielson et al., 2016; Mizuseki et al., 2011) with a poorer spatial
coding specificity (Danielson et al., 2016; Geiller et al., 2017; Hartzell et al., 2013;
Henriksen et al., 2010; Oliva et al., 2016). More particularly, in CA1, presumably older
PNs are better tuned to receive external sensory inputs as their firing is more anchored to
external landmarks while later born ones, may be more likely to convey an internal
“memory stream”, more likely to participate in SWRs and to convey self-referenced
information, with slower if any remapping and more stable place maps (Danielson et al.,
2016; Fattahi et al., 2018; Mizuseki et al., 2011; Sharif et al., 2020; Valero et al., 2015).
Similarly, function segregates along the radial axis in the ventral hippocampus where
deep CA1PNs specifically projecting to the nucleus accumbens shell (NAcc) or to the
Lateral hypothalamus (LHA) were reported to contribute to social and anxiety-related

behaviors, respectively (Jimenez et al., 2018; Okuyama et al., 2016).

Altogether, mostly based on the tight correlation between their soma position and their
morpho-functional attributes, these recent results indirectly support the intriguing
possibility that CA1PNs diversity may be partly determined at their time of neurogenesis.
Alternatively, diversity may simply reflect final soma position and the influence of local
circuits rather than an early predetermination. In order to test directly these two non-
mutually exclusive possibilities, we have fate-mapped three groups of age-matched
CA1PNs: pioneer (i.e. born around embryonic day 12: E12.5), early (E14.5)- and late
(E16.5)-born as described previously (Marissal et al., 2012; Save et al., 2019). We
analyzed their morphophysiological properties, connectivity, and activation during the free
exploration of differently familiar environments. We focused on the ventral hippocampus
as this region displays the wider diversity of CAL1PNs in terms of projection patterns
(Cembrowski et al., 2016; Jimenez et al., 2018; Jin and Maren, 2015; Kim and Cho, 2017,
Lee et al., 2014; Okuyama et al., 2016; Parfitt et al., 2017; Xu et al., 2016).
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Whereas the radial position of CA1PNs correlates with some features of synaptic
connectivity like the frequency of excitatory synaptic currents they receive, other
morphophysiological properties including apical dendritic length in the stratum radiatum,
parvalbumin somatic coverage, long-range projection, spiking in response to current
injections, sag current or input resistance distinguish between cells with different
birthdates. In particular, pioneer E12-CA1PNs stand out as a singular subset of cells
regarding many parameters, broadly distributed along the radial axis and preferentially
activated when mice explore a familiar environment. Therefore, the present study reveals
how the heterogeneity of CA1PN diversity extends beyond the mere subdivision into two
sequentially generated sublayers along the radial axis. It likely encompasses many, at

least three, intermingled subtypes specified at progenitor stage by their temporal origin.

Results

Pioneer CA1l pyramidal cells broadly integrate the pyramidal layer and display
remarkable features.

CAl pyramidal neurons (PNs) were fate-mapped using the inducible transgenic
driver line Ngn2-CreR, expressing Cre™® under the control of the Ngn2 promoter. We
crossed Ngn2CrefR mice with the Ail4 reporter line (Madisen et al., 2010), including a
Cre-dependent TdTomato allele (see Methods). Like in our previous studies(Marissal et
al., 2012; Save et al., 2019), three different groups of pyramidal neurons were labelled by
TdTomato expression via tamoxifen administration at separate embryonic time points:
embryonic day 12.5 (E12.5), E14.5 and E16.5. We first focused on the main features
classically expected to segregate into two CA1 sublayers, the deep and superficial one.

We first examined the somatic location of CA1PNs in the stratum pyramidale
according to their fate-mapped date of birth (Fig. 1A). The location was calculated as the
distance between the center of the soma and a line representing the stratum
radiatum/pyramidale border. Coherently with an inside first-outside last patterning
(Angevine, 1965; Bayer, 1980), we found that E16.5 CA1PNs were mostly located in the
superficial part of the pyramidal layer, whereas the deep sublayer was enriched in E14.5
CA1PNs. In both dorsal and ventral CA1, E12.5 cells were also positioned in the deeper
portion, although significantly shifted towards the stratum oriens. Noteworthy, not only did
the location in respect to the radiatum/pyramidale border change, also the spatial
dispersion of cells in the pyramidal layer varied with the birthdate. More specifically, E12.5
were the most spread out (E12.5 interquartile range or IQRgi25 = 63.14 in dorsal and
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104.44 in ventral CAl) and later born cells showed drastically reduced values of
dispersion (IQRg145 =22 and 30.71, IQRgs5 = 22 and 12.95 dorsally and ventrally,
respectively). The broad distribution of E12.5PNs and its shift towards the stratum oriens
was particularly obvious in cumulative distribution plots obtained from dorsal and ventral
CAl where a consistent fraction of the labelled E12PNs were located outside from the
stratum pyramidale, in the stratum oriens and, fewer, in the stratum radiatum (Fig. 1B).

These results are globally in line with previous work. However, they indicate how
not only the location, but also the dispersion of somata in the pyramidal layer depends on
the birth date. In addition, they show how the deep CAL sublayer is comprised of a mixed
population of E12.5 and E14.5 CA1PNs while cells located in the stratum oriens are
predominantly of E12.5 origin.

We next investigated the diversity among CA1PNs with parvalbumin, a classical
immunohistochemical marker used in several previous studies to distinguish the deep and
superficial sublayers. Indeed, parvalbumin was demonstrated to preferentially decorate
the somata of deep CA1PNSs, indicating a stronger innervation by putative PV-basket cells
(Lee et al., 2014; Soltesz and Losonczy, 2018; Valero et al., 2015). For this reason, we
expected to find a preferential PV innervation of E12.5 and E14.5 PNs, both located in the
deep sublayer (Fig. 1C). Surprisingly, this labelling was better segregating according to
birthdate than position. Indeed, E12.5CA1PNs displayed significantly less putative PV
contacts than E14.5CA1PNs, even though their somata were mainly located in the deep
CA1 (see Fig. 1B).

These first observations indicate that, at single-cell level, birthdate may better
correlate with the properties of CA1PNs than position along the radial axis. They also
point-out at the pioneer subset of CA1PNs as potential outliers in the relationship between
cell diversity and birth order. To further analyze the relationship between birthdate, cell
position and single-cell morpho-physiological features, we next performed a series of ex
vivo whole cell patch clamp recordings in acute brain slices from adult Ngn2-Cre=R-Tdt
mice (n = 72 cells from 34 mice; 22 E12.5 CA1PNs, 27 E14.5 CA1PNs, 23 E16.5

CA1PNSs), sampling from intermediate to ventral CAL.

Synaptic input drive onto CA1PNs reflect both radial positioning and birthdate.
Previous studies suggest that cells located in the deep or superficial portion of the

CA1 pyramidal layer, differ in their synaptic inputs (Kohara et al., 2014; Lee et al., 2014;
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Masurkar et al., 2017; Valero et al., 2017). In order to investigate whether this pattern
would also depend on birthdate we have voltage-clamped the fate-mapped CA1PNs at
the reversal potential for GABAergic and glutamatergic currents to record spontaneous
excitatory and inhibitory postsynaptic currents (s-EPSCs and s-IPSCs, Fig. 2). The
location of the neurobiotin-filled somata of the recorded cells was measured in respect to
the depth of the pyramidal layer and expressed as a ratio between 0 and 1, representing
the border with the stratum radiatum and the stratum oriens respectively. Although the
amplitude and frequency of neither s-EPSCs (Fig. 2C) nor s-IPSCs (Fig. 2D) differed, the
excitatory/inhibitory balance (computed as the E/I amplitude ratio, Fig. 2E) was lower for
E14.5 than both E12.5 (P: 0.020) and E16.5 CA1PNs (P: 0.018). This indicates that
neurons born at E14.5 are subject to a synaptic drive leaning more towards inhibition that
the other two groups, in agreement with their receiving more putative perisomatic PV
contacts (see above). In contrast, the frequency of s-EPSCs (Fig. 2C) showed a linear
correlation with the cell body location (r= 0.49, p: 0.002). This was also reflected in the E/I
frequency ratio (r=0.43, P: 0.0047), indicating a higher excitatory synaptic drive in deep
than in superficial neurons, regardless of their birthdate (Fig. 2E).

To acquire further understanding of the different connectivity profiles, we applied
brief electric stimulations in the stratum radiatum, which contains CA3 Schaffer collaterals
innervating CA1, and recorded evoked PSCs in voltage-clamp mode (Fig. 3A). In contrast
to (Valero et al., 2015), we could not observe any correlation between the properties of
evoked synaptic excitation and the soma location or the birth date (Fig. 3B & 3C). This
contrasted with evoked inhibitory responses (Fig. 3B & 3D). Indeed, evoked IPSC
amplitude increased linearly towards the stratum oriens (r=0.34, P: 0.0128), while IPSC
kinetics (half-width and time constant) inversely correlated with the location (respectively,
r=-0.36, P: 0.008 and r=-0.36, P: 0.0051, Fig. 3D). This suggests that cells in the deep
sublayer receive stronger and faster presumably CA2/CA3-driven GABAergic input (Lee
et al.,, 2014). Finally, we tested paired-pulse (PP) responses as a proxy of the input
release probability and found that inhibitory PP ratio was consistently higher in E12.5
CA1PNs as compared to E14.5 (P: 0.0326) and E16.5 (P: 0.0177) CA1PNs (Fig. 3D).

Altogether these results indicate that input connectivity motifs might be expressed
as a gradient through the depth of the pyramidal cell layer. However, they also show that
some functional features, such as the E/I balance and the SC-associated GABAergic
release probability, may rather be established through developmental programs that are

revealed uniquely by the temporal origin.
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Relationship between birthdate, soma position and synaptic output

We have seen above that the radial position of CA1PNs is partly reflected in their
synaptic input drive. Given that these cells were shown to be diverse regarding their
projection area, we decided to test whether birthdate could segregate CA1PNs with
different projection patterns. The ventral CAl is known to display multiple projections
targeting the EC, the amygdala (Amy), nucleus accumbens (NAcc), the medial prefrontal
cortex (MPFC), the lateral septum (LS) and lateral hypothalamus (LHA) (Arszovszki et al.,
2014; Cenquizca and Swanson, 2007; Ciocchi et al., 2015; Kim and Cho, 2017; van
Groen and Wyss, 1990). Interestingly, an anatomical segregation in a laminar fashion was
often reported when comparing cells with different projections.

To this aim, we performed injections of the retrograde tracer cholera toxin subunit
B (CTB) CTB-647 into the Amy, NAcc, mPFC, LS and LHA and counted CTB*-Tdt" co-
labelled cells in the ventral CA1 (Fig. 4, and S4 in the supplementary material). Co-
labelling data from a given animal was translated into a binary vector of length N equal to
the total amount of Tdt'- birthdated cells, with “1” entries reporting the number of those
that were also positive for CTB. Vectors representing animals for which the same birth
date was labelled were added. Birth dated groups were next compared in a pairwise-
fashion using a resampling approach (See Methods).

When comparing the three birthdate groups, excluding the regions where each
projected the most densely (LS for E12.5 and E16.5 CA1PNs, NAcc for E14.5 CA1PNSs),
the fraction of CTB'-Tdt" was significantly higher in E12.5 than E16.5 (P<0.05) and
presented a trend between E12.5 and E14.5 (P=0.070, Fig. 4B). In addition, E12.5
neurons projected homogeneously to all structures analyzed, while marked differences in
output innervation were found within E14.5 and E16.5 neurons (Fig. 4C). E14.5 CA1PNs
showed a clear bias towards the NAcc, followed by LS and mPFC. Similarly, and despite
some variability, LS and NAcc were also preferred outputs of E16.5 CA1PNs, while the
remaining three structures (Amy, mPFC, LHA) presented little to no co-labelling.

The overall higher CTB*-Tdt" fraction in E12.5 PNs (Fig. 4B) was found as well when
looking within given target structures (Fig. 4D). Indeed, E12.5CA1PNs projected
proportionally more than E16.5CA1PNs to Amy, and more than both E14.5 and
E16.5CA1PNs to mPFC. In contrast, within NAcc-projecting neurons, CTB'-Tdt"
proportion was the greatest among E14.5 neurons, as compared to E12.5 and E16.5. In

addition, E14.5 cells projected more to Amy than their later-generated counterparts (Fig.
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4D). These results are in line with previous findings that NAcc, Amy and mPFC are
preferentially targeted by earlier-generated neurons located in the deep sublayer
(Jimenez et al., 2018; Lee et al., 2014; Okuyama et al., 2016). Furthermore, they point at
a specific contribution of the embryonic origin in defining output connectivity motifs (e.g.
NAcc-projecting neurons mainly identified among E14.5 CA1PNs). In addition, the
tendency of E12.5CA1PNs to contact at consistent rates all retro-traced regions is

reminiscent of multiple projecting CA1 cells (Ciocchi et al., 2015; Gergues et al., 2020).

Intrinsic electrophysiological properties of CA1PNs reflect birthdate

Together with synaptic input connectivity, intrinsic electrophysiological properties
are known to contribute to the specific activation of CA1PNs, for example in the formation
of place fields (Bittner et al., 2017; Epsztein et al., 2011). They have been shown to vary
across cells (Dougherty et al., 2012; Graves et al., 2012; Maroso et al., 2016; Masurkar et
al., 2020; Mizuseki et al., 2011). We have therefore examined their relationship with
birthdate by performing current-clamp experiments in adult slices where CA1PNs from the
three age groups could be identified (Fig. 5).

We first probed the intrinsic membrane excitability via a series of hyperpolarizing
current steps (Fig. 5D) and found that pioneer E12.5CA1PNs exhibited a reduced
repolarizing sag response (E12.5 vs E14.5, P: 0.0078), and rebound potential (not shown)
in respect to later generated neurons, while their membrane time constant was faster than
E16.5 neurons (P: 0.0264, Fig. 5B). On the contrary, pyramidal neurons born at E14.5
had a higher input resistance (Fig. 5C) and, upon depolarizing current injections of
increasing amplitude, were globally able to trigger more action potentials than the earlier-
and later-born counterparts (Fig. 5E, main effect of birth date P < 0.0001, E12.5 vs E14.5:
P < 0.0001, E14.5 vs E16.5: P < 0.0001, E14.5 vs E16.5: P = 0.645, ordinary two-way
ANOVA), despite no differences in action potential threshold, half-width or rheobase (see
supplementary table S1).

Interestingly, none of the intrinsic electrophysiological properties measured here
correlated with the location in the stratum pyramidale, suggesting that the embryonic birth
date is a major determinant of the observed cell heterogeneity, which cannot solely be

explained by the radial gradient.

Dendritic morphology of CA1PNs correlates with birthdate



70

We next asked whether the dendritic morphology of CA1PNs could reflect their
birthdate, since pyramidal neurons with different dendritic arborizations were recently
shown to distribute radially in the distal part of CAl (Li et al., 2017). We used a set of
neurobiotin-filled cells (ngi2s = 30, Ne12s = 14, negss = 19) and considered the overall
dendritic arborization (Fig. 6). We measured the distance between the cell soma and the
first bifurcation of the primary apical dendrite (Fig. 6B). Earlier-generated neurons (both
E12.5- and E14.5- CA1PNs) had a significantly longer shaft than later generated neurons
(Fig. 6C, E12.5 vs E16.5, P: 0.0001; E14.5 vs E16.5, P < 0.0001). In addition, the shaft
length increased linearly with the distance of the cell body from the radiatum/pyramidale
border (r=0.51, Clgs [0.32; 0.68], P< 0.0001, Fig. 6C). However, we next reasoned that
this correlation could be redundant, owing that a portion of the dendritic shaft includes the
distance of the soma from the radiatum/pyramidale border, hence its location (Fig. 6B). To
avoid this confounding factor, we computed as a substitute the distance between the
primary apical dendrite birfucation to the radiatum/pyramidale border (Fig. 6C) and
observed that indeed the correlation with the soma location could no longer be found
(r=0.16, Clgs [-0.07; 0.38], P: 0.0865). However, differences related to the birth date
remained, and E14.5 CA1PNs cells were found to display a longer dendritic main branch
within the stratum radiatum than both E12.5- and E16.5CA1PNs (E12.5 vs E14.5, P:
0.0056; E14.5 vs E16.5, P: 0.0004, Fig. 6C). Thus, consistent with our previous findings in
CA3 (Marissal et al., 2012), the dendritic morphology appears to be determined by the
temporal embryonic origin, at least in its basic features. Again, this correlation with
birthdate is not linear since E12.5 CA1PNs were found to be more similar to E16.5PNs
than E14.5CA1PNSs, their closer peers in age.

cFos labelling following the exploration of familiar or novel environments
correlates with birthdate

The dorsal CA1l was recently shown to comprise two functional sublayers with
deep CA1PNs supporting the formation of landmark-based spatial maps during a novel
experience, while superficial CA1PNs were more active in cue-poor conditions and likely
to convey self-referenced information (Danielson et al., 2016; Fattahi et al., 2018; Geiller
et al., 2017; Sharif et al., 2020). We asked whether similar differences could be observed
in the ventral CA1 and whether they could reflect developmental origin, given the different
connectivity schemes and excitability across CA1PNs with different birthdates. To this
aim, we tested the activation of birth dated ventral pyramidal neurons during the

exploration of an environment, by the means of cFos immunoreactivity, given the poor
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accessibility of the ventral hippocampus to imaging and the sparsity of pioneer CA1PNs.
cFos is an immediate early gene whose expression does not simply reflect previous
activity in labelled neurons but also the induction of activity-related plasticity (West et al.,
2002).

Ngn2-CreF*-Tdt mice (n=25) induced at E12.5, E14.5 and E16.5 were divided into three
groups (Fig. 7A): one explored a cue-enriched arena during 20 minutes for 3 consecutive
days, the familiar group (FAM), whereas another group was exposed to the same
environment during only one session on the third day, the novel group (NOV). A control
group was handled by the experimenter but did not explore any arena, the home cage
group (HC). As expected, FAM mice decreasingly explored the arena throughout the 3
consecutive sessions (repeated measures one-way ANOVA, test for trend: P< 0.01, Fig.
7A). Coherently, the distance run by NOV mice was significantly higher than that of the
second and third FAM sessions (one-way ANOVA, NOV vs FAM,, P < 0.001; NOV vs
FAM3;, P < 0.001), but not of the first session (FAM,).

As expected, the overall proportion of cFos’/DAPI neurons was significantly higher in
NOV (10.76 % + 3.42) and FAM (9.40 % + 1.31) than the HC condition (5.44% =+ 2.45),
further confirming that cFos expression in hippocampal neurons is up-regulated upon
exploratory activity (Fig. 7B).

To study how cFos activation may vary according to a neuron’s embryonic origin,
we first computed the proportion of cFos*/Tdt" cells by birth date group, regardless of the
condition (Fig. 7C). Doing so, we observed that E16.5 mice displayed significantly lower
proportions of co-labelled cells than both E12.5 (95% Confidence interval or Clgs [0.0097;
0.0483], P < 0.01) and E14.5 (Clgs [0.0137; 0.0459], P < 0.001). Hence, late-born
E16.5CA1PNs are less prone to express cFos, as expected from the previously reported
global difference in overall recruitment between deep and superficial CA1 PNs (Mizuseki
et al., 2011). Using the same approach as for retrograde tracing analysis, we examined
the cFos’/Tdt" fraction per condition per group. We found that pioneer E12.5CA1PNs
were highly likely to express cFos following habituation (E12.5-FAM), as compared across
conditions within the same birth date group (E12.5-FAM vs E12.5-HC, P < 0.001; E12.5-
FAM vs E12.5-NOV, P: 0.066) and across birthdates for the same FAM condition (E12.5-
FAM vs E14.5FAM, P < 0.01; E12.5-FAM vs E16.5-FAM, P < 0.05, Fig. 7C). Although
more than twice less than for E12.5CA1PNs, E16.5CA1PNs were also significantly more
likely to express cFos in FAM than HC conditions. These cells were overall very unlikely

to express cFos, especially in the HC condition where co-labelling was significantly lower
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than observed in E14.5 mice (E16.5-HC vs E14.5-HC, P < 0.01). Importantly, in the NOV
condition, earlier-generated cells showed more cFos+ activation than later born ones,
though this only appeared significant for E14.5 CA1PNs (E14.5-NOV vs E16.5-NOV, P <
0.05; E14.5-NOV vs E12.5-NOV, P: 0.165). Taken together, these results are in line with
previous research, in that deep CA1PNs are more likely to express IEGs than superficial
ones upon exposition to a novel environment (Kitanishi et al., 2009). Yet, pioneer
E12.5CA1PNs form a distinct subpopulation more specifically expressing cFos after
familiarization to the environment. Hence, these last results indicate a different
involvement in novelty detection of pyramidal neurons in the ventral CA1l according to

their developmental origin.

Discussion

In this study, we have employed a manifold description of CA1PNs with different
birthdates in the adult hippocampus to study the origin of diversity at single-cell level. We
have found that the now well-established subdivision of the CA1 pyramidal layer into two
distinct sublayers, a deep and superficial one, masks a much greater heterogeneity,
which logic can be exposed when considering the temporal origin of individual neurons.
This heterogeneity encompasses several morpho-physiological properties and translates
in the propensity of cells to be recruited in familiar or novel environments. Furthermore,
we find that pioneer CA1PNs generated at the earliest stages of glutamatergic cell
neurogenesis are prone to be recruited in familiar environments, forming a subpopulation

with distinct anatomical distribution, morphophysiological features and wiring.

Birthdate rather than birth order is a better predictor of diversity

Several studies converge in suggesting that the CA1 pyramidal layer comprises
two subtypes of CA1PNs based on their radial positioning. We would like to propose that
the diversity of CA1PNs is even better predicted by birthdate than position. More
specifically, we found that the following metrics were better reflecting birthdate than radial
positioning based on the lack of correlation with soma position and the existence of a
significant correlation with birthdate: (1) the length of primary apical dendrite in the
stratum radiatum; (2) the input resistance, sag current and firing rate in response to
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depolarizing current injections; (3) the E/I ratio; (4) the short-term facilitation of evoked
synaptic inhibitory currents. The two main metrics that linearly correlate with layering
reflect the local microcircuit integration of CA1PNs as they are the frequency of SEPSCs
and the evoked IPSC decay. It was previously reported that both ectopic CA1PNs with a
soma located in the stratum oriens received a higher rate of SEPSCs than cells located
within the stratum pyramidale (Cossart et al., 2000). Similarly, we find that CA1PNs
located closer to the stratum oriens receive SEPSCs at a higher rate. This could reveal
either a slicing artefact or the contribution of glutamatergic inputs from the CA1 axonal
collaterals arborizing in that area. The faster kinetics of evoked IPSCs may reflect the
increased contribution of parvalbumin basket cell inputs to evoked IPSCs as cells move
towards the oriens. Indeed, the alphal-containing postsynaptic GABAA-Rs contributing to
PV synapses were shown to display faster kinetics than those formed by CCK basket
cells (Thomson et al., 2000). In light with studies indicating specified microcircuitry among
deep versus superficial principal cells and PV basket cells, we have found that the PV
staining was denser towards the stratum oriens. However, within the deep CA1PNs, cells
born at E12.5 were exceptionally less decorated with putative PV contacts than deep
CA1PNSs born 2 days later. Overall, we observed that E12.5 cells were more similar to
E16.5 CA1PNs regarding their lower intrinsic excitability, dendritic morphology, lower PV
coverage and higher E/I ratio. As E16.5CA1PNSs, they can even be found in the superficial
layer and even in the stratum radiatum. Altogether, one could foresee that the main
source of activation for both E12.5 and E16.5 CA1PNs would be through synaptic
glutamatergic excitation. However, it is likely that the main glutamatergic inputs onto
E16.5 and E12.5 CA1PNs differ. While the main excitatory drive onto E16.5CA1PNs,
given their location likely originates in CA3, future studies are needed to determine
whether E12.5 cells receive specific inputs. Such studies remain at the moment
technically challenging due to the poor accessibility of E12.5 cells to genetic manipulation
using our fate-mapping strategy. These cells also differ in their extrahippocampal outputs.
Accordingly, these cells could also be discriminated based on their cFos expression
following spatial exploration with E12.5, like E14.5 CA1PNs being more likely to express
cFos during random exploration than E16.5CA1PNs. Future studies are needed to
determine the conditions favoring cFos expression in E16.5CA1PNs. These may require
analyzing these cells in conditions of elevated anxiety, social interactions or goal-directed
behaviors (Ciocchi et al., 2015; Jimenez et al., 2018; Okuyama et al., 2016). If
E12.5CA1PNs and E14.5CA1PNs displayed comparable cFos expression levels, as
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expected from previous work (Mizuseki et al., 2011), the former signals familiarity and the
latter novelty, suggesting that the mechanisms supporting hippocampal representation of
novelty may require cells with a higher intrinsic neuronal excitability (Epsztein et al.,
2011).

If our results are mostly in agreement with previous reports, we were not able to
observe any significant correlation between laminar position and sag current amplitude,
resting membrane potential or input resistance in our dataset. Only E12.5CA1PNs could
be distinguished by their lower sag amplitude value and input resistance. This apparent
discrepancy may have several explanations. First, our experiments were not performed in
the presence of blockers for other postsynaptic membrane currents and of antagonists for
all metabotropic and ionotropic GABA and glutamate receptors (Jarsky et al., 2008; Lee et
al., 2014; Maroso et al., 2016; Masurkar et al., 2017). Second, we focused on ventral and
not dorsal hippocampus (Maroso et al., 2016), and cells were sampled evenly across the
transverse axis, while radial correlations could only be revealed at fixed positions along
the proximo-distal axis (Masurkar et al., 2017). We were also surprised not to observe any
bursting cell (Graves et al., 2012; Jarsky et al., 2008), but again these are mainly present
closer to the subiculum and were reported in slices from juvenile (P15-17 (Jarsky et al.,
2008), P25-28 (Graves et al.,, 2012)) rats using a gluconate-containing intracellular
solution (Kaczorowski et al., 2007). Last, while we could observe a linear correlation
between soma location and dendritic morphology as reported previously (Graves et al.,
2012; Jarsky et al., 2008; Lee et al., 2014; Li et al., 2017), this was no longer observed
when considering only the dendritic portion within the stratum radiatum. When computing
this metric, E14.5CA1PNs could be distinguished from E12.5 and E16.5 CA1PNs by their
longer primary apical segment. Also, one needs to consider one major limitation of the
fate mapping approach employed here when interpreting the results of the present study.
Indeed, our labelling is based on the Cre-dependent and tamoxifen-induced expression of
a fluorescent reported protein in Ngn2 expressing progenitors. This is a stochastic
process, and a variable and sparse subset of progenitors get labelled. We are only
describing small numbers and the most distinctive features are more likely to show up as
significantly different whereas other metrics may require denser sampling.

Altogether, our results globally indicate that the order of neurogenesis does not
imprint a continuous gradient in the specification of cell laminar positioning and diversity.
Instead, these are predetermined by the specific temporal origin of individual cells.

Interestingly, the notion that early specification has a stronger importance than final
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layering in the determination of CA1PNSs intrinsic properties is supported by recently
observations with a transgenic mouse model of lissencephaly where CAL lamination is
impaired while cell identity is relatively spared (D’Amour et al., 2020). Therefore, the
recently uncovered system of parallel information processing in CA1, with two information
streams segregated through distinct inhibitory domains (Soltesz and Losonczy, 2018),

may need to consider this additional level of complexity.

The mechanisms by which diversity among CA1PNs may be temporally-regulated
during neurogenesis remain to be determined. Increasing evidence indicates that
glutamatergic neurons are issued from the same multipotent progenitors and that fate
distinctions are mostly temporally controlled (Jabaudon, 2017)(but see (Franco et al.,
2012)). Interestingly, progenitor potential was shown to be progressively, temporally
restricted, with early cortical progenitors being multipotent in comparison to later ones
(Lodato et al., 2015). In combination with genetic predetermination, single-cells display
tightly orchestrated sequences of spontaneous activity patterns (Allene et al.,, 2012),
which in turn may contribute to the maturation of physiological specificity. Therefore, cells
with similar birthdates will follow similar activity development schedules. Interestingly,
both Ih and Rin, two parameters that segregate between CA1PNs with different
birthdates, are developmentally regulated, both progressively decreasing as cells mature
(Dougherty, 2019). As such, they are ideal proxys of neuronal maturation stage. Given
that the earlier born CA1PNs can be distinguished by lower values of |h and Rin, one
could propose that these cells could maintain into adulthood the advance in maturation

originating from their early birth date.

Pioneer cells are a different population, possible roles?

This study shows that neurons born at the earliest phases of CA1PNs neurogenesis
display distinct somatic distribution, connectivity, morpho-physiological properties as well
cfos expression patterns. This distinguishes them from slightly later born neurons, the
E14 5CA1PNs that sit mainly in the deep sublayer of the stratum pyramidale. We argue
that these cells form a distinct subpopulation. The first striking property of E12.5CA1PNs
is their scattered distribution. They can be found at ectopic positions in the stratum oriens
as well as, more rarely, within the stratum radiatum, suggesting that these cells may also
comprise the previously described radiatum “giant cells”, with privileged CA2 input and
output to the olfactory bulb (Gulyas et al., 1998; Nasrallah et al., 2019). In fact, cumulative
distribution plots indicate that roughly half of the EL12CA1PNs in the ventral (and dorsal)
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hippocampus are found within less than 100 um distance from the stratum radiatum while
the other half distributes closer to stratum oriens more than 100 um away from that
border. It is unlikely that such observation results from unspecific labeling from our
method. First, the population of E12.5CA1PNs labeled using this method shares many
characteristics despite this layer dispersion. Second, this unique arrangement was also
recently observed for early born granule cells (Save et al., 2019) and dispersion of early
generated glutamatergic cell cohorts was previously suggested using other methods
including autoradiographic (Caviness, 1973) and retrovirus labeling (Mathews et al.,
2010). Somehow similarly, even if preferentially located in the deep stratum pyramidale,
early born CA3 pyramidal cells could be found anywhere from stratum oriens to lucidum
(Marissal et al., 2012). It is therefore possible that pioneer cohorts of PNs would display a
different migration mode, resulting from the low cellular density when entering the
hippocampus in addition to other more specific mechanisms, like an absence of radial glia
bending (Xu et al., 2014), that remain to be specifically studied. Regardless, despite this
almost even positioning, we observed that E12.5CA1PNs displayed specific input
connectivity schemes, including a lower number of putative PV contacts associated with a
higher E/I ratio and a facilitation of the evoked IPSC amplitude. We hypothesize that
these three measurements may reveal the same feature, namely the lower somatic
inhibitory coverage of E12.5CA1PNSs. Indeed, facilitating inhibitory responses were found
to originate from dendrite-targeting interneurons while perisomatic cells would tend to
generate transient inhibitory inputs (Pouille and Scanziani, 2004). This lower PV
innervation is comparable with E16.5CA1PNs and contrasts with their early-born peers,
the E14.5CA1PNs, which display higher perisomatic PV staining. Whether these
CA1PNs are contacted by specific glutamatergic inputs stays an open question that
remains an experimental challenge with our fate-mapping strategy. According to the
temporal matching rule observed in the hippocampus (Deguchi et al., 2011), and the fact
that some of them are found in the stratum radiatum and oriens, one may expect these
cells to receive preferential innervation from CA2, the earliest generated portion of the
hippocampal circuit (Caviness, 1973). The significantly higher E/I ratio received by these
cells suggests that they may be preferentially recruited by synaptic excitation, since they
are otherwise less intrinsically excitable (lower Rm, low firing rate in response to long
depolarizing current injections, lower sag). Interestingly, the same lower excitability
(across similar metrics), combined with lower levels of PV inputs was observed in early

born CA1 GABAergic neurons and DG granule cells (Bocchio et al., 2020; Gupta et al.,
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2012; Save et al.,, 2019), again indicating similar fates in the adult across different
subtypes of pioneer neurons.

Ventral E12.5CA1PNs are also remarkable in terms of output since they globally sent
more projections to the target regions studied here and did not display any preferred
projection pattern in contrast to their later born peers. Of note they were significantly more
likely to target the Amy and mPFC than both E14.5 and E16.5 cells. These results would
suggest that E12.5CA1PNs may form a sparse population with multiple projections. Triple
projection ventral CA1 cells targeting the mPFC, Amy and NAcc were shown to be highly
active and in particular during SWRs (Ciocchi et al., 2015). Unfortunately, the sparsity of
our labeling method currently prevents opto-tagging E12.5CA1PNs as well as testing the

hypothesis that they may be comprised of multiple projection neurons.

Conclusion

We have uncovered a novel population of pioneer cells adding to the diversity of CAl
glutamatergic neurons. Based on their specific properties, we would like to propose a
general role for ventral pioneer CA1PNs in the consolidation or retrieval of recent
experience. Future work examining their recruitment in SWRs (Ciocchi et al., 2015), their
possible CA2 inputs (Kohara et al., 2014; Nasrallah et al., 2019; Valero et al., 2015) and
their likely multiple projection targets will certainly inform about this possibility. In any
case, the present results indicate that the radial subdivision of the CA1 pyramidal layer
into two functional sublayers needs to be revisited by considering the time of
neurogenesis. The strongest reliance of CA1 principal neuron diversity on temporal origin
or initial genetic blueprint than position may render these cells more resilient to diseases

resulting in heterotopias and mislayering, as recently reported (D’Amour et al., 2020).
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Materials and Methods

Animals. All protocols were performed under the guidelines of the French National Ethics
Committee for Sciences and Health report on “Ethical Principles for Animal
Experimentation” in agreement with the European Community Directive 86/609/EEC
under agreement # 01 413.03. All efforts were made to minimize pain and suffering and to
reduce the number of animals used. Animals were maintained with unrestricted access to
food and water on a 12hour light cycle, and experiments were conducted during the light
portion of the day. To mark glutamatergic neurons generated during different times of
embryogenesis, we use the technique of inducible genetic fate mapping (see ((Marissal et
al., 2012; Save et al., 2019)). In brief, double heterozygous Ngn2-CreER™/Ai14:LoxP*"
mice (Ngn2-Cre“R-Ai14 in the text for simplicity) were obtained by crossing Ngn2-
CreER™"/Ai14:LoxP™* male mice with 7-8-weekold wild-type Swiss females (C.E Janvier,
France). To induce Cre activity during embryogenesis, tamoxifen was delivered to
pregnant mothers (Sigma, St. Louis, MO; 2 mg per 30 g of body weight of tamoxifen
solution, prepared at a concentration of 10 or 20 mg/mL in corn oil) at embryonic days
E12.5,14.5, 16.5.

Slice preparation for ex vivo electrophysiology. Ngn2-CreER™/Ai14:LoxP™" mice of
either sex aged between post-natal week 4 (W4) and W11 treated with tamoxifen at
E12.5, E14.5 or E16.5 were used for experiments. First, they underwent deep anesthesia
by intraperitoneal xylazine/ketamine injection (Imalgene 100 mg/kg, Rompun 10 mg/kg)
prior to decapitation. 300 pm-thick horizontal slices were cut with a Leica VT1200
Vibratome using the Vibrocheck module in ice-cold oxygenated modified artificial
cerebrospinal fluid with the following composition (in mM): 126 CholineCl, 26 NaHCOs3, 7
MgSQ,, 5 CaCl,, 5 D-glucose, 2.5 KCI, 1.25 NaH,PO,). Slices were then transferred for
rest at room temperature (at least 1 h) in oxygenated normal aCSF containing (in mM):
126 NaCl, 3.5 KClI, 1.2 NaH,PO4, 26 NaHCO3, 1.3 MgCl,, 2.0 CaCl,, and 10 D-glucose,
for a total of 300 £ 10 mOsm (pH 7.4). A total of 72 cells were successfully recorded from
34 mice (Newz2s = 22, Ngias = 27, Nees = 23). 63 cells were used for morphological
analysis.

Ex vivo patch clamp recordings. Patch clamp recordings in adult slices were performed
using a SliceScope Pro 1000 rig (Scientifica) equipped with a CCD camera (Hamamatsu
Orca-05G) and with a X-Cite 120Q (Excelitas Technologies Corp.) fluorescence lamp.
Recordings were performed from visually identified Tdt+ cells. Patch electrodes (4-7 MQ
resistance) were pulled using a PC-10 puller (Narishige) from borosilicate glass capillaries
(GC150F10, Harvard Apparatus). Slices were transferred to a submerged recording
chamber and continuously perfused with oxygenated ACSF (3 mL/min) at ~32 °C.
Electrophysiological signals were amplified, low-pass filtered at 2.9 kHz and digitized at
10 kHz with an EPC10 amplifier (HEKA Electronik) and acquired using the dedicated
software PatchMaster. Neurons were kept at -65 mV throughout the session and
recordings started 5-10 minutes after access. For current clamp experiments, the
following intracellular solution was used (in mM): 130 K-MeSOQO,, 5 KCI, 5 NaCl, 10
HEPES, 2.5 Mg- ATP, 0.3 GTP, and 0.5% neurobiotin (~280 mOsm, 7.3 pH).
Capacitance compensation and bridge balance were performed before recording and
adjusted periodically. Liquid junction potential was not corrected. The resting membrane
potential was not measured. For voltage clamp experiments, the solution consisted of (in
mM): 130 CsGluconate, 10, HEPES, 5 CsCl, 5 NasPhosphocreatine, 2 MgATP, 1 EGTA,
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0.3 NazGTP, 0.1 CaCl, and 5% neurobiotin ~290 mOsm, 7.3 pH). Uncompensated series
resistance was calculated postacquisition and considered acceptable if below 30 MQ and
if variations were lower than 20%. Liquid junction potential correction (-13 mV) was
applied. Excitatory and inhibitory postsynaptic currents were recorded at -86 mV (Ecaga)
and 0 mV (Eg) respectively, over 9 sweeps of 20s. A -5 mV step (56 ms duration) was
used to monitor series resistance at the beginning of each sweep. For Schaffer collateral
stimulation, a bipolar electrode made by two twisted nichrome wires and connected to a
DS2A Isolated Voltage Stimulator (Digitimer) was used to deliver 0.2 ms-long stimuli in
the stratum radiatum of CA1 (between the recorded cell and CA3). Stimulation intensity
was set to 2X the minimum intensity capable of eliciting a postsynaptic response (tested
between -86 mV and -78 mV). Paired pulse ratio was assessed by two stimulations
separated by 50 ms.

Analysis of ex vivo patch clamp recordings. Analysis of intrinsic membrane properties
was performed using custom-made MATLAB scripts. Traces were filtered using the
sgolay MatLab function, unless firing properties were being analysed. The input
membrane (Rn) resistance was calculated from the slope of steady-state voltage
responses to a series of subthreshold current injections lasting 500 ms (from -100 pA to
last sweep with a subthreshold response, 10 or 20 pA step size). The membrane time
constant (T,) was estimated from a bi-exponential fit of the voltage response to a small (-
20 pA) hyperpolarizing pulse. Capacitance was calculated as 1,/Rm. The sag potential
was calculated by injecting a 1 s-long negative current step (-200 pA) as follows: Sag.2o0pa
=AV seady-state —AV peak (Subtraction of the steady-state potential at halfresponse (averaged
over 45 ms) to the minimum peak potential at the beginning of the response). The
rebound potential was computed by subtracting the depolarization peak after the end of
the hyperpolarization to the baseline potential (Rebound.zoopa =AV peak —AV baseline), N
absence of rebound action potentials. Firing curves were determined by applying an
increasing range of 1-s long depolarizing current injections (up to 500 pA, +40 pA step).
The rheobase (in pA) was defined as the minimum current value necessary to elicit an
action potential. The first spike in response to a positive current injection was used to
determine: the threshold potential (the peak of the second derivative), the action potential
amplitude and fast afterhyperpolarization (both calculated from threshold potential), and
the half-width (width at half-amplitude between the threshold potential and the peak of the
action potential). Analysis of spontaneous postsynaptic currents (sPSCs) was performed
using MiniAnalysis (Synaptosoft). Traces were filtered with a LoPass Butterworth (cutoff
frequency 1000 Hz) and PSC amplitude and frequency were calculated over 2 minutes
(total of 6 sweeps, 20s). The mean PSC event was analysed with a custom-made
MATLAB script to compute rise time (10-90% of the ascending phase); decay time (90-
37% of the descending phase); decay 1 (from a monoexponential curve adjusted to best
fit the trace); half-width (width at half-amplitude between PSC peak and baseline); area
(using trapz MATLAB function). Mean stimulation-evoked PSC amplitude, area and
kinetics were calculated as detailed above. Paired pulse ratio was measured by
calculating the amplitude of two 0.2 ms-long stimuli at 50 Hz as follow:
PPR=Peak,/Peak;. The ratio between excitatory and inhibitory PSC (E/I ratio) was
calculated by dividing frequency and amplitude values.

Morphological analysis of neurobiotin-filled cells. Slices containing neurobiotin-filled
cells were fixed overnight at 4 °C in PFA (4%), rinsed in PBS containing 0.3% Triton X-
100 (PBS-T) and incubated overnight at room temperature in streptavidin-AlexaFluor488
(1:1000 in PBS-T). Slices were mounted using Vectashield mount medium containing
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DAPI (VectorLabs). Post-hoc analysis was performed using an Axiolmager Z2
microscope equipped with Apotome module (Zeiss). The co-localisation of neurobiotin
and TdTomato was verified systematically for every recorded cell. Neurobiotin-filled
neurons were selected when the apical dendrites were clearly visible and uncut. Stacks of
optical sections were collected for these cells. The primary dendrite was identified as the
portion of between the soma and a bifurcation generating secondary dendrites of roughly
equal size. The length of the primary dendrite was measured by approximating its shape
to 1-3 linear segments.

Quantification of cell location in stratum pyramidale. For patch clamp recordings, the
cell location was measured from the border between the stratum pyramidale (SP) and the
stratum radiatum (SR) and normalized to the thickness of the SP, meaning that values
close to 0 correspond to the proximity of SP/SR border and values close to 1 to stratum
oriens (SO)/SP border. For the overall quantification of Ngn2 cell location, the cell location
was measured from the border between the stratum pyramidale (SP) and the stratum
radiatum (SR) and expressed in micrometers.

Histological processing and immunohistochemistry. After deep anesthesia with a
ketamine (250 mg/kg) and xylazine (25 mg/kg) solution (i.p.), animals were transcardially
perfused (1 mL/g) with 4% paraformaldehyde in saline phosphate buffer (PBS). Brains
were post-fixed overnight, then washed in PBS. For Ctb tracing, a VT1200 Vibratome
(Leica) was used to cut coronal slices. Slice thickness was 100 um for the injection site
and 70 um for the hippocampus. In a subset of experiments, CTB-AlexaFluor647 signal
was amplified by immunohistochemistry. Sections were incubated overnight with primary
Cholera Toxin beta polyclonal antibody (rabbit; 1:1000, RRID: AB_779810, Invitrogen)
diluted in PBS-T and for approximately 1h30 with donkey antirabbit secondary antibody
AlexaFluor647 (1:500, Jackson Immunoresearch, 711-606-152) in PBS-T.

For cfos immunostaining, a similar procedure was employed. Coronal slices (50 um
thickness) obtained with a HM450 sliding Microtome (Thermo Scientific, Waltham, MA)
were rinsed 3 times in PBS containing 0.3% Triton X (PBS-T) and incubated overnight at
4° C with a solution containing 5% goat serum (GS) and anti-cFos (rabbit; 1:5000,
ab190289, Abcam) diluted in PBST. The following day slices were exposed to a goat anti-
rabbit AlexaFluor647 secondary antibody (1:500, Jackson Immunoresearch, 111-606-
144) in PBS-T. Post-hoc analysis was performed from image stacks (1.5 pm interval, 7
images) obtained using a Zeiss LSM-800 system. Slices were mounted using Vectashield
mount medium containing DAPI (VectorLabs). Post-hoc analysis was performed from
image stacks obtained using a Zeiss LSM-800 system equipped with emission spectral
detection and a tunable laser providing excitation range from 470 to 670 nm.

Quantification of putative PV-expressing synaptic boutons.

For parvalbumin (PV) putative puncta detection, we employed a similar immunostaining
procedure as described above. Goat anti-PV primary antibody (1:1000, Swant, pvg-214,
AB10000345) and donkey anti-goat AlexaFluor488 secondary antibody (1:500, Jackson
Immunoresearch, AB_2336933) were used. Stacks (0.06 x 0.06 x 0.410 um) centered on
the soma of TdTomato+ cells (E12.5: 88 cells; E14.5 : 106 cells; E16.5: 44 cells) were
acquired with a Zeiss LSM-800 microscope using a Plan-Apo 40x/1.4 oil objective. Volume
overlaps between PV+ boutons and Tdt+ somata were calculated using a custom-made
MatLab script. Values were normalized by the number of Z-steps to control for possible
differences in soma size or experimental variability.
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Stereotaxic injections for retrograde tracing. Ngn2-CreER™/Ai14:LoxP*" adult mice
(age > P50) of either sex were anaesthetized using 1-3% isoflurane in oxygen. Analgesia
was provided with buprenorphine (Buprecare, 0.1 mg/kg). Lidocaine was applied by
cream or subcutaneous injection before the incision for additional local analgesia.

Mice were fixed to a stereotaxic frame with a digital display console (Kopf, Model 940).
Under aseptic conditions, an incision was made in the scalp, the skull was exposed, and
a small craniotomy was drilled over the target brain region. A 200-400 nl volume of 0.1%
AlexaFluor647-conjugate Cholera Toxin subunit b (CTB, Thermofisher Scientific) was
delivered using a glass pipette pulled from borosilicate glass (3.5" 3-000-203-G/X,
Drummond Scientific) and connected to a Nanoject Il system (Drummond Scientific). The
tip of the pipette was broken to achieve an opening with an internal diameter of 30-40 um.
Stereotaxic coordinates were based on a mouse brain atlas (Paxinos and Franklin, 3™
edition). All coordinates are indicated in supplementary table S2 in millimeters, and
examples of the histological recovery of the injection sites are displayed in supplementary
figure S4. Antero-posterior (AP) coordinates are relative to bregma; medio-lateral (ML)
coordinates are relative to the sagittal suture; dorso-ventral (DV) coordinates are
measured from the brain surface. Mice were perfused 12-15 days later, to allow sufficient
CTB uptake and transport from the synaptic terminals.

Analysis of retrograde tracing. To confirm that injections were successful, each
injection site was visually inspected and compared to the Paxinos mouse brain atlas. The
occurrence of co-labelling with Ctb among Tdt+ cells was verified and the ratio of
Ctb+/TdT+ cells calculated manually. This resulted in the generation for each injected
animal of a binary vector of length L equal to the total count of Tdt" cells and as many “1”
entries as the number of identified Ctb+/TdT" cells. Then, vectors corresponding to mice
in the same birthdate group and same target region were concatenated. Finally, a
bootstrap resampling approach was used to compute the pairwise comparisons (total
number of tests = 45). In brief, each of two vectors A and B were randomly resampled
with replacement for 10000 times. At each iteration, the difference between the two vector
means (A,= pa-Hs) was calculated and stored. At the end of the resampling, the 99.9%
confidence interval (Cl) of the distribution of A, was computed. The difference between
vectors A and B was considered significant if the ClI did not include the value O.

cFos expression upon exploration. A total of 25 tamoxifen-treated Ngn2-CreER™"
/Ail4:LoxP™" mice between 10-12 weeks old of either sex were used. Prior to the
experiment, animals were single-housed and divided in 3 groups, named home-cage
(HC), familiar (FAM) and novel (NOV), see supplementary table S3. Group HC was
carried to the experimental room, handled by the experimenter during 5-10 minutes for
three consecutive days (D1, D2, D3) and perfused 1h after handling on D3. Group FAM
was exposed to an exploration chamber for 20 minutes from D1 to D3, and returned to
their home cage immediately after. Group NOV was handled during D1 and D2 and left in
the exploration chamber for one single 20-minute session on D3. FAM and NOV were
both perfused 1h after exploration. The chamber consisted of a transparent plastic rat
cage sized MISSING containing visual, tactile, and olfactory (butanal) cues. A white noise
(20/30 dB) was played in the experimental room for the duration of the exploration and
low lighting (~25 lux) was centered over the box. Mice position during each session was



82

recorded with a Basler Ace camera (Basler AG, Ahrensburg) and tracked with EthoVision
XT 11 (Noldus, Leesburg, VA) software.

Analysis of Cfos expression upon exploration. Tdtomato® somata were segmented
with Fiji Trainable WEKA Segmentation plugin. Two custom-made Cellprofiler pipelines
were used on DAPI and AlexaFluor647 (cFos) channels (Carpenter et al., 2006). (i) To
provide an estimation of DAPI cell density, a single 2D image (from the middle of the
stack) was segmented using a Minimum Cross Entropy threshold. (i) Segmentation of
cFos” nuclei was first achieved by applying the Robust Background thresholding method
on each single 2D image composing the stack and converting them into binary masks.
Then, these masks were restacked and somas were identified with the 3D Object Counter
Fiji plugin across the depth of the stack. To determine TdTomato and cFos colocalization,
a custum-made MatLab script was used. In a nutshell, matrices representing TdTomato
and cFos binary masks were multiplied, generating a new binary image of areas
presenting overlap between the two channels. Finally, each of these areas, which
represented putative colocalized cells, was manually inspected for confirmation. At the
end of this procedure, we applied the same procedure as described for the analysis of
retrograde tracing. We computed for each animal a binary vector of length L equal to the
total number of segmented Tdt" cells and as many “1” entries as the number of identified
Cfos™/Tdt" cells. Then, vectors corresponding to mice in the same birthdate group and
same behavioral condition were concatenated. Finally, a bootstrap resampling approach
was used to compute the pairwise comparisons (total number of tests = 18). The 95%
confidence interval (Cl) of the distribution of the bootstrapped differences of means (A,)
was computed. The difference between vectors A and B was considered significant if the
Cl did not include the value 0.

Statistical Analyses. Statistical analysis was done using Prism (GraphPad) and costum-
made MatLab scripts. In patch clamp experiments, outliers were removed (ROUT
method, Q = 0.1%). For comparing input-output firing curves, two-way ANOVA was used.
When comparing birthdate groups for a given measure, median-based bootstrap
resampling was used to compute pairwise comparisons, subsequently corrected with
Holm-Bonferroni method to control for family-wise error rate, except for morphological
measures where mean and Sidak’s correction were used instead. The correlation with cell
location was tested using bootstrap resampling. In the analysis of exploratory behavior,
repeated-measures and ordinary one-way ANOVA were used to compare distance run in
FAM condition and FAM vs NOV, respectively. The volume overlap of putative PV
boutons is tested among birthdates with one-way ANOVA with Tukey’s correction for
multiple comparisons.
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Figure 1. Soma location distribution and PV innervation of CA1PNs changes
according to birthdate

(A1-3) Top, representative sections of the dorsal hippocampus and cortex, illustrating
Tdtomato (Tdt) labelling in CA1 pyramidal neurons (PNs) in Ngn2-CreER-Ail4 mice after
tamoxifen induction at embryonic day 12.5 (E12.5), E14.5 and E16.5, from left to right.
Bottom, higher magnification on CAl. E12.5 PNs are rare and dispersed, while E14.5 and
E16.5 are predominantly found in the deep (upper) and superficial (lower) portion of the
pyramidal layer, respectively. Note that in the above cortical areas, E12.5 PNs are restricted
to the deepest layers, E14.5 PNs the middle ones (IV-11l) and E16.5 PNs are most superficial
(layers I-1l). Scalebars: top, 1000 um; bottom, 200 um. Cx: Cortex; DG: dentate gyrus; so:
stratum oriens; sp: stratum pyramidale; sr: stratum radiatum; slm: stratum lacunosum-
moleculare. (B1-2) Quantification of the soma location distribution of birth-dated CA1 PNs.
(B1) Cumulative fraction of E12.5, E14.5 and E16.5 PNs in dorsal CAl, calculated as
distance in um from the superficial (lower) border of the stratum pyramidale. Insert,
E12.5PNs are located further away from the border than E14.5PNs (P<0.0001, Clos%[18.18;
33]) and E16.5 PNs (P<0.0001, Clgs% [41; 55.73]). In turn, E14.5PNs also occupy deeper
positions than E16.5 PNs (P<0.0001, Clesw [21; 25]). (B2) Cumulative fraction of E12.5,
E14.5 and E16.5 PNs in ventral CAL. Insert, similarly to dorsal CAl, E12.5PNs are located
deeper than E14.5 PNs (P: 0.0175, Clos% [3.13; 57.72]) and E16.5 PNs (P<0.0001, Clgs%
[53.93; 109.57]), and E14.5 PNs than E16.5PNs (P<0.0001, Clgs% [44.47; 59.32]). (C1-2)
Parvalbumin (PV) innervation onto birth-dated CA1 PNs. (C1) Top left, representative view
of the CA1 area in a Ngn2-CreER-Ail4 mouse tamoxifen-induced at E14.5, with Tdt+ cells
(red) and PV cells (green). Top right, close-up on the soma of E12.5 PNs (red) displaying
putative somatic PV boutons (indicated by a white arrow). Bottom left, close-up on E14.5
PNs. Bottom right, close-up on E16.5 PNs. (C2) Quantification of the volume overlap (um)
of putative PV terminals with Tdt+ soma depending on the birthdate. E14.5 PNs present
more putative boutons than E12.4 (P<0.0001, Cles% [-1.264; -0.81]) and E16.5 (P<0.0001,
Clos% [0.66; 1.22]), while the latter two are not significantly different (P: 0.7038, Closs [-0.389;
0.19]). Scalebars: top left: 50 um; top right, bottom left and bottom right: 5 um.



90

Figure 2

C1

P s-EPSC
N\ ! 40+ A
A\ | < 7 1
| N \ 2
“J / | “ | ‘l“ | [0 =
[ / d N B 20 ‘ . A‘[‘\
7 [ 4 /| CA1 ] / =
| /A..r/ / a n- pu o
f g/ £ : b Bt
\ | | \ //7 / < 04 ' . “n“uM
\ \\ . / / /'/
A s/
@Aé///A E16.5 0 T T T
/ WE145 o b O SR SP Sle}
| // {'L. b‘- @- i
/ . E12.5 AR Location
B C2
(deep SP)
ECI— o Ww h\
N
TP g
VYY 3
(middle SP) S
=}
L | | r k, rFy e
w
(superficial SP)
o, e . SR sP " so
100 ms
A7 W o7
AR Location
D1 E1 .
s-IPSC E/l ratio
80 - 1.0+ -
a
0.8-] 4
—~ 60 = a
o
<& o .g A
3 ‘ R 1. b
E 40 - o i [
%_ 1 A%‘“& g 0.4 e ‘." HF o
g ol 7 _ A o
‘u 0.2-] [ J
L ¥
¥
0 T T T [ [ O-G T T T | |
6 b b SR SP SO b5 b b SR SP SO
97 > o G )
< < Location AN Location
D2 4 . E2 10- -
- |
0.8 4
g 601 .
>
= o 2 o6 i
) & o &£ & 08 A
5 ] 1 a3 =
=3 o oE D 0.4 1 *
e AR, =
L 20 ’ 1 p 0 e oc?
<7 7 - ]
£, 4
0 T T T [ [ 00 T T T | |
h G 9 SR SP SO L) %) SR SP SO
(']/. b(. Q). {L b( @
AN Location RS Location



91

Figure 2. Overall synaptic drive is defined by the time of neurogenesis.

(A) Anatomical location of neurobiotin-filled CA1PNs recorded from acute horizontal slices
in voltage-clamp experiments. DG: dentate gyrus, Sub: subiculum, SR: stratum radiatum,
SP: stratum pyramidale, SO: stratum oriens. (B) Representative traces of spontaneous
excitatory synaptic currents (s-EPSCs) recorded cells at chloride ion reversal potential (Eci-
) from three CA1PNSs, located respectively in the deep, middle, and superficial portion of the
pyramidal layer (SP). Note that the occurrence of synaptic events decreases from top (deep)
to bottom (superficial). (C1) s-EPSC amplitude recorded in E12.5, E14.5 and E16.5
CA1PNSs. On the left panel, violin plot of E12.5, E14.5 and E16.5 PNs s-EPSC amplitude.
On the right panel, color-coded scatterplot of the same data plotted against the radial
position of each cell. No linear correlation between s-EPSC amplitude and location was
found. (C2) s-EPSC frequency recorded in E12.5, E14.5 and E16.5 CA1PNs. On the left
panel, violin plot of the three birthdate groups. On the right panel, scatterplot of the same
data against the radial position. S-EPSC frequency increases linearly with the cell location,
the two being positively correlated (P: 0.017; Clos% [0.186; 0.710]). The deeper, the more
frequent spontaneous excitatory events a cell receives. (D1) s-IPSC amplitude recorded in
E12.5, E14.5 and E16.5 CA1PNSs. On the left panel, violin plot of the three birthdate groups.
On the right panel, scatterplot of the same data against the radial position. No linear
correlation between s-IPSC amplitude and location was found. (D2) s-IPSC frequency
recorded in E12.5, E14.5 and E16.5 CA1PNs. On the left panel, violin plot of the three
birthdate groups. On the right panel, scatterplot of the same data against the radial position.
No linear correlation between s-IPSC frequency and location was found. (E1) Ratio between
EPSC and IPSC (E/I) amplitude recorded in E12.5, E14.5 and E16.5 CA1PNSs. On the left
panel, violin plot of the three birthdate groups. E14.5 PNs display a lower ratio than E12.5
PNs (Padjust: 0.010; Clos% [0.031; 0.210]) and E16.5 PNs (Padjust: 0.006; Clgsy [-0.193; -
0.057]), suggesting that their overall synaptic drive leans more towards inhibition than the
other two groups. On the right panel, scatterplot of the same data against the radial position.
No linear correlation between E/l amplitude ratio and location was found. (E2) E/I frequency
ratio recorded in E12.5, E14.5 and E16.5 CA1PNSs. On the left panel, violin plot of the three
birthdate groups. On the right panel, scatterplot of the same data against the radial position.
E/l ratio linearly correlates with the cell location, similarly to s-EPSC frequency (P: 0.0043,;
Closw [0.126; 0.654]).

Violin present medians (center), interquartile ranges (bounds), minima and maxima. Color-
code: E12.5: light blue, E14.5: dark blue, E16.5: magenta. The gray shaded area in
scatterplots represents the thickness of the stratum pyramidale. *P < 0.05.
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Figure 3
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Figure 3. Both developmental and positional factors determine Schaffer collateral-
evoked inhibition.

(A) Experimental paradigm in which synaptic responses to Schaffer collaterals (SC)
stimulation are recorded from CA1PNs. DG: dentate gyrus, Sub: subiculum. (B1)
Representative mean traces of evoked inhibitory (top) and excitatory (bottom) synaptic
currents (e-IPSCs and e-EPSCs) recorded upon electric stimulation in the stratum radiatum
from CA1PNSs, located respectively in the deep, middle, and superficial portion of the
pyramidal layer (SP). Note that the amplitude and kinetics of e-IPSCs vary from deep to
superficial. (B2) Representative mean traces of paired pulse response recorded at
glutamatergic receptor reversal potential (Eciu) and normalized on the first pulse amplitude.
The current response to the second pulse in the E12.5PNS shown is proportionally larger
than in E14.5 and E16.5 CA1PNs. (C1-3) e-EPSC amplitude (C1), decay (C2) and paired
pulse ratio (C3, PPR) recorded in E12.5, E14.5 and E16.5 CA1PNs. Left, violin plot of the
three birthdate groups. Right, scatterplot of the same data against the radial position. No
linear correlation between s-IPSC amplitude and location was found in any of the three
measures. (D1-3) e-IPSC amplitude (D1), decay time constant T (D2) and PPR (D3)
recorded in E12.5, E14.5 and E16.5 CA1PNs. Left, violin plot of the three birthdate groups.
Right, scatterplot of the same data against the radial position. e-IPSC amplitude (P: 0.013;
Clgsy [0.048; 0.576]) and decay 1 (P: 0.0051; Clos% [-0.599; -0.097]) display a positive and
negative correlation with cell location, respectively. Overall, deeper cells are subject to larger
and faster SC-associated inhibitory currents than superficial ones. PPR is higher in E12.5
CA1PNs than in E14.5 (Padjust: 0.0326; Clgse [0.015.; 0.342]) and E16.5 (Padjust: 0.0177; Close
[0.083; 0.452]). Violin present medians (center), interquartile ranges (bounds), minima and
maxima. Color-code: E12.5PNs: light blue, E14.5: dark blue, E16.5: magenta. The gray
shaded area in scatterplots represents the thickness of the stratum pyramidale. *P < 0.05
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Figure 4
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Figure 4. Ventral CA1 PNs with different birthdates exhibit distinct output connectivity
(A) Examples of cholera toxin subunit b (Ctb) retrograde labelling (green) in ventral CA1
after injection in amygdala in Ngn2-CreER-Ail14 mouse induced at E12.5 (top left), medial
prefrontal cortex in E12.5 mouse (top right), Nucleus Accumbens (NAcc) in E12.5 mouse
(bottom left) and NAcc in E14.5 mouse (bottom right). Colabelled Ctb+/Tdt+ cells are
indicated by a white arrow. Scalebars: top left, top right and bottom right, 50 um; bottom left,
20 pum. (B) Quantification of the total Ctb+/Tdt+ cell fraction for the three birthdates,
excluding the preferred region for each (E12.5 = lateral septum (LS), E14.5 = NAcc, E16.5
= LS). Overall, significantly more Ctb+/Tdt+ were found in E12.5 PNs than E16.5 (Padj:
0.0129, Clgs% [0.013; 0.19]) and there is also a trend for E12.5 PNs projecting more densely
than E14.5 PNs (Padj: 0.07, Clgse [-0.0050; 0.139]). (C) Fraction of Ctb+/Tdt+ cells in E12.5,
E14.5 and E16.5 PNs by target region. Note how E12.5 projects more homogeneously to
all structures probed, while marked inter-regional differences appear among E14.5 and
E16.5 neurons. (D) Fraction of Ctb+/Tdt+ cells in amygdala (Amy), lateral hypothalamic area
(LHA), lateral septum (LS), nucleus accumbens (NAcc) and medial prefrontal cortex (MPFC)
by time of neurogenesis. E12.5 PNs project more prominently than other birthdate groups
to Amy and mPFC, while NAcc is preferentially targeted by E14.5.
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Figure 5
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Figure 5. Intrinsic excitability varies according to embryonic birthdate.

(A) Anatomical location of neurobiotin-filled CA1PNs recorded from acute horizontal slices
in current-clamp experiments. DG: dentate gyrus, Sub: subiculum, SR: stratum radiatum,
SP: stratum pyramidale, SO: stratum oriens. (B) Membrane time constant (tm) of fate
mapped CA1PNs. Left, violin plot of the three birthdate groups. Right, scatterplot of the
same data against the radial position. E16.5 PNs exhibit a higher tmthan E12.5 cells (Padjust:
0.0264; Clos% [-8.82; -1.69]). No linear correlation was found with the cell location. (C1)
Representative membrane potential responses to a series of hyper- and depolarizing current
steps recorded from fate mapped CA1PNs. Note the larger deflection of membrane potential
in the E14.5 neuron. (C2) Membrane input resistance (Rm) of fate mapped CA1PNs. Left,
violin plot of the three birthdate groups. Right, scatterplot of the same data against the radial
position. Rmis higher in E14.5 than E12.5 cells (Padjust: 0.0246; Closw [-89.71; -11.15]). No
linear correlation was found with the cell location. (D1) Representative depolarizing sag
potentials recorded from fate mapped CA1PNs. In this example, E14.5CA1PNs display a
greater sag response than E12.5 and E16.5 PNs. (D2) Sag potential response of fate
mapped CA1PNSs, following -200 pA current injections. Left, violin plot of the three birthdate
groups. Right, scatterplot of the same data against the radial position. Sag response is
significantly higher in E14.5 than E12.5 cells (Padjust: 0.0026; Clos% [1.74; 6.05]). No linear
correlation was found with the cell location. (E1) Examples of firing responses to a
depolarizing current step recorded from fate mapped CA1PNs. Note that the number of
action potential fired by E16.5 and E12.5PNs is lower than E14.5PNs. (E2) Input-output
curves of fate mapped CA1PNs. E14.5PNs have a higher firing rate than E12.5PNs
(Padjust<0.0001; Closw [5.21; 11.14]) and E16 (Padjust<0.0001; Closy [-9.91; -4.13]), suggesting
that they are more excitable. Effect of current injection F (2, 540) = 25.65, P<0.0001; effect of
birthdate F (19, 540) = 10.71, P<0.0001; interaction F (38, 540) = 0.2355, P > 0.9999, ordinary
two-way ANOVA with Tukey’s post hoc test. Data are represented as means * standard
errors of the means.

Violin present medians (center), interquartile ranges (bounds), minima and maxima. Color-
code: E12.5: light blue, E14.5: dark blue, E16.5: magenta. The gray shaded area in
scatterplots represents the thickness of the stratum pyramidale. *P < 0.05. **P < 0.001.
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Figure 6

SO

600

i o
£ 400 | N LBE
=2 o
§, A
3 200 1 A o &
L.
A &AA B
o

(3 SR sP so

Length (um)
—{=e
.——
» i >
}p} > >
3
o o
Sgub B'm
"o
by

b B O SR SP Ele]
N\ )
S22 Location

Figure 6. Embryonic origin is a determinant of dendritic morphology

(A1-3) On the left, representative examples of CA1 PNs dendritic arborization in neurobiotin-
filled cells. The dashed line is drawn at the border between stratum pyramidale (SP) and
stratum radiatum (SR). On the right, the same cell as on the left is shown at lower
magnification and indicated by a white arrow. Red and blue channels represent Tdtomato
and DAPI, respectively. (A1) E12.5 PN, (A2) E14.5 PN, (A3) E16.5 PN. Note that the main
dendritic branch bifurcates more distally in E14.5 cells. Scalebars: left, 50 um; right, 200 pum.
so: stratum oriens; sp: stratum pyramidale; sr: stratum radiatum; sIm: stratum lacunosum-
moleculare. (B) Scheme illustrating the primary dendrite length measured from soma or
from the border between SP and SR to the first major dendritic bifurcation. SO: stratum
oriens. (C1) Primary dendrite length from soma to bifurcation in fate mapped CA1PNs. Left,
violin plot of the three birthdate groups. Right, scatterplot of the same data against the radial
position. E16.5PNs display a reduced dendrite length, in respect to E12.5 (P: 0.0001; Close%
[37.74; 190.36]) and E14.5 PNs (P< 0.0001; Clgs% [92.07; 262.82]). The dendrite length from
soma is markedly correlated with the soma location (P<0.0001; Clgs%[0.318; 0.683]), likely
due to the contribution of the dendritic segment within the SP. (C2) Primary dendrite length
measured between the SP/SR border and the dendrite bifurcation in fate mapped CA1PNSs.
Left, violin plot of the three birthdate groups. Right, scatterplot of the same data against the
radial position. The dendritic length is larger in E14.5 than E12.5 PNs (P: 0.0056; Closw [-
172.99; -6.14]) and E16 cells ((P: 0.0004; Clos% [36.48; 217.12]). No linear correlation was
found with the cell location.

Violin present medians (center), interquartile ranges (bounds), minima and maxima. Color-
code: E12.5: light blue, E14.5: dark blue, E16.5: magenta. The gray shaded area in
scatterplots represents the thickness of the stratum pyramidale. *P < 0.05. **P < 0.01. ***P
< 0.0001.
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Figure 7. Fate mapped CA1PNs differ in cFos expression following exploratory

behavior

(A1-3) Experimental paradigm and validation for detecting cFos expression upon
exploration of an arena. A1 Schematic representation of the behavioral conditions, with 3
cohorts of tamoxifen-induced Ngn2-CreER-Ail4 mice: homecage (HC), no exploration,
familiar (FAM), repeated exploration (20’) on three consecutive days, and novel (NOV), only
one exploration (20’). A2 Top, view from above of the exploration box containing visual,
tactile, and olfactory (butanal) cues. In addition, a white noise was played in the experimental
room. Bottom, representative occupancy heat map. A3 Quantification of the distance run by
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animals during exploration of the arena. Upon repeated exposure (Fam1-3), mice explored
progressively less the arena (P: 0.0044, Clesw% of slope [-242.95;-1077.2]), suggesting that
novelty decreases over sessions. Also, NOV did not differ significantly from Faml (Pag;:
0.26), where mice explored for the first time, and was higher than Fam3 (Padj: 0.0006, Closs
[973.4; 3264.8]), corresponding to the last exploration. (B1-2) The expression of cFos in
ventral CAl is higher upon exploration of a novel environment, than after repeated
exposures. B1 Immunohistochemistry anti-cFos, performed on three tamoxifen-induced
mice (E14). Top, HC; middle, FAM; bottom, NOV condition. Each shows the merged Tdt,
cFos and DAPI image (left), Tdt (center), cFos (right). Note the increase in cFos signal from
HC to FAM and NOV. Insert: magnification on two cells, one strongly cFos™, the other co-
expressing Tdt and cFos. Scalebar: 100 um. B2 Fraction of cFos* cells per animal. In both
FAM (Padjust: 0.0006, Closy [-5.78; -1.99]) and NOV (Padjust: 0.0006; Closw [-7.86; -2.54])
animals, cFos immunoreactivity is increased compared to HC. (C1-2) Quantification of the
co-expression of cFos and Tdt in fate-mapped CA1PNSs. C1 Fraction of cFos+/Tdt+ cells by
birth date group, regardless of the condition. E16 cells display fewer co-labelled cells than
E12 (Padjust: 0.0022, Closy [0.0097; 0.0483]) and E14 (Padjust: 0.0009, Closy [0.0137; 0.0459]).
C2 Fraction of cFos+/Tdt+ cells by birth date and per condition. Note that within the FAM
condition, cFos+/Tdt+ cells are more abundant in E12-FAM than E14-FAM (Padjust: 0.008,
Closy [0.0284; 0.135]) and E16-FAM (Padjust: 0.0325, Closy [0.0236;0.136]). Within E12 birth
date group as well, E12-FAM fraction of co-labelled cells is higher than E12-HC (Padjust<
0.0001, Clgs% [-0.151; -0.049]), and roughly higher than E12-NOV (Padjust< 0.066, Close
[0.0149; 0.123]). In addition, E14-NOV is greater than E16-NOV (Padjust< 0.015, Closx
[0.0179; 0.0797]).

Violin present medians (center), interquartile ranges (bounds), minima and maxima. Color-
code: E12: light blue, E14: dark blue, E16: magenta. *P < 0.05. ##, *P < 0.01. ***P < 0.001.
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Supplementary Material

Table S1. Summary of electrophysiological and morphometric properties of fate-mapped CA1PNs.

SD: standard deviation, Rm: membrane resistance, Tm: membrane time constant, Cm: membrane
capacitance, AP: action potential, EPSC: excitatory postsynaptic current, HW: full-width at half-maximum,
IPSC: inhibitory postsynaptic current, F: frequency, E/I ratio: excitation/inhibition ratio,(s): spontaneous, (e):
evoked, SP: stratum pyramidale. MQ: megaohm, ms: millisecond, mV: millivolt, pA: picoampere, Hz: hertz.

E12.5 E14.5 E16.5
Mean + SD Mean +SD Mean +SD

w Location 0-1 0.962 0.39 0.769 0.16 0.237 0.44
g Rm MQ 145.77 53.32 192.8 42.97 167.866 34.22
S |mm ms 19.335 4.37 23.596 9.4 22.81 5.15
5 Cm pF 148.05 59.38 128.747 68.16 141.234 37.66
% AP threshold mv -46.65 5.82 -48.185 4.16 -45.613 2.69
o AP amplitude mv 95.889 13.45 102.378 8.4 98.382 9.91
% AP duration ms 0.827 0.16 0.846 0.15 0.94 0.16
g AP fAHP mv 11.103 3.35 10.88 4,01 13.541 3.73
2 Sag Potential mv 4.315 1.8 7.227 2.42 -5.413 231
g Rebound mv 1.931 0.92 3.973 1.61 3.191 1.4

Rheobase (x2) pA 196.36 137.9 98.462 47.93 134.55 76.47

Location 0-1 0.41 0.41 0.62 0.25 0.24 0.14
3 Frequency Hz 10.05 8.48 9.75 4.97 6.17 3.23
2 Amplitude pA 22.77 20.58 15.65 8.20 15.38 2.09
Li Area pA*ms 174.57 153.26 113.87 68.71 128.41 46.35
§ Rise ms 0.87 0.27 1.07 0.43 1.16 0.50
3 | HW ms 548 086 591 115 754 2.84
§_ Decay ms 5.31 1.04 5.39 1.03 6.04 2.15
O | Tau ms 5.94 1.20 6.00 1.20 7.19 3.01

F*Area pA*ms*Hz 2042.49 2703.34 | 1264.54 1291.86 872.87 745.29

Frequency Hz 28.16 14.60 35.12 13.89 26.62 12.73
é Amplitude pA 41.00 35.10 34.28 14.80 28.56 7.28
o Area pA*ms 777.14 1028.92 546.49 375.74 439.42 175.68
% Rise ms 0.93 0.34 0.69 0.21 0.93 0.37
2 HW ms 11.00 2.25 10.23 2.77 13.97 5.05
§ Decay ms 12.40 2.47 12.86 6.25 14.17 3.95
(% Tau ms 13.04 2.25 12.59 3.26 16.26 471

37915.3

F*Area pA*ms*Hz 25645.71 5 21225.58 18347.79 11246.98 5878.53
2 Frequency Hz 0.39 0.23 0.27 0.09 0.25 0.12
§ Amplitude pA 0.57 0.17 0.48 0.17 0.56 0.08
,E\ Area pA*ms 0.29 0.10 0.26 0.11 0.31 0.10
£ | F*Area pA*ms*Hz 0.13 0.10 0.07 0.04 0.08 0.06
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Amplitude pA 328.78 171.22 348.58 157.54 460.98 326.58
8 Area pA*ms 5811.21 2830.88 6891.26 5110.02 9054.38 7780.20
0] .
& Rise ms 2.63 0.57 2.82 0.78 3.10 0.96
3 Decay ms 15.00 11.28 11.85 5.22 11.50 3.07
S HW ms 15.92 8.36 13.74 5.09 12.70 3.37
>
L Tau ms 16.73 12.89 16.08 9.60 14.46 3.81
Paired Pulse Ratio 1.25 0.28 1.24 0.23 1.14 0.16
Amplitude pA 945.89 505.83 958.36 449.36 1154.54 481.52
8 Area pA*ms 31976.27 18871.5 | 39160.52 17925.43 61722.07 51361.26
2 Rise ms 4.04 1.81 4.88 2.59 3.70 1.40
Z Decay ms 26.68 11.08 35.94 19.37 39.85 21.79
X
g HW ms 25.18 9.05 35.50 19.95 38.53 20.97
w Tau ms 32.69 14.37 41.38 19.35 46.27 22.84
Paired Pulse Ratio 0.86 0.27 0.60 0.18 0.58 0.31
o
— | Amplitude pA 0.41 0.25 0.42 0.17 0.43 0.15
L | Area pA*ms 0.22 0.09 0.26 0.08 0.21 0.05
g 3 | Location 0-1 0.881 0.4631 0.7487 0.1201 0.1783 0.2783
E 2 | Length to soma um 272 124.2 337.5 105.6 155.9 107.8
=~ O
0. < | Length to SP border um 180.4 107.5 271.4 111.1 142.5 113.4

Table S2. Summary of adult Ngn2-CreER-AI14 mice that used in the exploration experiment for cFos

analysis.
N° animals | HC | FAM | NOV | Total
E12.5 2 7
E14.5 3 4 10
E16.5 3 8
Total 8 10 25
Table S3: Stereotaxic coordinates of CA1PNs target regions.
Target Region AP ML DV
Nucleus Accumbens (shell) +1.8/+2 -0.6/-0.45 -4.0
Basal Amygdala -1.4 -3.3 -4.3
Medial Prefrontal Cortex +2.0 -0.35 -1.8
Lateral Hypothalamic Area -1.34/-1.45 -0.65/-1 -4.8/-4.9
Lateral Septum +0.6/0.7 -0.4/-0.35 -2.6/2.55
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Figure S4. Representative sections including the injection site of Cholera toxin subunit B retrograde tracer,
coupled to Alexa647 (here shown in green, DAPI: blue). A: Amygdala; (B) Lateral Hypothalamic Area (LHA);
C: Lateral Septum (LS), D: Nucleus Accumbens shell (NAcc); E: medial prefrontal cortex (mPFC). Scalebar:
500 pm.
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7. Annex A

A genetic strategy for anterograde tracing of fate-mapped

CA1 pyramidal neurons

Context & Aim

One major interest of studying CA1 pyramidal neurons (CA1 PNs) is that they are projection
cells that are widely connected to numerous cortical and subcortical brain areas. This
is particularly true for the ventral pole of the hippocampus, which was the focus of the
present experimental work. Recent evidence has shown that subpopulations of pyramidal
cells are biased towards different target regions based on their soma location in the stratum
pyramidale, and that such pathways are associated to specific behavioral processes (Lee
et al., 2014; Okuyama et al., 2016; Jimenez et al., 2018; Ciocchi et al., 2015).

Hence, we hypothesized that the heterogeneity in output connectivity would be de-
termined by the embryonic origin of CA1 PNs. Classically, two approaches are available
for addressing this question from a structural standpoint: anterograde and retrograde
tracing (Zeng, 2018). Since the latter has the disadvantage of having to aprioristically
select certain putative targets to probe, we opted for the former. A major caveat needed
to be circumvented. As discussed in section 4.1.3, induction of CreER by tamoxifen
administration is temporally specific but not spatially restricted and Ngn2 is a proneural
factor expressed by all cortical pyramidal cells, as well as subcortical glutamatergic cells
(Ozen et al., 2007; Gouty-Colomer et al., 2018; Hand et al., 2005). This means that it is
virtually impossible to discern the origin of Tdtomato-expressing axonal fibers in a given
area. In summary, it is necessary to also attain spatial selectivity in our mouse model to
reliably identify axon terminals originating from fate-mapped CA1 PNs in putative synaptic
targets.

Working in collaboration with my colleague Marco Bocchio, we chose to test the
novel Cre recombinase dependent on GFP, hereby CRE-DOG (Tang et al., 2015). It is
a chimeric version of Cre enzyme split into two complementary subunits that dimerize
upon binding to GFP protein. In the framework of anterograde tracing, local injection of
CRE-DOG of tamoxifen-induced Ngn2-CreER-RCE-GFP mice (adult) would lead to the
expression Cre-dependent viral constructs specifically in fate-mapped CA1 pyramidal cells.
Then, presynaptic sites could be labelled by combining CRE-DOG to a Cre-dependent virus
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expressing mRuby under control of synaptophysin promoter (Beier et al., 2015).

Our goal (see figure Al) is to confirm that:

1. CRE-DOG injection in CA1 of induces expression of a floxed viral construct in GFP+
neurons, and not in absence of GFP protein.

2. unspecific CRE-DOG activation does NOT induce GFP expression by acting on the
floxed RCE-GFP reporter allele carried by the mouse line Ngn2-CreER-GFP.

AAV1.efla.FLEX.ChR2.mCherry
1-1) CRE-DOG - % %
oy ) .
[ _ov ) { o) ¢
P oz

Ngn2-CreER*/-RCE-GFP*/-

1.2) AAV1L efla FLEX.ChR2.mCherry
CRE-DOG
G f}% zzzzzzz
(_/: S E o W) { I —ov {
P P
Wild-type
2) CRE-DOG

== Rosa26 STOP) GFP.

—veinze T

i

Ngn2-CreER/-RCE-GFP*-

FIGURE Al: Schematic representation of the CRE-DOG experimental goals and procedures. 1.1)
Confirmation that CRE-DOG can reliably induce recombination of a viral construct in
GFP+ cells. 1.2) Confirmation that CRE-DOG alone cannot induce recombination.
2) Confirmation that CRE-DOG does not act on RCE-GFP allele in absence of GFP.

Methodology & Results

1. CA1 injections of CRE-DOG in transgenic mice expressing GFP in neuronal
subpopulations. To verify whether using DRE-DOG is suitable for our anterograde
tracing experiments, we performed stereotaxical injections of CRE-DOG dimers and
AAV1.Syn.Flex jJRGECO1l1a (300 nl; dilution [1/3: 1/3:1/3]) in dorsal CAl of a
Thy-GFP mouse, expressing GFP constitutively. Then, we injected CRE-DOG and
AAV1.efla.FLEX.ChR2.mCherry in dorsal and ventral CA1 (300nl x 2; [1/4:1/4:1/2])
of tamoxifen-induced Ngn2-CreER-GFP and DIx1/2-CreER-GFP, expressing GFP in
early born pyramidal cells (E12.5) and interneurons (E8.5) respectively. After 2-3
weeks, animals were sacrified and the expression of the Cre-dependent reporter gene
was checked in hippocampal slices. In figure A2, two examples from the Ngn2-CreER-
RCE-GFP mouse, injected with CRE-DOG and AAV1.efla.FLEX.ChR2.mCherry.
Cells epressing both GFP and mCherry were found in the hippocampus, close to the
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injection site. However, a number of mCherry+/GFP- neurons were also identified.
We quantified the specificity as the ratio of mCherry+/GFP+ and total GFP+
number in all three mice and calculated an estimate of 76.17% =+ 6.47. In other

words, 1/4 cell out of four could be inappropriately labelled.

CRE-DOG + AAV1.efla.FLEX.ChR2.mCherry

4

<

FiGure A2: CRE-DOG injection in Ngn2-CreER-RCE-GFP mice. Hippocampal sections of a
Ngn2-CreER-RCE-GFP mouse injected in the dorsal CAl with CRE-DOG and a
reporter virus (carrying Cre-dependent mCherry gene). Expression of mCherry appears
in CA3 (a) and CAL (b) in the proximity of the injection site. The white arrows
indicate cells with clear GFP+ and mCherry+ double labeling; black arrows indicate
cells that only exhibit mCherry labelling; blue arrows indicate GFP+ neurons, lacking
mCherry expression. Scalebar: 100 um

We were not satisfied with this value and went on further asking whether this would
be due to unspecific activation of either the Cre-dependent reporter viral construst
or CRE-DOG. To investigate this, we injected the CRE-DOG and the same reporter
(dilution [1:4/1/4:1/2]) in either dorsal (2x 150 nl) or ventral (2x 70 nl) CAL of two
non-transgenic (WT) adult mice and let them express for 15 days. In both cases, we
found mCherry+ neurons in the proximity of the injection site (figure A3). Given
that FLEX consists of two pairs of heterotypic LoxP-variant recombination sites and
is highly stable (Schniitgen et al., 2003), this likely suggests that CRE-DOG could
“leak”, namely show recombinase activity even in absence of GFP.

2. CA1 injections of CRE-DOG in mice carrying the RCE-GFP reporter allele.
Although the experiment above is not conclusive to discard this novel viral strategy,
we started asking if unspecific activity of CRE-DOG could recombine floxed alleles in

our transgenic mouse line. Even in absence of GFP protein, the excision of the stop
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CRE-DOG + AAV1.efla.FLEX.ChR2.mCherry

FiIGURE A3: CRE-DOG injection in wild-type mice. Hippocampal sections of wild-type mouse

injected in the dorsal (a) and ventral (b) CA1 with CRE-DOG and a reporter virus
(carrying Cre-dependent mCherry gene). Expression of mCherry appears in few cells
close to the injection site, indicated by a white arrow. Scalebar: 100 pm

codon could occur and itself induce GFP expression, which could in turn amplify
CRE-DOG activity. As a consequence, this would generate a number of GFP+ cells
(false positive) that cannot be distinguished from fate-mapped neurons, biasing
heavily the interpretation of experimental results.

Thus, we set out injections of CRE-DOG alone in the dorsal CA1 of Ngn2-CreER-/-
RCE-GFP-/+ mice, that lack Ngn2-CreER transgene but carry a floxed-GFP allele.
In these animals, GFP cannot be expressed due to the absence of CreER. Two mice
were injected with 100 nl of CRE-DOG dimers diluted in 100 nl PBS. Additionally,
two mice received an injection at either half volume or half concentration (figure A4).
In all four animals, cells expressing GFP were found in the ipsilateral hemisphere, close
to the injection site. An average of 1.6 GFP+ cells/slice + 0.66 was computed on
20 slices. This seems to indicate that CRE-DOG can act without binding GFP, likely
by dimerizing in an unspecific manner. In addition, the fact that on the contralateral
side no GFP labelling was found (not shown) does not point to a leakage in the

transgenic mouse line.
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CRE-DOG + AAV1.efla.FLEX.ChR2.mCherry

FiGuRE A4: CRE-DOG injection in RCE-GFP reporter line. Hippocampal sections of Ngn2-CreER-
/-RCE-GFP+/- mice injected with CRE-DOG in the dorsal hippocampus. (a-b) 100
nlin 1:1 PBS, (c) 50 nl in 1:1 PBS, (d) 100 nl in 1:2 PBS. Several GFP+ neurons
were observed in all injected animals, suggesting unspecific CRE-DOG activation.
Scale bars: (a,c,d) 200 pm, (b) 100 pm.

Conclusion

We tested the novel chimeric CRE-DOG, a dimerized Cre recombinase that activates upon
binding of GFP protein. Ideally, this tool would have been combined to temporal genetic
fate mapping to add spatial selectivity to the labelling of fate-mapped CA1 PNs and would
have allowed precise anterograde tracing. Although CRE-DOG effectively induces the
expression of floxed viral constructs of interest in GFP+ cells, it also exhibits unspecific
activation. Since our approach already relies on Cre-dependent expression of GFP during the
developmental stages, CRE-DOG can lead to major confounds (generating false positives).
To our eyes, we gathered sufficient evidence to consider CRE-DOG unreliable for our

experimental needs.
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Imaging fate-mapped pyramidal neurons in ventral CA1l

Context & Aim

In the present work, we show that the temporal embryonic origin is a major determinant
of CA1 PN heterogeneity. The findings supporting this notion mostly originated from
the in vitro characterization of electrophysiological, synaptic, and morphometric features
of groups of pyramidal cells with distinct birthdates (from E12.5 to E16.5). Although
neuronal diversity is thought to underlie functional differences, our description under the
developmental prism does not necessarily reflect a ‘division of labor’ in cognitive and
emotional processes. In fact, recent experimental evidence from other groups indicates
that distinct PN subpopulations in ventral CA1 are differentially recruited in vivo, and can
be anatomically segregated (Okuyama et al., 2016; Ciocchi et al., 2015; Jimenez et al.,
2018; Jimenez et al., 2020). To mention only one example, PNs in the deep sublayer
with specific projections to the nucleus accumbens were shown to increase their activity
when the mouse was interacting with a known conspecific, and were causally linked to the
formation of social memory (Okuyama et al., 2016).

From our perspective, it remains to be established if the developmental origin plays a
role in this functional diversification. To tackle this question, the activity of birthdated
neurons has to be monitored when mice engage in specific behavioral tasks associated to
the hippocampus. Two main approaches are available: (i) extracellular recording and (ii)
calcium imaging. (i) In our case, we would need to express an excitatory opsin in CAl
birthdated PNs (instead of Tdtomato only) to electrophysiologically identify them upon
light stimulation, a technique called optotagging (Lima et al., 2009). Given the overall
difficulty of stably recording neurons in the ventral hippocampus and the sparsity of E12.5
cells, we discarded this option. (ii) Epifluorescence microscopy of deep brain structures
can be achieved by combining miniature endoscopes with gradient refractory index (GRIN)
lenses (Ziv and Ghosh, 2015). We reasoned that using a transgenic mouse line carrying
the Ai96 allele (Cre-dependent RCL-GCaMP6s), we could express the calcium indicator
GCaMP6s with our Ngn2-CreER driver line in developmentally-defined subpopulations of
PNs. Ultimately, our goal (figure B1) is to stably record calcium activity on the same

fate-mapped cells over consecutive days, while exposing mice to several behavioral tasks.
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This part of my doctoral project was conceived with Dr Andrew Scheyer and Dr Olivier
Manzoni, with the kind help of Dr Milene Borsoi.

| will first describe a few preliminary (but promising) trials with endoscopy on wild-type
(WT) mice and then show how | failed to reproduce the same outcome in Ngn2-CreER-Ai96

mice.

Endoscope

GRIN lens

& I,
\ ‘\‘ > l
_ Avwr test |
Ngn2-CreER-Ai96 )

I E14.5/ E16.5

FIGURE B1: Probing fate-mapped CA1 pyramidal cells in vivo. Schematic illustration of the exper-
imental paradigm to study the involvement of fate-mapped PNs in given behavioral
tasks. In brief, tamoxifen-induced Ngn2-CreER-Ai96 mice are implanted with a GRIN
lens in ventral CAl and calcium activity is monitored when they undergo different
tests (social memory, fear memory, avoidance) in a sequential manner.

Methodology & Results

To achieve GCaMP6s expression in the ventral hippocampus of adult WT mice (non-
transgenic), | injected 200 nl of AAV1.Syn.GCaMP6s.WPRE.SV40 virus at coordinates
AP: 3.16, ML: 3.25, DV: -3.5 / -3.7 / -3.9 prior to implanting a GRIN lens over the
injection site. In Ngn2-CreER-Ai96, tamoxifen-induction was performed at embryonic
day 14.5 as described above for Ngn2-CreER-Ai14 and caused E14.5 PNs to express the
calcium indicator GCaMP6s. In both cases, the protocol for lens implantation and baseplate
installation is identical (see Resendez et al. (2016) for a thorough description). In brief,
mice were deeply anesthetized with isoflurane and shaved on the head. The surface of
the skull was exposed. 3 evenly spaced skull screws were inserted in the skull around
the implantation site to increase dental cement stability. If not already present following
viral injection, a small craniotomy was performed at AP: 3.16, ML: 3.25 and the dura
removed from the cortical surface. Before lowering the lens in the brain tissue, a 25G
needle was used to make a ‘pre-track’ for 2/3 of the final depth (~2.5 mm). A GRIN lens
(0.5 mm diameter, 6.1 mm length) was slowly inserted 4.6 mm deep, while monitoring
fluorescence with a miniaturized microscope connected to nVista2 Data Acquisition Box
(Inscopix, Palo Alto, CA). The implant was then fixed to the skull using dental cement.
After about 10 days, a magnetic baseplate for the endoscope was fixed to the headcap
with additional dental cement. At this stage, fluorescence should already be identifiable

at low LED intensity values. Recordings could start 3/4 days after baseplate installation.
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The data was acquired during isoflurane anesthesia and then analysed with Inscopix Data

Processing software (Inscopix, Palo Alto, CA).

400% AF/F
25 seconds

FiGure B2: Calcium imaging in ventral CAl with miniature microscope in WT mouse. (a)
Maximum intensity projection of the filtered and motion-corrected movie (~6 minute
recording). Notice cells as bright roundish shapes, and blood vessels as darker
elongated lines. (b) Maximum intensity projection of the relative fluorescence change
(AF/F). (c) Single frame from the AF/F movie, with 8 ROIs of identified and validated
cells. (d) Calcium traces of the 8 cells shown in panel c. The dashed orange line
indicates the frame shown in panel c.

In figure B2, the field of view of GCaMP6s-expressing neurons in ventral CA1, after
successful surgery in a WT mouse, is illustrated. For this experiment, LED intensity was
set to 12% and frame rate to 20 Hz. After spatial/temporal downsampling, the video
was filtered and motion-corrected (panel a). At this stage, cells are already recognizable
as densely packed round or elongated shapes. Then, the relative change in fluorescence
(AF/F) was computed (panel b). Finally, a total of 119 putative cells were identified as
regions of interest (ROI) using a PCA-ICA algorithm and needed to be visually inspected
for validation. In panel (c) is a single frame of the total recording with ROIs of 8 neurons.
The change in fluorescence for these neurons is represented on panel (d), where neuronal
activation (calcium transients) can be clearly seen in the traces. Similar results were

obtained in 2 additional mice (not shown).
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AF/F

Ficure B3: Calcium imaging in ventral CA1l with miniature microscope in Ngn2-CreER-Ai96
mouse (E14.5). (a) Maximum intensity projection of the filtered and motion-corrrected
movie (~2 minute recording). A few bright areas resemble cells seen in figure A7 but
are less neat. (b) Maximum intensity projection of the relative fluorescence change
(AF/F). No activity can be detected (c) Top, hippocampal section displaying the
location of the GRIN lens in ventral CAl. Blue: DAPI, Green: GFP. Bottom, higher
magnification of the image above showing the end of the implant site, indicated by
the red line. The yellow arrow represents the ideal distance for the imaging plane
(~290 pm). Scale bar: 200 pm.

Oppositely, imaging from three Ngn2-CreER-Ai96 mice did not yield satisfying results.
In figure B3 is an example of a field of view in ventral CA1, similarly to what described
above. It is important to point out that this recording was obtained at very high LED
values (>50%), while it is normally advised not to exceed 20% (Resendez et al., 2016).
Panel (a) shows an image from the filtered and motion-corrected video, where few neuronal
shapes can be recognized. However, when computing the AF/F no clear ROI could be
detected and variation in fluorescence seemed to be completely absent (panel b). This
was the case for all imaged mice. When we checked the lens location in coronal slices
of the PFA-fixed brain, we found that lens was correctly placed and at an appropriate
distance from the stratum pyramidale (panel c). Possibly, tissue cicatrisation below the
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tip of the lens could affect the optical quality of the imaging. Thus, we probed this
by performing an immunohistochemistry against glial fibrillary acidic protein (GFAP), a
marker for glial scar formation, but could not find any substantial difference between
implanted and contralateral hemisphere (not shown). Owing to the high LED power
and the absence of any fluctuations in fluorescence, these preliminary results seem to
indicate that genetically-encoded GCaMP¥6s is too weakly expressed for proper monitoring

of neuronal activity.

Conclusion

We tested whether we could monitor the activity of temporally-fate mapped PNs in ventral
CA1 by calcium imaging using epifluorescence endoscopy. Although some preliminary
data obtained with virally-expressed GCaMP6s were promising, we could not reproduce
them with the Ngn2-CreER-Ai96 mouse line, probably due to weak expression of the

genetically-encoded calcium indicator.
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9. Discussion

In this thesis work, we focused on pyramidal neurons (PNs) in the ventral CA1 subregion
of the murine hippocampus. The main driving hypothesis was that the temporal embryonic
origin is a major determinant of neuronal diversity observed among these cells in adulthood.
To address this, PNs were labelled according to their date of birth and described in their
morpho-physiological profiles and connectivity. Thereby, we confirm this view by illustrating
that neurons born at different points of embryogenesis display specific characteristics and
that this heterogeneity goes beyond their location within the stratum pyramidale. In partic-
ular, we suggest that pioneer neurons (E12.5) are a previously overlooked subpopulation of
PNs with distinct anatomical distribution, connectivity and recruitment during exploration.

These findings are compatible and complement our current understanding of pyramidal
cell diversity in the hippocampus. In the following paragraphs, | will discuss the limitations
of the present study and comment on how it relates to the existing body of literature on
the topic. Furthermore, the elements of novelty will be discussed more thoroughly. All
along this section, | will attempt to propose insights on future directions by suggesting

additional experiments.

9.1 Main limitations

In my opinion, the main limitation of the study is that, although firmly advocating for
an embryonic origin of CA1 PN diversity, it does not provide any causal observation and
all evidence might be considered merely correlational. In the light of this, it would be
advantageous to manipulate the spatio-temporal organization of CA1 circuit development
by cell-type specific neuronal ablation (Spampanato and Dudek, 2017). For instance,
one could address the question whether suppressing neurons born at E12.5 during the
perinatal period alters the phenotype of later (E14.5) PNs. Hypothetically, E14.5 could
acquire similar morpho-physiological features as the abolished pioneer neurons, such as
scattered distribution, dense output projections and low PV innervation, suggesting that the
sequence of integration in the circuit (extrinsically) determines PN identify. Oppositely, PNs
maintaining a ‘wildtype' phenotype would point at the fundamental role of (intrinsic) genetic
programs expressed in neural progenitors and post-mitotic cells. The examination of the
hippocampus in cortical malformations, such as the reeler mouse or Lis mutants, corroborate

the latter hypothesis. Indeed, these genetic conditions cause a developmental mislamination
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of CAl pyramidal cells so that early and late generated cells locate superficially and
deeply, respectively. Many of their morphophysiological properties, however, are unchanged
(D'Amour et al., 2020; Deller et al., 1999; Ishida et al., 1994).

A second major technical constraint was due to our genetic mouse model. Using conditional
fate mapping with the double transgenic Ngn2-CreER-Ai14 line, we provided temporal
specificity to PN labelling, although precluding us from further manipulations. As for
example, we could not exploit widely used Cre-dependent viral vectors in our population
of interest. Indeed, the expression of light-sensitive opsins would have been extremely
valuable to probe their functional role in behaving mice, especially considering the variety of
cognitive processes that ventral CAl is associated to (Ciocchi et al., 2015; Jimenez et al.,
2018; Jimenez et al., 2020; Okuyama et al., 2016). As well, based on our analysis of cFos
expression following exploration, we speculate that E14.5 cells are particularly recruited
in a new environment and perhaps signal novelty. This should be further investigated by
optogenetically silencing this subgroup during the first exploration of the arena and verifying
whether mice spend an equal amount of time during the next exposure. To circumvent
this, reporter lines Ai27 and Ai32, both carrying channelrhodopsin ChR2(H134R) gene,
are available in our lab but have not been tested in this framework. In addition, our team
has been developing a transgenic mouse line using RCE:LoxP-FLPo-TVA as a reporter
(figure 9.1). In this model, tamoxifen-dependent induction of Cre (under Ngn2 promoter)
causes the expression of FLPo recombinase and TVA receptor protein. Thus, it can be
combined to either viral constructs containing FRT sequences, or EnvA-AG rabies virus.
The former exploits the library of FLPo-dependent expression of opsins, DREADDs, and
other genetic tools (Lo et al., 2019), and can spatially restrict their spread in ventral CAl
by local injection (see annex A). The latter allows for monosynaptic circuit tracing to
dissect the afferent connectome of temporally fate-mapped hippocampal neurons (Callaway
and Luo, 2015). Unfortunately, this powerful genetic tool was not fully implemented before

the end of my doctoral project.

Lastly, we could not show a direct link between the temporal embryonic origin of CA1 PN
and their function in vivo. One of the objectives of my PhD was to monitor neural activity
of fate-mapped PNs while mice engage in different behaviors. Theoretically, this would
have permitted to show that the time of birth does not only shape morpho-physiological
properties, but predisposes given subpopulations to processing certain types of information,
thus biasing their recruitment to specific cognitive processes. This omission is in part
due to technical challenges. Located deep within the temporal cortex, the ventral tip of
CAL is difficult to access experimentally. Although, more and more labs have successfully
performed calcium imaging in this region with endoscopes and GRIN (gradient refractive
index) lenses, the expression of GCaMPG6s in our transgenic line was not sufficient to record
neuronal activity (see annex B). In the best-case scenario, this approach would have granted
us to track the same neuronal population over days and in different contexts or memory
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FIGURE 9.1: Fate-mapping CA1l pyramidal cells with temporal and spatial selectivity. Scheme
representing the transgenic mouse model that is being implemented in our team to
fate-map pyramidal neurons in CAl with temporal (tamoxifen) and spatial (injection)
selectivity. Like Ngn2-CreER-Ail4, it is based on the inducible Cre recombinase that,
once activated, leads to the expression of flippase FLPo and rabies virus receptor TVA.
These two can then be employed by local viral injections in CA1 for optogenetics or
tracing experiments in the adult mouse.

tasks. As an alternative, we opted for an immediate early gene (IEG)-based strategy, looking
at cFos as a proxy for neural activity. Its expression is increased upon recent sustained firing
of action potentials (i.e. bursts), but is also related to the induction of activity-dependent
synaptic plasticity (Mahringer et al., 2019; West et al., 2002). The choice of this technique
was particularly motivated by a study in which cFos labelling was used in combination to
extracellular recordings, to identify a subpopulation of CA1 neurons that formed a stable
representation of a novel context, despite displaying poorer spatial accuracy and stability
than other place cells (Tanaka et al., 2018). In our case, a major drawback was that cFos
expression needed to be verified post-hoc (after sacrificing the mice), which limited our
test to the exposure to one single behavioral paradigm (here, spatial exploration). In other
words, it exclusively permitted a posteriori analysis of the recruitment of fate-mapped
PNs. In absence of optical access to ventral CAl, a way to complement our experimental
approach would be combining it to a “TetOff" viral strategy (see figure 9.2). Initially, two
viral constructs are injected in the hippocampus: (i) the tetracycline transactivator (tTA)
gene under the cFos promoter (Zhang et al., 2015), (ii) a reporter gene (ex. fluorescent
protein) under the tetracycline response element (TRE) (Chan et al., 2017). Then, the
antibiotic doxycycline (Dox, analog of tetracycline) is administered with food and suppresses
tTA activity. When Dox is temporarily retrieved, unbound tTA acts on the TRE sequence
and enables the tagging of cFos+ neurons during an experience. Finally, TetOff strategy
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and classic cFos immunostaining can be used sequentially. Mice are first exposed and
familiarized to a given environment, say arena A, and Dox is removed from their diet on
their last exploration. Then, the same mice are exposed to a new environment, arena B,
and sacrificed after 1 hour to reveal cFos expression. In such way, we could corroborate
the hypothesis that E12.5 PNs are specifically recruited in familiar arena A, and not in
novel arena B. Alternatively, a similar paradigm could apply to different kinds of behavioral
contexts, such as social exploration and fear or anxiety (Jimenez et al., 2018; Jimenez
et al., 2020; Okuyama et al., 2016), and investigate if any of these emotionally rich tasks

can lead to a differential recruitment of E16.5 neurons (figure 9.2).
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FIGURE 9.2: A TetOff strategy for investigating fate-mapped CA1 pyramidal cell recruitment. A)
Schematic representation of an experimental protocol to probe the recruitment of
fate-mapped CA1 pyramidal cells, here E16.5, in emotionally-rich behavioral contexts.
After tamoxifen-induction in Ngn2-CreER-Ail4 animals, two viral constructs are locally
injected into ventral CAL : tetracycline transcriptional activator (tTA) under control
of cFos, EGFP under control of tetracycline response element (TRE). TRE-dependent
genes can only be expressed in absence of tetracycline/doxycycline (Dox, panel B).
When Dox is removed from their diet, mice undergo a contextual fear conditioning
paradigm. cFos activation (shown with *") will drive the expression of EGFP, thus
labeling neurons forming the memory trace. Next, when Dox is reintroduced, mice
will be exposed to another context, here the anxiety-related elevated plus maze. One
hour after the experiment, when cfos expression is maximal, mice can be sacrificed
and cFos-labelling can be verified by immunohistochemistry (IHC) for the recent
(anxiety), and by EGFP fluorescence for the first experience (fear).

9.2 Comparison with previous studies

It is now acknowledged that the stratum pyramidale in dorsal CA1l is composed of two
functionally distinct sublayers, owing to the combined effort of several research teams
(see reviews by Soltesz and Losonczy (2018) and Valero and Prida (2018)). Although
the dissection of such diversity has proved crucial in widening the knowledge on how CAl
circuitry is built and how it organizes its activity, it has often disregarded the underlying
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principles and ontogeny. Oppositely, this study strongly indicates that we cannot grasp the
full complexity of the structure-function dyad only without including the developmental
component.

In many aspects, the present work is in line with previous experimental evidence. First,
we confirmed the finding of early autoradiographic studies that the distribution of PNs in
the stratum pyramidale closely mirrors the embryonic origin, with neurons born later during
CA1 neurogenesis positioning progressively more superficially than their earlier generated
counterpart (Caviness, 1973; Angevine, 1965; Bayer, 1980). Interestingly, it was already
noticed that “cells which are to become scattered [...] are virtually all formed through
E13 and they are only a small proportion of the total number" (Caviness, 1973). Those
described are likely pioneer PNs born between E11 and E13, which we characterized in
depth and found to present distinct features from their other deep but later generated
counterpart (E14.5).

In turn, E14.5 PNs, independently of their soma location, display a synaptic drive
leaning more towards inhibition and a specific bias of their output connectivity towards
the nucleus accumbens (NAcc) of the ventral striatum. Both findings are reminiscent of
previous studies showing that deep PNs are characterized by a low E/I ratio and are highly
innervated by PV+ basket cells (Lee et al., 2014; Masurkar et al., 2017), and underlie a
behaviorally-specific pathway to NAcc (Okuyama et al., 2016).

Moreover, our anatomical analysis of recorded cells, consisting of simply measuring the
length of the main dendrite shaft, bore out conclusions similar to those of more sophisticated
morphological reconstructions (D'Amour et al., 2020; Li et al., 2017; Masurkar et al., 2020).
Extending the notion that distinct subpopulations segregate according to their dendritic
morphology, with deep ('simple’) cells having a longer primary dendrite than superficial
("complex’) cells, the current results suggest that E12.5 are an exception to this ‘rule’.

Finally, neurons generated at E16.5, located in the most superficial part of the stratum
pyramidale, were less excitable, owing to their globally slower membrane time constant
and firing propensity reduced in respect to E14.5 PNs (Cembrowski et al., 2016; Mizuseki
et al., 2011). However, despite in our experimental conditions superficial received less
frequent excitatory input than deep cells, E16.5 displayed higher E/I amplitude ratio,
mirrored by lower PV innervation (Lee et al., 2014; Valero et al., 2015). Our results from
the analysis of output projections and cFos recruitment also revealed that E16.5 showed
the smallest Ctb+/Tdt+ fraction of all birthdate groups, suggesting that they are less
likely to innervate the regions we tested. This is coherent with previous investigations,
in which NAcc, amygdala and medial prefrontal cortex (mPFC) were all preferentially
targeted by deep cells (Jimenez et al., 2018; Lee et al., 2014; Okuyama et al., 2016).
The only exception was the medial entorhinal cortex, showing equal innervation from both
sublayers (Lee et al., 2014). Thus, it would be tempting to test whether E16.5 PNs exhibit
a bias within the hippocampal region. Projections to the lateral entorhinal cortex and the
subiculum should be further looked into.
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At any rate, the experimental evidence gathered and presented here does not systematically
parallel the aforementioned studies. First, we could not replicate the discovery of a radial
gradient in depolarizing sag responses (Jarsky et al., 2008; Lee et al., 2014; Maroso et al.,
2016), rather deeper-located E14.5 neurons displayed a larger sag than their superficial
counterpart. This is all the more puzzling considering that this difference is likely only
present in proximal CA1 (Masurkar et al., 2020), which is where most cells were sampled
from, although not exclusively. One possible explanation is that, owing to variability in lh
currents along the dorso-ventral axis (Cembrowski et al., 2016; Dougherty et al., 2012; Malik
et al., 2016), the expression of sag and rebound potentials might not follow the same pattern
in ventral CAL. In fact, to my knowledge all experimental evidence cited above comes from
acute slices of the septal-most part. Furthermore, as discussed in the article (chapter 6),
our recordings were performed in the absence of specific pharmacological blockers for other
postsynaptic membrane currents, as well as of antagonists for metabotropic and ionotropic
GABA and glutamate receptors (Jarsky et al., 2008; Lee et al., 2014; Maroso et al., 2016;
Masurkar et al., 2017).

Second, we could not observe any burst firing pattern in recorded cells in acute slice
(Cembrowski et al., 2016; Graves et al., 2012; Jarsky et al., 2008; Mizuseki et al., 2011).
One possible explanation is that in our study, recordings were performed on adult mice, and
not juvenile rats, using a methylsulfate-based intracellular solution, and not a gluconate-
based one, differently from Graves et al. (2012) and Jarsky et al. (2008). Indeed, the
choice of intracellular solution can have an effect on electrophysiological properties, such
as the post-firing hyperpolarization (Kaczorowski et al., 2007). It should be reminded
that one of the main references is a study where bursting was evaluated from extracellular
recordings in vivo (Mizuseki et al., 2011) and in other ex vivo work there was no clear sign
of intracellularly-defined 'burstiness’ in CA1 PNs (Dougherty et al., 2012; Li et al., 2017).

Lastly, differently from Li et al. (2017), no variation along the radial axis was seen in
the magnitude CA3-driven excitation, quantified upon electrical stimulation of Schaffer
Collateral (SC) fibers in CAL stratum radiatum. However, this finding was not or only
partially reproduced in other two studies (Masurkar et al., 2017; Valero et al., 2015). In
this case, the discrepancies might be explained by the different technical approaches used
(optogenetics in the first publication, CA3 and radiatum electrical stimulation, respectively,
in the other two). Oppositely, we found that EPSC frequency was higher in deep cells and
this gradient, which was already reported for PNs located in the stratum oriens (here called

‘ectopic’) compared to PNs located in the stratum pyramidale (Cossart et al., 2000).

9.3 Recruitment of birthdated neurons upon exploration

Investigating cFos activation after mice explored a familiar or novel arena revealed that
E16.5 PNs displayed globally low levels of recruitment, including the control home-cage
condition. It should be noted that neurons in the superficial sublayer are more active in

cue-poor environments, with stable firing within a same environment and likely driven by a
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strong CA3 input (Danielson et al., 2016; Fattahi et al., 2018; Valero et al., 2015; Geiller
et al., 2017a). The enrichment of the arena with proximal (colored shapes and patterns)
and distal (odor, sound) cues might have hindered sustained firing, and ultimately cFos
activation, in these cells, which are supposedly critical for self-referenced navigation (Sharif
et al., 2020). Furthermore, cFos expression is likely induced by intense burst firing and
that its absence in a cell population “does not preclude the involvement of that population
in a functional circuit” (Labiner et al., 1993). Indeed, late generated superficial cells are
less ‘bursty’ in vivo (Mizuseki et al., 2011) and might exhibit lower basal levels or other
immediate early genes (IEGs). Importantly, it was recently described that distinct granule
cell population in the dentate gyrus can be separated by the expression of two IEGs and
differently contribute to information coding in a contextual fear paradigm (Sun et al.,
2020b). A similar scenario could apply to CAl (Tronson et al., 2009; Tyssowski et al.,
2018).

Compared to their younger counterpart, E14.5 PNs were slightly but significantly
more recruited in the novel condition, and E12.5 displayed a pronounced cFos activation
after exploration of a known environment. Both groups are predominantly found in the
deep sublayer, the activity of which is biased towards cue-rich environments and predicts
goal-oriented behavioral performance (Danielson et al., 2016; Geiller et al., 2017a; Sharif
et al., 2020). On the one hand, this is consistent with the finding that E14.5 PNs send
axons primarily to NAcc, of all regions probed. CA1 projections to this striatal nucleus
are known to be involved in reward seeking and learning (LeGates et al., 2018; Trouche
et al., 2019). It was also proposed that NAcc, along with the dopaminergic system, “is
important for signaling the occurrence of novel and potentially salient events” (Baudonnat
et al., 2013). As such, E14.5 recruitment in the novel environment could be interpreted
as an ‘update’ of information regarding a new situation with uncertain outcome. On the
other hand, a specific pathway of deep neurons projecting to NAcc increased their firing in
presence of known conspecific (Okuyama et al., 2016), suggesting that they rather store the
memory of a previous (social) experience (Okuyama, 2018). Opposetely, in our experiment,
it was the E12.5 subpopulation, lacking preferential innervation to NAcc, that was biased
towards the familiar condition. Is E12.5 cFos expression related to the encoding of spatial
information? Do E14.5 PNs provide an instantaneous map of a novel environment? Is
either birthdate group highly involved in social discrimination? Or do they signal novelty in

other behavioral paradigms? These questions merit further investigation.

9.4 A new insight into CA1 pyramidal cell diversity

Prior knowledge on migratory patterns in developing CA1 indicated that PN positioning
in the stratum pyramidale and functional segregation of PN subpopulations could not be
separated. Not surprisingly, even in the first experimental papers dealing with CA1 PN
diversity (Deguchi et al., 2011; Lee et al., 2014; Mizuseki et al., 2011), the developmental

factor was either mentioned or explicitly proposed as a fundamental determinant of this
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heterogeneity. As a result, one could expect that those experimental measures that
distinguished fate-mapped PN in CAL follow a linear trend from early to late born neurons,
mirroring the inside first-outside last migration scheme, or else, that pioneer neurons share a
mixed phenotype (given their spread from deep to superficial stratum pyramidale). Neither
of these speculations is supported by the current data. Rather, we illustrate for the first
time that birthdate groups have each specific morpho-physiological and synaptic features.
In some cases, i.e. membrane resistance, PV innervation, dendritic morphology, E12.5 PNs
are more similar to E16.5 than to the embryonically and spatially closer E14.5. In other
cases, E12.5 and E16.5 display clearly separate properties, like output connectivity and
cFos recruitment.

Thus, a significant novel finding is that the relationship between neuronal gradients of
diversity and sequential neurogenesis is neither linear nor it can be accurately predicted
by the soma position. Nonetheless, in our voltage-clamp experiments we also confirm
that input connectivity varies according to gradients that are not always matched by the
embryonic origin. In other words, the positional factor is not to be neglected but integrated
in a view where CA1 diversity at cell level emerges from the interaction of developmental

(intrinsic) and purely anatomical mechanisms (extrinsic).

9.5 CAI1 pioneer neurons display unique features

To our knowledge, this is the first in depth description of pioneer E12.5 PNs in CA1, which
are shown to form a unique pyramidal subtype with peculiar characteristics. First is their
scattered distribution, with somata found as deep as the stratum oriens and, although more
rarely, also in the stratum radiatum. The stratum oriens is enriched with axons originating
from CA2 pyramidal cells, which mainly contact deep cells as well as giant radiatum cells or
GRCs (Kohara et al., 2014; Nasrallah et al., 2019). GRCs are a rare population of ectopic
pyramidal cells displaying two thick apical dendrites and projecting directly to the olfactory
bulb from ventral CA1 (Megias et al., 2001; Groen and Wyss, 1990). It would be relevant
to look more closely into the possibility that GRC are embryologically defined, perhaps
belonging to pioneer subpopulation. First, out of all cell recorded in slice, one E12.5 neuron
was found to have these positional and morphological features, while none in the later
generated birthdates (data not shown). Second, pioneer cells display a prominent spread
that extends to the stratum radiatum for a non negligeable fraction (see article in chapter
6). Further experiments are required to test if E12.5 PNs are preferentially targeted by
CA2 and if they innervate olfactory areas.

If this additional pathway were to be confirmed, more evidence would point to the
notion that pioneer neurons display a remarkable range of output targets, which resulted
from retrograde tracing with Cholera toxin B. Unfortunately, this technique does not allow
to discriminate connectivity motifs at single-cell level. It is then still unclear whether all
E12.5 cells innervate many structures at once, or if this is an average effect within the

E12.5 population and single neurons diverge in their targets. A recent study (Gergues
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et al., 2020) demonstrated that, although for the most part single PNs innervate only one
extrahippocampal region, ventral CAL is enriched with multiple-projecting neurons. Likely,
among these neurons is the population described with optogenetic tagging by Ciocchi
and colleagues (2015). They were functionally connected to three structures (amygdala,
medial prefrontal cortex and nucleus accumbens) and exhibited higher firing rates in several
behavioral tasks, as well as greater propensity to participate in sharp-wave ripples (SWR)
than other neurons. Needless to say, despite the technical limitations mentioned above
and in annex B, studying the activity of pioneer neurons in vivo is of crucial interest. The
probability of E12.5 PNs to be active during ripples could be measured by comparing field
potential recorded in the ventral hippocampus and calcium traces obtained by endoscopy.

Finally, when evoking inhibitory currents by SC stimulation, E12.5 showed a higher
paired pulse ratio than the other two birthdate groups, suggesting that GABA release
probability of CA3-driven interneurons contacting CA1 E12.5 is lower. This might stem
from differential pre/postsynaptic plasticity or from GABAergic input diversity, a tempting
hypothesis given the variability of PV+ contact number among birthdate groups and
considering that different paired pulse responses can arise depending on the interneuron
subtype (Sarihi et al., 2012).

9.6 Pioneer neurons across the hippocampus

As discussed before, the present study gathers additional evidence directly linking the
development origin to the determination of adult neuronal diversity. It is therefore proposed
that the temporal order of neurogenesis sequentially defines subpopulations of pyramidal
neurons in CA1l. Moreover, E12.5 PNs exhibit specific properties that corroborate our
group's hypothesis that pioneer neurons, either glutamatergic or GABAergic, form distinct
classes with unique roles in the hippocampal circuitry.

Precedingly, we demonstrated that early-born GABAergic cells in CA1 and CA3 are
long-range ‘hub’ cells. They display remarkable connectivity schemes, gate synchronous
network events during post-natal development and signal a variety of network states in
vivo (Bocchio et al., 2020; Picardo et al., 2011; Villette et al., 2016). The discovery that
early born neurons could operate as functional hubs was inspired by graph theory. In a
pivotal paper, Barabasi and Albert (1999) postulated that the development of certain
networks is achieved by adding new elements (nodes) forming connections to those nodes
that already have a large of number of connections (hubs). This principle, known as
preferential attachment, appears to match the existence of hubs in the hippocampus. |
ought to remind that the translation of graph theory to biological systems is to be taken
with caution, especially because the definition of a network can be established with more
precision in silico than in the brain.

That said, studying pioneer glutamatergic cells in CA3 and DG also lead our team to
similar conclusions. Stimulation of early generated CA3 PNs can affect network dynamics

in the developing hippocampus (Marissal et al., 2012). It should be tested whether these
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neurons are more densely connected by recurrent connectivity, like a recent network model
appears to suggest (Hunt et al., 2018). In the DG, semilunar granule cells are generated in
early phases of development, form a distinct morpho-physiological subtype and are active
across a wide range of disparate behavioral paradigms (Erwin et al., 2020; Save et al.,
2019; Williams et al., 2007).

Two properties characterizing pioneer neurons emerge from this large body of research:
high connectivity and broad recruitment in different cognitive states. Could these cells
coordinate local dynamics among structures? Thanks to their wide range output connectivity,
E12.5 would be suitable candidates for signaling the relevant cognitive state (arousal, anxiety,
reward-seeking, socialization) to other structures involved in the encoding or retrieval of a

mnemonic episode. Obviously, more evidence is needed in support of this hypothesis.

9.7 Two or more sublayers?

Based on histological and publicly accessible gene expression data, Dong (2009) observed
that “in addition to superficial and deep pyramidal layers, a middle sublayer containing
smaller pyramids appears to be sandwiched between the other layers” (Dong et al., 2009).
The existence of a third sublayers is also supported or hinted at by data in other studies, in
which molecular markers are used to label distinct groups of PNs in ventral CA1 (Li et al.,
2018; Okuyama et al., 2016). Even if the precise number of sublayers is not of primary
importance, it is worth drawing two considerations.

First, most research on pyramidal neuron diversity has focused on the dorsal pole of
CAL1, presumably because of its experimental accessibility and its well-known implication in
spatial learning and navigation. Nonetheless, a large body of evidence shows that ventral
CA1 encompasses an even more pronounced heterogeneity of principal cells and how this
relates to network computation and cognitive processes requires more investigation.

Second, the description of PN diversity should be revised. Not only our findings
challenge the current deep-superficial dichotomy, but even experimental evidence used to
support this (perhaps simplistic) view is not as clear-cut. An example is that, despite the
claim that “deep pyramidal cells shifted their preferred phase of firing to the peak of theta
during rapid eye movement (REM) sleep”, only about one half of deep PNs exhibit this
behavior (Mizuseki et al., 2011). Likewise, a sharp subdivision between superficial calbindin
(Cb)-positive neurons with ramified dendritic tree and deep Cb-negative neurons with
simple morphology is proposed (Li et al., 2017), although the boundaries of Cb expression
and morphological features are both rather blurry, notably in the ventral pole. Finally,
recent data (Masurkar et al., 2020) prompts us to reconsider the commonly accepted
notion that superficial cells display larger lh currents than deep ones (Lee et al., 2014;
Maroso et al., 2016). On one hand, such generalizations are helpful in bringing forward a
new understanding of CA1 circuitry. On the other, we should abstain from an explanation
that is too reductionist, unless strongly supported by experimental findings. Thus, it is

still matter of debate what defines a neuronal PN subpopulation, whether the anatomical
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division in sublayers is descriptive enough and what picture would emerge if we combined

developmental, genetic, behavioral and connectivity data.

9.8 CAI1 diversity and human hippocampus

Variability in the width of the stratum pyramidale of CA1 along the septo-temporal axis
is well characterized in many mammalian species (Dong et al., 2009; Slomianka et al.,
2011). Interestingly, the review by Slomianka and colleagues (2011) report that the level
of cellular compactness seems to relate to phylogeny, with more complex animals (dolphin,
fox, marmoset,. .. ) displaying a progressive ‘invasion’ of the stratum oriens by pyramidal
cells. A subdivision in sublayers in the human hippocampus seems to exist as well (Braak,
1974; Shepherd et al., 2007), although it remains unclear whether this anatomical feature
underlies a functional segregation resembling that observed in rodent CA1. Owing that
antero-posterior gradients (in anatomy, connectivity, and gene-expression) have been linked
to a regional diversification of function in the human hippocampus (Poppenk et al., 2013;
Vogel et al., 2020), it seems appropriate to seek for empirical validation whether this applies
to the radial axis as well.

Furthermore, the anterior pole of the hippocampus (corresponding to ventral in rodents)
is involved in emotional processes, as well as the regulation of mood and stress (Poppenk
et al., 2013). It is an open question whether the developmental origin influences neuronal
susceptibility in the framework of psychiatric disorders, and more generally to pathologies
associated to the hippocampus. That said, a few considerations can be made based on
positional data. First, genetic markers of the ventral hippocampus that are distributed
homogeneously across the stratum pyramidale, such as Grp and Htr2c, have been implicated
in psychiatric conditions (Drago and Serretti, 2009; Roesler et al., 2006). Second, alterations
in PV-expressing interneurons levels are detected in patients with schizophrenia (Lewis
et al., 2012) and silencing PV cells in ventral CA1 reduces social recognition (Deng et al.,
2019), which mirrors the mnemonic impairment observed in models of schizophrenia and
Alzheimer's disease (AD) (Deacon et al., 2009; Piskorowski and Chevaleyre, 2012). Since
we show that E14.5 neurons are preferentially innervated by PV interneurons, it would
be tempting to speculate that they are key players in the ontogeny of these conditions.
Third, fragile X syndrome is a neurodevelopmental disorder associated with intellectual
disability caused by the lack of FMRP (fragile mental retardation protein). Fmrl-KO mice,
the murine model of this pathology, are characterized by altered plasticity and network
coordination (Jawaid et al., 2018; Talbot et al., 2018), matched by deficits in space
coding and contextual fear memory (Li et al., 2020). Interestingly, a strong reduction
of Cb expression among CAl PNs is observed in these mice (Real et al., 2011), which
might indicate that superficial late generated cells are more affected by the mutation.
Oppositely, deep earlier generated cells might be more susceptible to epilepsy, as they are
more likely than superficial cells to degenerate as a consequence of pilocarpine-induced

seizures (Towfighi et al., 2004). Nonetheless, preliminary data from our lab seem to indicate
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that pioneer GABAergic cells are more likely to survive neurodegeneration in this model of
epilepsy. Whether this holds as well for pioneer glutamate neurons should be experimentally
verified. In the article included in this manuscript (see chapter 6), we hypothesize that
E12.5 neurons are subject to a stronger imprinting by the temporal embryonic origin, as
they display distinct characteristics and do not follow a clear positional patterning. As a
result, this could render these cells more resilient to neurodegenerative diseases and those

associated to cortical heterotopias and mislayering.

9.9 Conclusion

To summarise, we characterized fate-mapped CA1 PNs in depth, exploring ex vivo multiple
cellular features, including electrophysiological properties, morphology and connectivity.
The present work provides compelling evidence that the temporal embryonic origin of CAl
PNs has a central role of in the determination of cell identity, thereby directly contributing
to the emergence of neuronal diversity in the CA1 field of the ventral hippocampus. As a
result, we propose that the radial subdivision of the CA1 pyramidal layer into two functional
units should be revised by including the time of neurogenesis as a fundamental component.
Furthermore, we focused on pioneer neurons and highlighted that they display unique
properties. Based on their wide-range connectivity and recruitment upon exploration, we
would like to propose they play a key role in the consolidation or retrieval of recent experience
by coordinating multiple regions. More generally, how the developmental origin shapes
in vivo function in subpopulations of fate-mapped PNs in CA1 is still to be determined.
Further investigation will clarify whether they differentially contribute to network dynamics,

and ultimately to cognitive processes.
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