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INTRODUCTION

1. Structural plasticity

Work over the last 25 years has highlighted that the central nervous system (CNS)
has a remarkable capacity to undergo significant modifications, as a consequence of
alterations in the environment. This ability is called “neuronal plasticity” and,
interestingly, it is not only present during early development, when precise patterns of
connectivity are being established, but also during adulthood (Magalhdes & Sandberg,
2005 for review). This plasticity is crucial for wide adaptive-responses, like memory and
learning (Sutton & Schuman, 2006 for review) or recovery from brain damage or disease
(Fox et al., 2008; Krageloh-Mann, 2004; Sabael, 2008 for review), among others. Thus,
these adaptive responses must involve a spectrum of neuronal modifications, which
range from molecular to structural plasticity (see Xerri, 2008 for review). The term
neuronal structural plasticity refers to modifications in the structure of neurons and glial
cells, which include changes in the morphology and density of dendritic spines (reviewed
in Alvarez & Sabatini, 2007), outgrowth/retraction of dendrites and axons (Geinisman et
al., 2000) neuron-glia plasticity (Theodosis et al., 2008) and the maximal expression of

plasticity: the production and incorporation of new neurons or adult neurogenesis.

2. “Canonical” and “non-canonical” neurogenic niches

There are two different niches, in which the production of new neurons in the
healthy central nervous system of adult mammals continuously takes place: the
subgranular zone of the dentate gyrus in the hippocampus and the subventricular zone
(SVZ) of the lateral ventricles (Doetsch & Alvarez-Buylla, 1996; Doetsch et al., 1997;

Eriksson et al., 1998; Gross, 2000; Kempermann & Gage, 1999; Kempermann et al. ,
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2004; Lois & Alvarez-Buylla, 1994). In both regions, stem/progenitor cells proliferate and
give rise to neuroblasts or immature neurons that differentiate, mature, and integrate
functionally into pre-existing neuronal circuits. Therefore, these two areas are often

referred to as the “canonical neurogenic niches”.

Interestingly, the presence of immature and/or adult-born neurons has been
reported as well outside the canonical neurogenic niches in mammals, including the
cerebral cortex (Cai et al., 2009; Gdmez-Climent et al., 2008; Varea et al., 2011; Zhang
et al.,, 2009);the striatum (Ernst et al., 2014; Luzzati et al., 2007) the hypothalamus
(Kokoeva, 2005; Pierce & Xu, 2011; Robins et al., 2013) and the spinal cord (Shechter et
al., 2007). Consequently, these regions have been classified as putative “non-canonical
neurogenic regions” (Bonfanti, 2006; Feliciano & Bordey, 2009; Feliciano et al., 2015;

Luzzati et al., 2014, Peretto & Bonfanti, 2014).

3. Non-canonical neurogenic niches: the piriform cortex layer Il

The piriform cortex (PCX) is one of these non-canonical neurogenic structures in the
adult CNS, where immature neurons have been reported. It is a 3-layered structure and
corresponds to one of the architecturally simplest and evolutionarily oldest cortices: the
paleocortex or olfactory cortex. The layer Il of the PCX contains densely packed principal
neurons, which mainly comprise two morphologically distinctive cell types: superficial
pyramidal (SP) and semilunar (SL) cells (Haberly, 1983; Neville & Haberly, 2003). Other
excitatory neuronal types are the semilunar-pyramidal transitional neurons (SLPTN)
located in layer Il, the fusiform neurons, present in layer |, and the deep pyramidal

neurons (DPN), residing in layer Ill. GABAergic interneurons are found in all layers and
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modulate the activity of excitatory neurons (Gavrilovici et al., 2010; Loscher et al., 1998;

Luna & Pettit, 2010; Luna & Schoppa, 2009; Suzuki & Bekkers, 2010).

The PCX has also a layer-specific distribution of efferent and afferent projections:
while efferent pathways are related to SP, SL and SLPTN (located in layer 1) and DPN
(located in layer Ill), which are the projecting neurons of the PCX, the afferent target is
basically the layer |, since SP, SL, SLPTN and DPN neurons extend their apical dendrites
into this layer, being hence the place in which the PCX receives the afferent projections

from other brain regions (Neville & Haberly, 2003).

3.1. Afferent projections to the PCX

Afferent pathways to the PCX are mainly correlated with the olfactory bulb (OB),
since SL and SP cells receive afferent excitation from the lateral olfactory tract (LOT)
axons (see Figure 1). The input to SL cells comes predominantly from the OB, while SP
cells receive weaker afferent inputs from the OB and stronger intracortical excitatory
input (Haberly & Feig, 1983; Hagiwara et al., 2012; Suzuki & Bekkers, 2010; Wiegand et

al., 2011).

3.2. Efferent projections of the PCX

The PCX encodes, processes and finally transmits to a variety of olfactory and non-
olfactory regions the information coming from the OB. These olfactory regions, such as
the anterior olfactory nucleus (AON), the olfactory tubercle, cortical amygdala (CoA),
and lateral entorhinal cortex (LEnt) (see Figure 1) (Ekstrand et al., 2001; Johnson et al.,

2000; Kerr et al., 2007; Meyer et al., 2006). Interestingly, the PCX also has direct
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connections with non-olfactory regions, such as the IL (Infralimbic cortex) (Diodato et
al., 2016). Finally, the PCX sends consequent feedback projections to the OB (Haberly &

Price, 1978; Shipley & Adamek, 1984) (see Figure 1).
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Figure 1. Diagram of the efferences and afferences of the PCX. Adapted from Bonfanti
& Nacher 2012. The images of the mouse brain were exported from the Allen Brain Atlas.
Projections from the Olfactory Bulb (OB) are represented in yellow. The OB projects to
the PCX contacting a variety of principal neurons: semilunar-pyramidal transitional
neurons (SLPTN), pyramidal neurons and semilunar cells (SL). Immature complex cells
(Type Il) also receive some scarce synapses from the OB. Olfactory and non-olfactory
regions receive PCX projections. In particular, the olfactory regions are the OB, the
Cortical Amygdala (CoA), and the Entorhinal cortex (Ent), and among the non-olfactory
regions, the Infralimbic cortex (IL) is one of the most important.

SL, SP and DPN are the responsible of almost all these efferent projections. In
fact, these neurons have different targets and specifically express different transcription
factors, which allow their discrimination. The feedback projecting neurons to the OB

are located predominantly in the anterior PCX and display an organized structure (SP

and DPN located in close contact in the PCX, will project to similar regions in the OB);
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these cells express the transcription factor Cuxl. Neurons projecting to the mPFC,
specifically to the IL region, express the transcription factor Ctip2. Interestingly, there
are neurons which co-express Cux1 and Ctip2, which project to both structures, the OB
and the IL. Finally, SL cells, located preferentially in layer lla, project to the CoA and
express the transcription factor Fezf2 (Diodato et al., 2016). There is still few information
on the connectivity of SLPTN, but a report has described axonal projections of one of
these cells in the amygdaloid nuclei, the agranular insular cortex, the olfactory tubercle

and the dorsal endopiriform nucleus (Yang et al., 2004).

4. Immature neurons in the PCX layer Il

To better understand neuronal differentiation in adult neurogenesis, Kemperman et
al. (2004) classified the cell types in the hippocampal subgranular zone based on their
phenotype and maturational stage (see Figure 2). This classification starts from the type-
1 cells, which are nestin and GFAP expressing multipotential precursors. These
precursors give rise to three different putative amplifying progenitor cells, which no
longer express GFAP: type-2a (nestin expressing cells), type-2b (nestin and doublecortin
[DCX] expressing cells) and type-3 (DCX expressing cells). These progenitors in turn give
rise to immature neurons, which retain DCX expression, together with other immature
neuronal markers, such as the polysialylated form of the neural cell adhesion molecule

(PSA-NCAM) or TUCA. Finally, these cells develop into mature NeuN expressing neurons.

Non proliferative cells expressing immature neuronal markers have been described
in all the extension of the adult rodent olfactory system, including the layer Il and layer

Il of the PCX, the endopiriform nucleus, and the main and accessory bulb (Nacher et al.,



22 | CHAPTER 1

2001, reviewed in Bonfanti & Nacher, 2012). It is known for some years that immature
neurons in the olfactory bulb are derived from progenitors residing in the SVZ, which
have migrated through the rostral migratory stream (RMS)(Lois & Alvarez-Buylla, 1994).
However, the origin of the immature neurons in the PCX has been a matter of debate

until recently.

Two cell subpopulations with different morphologies have been described in the
layer Il of the adult PCX based on the detection of markers characteristic for immature
neurons (Gomez-Climent et al., 2008). This description was initially performed in rats,
but similar cells have been found in the PCX of other mammals (Bonfanti & Ponti, 2008;
Luzzati et al.,, 2009; Varea et al., 2011; Xiong et al., 2008).The first population is
constituted by the so called tangled cells, which have a small soma diameter (~9 um)
and a few short intricate dendrites. These small cells appear frequently in closely
apposed clusters and strongly express markers for immature neurons, like doublecortin
(DCX) or the polysialylated form of the neural cell adhesion molecule (PSA-NCAM)
(Bonfanti et al., 1994; Brown et al., 2003; Couillard-Despres et al., 2005; Gomez-Climent
et al., 2008; Luzzati et al., 2009; Nacher et al., 2002; Nacher et al., 2001; Seki & Arai,
1991) but they do not express markers of mature neurons (e.g. NeuN, CaMKII, GAD67),
or glial cells (Gomez-Climent et al., 2008) (see Figure 2). Moreover, they do not receive
synaptic contacts from other neurons and are surrounded by astroglial lamellae (Gomez-
Climent et al., 2008). The second group of immature neurons that have been detected
in the PCX layer Il, the complex cells, have larger dendritic trees and in many cases
resemble SLPTN, a typical excitatory neuronal type in the PCX layer Il. However, cells

with intermediate morphologies between tangled cells and SLPTN are also commonly
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observed. The complex cells show a larger soma than the tangled cell population (~15
pum diameter) and their elaborated dendritic trees bear some spines and occasional
synaptic contacts. These larger immature cells also co-express DCX and PSA-NCAM, but
the expression level of these molecules is lower than that found in the tangled cells.
Occasionally, low levels of NeuN expression have been detected in this cell population

(Gomez-Climent et al., 2008) (see Figure 2).

Cell stages in adult hippocampal neurogenesis
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Figure 2. Graphics showing the different precursors and stages of cell differentiation
during adult hippocampal neurogenesis and the development of immature neurons in
the adult piriform cortex. The upper part of the panel represents Kempermann’s
classification of the different stages that can be observed during adult hippocampal
neurogenesis. The lower part of the panel shows the different stages that can be found
during the development of tangled cells in the adult piriform cortex. The diagrams also
include the marker profile of cells at every stage.

Although it is tempting to consider tangled cells as type-3 cells according to
Kemperman’s classification, these are not truly type-3 cells, since, at least in rats

(Gomez-Climent et al., 2008) and cats (Varea et al., 2011), they do not proliferate and,
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consequently, they do not appear to be progenitor cells. Nevertheless, we cannot
discard completely the presence of some progenitor cells in the PCX layer Il. The
isolation and culture of the cells expressing immature neuronal markers in the PCX layer
Il and their ability to form neurospheres would be an excellent approach to analyse the

presence of progenitor cells in this cortical region.

4.1. Origin

There are different hypotheses regarding the origin of the immature neurons in
the PCX layer Il. On the one hand, it has been explored, using BrdU pulse-chase
experiments, the possibility of an adult generation of these immature cells. Some
studies have provided solid proof of the lack of generation or incorporation of recently
generated neurons to the PCX layer Il of adult rats (Nacher et al., 2001), rabbits (Luzzati
et al., 2003) or cats (Varea et al., 2011). By contrast, some other reports in rats, mice
and primates have described the generation of new neurons, although in very low
numbers, in the paleocortex layer Il during adulthood (Bernier et al., 2002; Pekcec et al.,
2006; Shapiro et al., 2007). Bernier et al. (2002) and Pekcec et al. (2006) found cells
double labelled with BrdU and markers for immature neurons in PCX layer Il when
animals were sacrificed 28 days after BrdU administration but not 12 weeks after. These
results lead them to suggest that the vast majority of these newly generated neurons
degenerate and do not become incorporated to the circuitry. Shapiro et al., (2007) also
found BrdU/DCX double-labelled cells in this cortical region, but the precise layer

location of these double-labelled cells was not described.
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On the other hand, it has been suggested that in young mammals a population of
cells generated in the adult SVZ can migrate via a stream to the PCX and integrate in this
region as new neurons (Bernier et al., 2002; Shapiro et al., 2007, 2009). However,
putative adult periventricular-derived cells as well as locally de novo generated neurons
have not been detected by other studies (Gomez-Climent et al., 2008; Luzzati et al.,
2009; Nacher et al., 2002; Varea et al., 2011) and might only occur at very low levels or
might have transient existence (Pekcec et al., 2006; Shapiro et al., 2007, 2009). Other
studies suggested that a local neural/glial antigen 2 (NG2) expressing cell population
with low DCX expression (Guo et al., 2010; Rivers et al., 2008; Tamura et al., 2007) may
be the origin of these immature neurons. Finally, Xiong et al., (2007) proposed that a
population of progenitors residing in layer | may be the origin of the immature neurons
observed in the PCX layer Il. Nevertheless, the number of new cells coming from this

cortical layer was extremely low.

Despite all these inconclusive studies seeking the origin of the immature neurons of
the PCX in the adult brain, BrdU experiments with pregnant rats, have clearly
demonstrated that the majority of the immature neurons in this region are generated
during embryonic development, in E15.5 (Gomez-Climent et al., 2008). Thereby, these
results give support to the idea that adult neurogenesis in the paleocortex of adult
rodents does not exist, or must occur at very low levels, and that the vast majority of

the immature neurons in the PCX layer Il have been generated during embryonic stages.
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4.2. Fate

The decrease in the number of PSA-NCAM/DCX expressing cells in layer Il of the PCX
throughout the course of aging has been broadly documented in different species, like
rats (Abrous et al., 1997; Varea et al., 2009), cats (Cai et al., 2009) or guinea pigs (Xiong
et al., 2008). Since no evidences of cell death have been observed in structures bearing
the immature neuronal populations (see Bonfanti & Nacher, 2012 for review), the
alternative hypothesis is that these PSA-NCAM/DCX expressing cells may be
differentiating in the course of aging into mature neurons. Thereby, they would lack the
expression of these immature markers, being in this way no longer detectable. As there
are different intermediate stages between tangled cells and complex cells bearing the
morphology of SLPTN, it seems that this second hypothesis is the most plausible
(Bonfanti & Nacher, 2012). In fact, this later hypothesis has been supported by
immunohistochemical (Gomez-Climent et al., 2008; Luzzati et al.,, 2009) and
electrophysiological analyses (Klempin et al., 2011). Although there is a general
consensus regarding their differentiation into mature neurons, the neurochemical
nature of these mature neurons is still controversial: while some authors support the
idea of a major interneuronal differentiation for these immature neurons in cortical
layer Il (Cai et al., 2009; Xiong et al., 2008; Zhang et al., 2009), others, including our
laboratory, claim against it, suggesting an excitatory neuronal fate (Gomez-Climent et
al., 2008; Luzzati et al., 2009). The evidence supporting the inhibitory hypothesis is based
mainly on the analysis of DCX expressing cells. These studies have reported expression
of parvalbumin, calbindin or somatostatin in large interneurons with DCX faint
expression in guinea pigs (Xiong et al., 2008), cats (Cai et al., 2009) and non-human

primates (Zhang et al., 2009), suggesting a putative interneuronal phenotype. By
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contrast, several evidences are in favour of an excitatory fate for most of the immature
neurons in PCX layer Il. The morphology is one of these evidences, since the larger
immature neurons residing in PCX layer Il do not resemble interneurons, and the vast
majority of them can be classified as SLPTN or SP, which are excitatory neurons
commonly found in the PCX layer Il (Suzuki & Bekkers, 2010). The neurochemical
phenotype is the second and most important evidence. DCX/PSA-NCAM expressing cells
in PCX layer Il do not express markers for mature interneurons, such as GAD67, GABA,
calbindin, parvalbumin, calretinin or somatostatin (Gomez-Climent et al., 2008).
However, they also do not express markers for mature excitatory neurons, such as
Ca(2+)/CaM dependent protein kinase Il (CAMKII) (Gomez-Climent et al., 2008; Varea et
al., 2011). The analysis of the expression of certain transcription factors has shed light
on the fate of these immature neurons. Transcription factors specific for certain
neuronal populations are expressed during neural development and maintain their
expression during the lifespan. Consequently, as they are not restricted to a specific
maturational stage, it makes them suitable for determining the fate of progenitors or
immature neurons. Therefore, since most of the immature neurons in PCX layer Il
express Tbrl, a transcription factor specific for pallium-derived principal neurons
(Luzzati et al., 2009) and they do not express Lhx6 or pan distalless (DLL), which are the
transcription factors expressed by the cells coming from the subpallium (a region where
most cortical interneurons originate) (Luzzati et al., 2009), it suggests that the vast

majority of them may differentiate into excitatory neurons.
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4.3. Distribution

Although in rats and mice this population of post-mitotic immature neurons reside
almost exclusively in the layer Il of the PCX (some tangled cells can be located in the
perirhinal, insular and entorhinal cortices layer Il of adult rats) (Bonfanti, 2006; Gomez-
Climent et al., 2008; Nacher et al., 2002; Seki & Arai, 1991; Shapiro et al., 2007) the same
population with a wider distribution has been found in various mammalian species with
more complex cerebral cortices e.g. in guinea pigs, cats, rabbits, dogs, non-human-
primates, and humans, including neocortical regions (Ni Dhuill et al., 1999; Bonfanti,
2006; Gomez-Climent et al., 2008; Xiong et al., 2008; Cai et al., 2009; Luzzati et al., 2009;
Zhang et al., 2009; Varea et al., 2011; De Nevi et al., 2013; He et al., 2014; Patzke et al.,

2014; Rossi et al., 2014; Yang et al., 2015).

4.4. Function

Despite extensive research, there is no definitive data yet on the function of the
immature neurons in the adult cerebral cortex layer Il. Interestingly, this cell population
appears to be somehow related with the olfactory bulb, since after unilateral
bulbectomy, the number of these immature cells is reduced, while the number of
mature neurons increases (Gémez-Climent et al., 2011). However, the fact that in
mammals with larger cerebral cortices immature neurons in layer Il have a more
widespread distribution, indicate that these cells may participate in circuits and related
functions general to cerebral cortex and not only to olfactory processing. In fact, the
“test-potentiated odor aversion learning”, a learning paradigm dependent on olfactory
function, does not affect the immature population of cells in the rat PCX (Gomez-Climent

et al., 2011).
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It is interesting to note that these immature neurons may have an important role in
mediating the effects of stress and stress-related hormones. Chronic stress increases the
number of PSA-NCAM/DCX expressing cells in the PCX layer IlI, while chronic
corticosterone administration decreases it (Nacher et al.,, 2004). As these PSA-
NCAM/DCX expressing neurons do not express glucocorticoid receptors (Gomez-
Climent et al., 2008), it is possible that the effects of the stress were mediated by NMDA
receptors, since these glutamate receptors are present in immature SLPTN (Gomez-
Climent et al., 2008), and the number of PSA-NCAM expressing cells in PCX layer Il

increases after NMDA receptor antagonist treatment (Nacher et al., 2002).
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Objectives

Research during the last twenty years has revealed the presence of an intriguing
population of immature neurons in the PCX and other cortical regions of adult
mammals. Although the prenatal origin of these cells appears to be widely accepted,
we still have many questions on the fate of these cells, their distribution and
phenotype in different mammalian species and their function on the adult brain.
Therefore, the main objective of this thesis is to deepen into these questions by
analysing in detail this immature neuronal population in mice. This would also allow
us to use a transgenic approach to study the fate of these cells in vivo and to perform
analyses in vitro to determine the possibility to isolate and culture these cells and to
explore their differentiation and proliferative potential. Finally, we will also
manipulate some of the molecules expressed by the immature neurons in the PCX

layer Il in order to promote their differentiation and study their fate.

From this main objective, derive_the following specific objectives of the present

thesis:

1. To characterize the population of immature neurons in the PCX layer Il of adult
mice, using immunohistochemical methods.

2. To evaluate the time of origin of the population of immature neurons in the PCX
layer Il of adult mice by birthdating experiments with halogenated nucleosides
performed at different developmental stages and during adulthood.

3. Toisolate and culture cells from the adult PCX layer Il in order to know whether

they are able to proliferate/differentiate under mitogenic conditions, and
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whether there are progenitor cells with the capacity to form neurospheres in this
cortical region.

4. Totracethe fate of theimmature neurons in the PCX layer Il by using an inducible
DCX-Cre mouse line as a fate-mapping tool.

5. To study the impact of the genetic and enzymatic depletion of PSA on the

population of immature neurons in the PCX layer Il of mice.
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ABSTRACT: Physiological studies indicate that the
piriform or primary olfactory cortex of adult mammals
exhibits a high degree of synaptic plasticity. Interestingly,
a subpopulation of cells in the layer II of the adult piri-
form cortex expresses neurodevelopmental markers,
such as the polysialylated form of neural cell adhesion
molecule (PSA-NCAM) or doublecortin (DCX). This
study analyzes the nature, origin, and potential function
of these poorly understood cells in mice. As previously
described in rats, most of the PSA-NCAM expressing
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cells in layer II could be morphologically classified as tan-
gled cells and only a small proportion of larger cells
could be considered semilunar-pyramidal transitional
neurons. Most were also immunoreactive for DCX, con-
firming their immature nature. In agreement with this,
detection of PSA-NCAM combined with that of different
cell lineage-specific antigens revealed that most PSA-
NCAM positive cells did not co-express markers of glial
cells or mature neurons. Their time of origin was eval-
uated by birthdating experiments with halogenated
nucleosides performed at different developmental stages
and in adulthood. We found that virtually all cells in this
paleocortical region, including PSA-NCAM-positive cells,
are born during fetal development. In addition, prolifera-
tion analyses in adult mice revealed that very few cells
were cycling in layer II of the piriform cortex and that
none of them was PSA-NCAM-positive. Moreover, we
have established conditions to isolate and culture these
immature neurons in the adult piriform cortex layer IL
We find that although they can survive under certain
conditions, they do not proliferate in vitro either. ©2015
Wiley Periodicals, Inc. Develop Neurobiol 76: 748-763, 2016

Keywords: adult neurogenesis; PSA-NCAM; neuroblast;
neuronal birthdating; proliferation

INTRODUCTION

The piriform or olfactory cortex is one of the most
plastic regions in the adult CNS. Different authors
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have linked this plasticity to the fact that it receives
input from the olfactory bulb, via the entorhinal cor-
tex, and sends its projections to the hippocampus,
two regions in which continuous neuronal turnover
takes place during adult life (Gheusi et al., 2009). In
adult rodents, this trilaminar paleocortex includes a
highly cellularized layer II, containing the densely
packed cell bodies of mature projecting excitatory
neurons as well as a population of immature neurons,
characterized by the expression of neuroblast
markers, such as the polysialylated form of neural
cell adhesion molecule (PSA-NCAM) or doublecor-
tin (DCX) that are transiently expressed during both
developmental and adult neurogenesis (Nacher et al.,
2001; Nacher et al., 2002; Luzzati et al., 2009).
Moreover, recent studies have expanded these find-
ings to descriptions of similar immature cells, with a
wider distribution, in the cerebral cortex of cats,
guinea pigs, rabbits, monkeys, and humans (Ni Dhuill
et al., 1999; Xiong et al., 2008; Cai et al., 2009; Luz-
zati et al., 2009; Zhang et al., 2009; Varea et al.,
2011). Although most of these cortical cells with an
immature neuronal phenotype in adulthood appear to
be generated during fetal development (Gomez-Cli-
ment et al., 2008), some evidences have indicated
that a small fraction could be generated during adult
life (Bernier et al., 2002; Pekcec et al., 2006; Shapiro
et al.,, 2007; Shapiro et al., 2007; Bonfanti and
Nacher, 2012). The fate of these immature neurons in
the piriform cortex layer II is also a matter of debate.
This cell population disappears progressively with
aging and is almost undetectable in old animals, sug-
gesting their differentiation into mature neurons and
their integration into the cortical circuitry (Varea
et al., 2009). Moreover, olfactory bulbectomy
decreases the number of these immature neurons and
increases that of mature neurons in the layer II of the
adult piriform cortex. Since this procedure does not
result in an increase in the number of inhibitory neu-
rons in this layer, it seems that it promotes the differ-
entiation of immature neurons into an excitatory
phenotype (Gomez-Climent et al., 2011). In line with
this, most of these immature neurons express Tbrl
(Luzzati et al., 2009; Varea et al., 2011), a transcrip-
tion factor characteristically expressed by excitatory
neurons of pallial origin.

Despite extensive research, there is still no defini-
tive data on whether intrinsic neuronal progenitor
cells that could generate new neurons in vivo or
in vitro exist in the piriform cortex layer II. Some
studies have suggested the presence of a pool of
NG2-expressing progenitors in this region, which
may differentiate into excitatory neurons (Rivers
et al., 2008; Guo et al., 2010) but these findings are
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still controversial (Richardson et al., 2011). In this
study, we describe the different cell populations
found in the piriform cortex layer II of adult mice
and analyze in detail whether immature neurons and
progenitor cells are present in this region. The time
of origin of the different cell types in the adult piri-
form cortex layer II is also evaluated using pulse-
chase experiments, in which thymidine analogs are
administered during embryonic development or in
adulthood. We analyze the presence of proliferative
activity and the putative integration of new neuronal
or glial cells. We have also developed different in
vitro strategies directed to explore whether the puta-
tive progenitor cells and/or the immature neurons
present in this paleocortical region during adulthood
can be isolated and expanded.

METHODS

Animals and Treatments

Experiments were performed using 1-3-month-old CD1
mice (Harlan Iberica) and CAG-EGFP transgenic mice
(The Jackson Labs), in which enhanced green fluorescent
protein (EGFP) is expressed in a constitutive manner by the
CMV-IE enhancer/chicken f-actin/rabbit f-globin hybrid
promoter (Hadjantonakis et al., 1998). All the mice were
housed under standard conditions in the Servicio de
Produccién Animal at the University of Valencia and all
the experiments were approved by the Committee on Bio-
ethics of the same institution, following EU guidelines
(directive 2010/63).

Pregnant CD-1 mice received 2 intraperitoneal injections
of 5’-chloro-2'-deoxyuridine (C1dU; Sigma-Aldrich; 50 mg/
kg, in sterile saline solution), 24 h apart, at gestational days
E13.5 and E14.5 or at E15.5 and E16.5 (0.5 is at noon of
the day following the night of mating). One-month-old
males born from these crosses were used for immunohisto-
chemistry. To study the cells generated during adulthood,
3-month-old male mice received 4 intraperitoneal injec-
tions, one every 12 h, of 5’-bromo-2’-deoxyuridine (BrdU;
Sigma-Aldrich; 50 mg/kg, in sterile saline solution) and
were sacrificed 21 days after the last injection.

Histological Analysis

Mice were deeply anesthetized with 4% chloral hydrate in
saline and perfused transcardially with 4% paraformalde-
hyde (PFA) in phosphate buffer 0.1 M, pH 7.4 (PB). Brains
were removed and sectioned with a vibratome (Leica VT
1000E, Leica) and 40-um-thick coronal sections were col-
lected and kept in cold PB (4°C). Then tissue was processed
“free-floating” for immunohistochemistry as previously
described (Gomez-Climent et al., 2008).

For anti-PSA-NCAM staining, an antigen-retrieval step
was performed, consisting in a pretreatment with 10 mM

Developmental Neurobiology
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Table 1 Primary and Secondary Antibodies

Primary antibodies

Dilution Dilution in
Antigen Host Isotype in vivo vitro Incubation Company Reference
BrdU Rat 1gG2a 1:200 O/N, Tg Immunological OBT0030CX
Direct, Oxford
Biotechnology
BrdU Rat 1gG2a 1:800 1:1000 O/N, Tr Abcam ab6326
DCX Rabbit IeG 1:1000 O/N, Tg Abcam Ab18723
DCX Goat 1eG 1:400 O/N, Tg Santa Cruz sc-8066
GAD67 Mouse 1gG2a 1:500 O/N, Tg Millipore MABS5406
GFAP Rabbit IeG 1:500 1:500 O/N, Tg DAKO 70334
GFP Chicken IgY 1:2000 O/N, Tg Abcam ab13970
Ki67 Rabbit IeG 1:100 1:400 O/N, Tr Abcam ab15580
MAP2 Mouse IgG 1:2000 O/N, Tg Sigma
NeuN Mouse 1gG1 1:500 O/N, Tg Chemicon- MAB377
Millipore
Nestin (Rat 401)  Mouse IgGsl 1:40 O/N, Tg DSHB
NG2 Rabbit IeG 1:500 1:400 O/N, Tg Millipore ab5320
PSA-NCAM Mouse IgM 1:700 1:700 48 h,4°C  Abcys abC0019
RIP Mouse IgGl 1:1000 O/N, Tg DSHB
Tbrl Rabbit IgG 1:500 O/N, Tg Abcam ab31940
Secondary antibodies
Abbrevation Host Label Dilution  Incubation Company Reference
Anti-Chicken IgY Donkey  DyLight™488 1:400 1 h, Tr Jackson immunoResearch ~ 703-485-155
Anti-Goat IgG Donkey  Alexa Fluor® 555 1:400 1h Tg Invitrogen A27012
Anti-Mouse IgG Donkey  Alexa Fluor® 647 1:400 1 h, T Jackson immunoResearch ~ A31570
Anti-Mouse IgG Donkey  Alexa Fluor® 555 1:400 1 h, T Invitrogen
Anti-Mouse [gM 1 Donkey — DyLight™549 1:400 1h Tg Jackson immunoResearch ~ 715-505-140
Anti-Mouse [gM t Donkey ~ DyLight™649 1:400 1 h, Tg Jackson immunoResearch  715-495-020
Anti-Mouse IgG Donkey  Alexa Fluor® 555 1:400 1 h, Tr Invitrogen A31570
Anti-Rabbit IgG Donkey  Alexa Fluor®™ 488 1:400 1h Tg Invitrogen
Anti-Rabbit IgG Donkey  Alexa Fluor® 555 1:400 1 h, T Invitrogen A21206
Anti-Rabbit IgG Donkey  Alexa Fluor® 647 1:400 1 h, T Invitrogen A31573
Anti-Rat IgG Donkey  Alexa Fluor®™ 488 1:400 1h Tg Invitrogen A21208
Anti-Rat IgG Donkey  Cyanine Cy™5 1:400 1 h, Tg Jackson immunoResearch ~ 712-175-153

Abbreviations: t, tissue; ¢, culture sample; O/N, overnight; Tr, room temperature; LP, light-protected.

sodium citrate buffer (pH 6.0) for 1 min at 100°C. Then,
sections were incubated with 5% normal donkey serum
(NDS; Jackson ImmunoResearch Laboratories) in
phosphate-buffered saline (PBS; 0.9% NaCl in PB) for 1 h
to block nonspecific binding. Later, sections were incubated
for 48 h at 4°C with mouse monoclonal IgM anti-PSA-
NCAM in PBS containing 0.2% Triton-X-100 and 3%
NDS (this solution was used to dilute primary and second-
ary antibodies). After washing, sections were incubated for
1 h with donkey anti-mouse IgM secondary antibody
(Table 1).

The BrdU/CIdU immunohistochemistry protocol was
performed after that of PSA-NCAM. Some immunostain-
ings required to be performed before the denaturation of
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DNA in order to preserve antibody antigenicity. In brief,
the sections were incubated in 2 M HCI in 0.1 M PBS for
15 min at room temperature (HCl was previously pre-
warmed at 37°C). Then, the sections were processed for
immunohistochemistry as described above, using either
anti-BrdU or anti-CldU antibodies by themselves or in
combination with another primary antibody. To stain
microglial cells, sections were incubated with a biotinylated
tomato lectin (Lycopersicon esculentum) (Sigma-Aldrich,
10 pg/mL; 2 h) and then with fluorescent Alexa Fluor®
488-conjugated avidin (Invitrogen, 1:200; 1 h). Nuclei
were stained with 4’,6'-diamidino-2-phenylindole (DAPI,
Sigma-Aldrich, 1 mg/mL; 5 min). Primary and secondary
antibodies were diluted in PBS with 3% NDS and 0.2%
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Triton X-100 as indicated in Table 1. All sections were
mounted using Dako Cytomation fluorescent mounting
medium (Dako North America, Inc.).

Cell Culture

We cultured cells from the mouse piriform cortex and from
the subventricular zone (SVZ) as previously described (Fer-
ron et al., 2007). To isolate the piriform cortex layer II, the
brain was cut longitudinally along the midline to separate
both hemispheres and two transversal incisions at —0.5 and
—2.5 mm from Bregma were done to get a 1-2-mm-thick
slice that contained the piriform cortex. After removing the
meninges, the layer II was dissected making 2 incisions,
one to separate the piriform cortex and another one to take
apart definitely the layer III of the piriform cortex. Corpus
callosum and amygdala were discarded. For neurosphere
assays, disaggregated cells from the piriform cortex and the
SVZ cells were seeded in neurosphere growth medium con-
taining epidermal growth factor (EGF, 20 ng/mL, Invitro-
gen) and basic fibroblast growth factor 2 (FGF2, 10 ng/mL,
Sigma-Aldrich) in uncoated plates (Ferron et al., 2007). To
study the piriform cortex cells in adhesive conditions, they
were seeded on Matrigel (1:100 in control medium; BD)-
coated coverslips and they were grown in different media:
(1) growth medium, (2) neurosphere growth medium with
10% fetal bovine serum (FBS, Thermo Scientific), and (3)
neurosphere growth medium without EGF or FGF2, but
supplemented with 10% FBS. To co-culture cortical cells
with SVZ cells, single cells were obtained from growing
neurospheres and seeded onto Matrigel-coated coverslips
placed in 48-well plates at 80,000 cells per well. SVZ cells
were allowed to adhere for an hour and, immediately after-
ward, enzymatically disaggregated cells from the piriform
cortex of CAG-EGFP-transgenic mice were seeded on top
in neurosphere growth medium with 10% FBS. Some co-
cultures were pulsed for 1 h with 2 yM BrdU at 2 div and
fixed 5 after the treatment.

Immunocytochemistry

Cell cultures were fixed with 4% PFA in PBS for 10 min at
room temperature and processed for immunofluorescence.
For BrdU detection, cells were previously treated with 2 M
HCl in 0.1 M PBS for 15 min at room temperature. All cov-
erslips were washed twice in 0.1 M PBS, blocked with 0.1
M glycine with 5% NDS and 0.2% Triton X-100 in PBS for
1 h, and incubated with primary antibodies overnight
(Table 1). After washing, appropriate fluorescently labeled
secondary antibodies were added (Table 1) for 1 h at room
temperature. DAPI was used to stain nuclei (1 mg/mL;
5 min) and Fluorsave (Calbiochem) was used as mounting
medium.

Microscopy and Quantification

Images were captured using a confocal microscope (Leica
TCS-SP or Olympus FluoView® FV10i - O). Z-series of
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optical sections (1 um apart) were obtained using sequen-
tial scanning mode. These stacks were processed with
FV10-ASW 2.1 viewer (Olympus) and the free Java image-
processing program Fiji (Schindelin et al., 2012). The soma
diameters of 50 tangled cells and 20 semilunar-pyramidal
transitional neurons per animal were measured using Fiji in
sections from three different animals.

All data are represented as the mean calculated between
different animals/cultures and the variation between ani-
mals/cultures is depicted as the standard error of the mean
(SEM). For each experiment, “n” indicates the number of
independent mice or cultures used. Analyses of significant
differences between means were performed using two-
tailed Student’s ¢ tests. Statistical significance was set at:
*p <0.05, ¥*p < 0.01.

RESULTS

Cell Populations in the Piriform Cortex
Layer Il of Adult Mice

We analyzed the proportions of the main cell popula-
tions present in layer II of the piriform cortex of
young adult mice. For this purpose, sections from
this cortical region were immunostained for different
cell markers and the cell density of positive cells was
analyzed using the nuclear staining DAPI as a refer-
ence. Most of the cells were positive for Tbrl, a
marker of postmitotic glutamatergic projection neu-
rons (Englund et al., 2005), and for NeuN, a marker
of mature neurons (Mullen et al., 1992) [71.7 = 3.7%
for Tbrl and 70.8 =1.4% for NeuN, n=3; Fig.
1(A,B)]. In contrast, very few cells expressed the glu-
tamate decarboxylase isoform 67 (GAD67) character-
istic of GABAergic interneurons [2.6 *0.3%, n = 3;
Fig. 1(C)]. Although in smaller proportions, cells
expressing glial features were also present in the piri-
form cortex layer II. We found that 14.6 =2.9% of
the cells expressed the astrocytic marker GFAP
[n = 3; Fig. 1(D)], whereas 6.2 = 0.5% expressed the
proteoglycan NG2, a marker of polydendrocytes and
oligodendrocyte progenitors [# =3; Fig. 1(E)]. On
the other hand, oligodendrocytes detected with anti-
bodies to RIP or microglial cells stained with tomato
lectin were rarely found (data not shown).
Interestingly, we also found a population of scat-
tered cells, which expressed the neuroblast markers
PSA-NCAM or DCX (Bonfanti and Theodosis, 1994;
Francis et al., 1999; Gleeson et al., 1999). PSA-
NCAM expressing cells constituted around 10% of
the total cell population in layer II [12.5 %= 0.5%,
n=73; Fig. 1(F)]. Most of them were small (main
diameter of the soma 6.21 = 0.02 um, n = 3 animals),
frequently grouped in nest-like clusters of 2-5 cells,

Developmental Neurobiology
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Figure 1 Characterization of the cell populations in the adult piriform cortex layer II. (A—G) Immunostaining for Tbr1 (pur-
ple), NeuN (purple), GAD67 (purple), GFAP (green), NG2 (green), PSA-NCAM (red), and DCX (green). DAPI was used as
nuclear counterstaining (blue in all the panels). In F, white arrowheads indicate semilunar-pyramidal transitional neurons posi-
tive for PSA-NCAM and asterisks indicate tangled cells. In C-E, white arrowheads indicate immunoreactive somata for the
indicated markers. In G, same area as F, white arrows indicate double positive cells for PSA-NCAM and DCX. (H) Graph
showing the percentages of Tbrl, NeuN, GAD67, GFAP, NG2, PSA-NCAM, and DCX positive cells relative to DAPI. Data
are shown as mean values = SEM (n = 3). Images in A and E were taken from a unique confocal plane; B and C were 2D pro-
jections from two consecutive confocal planes located 1 um apart, and D, F, and G were from three consecutive confocal
planes. Scale bar: 20 um.[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

and could be classified as tangled cells (Gomez-Cli-
ment et al., 2008). A lower proportion of PSA-
NCAM expressing cells were larger (main diameter
of the soma 9.64 = 0.22 um, n =3) and were mor-
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phologically similar to those previously described as
semilunar-pyramidal transitional neurons (Haberly,
1983; Gomez-Climent et al., 2008). The morphology
of PSA-NCAM expressing cells was indeed similar
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to that previously observed in other species (Xiong
et al., 2008; Cai et al., 2009; Luzzati et al., 2009;
Zhang et al., 2009; Varea et al., 2011; Marti-Mengual
et al., 2013). The proportion of DCX expressing cells
in this cortical area was similar to those of PSA-
NCAM-positive cells [13.4*£1.7%, n=3; Fig.
1(G)], as it has been described in previous reports in
different species. As also described in rats (Nacher
et al.,, 2001; Gomez-Climent et al., 2008; Luzzati
et al., 2009), a large fraction of PSA-NCAM express-
ing cells were also immunoreactive for DCX
(59.3 £4.0%, n = 3), suggesting cell diversity or dif-
ferent stages of maturation within this group of cells
with neuroblast features. All these data indicated the
presence of a significant fraction of immature neu-
rons in the mouse piriform cortex [see all quantifica-
tions in Fig. 1(H)].

Phenotype of PSA-NCAM Expressing
Cells in Layer Il of the Mouse Piriform
Cortex

We next studied the nature of PSA-NCAM express-
ing cells in the mouse piriform cortex layer II by co-
immunodetection of different cell lineage markers. In
agreement with the lack of mature oligodendrocytes
and microglial cells in layer II, we did not find any
PSA-NCAM-positive cells that were also positive for
RIP or tomato lectin (data not shown). Moreover,
none of the PSA-NCAM expressing cells were posi-
tive for GFAP [Fig. 2(A)]. Despite the overall
absence of glial markers in PSA-NCAM-positive
cells, a small proportion of PSA-NCAM-expressing
tangled cells were positive for NG2 [5.9 = 0.5%,
n = 3; Fig. 2(B,C)], as previously described in adult
rats (Gomez-Climent et al., 2008). Regarding neuro-
nal markers, most of the PSA-NCAM expressing
cells in piriform cortex layer I also expressed Tbrl
[77.7+2.3%, n=13; Fig. 2(D)] and none of them
expressed GADG67 [Fig. 2(E)]. These data indicated
that most of these cells belong to the neuronal lineage
and likely have a pallial origin and a putative excita-
tory phenotype.

Despite their apparent neuronal nature, most PSA-
NCAM-positive cells did not express NeuN [Fig.
2(F)], further suggesting that they were immature.
However, a small proportion of PSA-NCAM and
DCX immunoreactive cells did display a homogene-
ous level of NeuN immunoreactivity in their nuclei
[6.1 = 0.8%, n = 3; Fig. 2(F,G)]. Although the stain-
ing for NeuN in some of the PSA-NCAM-positive
cells was remarkably lower than that of mature neu-
rons in the same layer, it indicated that some of the
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immature cells could be more differentiated toward a
mature neuronal phenotype than others.

Interestingly, the percentage of NeuN/PSA-NCAM
double positive cells within the PSA-NCAM popula-
tion [6.1 = 0.8%, n = 3; Fig. 2(F)], and the proportion
of NeuN/PSA-NCAM/DCX triple positive cells
among the PSA-NCAM/DCX double positive popu-
lation [5.9 =0.5%, n=3; Fig. 2(G)] were signifi-
cantly lower than the proportion of NeuN/DCX
expressing cells within the DCX positive population
[19.2 £ 1.5%, n=3; p<0.01; Fig. 2(H)] suggesting
that PSA-NCAM expression might be related to a
more immature status. These data together with the
additional observation that none of PSA-NCAM posi-
tive cells expressed nestin (data not shown) suggested
that PSA-NCAM positive cells constitute a popula-
tion of maturation-halted neurons.

Embryonic Origin of Cells in the Piriform
Cortex Layer Il

To determine the time of origin of the cells present in
layer II of the piriform cortex, we injected the
nucleoside CldU, an S-phase label, in pregnant moth-
ers as one daily injection at two different embryonic
intervals (E13.5-E14.5 and E15.5-E16.5) and studied
the frequency of CldU-positive cells when born mice
were 1 month old. We observed that CldU-positive
cells were more frequent in the piriform cortex layer
II when the thymidine analog was injected at E13.5—
E14.5 than at E15.5-E16.5 [29.0 £2.1% vs 4.6 =
0.5%, respectively, n =3, p < 0.01, Fig. 3(A)].

In order to ascertain the identity of the cells born at
the two developmental time periods studied, we com-
bined the immunostaining for CldU with antibodies
to neuronal, glial, and progenitor antigens. We found
that the majority of the cells generated at E13.5-
E14.5 were NeuN-positive mature neurons [88.4 =
;4.3%, n = 3; Fig. 3(B,C)], and only a very small pro-
portion expressed GAD67 [2.6 = 0.8%, n=2; Fig.
3(B,D)]. In animals injected at E15.5-E16.5, in
which fewer cells appeared labeled by the nucleoside,
we found that only 15.0 = 1% (n=3) of the CldU-
positive cells were neurons and none were GAD67
positive (n = 2) [Fig. 3(B,E)].

In contrast to neurons, glial cells expressing GFAP
were the prevailing cell type generated at E15.5-
El16.5 [644*=2.1% vs E13.5-E14.5 values of
1.1+0.7%, n=3, p<0.01, Fig. 3(B,F,G)]. These
data were consistent with previous reports that
described an early peak of neurogenesis followed by
a late peak of astrogliogenesis during cortical embry-
onic development (Levers et al., 2001; Sarma et al.,
2011). The proportion of NG2 expressing cells that
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Figure 2 Characterization of PSA-NCAM expressing cells in the adult piriform cortex layer II. (A) Immunostaining for
PSA-NCAM (red) and GFAP (blue). (B) Immunostaining for PSA-NCAM (red) and NG2 (green). DAPI (blue) was used as
nuclear counterstaining. The inset enlarges the PSA-NCAM positive cell in close apposition to the NG2-positive cell. (C)
Immunostaining for PSA-NCAM (red) and NG2 (green). The double positive cell is enlarged in the inset. (D) Immunostaining
for PSA-NCAM (red) and Tbrl (green). A double positive cell is shown in the inset. (E) Immunostaining for PSA-NCAM
(red) and GAD67 (blue). Two cells are magnified in the inset. (F) Immunostaining for PSA-NCAM (red) and NeuN (purple).
Few PSA-NCAM expressing cells present a faint NeuN stain. (G) Same area as F stained with the DCX antibody (green). In
all the panels, white arrowheads indicate PSA-NCAM single positive cells and arrows indicate PSA-NCAM expressing cells
positive for another marker. Asterisks indicate positive cells for a marker different than PSA-NCAM. (H) Bar diagram show-
ing the proportions of PSA-NCAM colocalization with DCX or NeuN relative to PSA-NCAM positive cells, the proportion of
DCX and NeuN double positive cells relative to DCX cells and the proportion of triple positive cells (PSA-NCAM/NeuN/
DCX) relative to PSA-NCAM/DCX-positive cells. Data are shown as mean values = SEM (n = 3, **p < 0.01). C and D were
taken from a unique confocal plane, E, F, and G were 2D projections from two consecutive confocal planes located 1 um apart
and A and B were three confocal planes. Scale bar: 20 um and 10 um in the inset. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 3 Cells expressing immature neuronal markers in the adult piriform cortex layer II are generated during embryonic
development. (A) In the left panel, panoramic image of the piriform cortex stained with the CldU antibody (green) and with
DAPI (blue). The thymidine analog CIdU was injected at embryonic stages (E13.5-E14.5) and mice were sacrificed when they
were 1 month old. Same image as A in the right panel, but in this case CldU was injected at E15.5-E16.5. (B) Percentages of
CldU colocalization with NeuN, GAD67, GFAP, NG2, PSA-NCAM, and DCX relative to CIdU cells in animals injected at
E13.5-E14.5 or E15.5-E16.5. Data are shown as mean values = SEM, n = 2-3, *p < 0.05, **p < 0.01. (C) Immunostaining for
CldU (green) and NeuN (red). (D) Immunostaining for CldU (green) and GAD67 (red). (E) Example of GADG67 (red)-positive
cell negative for CldU (green). (F) Same confocal image as C, showing GFAP immunostaining (white). (G) Examples of NeuN
(red)-positive cells negative for CldU (green) and a cell stained with CldU (green) and immunoreactive for GFAP (white). (H)
Immunostaining for C1dU (green) and NG2 (red). (I) Immunostaining for CldU (green) and PSA-NCAM (red). (J) Example of a
double positive cell stained with CldU (green) and DCX antibodies (red). Images in A and D, E, I were taken from a unique con-
focal plane; J was a 2D projection from two consecutive confocal planes located 1 um apart; H is from three consecutive confo-
cal planes; C and F, G are from 5 and 7 consecutive confocal planes respectively. Scale bars: 200 ym in A and 10 ym in C-J.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

originated during E13.5-E14.5 was <5%, and was that 23.0 = 5.0% of the CldU-positive cells were also
even lower at E15.5-E16.5 [Fig. 3(B,H)]. Oligoden- PSA-NCAM positive when the S-phase marker was
drocytes expressing RIP were generated at late injected at E13.5-E14.5, whereas only 2.6 = 1.5% of
embryonic stages (0% for E13.5-E14.5 vs 1.3 % all CldU-retaining cells expressed PSA-NCAM when
0.9% for E15.5-E16.5, n=3) and microglial cells the tracer was injected at E15.5-E16.5 [n=23,

were not labeled at all, suggesting that these cells p <0.05, Fig. 3(B,))]. Similar results were found
were mostly generated during later developmental when the proportion of CldU-positive cells co-
stages (Chan et al., 2007). expressing DCX was examined [13.3 =£3.4% for

Concerning the origin of the cells expressing E13.5-E14.5 injections vs 2.5* 1.4% for E15.5-
immature neuronal markers in layer II, we observed E16.5, n =3, p <0.05, Fig. 3(B.,J)].
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We also quantified the proportion of PSA-NCAM
expressing cells that were positive for CldU injected
during the fetal period. We found that 64.6 £ 2.1% of
all PSA-NCAM expressing cells contained the thymi-
dine analog when injected at E13.5-E14.5, whereas
only 1.2 = 0.6% were double labeled when CIdU was
administered at E15.5-E16.5 (n =3, p <0.01). Taken
together, these data indicated that the generation of
these immature neurons in layer II of the piriform
cortex follows a temporal pattern that is similar to
that of the projecting mature neurons in the same
layer (Bayer, 1986). In summary, CIdU injections at
E13.5-E14.5 mainly labeled neurons, whereas injec-
tions at E15.5-E16.5 preferentially labeled glial cells
in layer II of the mouse piriform cortex and many of
the cells expressing immature neuronal markers
PSA-NCAM and DCX during adulthood in this layer
were generated during embryonic development
together with their neighbor mature neurons.

Proliferative Activity in the Piriform
Cortex Layer Il of Adult Mice

Our data indicated that many of the cells exhibiting
markers of immature neurons in layer II of the piri-
form cortex could be labeled with a nucleoside dur-
ing fetal development and retained the label until
adulthood. This could indicate that these cells had
exited the cell cycle and had become postmitotic, but
their differentiation was partially halted. Alterna-
tively, it could be a reflection of a slow cell cycling
in a replication-competent cell expressing features of
an immature neuron. Nonetheless, some of the cells
were not labeled in our fetal regime of CIdU injec-
tions and, therefore, we next decided to assess
whether some of these cells could be generated dur-
ing adulthood by performing BrdU injections into
young adult mice. Mice received 4 BrdU injections
(one every 12 h) and were sacrificed 21 days after.
BrdU label-retention is commonly used to study adult
neurogenesis and BrdU immunoreactive cells were
readily found in the SVZ. In contrast, very few (3 to
none per section) BrdU-labeled cells were observed
in layer II of the piriform cortex. Some of the BrdU-
positive cells were localized close to, but not within
layer II. When we performed an immunostaining
with both BrdU and PSA-NCAM antibodies, we
found that none of the few BrdU-positive cells was
also PSA-NCAM positive [Fig. 4(A)]. These data
indicated that immature neurons in the adult piriform
cortex layer II were not generated in the adult, at least
under normal homeostatic conditions.

In order to investigate the proliferative activity in
the piriform cortex layer II of adult mice, we per-
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formed an immunostaining to detect Ki67, a nuclear
protein expressed in all phases of the cell cycle except
the resting phase and a short period at the beginning
of the phase Gl (Kee et al., 2002). While Ki67
expressing cells were frequently observed in the SVZ,
very few Ki67-labeled nuclei could be found scattered
in the piriform cortex layer II. As with BrdU, some of
these nuclei were found in close apposition to layer II,
but not within this layer. When we combined Ki67
and PSA-NCAM antibodies, we could not find any
double labeled cell [Fig. 4(B)]. Thus, these data indi-
cated that very few cells were cycling in the adult piri-
form cortex layer II. We also confirmed our previous
results in rats, showing that the cells expressing imma-
ture neuronal markers in layer II were not actively
dividing (Gomez-Climent et al., 2008).

Isolation and Culture of Immature
Neurons From the Piriform Cortex
Layer Il

Cell culture can be used to isolate and enrich for spe-
cific cell populations that adequately survive/expand
in the in vitro conditions vs those that do not. In an
effort to isolate immature neurons and putative neuro-
nal progenitors from the adult piriform cortex layer II,
we first decided to analyze whether this cortical area
would yield progenitors capable of extensive prolifera-
tion and self-renewal. Therefore, we independently
dissected the SVZ (Ferron et al., 2007) and the layer II
of the piriform cortex [Fig. 5(A)] from 1-month-old
mice and seeded disaggregated cells in neurosphere
growth medium containing the mitogens EGF and
FGF2. When the cultures were monitored at 5 days in
vitro (div), we observed spheres in all the SVZ cul-
tures; however, no grown neurospheres or signs of
incipient clone formation were observed in any of
three independent experiments with cortical cultures
during the same culturing period [Fig. 5(B)]. These
data indicated that the layer II of the adult piriform
cortex does not contain expandable self-renewing pro-
genitor cells under conditions that promote the growth
of multipotential SVZ neural stem cells.

SVZ cells can also be acutely dissociated and
seeded onto Matrigel for the in vitro analysis of the
in vivo cell composition. We decided to follow this
approach with the piriform cortex layer II cells using
three different conditions, which consisted in (1) neu-
rosphere growth medium, (2) neurosphere growth
medium with 10% FBS, and (3) neurosphere growth
medium without the mitogens EGF or FGF2 but sup-
plemented with 10% FBS. Twenty-four hours after
plating, the number of piriform cortex cells appeared
qualitatively higher in the condition 2 and we could
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Figure 4 Cells expressing immature neuronal markers in the piriform cortex layer II do not proliferate and are not generated
during adulthood. (A) Immunostaining for BrdU (green) and PSA-NCAM (red). Adult mice received four intraperitoneal
injections of the thymidine analog BrdU and were sacrificed 21 days after the last injection. White arrowhead indicates a
BrdU-positive cell negative for PSA-NCAM. The BrdU-positive cell is magnified in the inset. (B) Immunostaining for Ki67
(white) and PSA-NCAM (red). White arrowhead indicates a Ki67-positive cell that is also negative for PSA-NCAM. The inset
enlarges the Ki67-positive cell. DAPI is used as nuclear counterstaining (in blue in A, B). All the images are 2D projections
from 2 consecutive confocal planes located 1 yum apart. Scale bars: 20 um and 5 pm in the inset. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

observe that a fraction of the cells were clearly PSA-
NCAM positive [Fig. 5(C)]. Although the culture
conditions appeared to promote the adhesion and ini-
tial survival of PSA-NCAM expressing cells from the
adult piriform cortex layer II, most of them had dis-
appeared by 5 div suggesting that the culture did not
promote their long-term survival. In contrast, many
cells from the SVZ survived for at least 5 div in the
three culture conditions.

In an attempt to promote longer survival of piri-
form cortex immature neurons in the cultures, we
next decided to test whether a cell substrate would
increase maintenance of these cells. To do so, we

designed a procedure consisting in the co-culture of
piriform cortex dissociates on a feeder layer of SVZ
cells [Fig. 5(A)]. Briefly, SVZ cells dissociated from
growing neurospheres were seeded onto Matrigel-
coated coverslips. SVZ cells were allowed to adhere
for an hour and, immediately afterward, enzymati-
cally disaggregated cells from the piriform cortex of
CAG-EGFP-transgenic mice were seeded on top and
cultured in neurosphere growth medium with 10%
FBS [Fig. 5(A)]. The co-cultures were analyzed at 2
and 7 div and cortical cells were identified by the
expression of the fluorescent reporter [Fig. 5(D)].
Under our culture conditions, SVZ cells proliferated

Developmental Neurobiology



CHAPTER 2 | 45

758 Rubio et al.

extensively forming a confluent feeder layer by 7 div,
although the plating density needed to be precisely
adjusted to avoid inconvenient overgrowth of the
feeder cells during the culture period. The feeder
SVZ cells together with the medium supplemented
with mitogens and FBS supported the survival of the
cortical cells for at least 7 div [Fig. 5(D)]. In contrast,

B. Neurosphere growth
conditions
C. Adhesive conditions

0

DAPI
PSA-NCAM

O

DAPI GFP
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the use of neurosphere medium without FBS pro-
moted a dramatic increase in the proliferation of SVZ
cells that led to the formation of aggregates in the
feeder layer that interfered with the maintenance of
the cortical cells (data not shown).

To study the phenotypic identity of the cortical cells
in co-culture with neurosphere-derived cells, the
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cultures were fixed at 2 and 7 div and stained with
antibodies to GFP, alone, or in combination with anti-
bodies for different cell-specific antigens. None of the
GFP-positive cells in the cultures was GFAP-positive,
although GFAP-positive cells were evident and
numerous among GFP-negative SVZ cells (data not
shown). Around 6% of the GFP-expressing cells were
nestin positive (6.13 = 1.73% at 2 div, 6.65 = 1.37 at
7 div, n = 3 independent cultures). A large proportion
of these GFP/nestin-double positive cells was flat and
polygonal and hardly ever positive for PSA-NCAM or
MAP2. NG2 expressing cells were also present in the
cultures and their frequency increased with time
(6.13£091% at 2 div to 13.18 = 1.58% at 7 div,
n=3; p<0.05). Among the GFP-positive cells, we
also observed a fraction of nestin/NG2-double positive
cells, which increased more than fivefold during the
differentiation period (0.91 *0.53% at 2 div to
5.22 +1.52% at 7 div, n = 3; p < 0.05). Interestingly,
at the end of the 7 div, most nestin-positive cells
among the GFP expressing cells were also positive for
NG2 (76 = 11%, n = 3) [Fig. 5(E)].

Another fraction of GFP-positive cells displayed a
neuron-like morphology, characterized by a more
round cell body and 2-3 thin processes with varicos-
ities, expressed detectable levels of PSA-NCAM
[Fig. 5(F)] and never stained for nestin. PSA-NCAM-
positive neuron-like cells were never seen forming
small clusters and their number did not appear to
increase with time in vitro. Since it is possible that
PSA may be partially ablated from NCAM during the
process of cell dissociation, in order to avoid an
underestimation of the density of piriform cortex-
derived immature neurons present in the co-cultures,
we also detected them with DCX immunocytochem-
istry. DCX-positive cells constituted 5-10% of all
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GFP-positive cells in each culture and also survived
during the whole culturing period (11.03 = 0.06% at
2 div and 6.59 = 0.87% at 7 div, n =3; p <0.05). In
order to know whether some of these piriform cortex-
derived cells were proliferative, we studied them at 2
div by Ki67 immunohistochemistry. In cultures
established from three independent animals, we were
able to score around 60 DCX-positive cells among
500 piriform cortex-derived GFP-positive cells in
each culture and none of them had detectable levels
of Ki67 [Fig. 5(G)].

MAP2-positive neurons were very low in number,
but their frequency increased during the culturing
period [from 0.27 = 0.07% at 2 div to 0.95 = 0.18%
at 7 div, n =73, p<0.05; Fig. 5(H)]. To investigate
whether the new MAP2-positive neurons could have
been generated from proliferating progenitor popula-
tions, we pulsed our 2 div cultures with 2 pM BrdU
and analyzed BrdU incorporation at 7 div [Fig. S(H)].
None of the MAP2-positive neurons was immunepos-
itive for the nucleoside, suggesting that our culture
conditions had promoted their differentiation from
nonproliferating cells.

Our data together indicated that we could isolate
from the piriform cortex and maintain in vitro, at least
for a short period of time, a nonproliferative PSA-
NCAM/DCX-positive immature neuronal cell popula-
tion. In addition, the data suggested that these cells
might be able to differentiate into mature neurons.

DISCUSSION

In accordance with previous reports in other species,
our data in mice indicate that layer II of the adult

Figure 5 Isolation and culture of piriform cells. (A) Schemes depicting the dissection, dissociation, and culture of piriform
cortex layer II cells as explained in the text. (a—e) Dashed lines indicate surgical cuts, red line indicates meninges removal.
OB, olfactory bulb; CB, cerebellum; CC, corpus callosum; Pir, piriform cortex; rf, rhinal fissure. Dissociated piriform cortex
cells were seeded onto plastic to grow as neurospheres or onto Matrigel-coated coverslips to grow in adhesion conditions. In
other experiments, piriform cells obtained from CAG-EGFP-transgenic mice were co-cultured with SVZ cells onto Matrigel-
coated coverslips. (B) Phase contrast images taken of piriform cortex cells grown in neurospheres conditions (left panel) and
SVZ neurospheres after 5 div (right panel). (C) Immunostaining for PSA-NCAM (red) of piriform cortex cells grown for 1
div in adhesion conditions. D-I: Different immunostainings performed in co-cultures of EGFP expressing piriform cells and
SVZ cells. (D) Immunostaining for GFP (green) in co-cultures of 2 or 7 div. (E) Example of non-neuronal cells triple positive
for GFP (green), nestin (blue), and NG2 (red). (F) Immunostaining for GFP (green) and PSA-NCAM (red) showing a neuron-
like cell from the piriform cortex that expresses PSA-NCAM (arrow). (G) Neuron-like cell expressing DCX (red) and GFP
(green). (H) Immunostaining for Ki67 (blue), DCX (red), and GFP (green). Note the presence of a DCX expressing neuron-
like cell (arrow) derived from the piriform cortex. Another GFP-labeled cell lacking DCX expression can be observed (arrow-
head). Several Ki67 expressing nuclei can be observed in the microphotograph, but none of them corresponds to a GFP-
positive cell. (I) Example of a neuron-like cell double positive for GFP (green) and MAP2 (red) and negative for BrdU (gray,
arrow). In some panels, as indicated, DAPI was used to stain nuclei. Scale bars: 100 um in B, 10 um in C and H, and 20 um in
D-G & 1. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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piriform cortex contains, in addition to a predominant
population of excitatory neurons and a smaller pro-
portion of GABAergic inhibitory interneurons
(Sarma et al., 2011), a population of PSA-NCAM/
DCX-positive immature neurons. Despite their
immature nature, these cells did not exhibit any
markers of proliferative activity and were never
labeled by birthdating experiments performed in
adulthood. In contrast, PSA-NCAM-positive cells in
layer II of the piriform cortex appear to be generated
during fetal development. In agreement with a previ-
ous report in the same strain of mice (Sarma et al.,
2011), we have demonstrated that the proportion of
cells generated at the earlier embryonic stage studied
(E13.5 and E14.5) was higher than of those generated
at later stages (E15.5-E16.5). In addition, we have
found that most of the cells in layer II generated at
the earlier stage preferentially differentiate into
mature and immature neurons (i.e., DCX- or PSA-
NCAM-positive cells), while most of the cells gener-
ated later become glia. These data are consistent with
an early developmental peak of neurogenesis and a
late peak of gliogenesis observed in both paleo- and
neocortex (Levers et al., 2001; Sarma et al., 2011).
The percentage of immature neurons observed in this
study is similar to that found previously in rats,
although most of the immature neurons were gener-
ated at E15.5 in the rat (Gomez-Climent et al., 2008),
in agreement with the differences in gestational
period between these two species.

Our experiments indicate that very few cells in the
adult murine piriform cortex layer II are either
cycling or generated during adulthood and that none
of them expressed PSA-NCAM, as it has been
described in rats (Gomez-Climent et al., 2008). These
data are also in agreement with work (Klempin et al.,
2011), showing that BrdU-positive cells in the piri-
form cortex of adult mice 1, 3, or 15 days after BrdU
injection were scarce and expressed NG2 or the glial
marker S100f but not DCX (Klempin et al., 2011).
Neurogenesis in the adult rodent piriform cortex
under physiological conditions seems to be marginal
(Pekcec et al., 2006; Shapiro et al., 2007; Chen et al.,
2009) and it has been related to the migration of
newly generated neurons from the SVZ (Shapiro
et al., 2007). However, an intrinsic origin for some of
the immature neurons in the adult cerebral cortex
layer II should not be discarded. Recently generated
interneurons in the adult rat neocortex may arise
from intrinsic NG2 expressing progenitors (Dayer
et al., 2005). Some of the NG2 expressing cells in the
adult cerebral cortex are actively dividing and have
been found to generate oligodendrocytes and also
cells with a neuronal phenotype in the adult hippo-
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campus (Belachew et al., 2003). We have observed
that a very small subpopulation of tangled cells in the
adult piriform cortex layer II co-expresses NG2 and
PSA-NCAM, both in mice (present results) and in
rats (Gomez-Climent et al., 2008), and the presence
of DCX/NG2 double-positive cells has also been
described in this layer (Tamura et al., 2007). Two
recent reports have also demonstrated, using tamoxi-
fen inducible transgenic mice with reporters under
the control of the NG2 promoter, that a, most likely
local, population of NG2 positive precursors is able
to differentiate into projection neurons in the adult
murine piriform cortex (Rivers et al., 2008; Guo
et al., 2010). However, a similar study has failed to
observe reporter-expressing neurons in the piriform
cortex after tamoxifen injection (Richardson et al.,
2011; Huang et al., 2014).

In this work, we have used in vitro conditions to
isolate the population of immature neurons and to
assess their activity under mitogenic stimulation. We
have observed that this region does not appear to con-
tain progenitors with the ability to form neuro-
spheres. In addition, we could not maintain isolated
cells from the piriform cortex layer II in vitro for a
long period. Some reports have described the culture
of adult cells from “classical” neurogenic zones, such
as the SVZ (Reynolds and Weiss, 1992; Ferron et al.,
2007) or the hippocampus (Babu et al., 2011). Neu-
rons have been also cultivated from adult septum or
striatum (Palmer et al., 1995), where neurogenesis
has been described after BDNF infusion (Pencea
et al., 2001). Cultivating cells from non-neurogenic
regions seem more challenging and, as reported pre-
viously with adult rat or mouse cortex, it may imply
the use of a density gradient to separate neurons from
debris (Brewer and Torricelli, 2007). In fact, to main-
tain them in vitro, we used a feeder layer made by
SVZ cells. Our culturing conditions could isolate
from the piriform cortex a population of PSA-
NCAM/DCX-positive immature neurons, which do
not proliferate in vitro and that, most probably, dif-
ferentiates into MAP2-positive neurons. Our BrdU
analysis supports this hypothesis, showing that these
neurons have not been generated from proliferating
progenitors in the culture. We observed that our co-
cultures also contained NG2-positive cells, as
described in vivo, and that their number increased
markedly in vitro. It is possible that some of these
NG2-positive cells were indeed progenitors that
could have proliferated after some time in vitro, gen-
erating new NG2 expressing cells. In fact, at 7 div,
there is a dramatic increase in the proportion of nestin
cells that express NG2.
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Although we have tried removing completely the
meninges from the tissue, we could not exclude the
possibility that some of the cells found in our culture
could be originated from the differentiation of stem
cells present in some remnants of these mesodermic
structures (Decimo et al., 2012), from oligodendro-
cyte precursors (Ben-Hur et al., 1998) or from micro-
glia (Yokoyama et al., 2004; Takamori et al., 2009).
Future experiments using this approach would be
needed to follow the fate of immature neurons in
vitro. One possibility to completely exclude the pres-
ence of contaminating cells could be purifying the
immature neuronal cell population using immuno-
panning (Ben-Hur et al., 1998; Schmandt et al.,
2005), magnetic cell sorting (MACS), or fluorescent
activated cell sorting (FACS) (Pennartz et al., 2004;
Seidenfaden et al., 2006; Azari et al., 2011)

Due to the singularity on these immature neurons
in the adult piriform cortex, it will be interesting to
clarify which is their potential function. Some evi-
dences suggest that they could probably differentiate
into mature neurons, constituting a reservoir of cells
that progressively integrates in the existing circuitry
of this cortical region. In this direction, it has been
described that the number of PSA-NCAM/DCX
expressing cells is reduced with aging in different
species (Xiong et al., 2008; Cai et al., 2009; Varea
et al., 2009; Zhang et al., 2009), suggesting that these
cells can probably differentiate into mature neurons.
This hypothesis is plausible considering that some
DCX-expressing cells in the piriform cortex exhibit
electrophysiological properties of mature neurons
(Klempin et al., 2011) and that a minor percentage of
PSA-NCAM- and DCX-expressing cells in layer II
also express NeuN (Gomez-Climent et al., 2008;
present results). To elucidate the different develop-
mental phases that these immature neurons undergo
during their differentiation and their timing, it will be
interesting to trace them directly in vivo using a Cre-
lox recombination system in transgenic mice.

Our present results support the hypothesis that
immature neurons in the piriform cortex layer II differ-
entiate into excitatory neurons. In consonance with
previous findings in mice, rats, rabbits, and guinea
pigs (Gomez-Climent et al., 2008; Luzzati et al.,
2009), we have found that these cells express Tbrl, a
transcription factor specific for pallium-derived princi-
pal neurons and do not express markers of interneur-
ons. This is in contrast with some studies suggesting a
major interneuronal fate for immature neurons in layer
II (Xiong et al., 2008; Cai et al., 2009; Zhang et al.,
2009; Bonfanti and Nacher, 2012).

The population of immature neurons in the piriform
cortex layer II may be maintained as a potential reser-
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voir of cells available for plasticity. These cells, particu-
larly the tangled subtype, are almost completely
isolated from the circuitry by the presence of PSA-
NCAM in their membranes. The progressive loss of
PSA may favor the formation of new synapses on these
neurons once they have started their final development,
probably becoming semilunar-pyramidal transitional
neurons, in which scattered excitatory axospinous syn-
apses have been found (Gomez-Climent et al., 2008). It
is likely that these new synapses come from the olfac-
tory bulb, but this still remains to be proven. In fact, the
immature neurons in layer II seem to be linked to olfac-
tory function. After unilateral olfactory bulbectomy, the
number of PSA-NCAM- and DCX-expressing cells is
significantly reduced in the ipsilateral piriform cortex
layer II of adult rats (Gomez-Climent et al., 2011).
Moreover, this reduction is paralleled by an increase in
the number of NeuN-expressing cells, suggesting that
some of the cells that stop expressing immature neuro-
nal markers may differentiate into mature neurons
(Gomez-Climent et al., 2011). Similar results have been
found after naris-occlusion in adult guinea pigs: a
reduction in the number and dendritic processes of
DCX expressing cells (He et al., 2014). However, the
possibility that these synaptic inputs were associational
should not be disregarded, especially in the posterior
piriform cortex (Bekkers and Suzuki, 2013). In fact, in
contrast with bulbectomy and olfactory deprivation, at
least a type of olfactory learning does not seem to have
an impact on the immature neuronal population in the
piriform cortex (Gomez-Climent et al., 2008).

M.B. had a predoctoral fellowship from the University of
Valencia, G. B. was a recipient of a FPU predoctoral fel-
lowship from the Ministerio de Economia y Competitivi-
dad, and A.R. had a postdoctoral fellowship Sara Borrell
from the “Instituto de Salud Carlos IIT”.
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Abstract

Neurogenesis in the healthy adult murine brain is based on proliferation and integration of stem/progenitor cells and is
thought to be restricted to 2 neurogenic niches: the subventricular zone and the dentate gyrus. Intriguingly, cells expressing
the immature neuronal marker doublecortin (DCX) and the polysialylated-neural cell adhesion molecule reside in layer II of
the piriform cortex. Apparently, these cells progressively disappear along the course of ageing, while their fate and function
remain unclear. Using DCX-CreER"%/Flox-EGFP transgenic mice, we demonstrate that these immature neurons located in the
murine piriform cortex do not vanish in the course of aging, but progressively resume their maturation into glutamatergic
(TBR1*, CaMKII*) neurons. We provide evidence for a putative functional integration of these newly differentiated neurons
as indicated by the increase in perisomatic puncta expressing synaptic markers, the development of complex apical
dendrites decorated with numerous spines and the appearance of an axonal initial segment. Since immature neurons found
in layer II of the piriform cortex are generated prenatally and devoid of proliferative capacity in the postnatal cortex, the
gradual maturation and integration of these cells outside of the canonical neurogenic niches implies that they represent a
valuable, but nonrenewable reservoir for cortical plasticity.
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Introduction

Inducible cortical neurogenesis outside the canonical neuro-
genic niches of the adult rodent brain can be detected in
lesions, such as stroke, and mostly depends on the migration
of neuroblasts from the neurogenic regions towards the lesion
site (Arvidsson et al. 2002; Jin et al. 2003). However, some stud-
ies suggested the presence of immature and/or adult-born neu-
rons outside of the canonical neurogenic regions even under
physiological conditions (Dayer et al. 2005; Takemura 2005;
Gould 2007; Luzzati et al. 2009; Shapiro et al. 2009). The piriform
cortex is one of these structures where immature neurons have
been reported, although no local proliferative neuroblasts have
been detected under physiological conditions (Gémez-Climent
et al. 2008; Luzzati et al. 2009; Klempin et al. 2011; Yang et al.
2015; Rubio et al. 2016). Whether these brain regions in which
immature neurons have been detected support the events that
define adult neurogenesis, that is, proliferation, differentiation,
maturation, and network-integration, is currently under debate
(Bonfanti and Peretto 2011; Bonfanti and Nacher 2012; Feliciano
and Bordey 2013; Ernst et al. 2014; Wang et al. 2014; Feliciano
et al. 2015).

In adult mice and rats, immature neurons are mainly
restricted to layer II of the paleocortex. However, a more exten-
sive distribution of immature neurons residing in this cortical
layer, including the neocortex, has been reported in mammals
with larger cerebral cortices, for example, in guinea pigs, rab-
bits, cats, nonhuman-primates, and humans, (Ni Dhuill et al.
1999; Bonfanti 2006; Gémez-Climent et al. 2008; Luzzati et al.
2009; Zhang, Cai, et al. 2009; Varea et al. 2011; De Nevi et al.
2013; He et al. 2014; Patzke et al. 2014; Rubio et al. 2016),
reviewed in (Konig et al. 2016).

The majority of the immature neurons detected in layer II of
the piriform cortex of mice, rats, guinea pigs, cats, and most
likely in all mammals, appears to have been generated prena-
tally (Gomez-Climent et al. 2008; Varea et al. 2011; Bonfanti and
Nacher 2012; Yang et al. 2015; Konig et al. 2016; Rubio et al.
2016). Nevertheless, some studies have suggested that imma-
ture neurons of the piriform cortex can also originate from pro-
genitors generated in the SVZ of young mammals that migrate
towards the piriform cortex and integrate locally (Bernier et al.
2002; Pekcec et al. 2006; Shapiro et al. 2007, 2009). Other investi-
gations reported that a local cell population expressing neural/
glial antigen 2 (NG2) with low level of doublecortin (DCX)
(Tamura et al. 2007; Rivers et al. 2008; Guo et al. 2010) or pro-
genitors residing in layer I (Xiong et al. 2010) are the origin of
the immature neurons detected in the piriform cortex layer II
However, these findings could not be reproduced by other stud-
ies (Nacher et al. 2002; Gémez-Climent et al. 2008; Luzzati et al.
2009; Varea et al. 2011), which suggests that, at best, these
sources of immature neurons might only contribute at a very
low level or have a transient existence (Pekcec et al. 2006;
Shapiro et al. 2007; 2009).

Intriguingly, 2 subpopulations of immature neurons with dis-
tinct cell morphologies have been detected in layer II of the adult
piriform cortex (Gémez-Climent et al. 2008; Rubio et al. 2016).
The first population represents so-called “tangled cells”, which
are endowed with a small diameter (~9 pm) and a few short intri-
cate dendrites. These small cells strongly express DCX, the poly-
sialylated neural cell adhesion molecule (PSA-NCAM) and the

neuron-specific class III beta-tubulin (TuJ-1), which are classical
markers found in immature neurons (Seki and Arai 1991,
Bonfanti et al. 1992; Nacher et al. 2001; Nacher et al. 2002; Brown
et al. 2003; Couillard-Despres et al. 2005; Gémez-Climent et al.
2008; Luzzati et al. 2009). In contrast, tangled cells do not express
markers of stem cells (nestin), mature neurons (e.g., NeuN,
CaMKII, GAD67), oligodendrocytes (RIP), or astrocytes (GFAP)
(Gémez-Climent et al. 2008; Rubio et al. 2016). Tangled cells
appear to be inactive according to the lack of expression of func-
tionality markers like c-Fos or the activity-regulated cytoskele-
ton-associated protein (Arc) (Gémez-Climent et al. 2008;
Carceller et al. 2016) and due to the ensheathment of their soma
by astrocytic end feet (Gémez-Climent et al. 2008).

The second group of immature neuronal cells residing in
layer II of the piriform cortex displays a larger soma than tan-
gled cells, that is, a diameter of ~15 pm, and a rather elaborated
dendritic tree decorated with some dendritic spines. These
larger immature neurons express DCX and also PSA-NCAM,
albeit at a lower intensity than observed in tangled cells.
Furthermore, the occasional low expression of NeuN could be
detected as well (Gémez-Climent et al. 2008; Rubio et al. 2016).
These larger cells have the typical morphology of semilunar—
pyramidal transitional neurons, a common population of excit-
atory neurons found in the piriform cortex layer II. These cells
will be thereafter referred to as “complex cells.”

Complex cells with morphology between those of tangled
cells and semilunar-pyramidal transitional neurons are found
in layer II as well. Since tangled cells appear more immature
than semilunar-pyramidal transitional neurons, it has been
hypothesized that the former progressively differentiate into
semilunar-pyramidal neurons. Considering that both subpopu-
lations of immature neurons express the transcription factor
Tbrl, which is exclusively expressed by pallial-derived excit-
atory neurons (Gémez-Climent et al. 2008; Luzzati et al. 2009;
Varea et al. 2011; Rubio et al. 2016), we hypothesized that tan-
gled cells could generate immature complex cells, which turn
into glutamatergic pyramidal neurons upon maturation.

In rats (Gomez-Climent et al. 2008; Varea et al. 2009), dogs (De
Nevi et al. 2013), guinea pigs (Xiong et al. 2008), and nonhuman
primates (Cai et al. 2009; Zhang, Cai, et al. 2009), the immature
cortical neurons gradually vanished with age. Two hypotheses
have been formulated to explain the disappearance of the imma-
ture neurons in the cortical layer II (Abrous et al. 1997; Varea et al.
2009; Gémez-Climent et al. 2010). On the one hand, the immature
neurons may simply die due to their lack of functional integra-
tion. However, no evidence of augmented cell death has been
observed in structures bearing the immature neuron populations
(Bonfanti and Néacher 2012). On the other hand, the immature
neurons in layer II may remain in a dormant or standby stage
until they resume their delayed final maturation step and become
functionally integrated neurons. The latter has been supported by
recent immunohistochemical (Gémez-Climent et al. 2008; Luzzati
et al. 2009; Rubio et al. 2016) and electrophysiological analyses
(Klempin et al. 2011) of cells expressing immature neuronal mar-
kers in adult cortical layer II.

Until now, the lack of an adequate fate-mapping tool pre-
cluded the demonstration that immature neurons residing in
the adult piriform cortex can differentiate and incorporate as
principal neurons. To this end, we made use of an inducible
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transgenic mouse model in which DCX-expressing cells can be
permanently labeled following tamoxifen administration and
monitored with a green fluorescent protein (GFP) reporter (short
DCX-CreER™%/Flox-EGFP mouse) (Zhang et al. 2010). With this
approach, we have been able to show that immature neurons
residing in layer II of the mouse adult piriform cortex remain
alive in the course of ageing, developing the morphological
requirements for synaptic input and action potential output
(i.e., synapses and axonal initial segments). Taken together, our
observations suggest the gradual integration of the immature
neurons of the piriform cortex into the surrounding network as
local principal neurons.

Material and Methods
Animals

Transgenic DCX-CreER™%/Flox-EGFP mice were used to label
and follow the fate of neuronal precursor cells (Zhang et al.
2010). All experiments were performed in accordance with the
guidelines of the “Directive 2010/63/EU of the European
Parliament and of the Council of 22 September 2010 on the pro-
tection of animals used for scientific purposes” and were
approved by the national animal care authorities.

Induction of the GFP Reporter Gene in DCX-Expressing
Cells

Mice were divided into 3 experimental groups and tamoxifen
(100 mg/kg of bodyweight dissolved in corn oil, Sigma-Aldrich)
was administered orally by gavage once daily for 5 consecutive
days (days 1-5) (Fig. 1A). To study the fate and distribution of
GFP™ cells over time, mice of group 1 received tamoxifen at the
age of 3 months and were sacrificed on day 8 following the first
tamoxifen administration (3m-t, n = 7). Mice from group 2
received tamoxifen at 9 months of age and were sacrificed on
day 8 after the first administration (9m-t, n = 5). Finally, mice of
group 3 received tamoxifen at 3 months of age and were sacri-
ficed 6 months later at the age of 9 months (3m-t—9, n = 8).

To scrutinize whether tangled cells in the piriform cortex
proliferate in the adult brain or remain postmitotic, mice (n = 5)
were injected intraperitoneally with BrdU (50 mg/kg body-
weight) at the age of 3 months once daily for 5 consecutive
days. Simultaneously, mice also received standard oral applica-
tion of tamoxifen (100 mg/kg bodyweight). Mice were sacrificed
on day 8 following the first BrdU administration and the brains
were further processed for immunohistochemistry. In a second
group, pregnant mice received BrdU (50 mg/kg bodyweight) to
label the brain of developing fetuses at embryonic age E14 and
E15 (estimated by plug-check of the mother). The progeny (n = 5)
of these pregnant mice received the standard oral application of
tamoxifen (100 mg/kg bodyweight) as for the 3m-t group and
sacrificed on day 8. Moreover, possible leakage of the system
resulting in the activation of the EGFP reporter expression in
the absence of tamoxifen was addressed in 2-year-old DCX-
CreER™/Flox-EGFP naive mice (n = 2) which where compared
with 2-year-old transgenic mice treated with tamoxifen (100 mg/
kg bodyweight daily for 5 consecutive days) at the age of 3
months (n =2).

Immunohistochemistry and Image Analysis

For immunohistochemistry, mice were transcardially perfused
with 0.9% NaCl for 5 min followed by 0.1 M phosphate buffered

4% paraformaldehyde pH 7.4 for 10 min. Brains were dissected
and postfixed in the same paraformaldehyde solution over-
night at 4°C and then transferred in 0.1 M phosphate buffered
30% sucrose solution pH 7.4 at 4 °C for at least 48 h. Brains were
cut in 40 pm sagittal sections using a sliding microtome (Leica)
on dry ice and sections were stored at —20 °C until further pro-
cessing in cryoprotectant (25% v/v glycerol, 0.05M sodium
phosphate buffer pH 7.4, 25% v/v ethylene glycol).

Following antigen-retrieval (citrate buffer pH 6.0 [Sigma-
Aldrich], 10min at 100°C), fluorescent immunohistological
analyses were performed as previously described (Couillard-
Despres et al. 2005; Rubio et al. 2016). Antibodies: rat anti-BrdU
(Bio-Rad AbD Serotec) 1:500; mouse anti-CaMKII (Abcam) 1:500;
goat anti-ChAT (Novus Biologicals) 1:100; rabbit anti-DCX (Cell
Signaling Technology) 1:300; mouse anti-GAD67 (Millipore)
1:500; guinea pig anti-GFAP (Progen) 1:500; chicken anti-GFP
(Invitrogen) 1:500; guinea pig anti-NeuN (Millipore) 1:500; rabbit
anti-NG2 (Millipore) 1:200; mouse anti-PSA-NCAM (Millipore)
1:1000; rabbit anti- pIV-spectrin (selfmade) (Schliiter et al. 2017)
1:500; goat anti-Sox2 (Santa Cruz Biotechnology) 1:1000; mouse
anti-synaptophysin (Sigma Aldrich) 1:500; rabbit anti-Tbrl
(Abcam) 1:500; rabbit anti-VGAT (Synaptic Systems) 1:500.
Fluorescence images were acquired using a LSM 710 confocal
microscope and ZEN 2011 Black Software (Carl Zeiss) and a TSC
SPE confocal microscope (Leica). Z-stacks were acquired over
the whole thickness of the section and co-localization was con-
firmed by the analysis of successive optical slices. For image-
analysis, Image] Software 1.46r (National Institutes of Health)
and FIJI based on Image] 1.50a (Schindelin et al. 2012) were
used.

The analysis of the marker profile and fate of GFP* cells
involved 50 GFP* cells in layer II of the piriform cortex per
mouse and staining and were analyzed for double- and triple-
labeling with cell type-specific antibodies.

The leakiness of the system in the absence of tamoxifen
was evaluated based on the density of GFP-expressing cells in
2-year-old naive transgenic mice, compared with the density
observed in mice induced at 3 months of age and perfused at 2
years. The density of GFP-expressing cells in the layer II of the
piriform cortex was assessed in 10 randomly chosen fields of
view per mice acquired with a x20 objective (Z-stack step size =
1pm).

Cell morphometric analysis was performed using confocal
microscopy with a x63 oil immersion objective and z-series of
optical sections (0.2 pm step size). The soma diameter of GFP-
expressing cells was measured in 10 randomly chosen cells of
each type from 5 mice per group. The confocal stacks were then
processed using FIJI to render 3D reconstructions (Fig. 2A-C).

Spine density on the apical dendrite of GFP-expressing neu-
rons and the density of immunoreactive puncta in their periso-
matic region were analyzed as described previously (Guirado
et al. 2014). For the analysis of the spine density, a x63 oil
immersion objective with an additional x3.5 digital zoom and a
0.8 ym Z-step size was used. Five randomly chosen apical den-
drites of GFP-positive neurons within the piriform cortex layer
II of 5 mice per group were analyzed (n = 25). Selected dendrites
from GFP-positive neurons had to meet the following criteria:
measure at least 150 pm from the soma and not be intersected
by another dendrite along their trajectory. Apical dendrite
thickness was also measured at a distance of 120 pm from the
cell soma.

For the analyses of perisomatic puncta containing synapto-
physin (SYN) and vesicular GABA transporter (VGAT) apposed
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Figure 1. Overview of the experimental groups and detection of immature neurons in the piriform cortex. (A) DCX-CreER%/Flox-EGFP transgenic mice were split into
3 experimental groups and administered daily with tamoxifen for 5 consecutive days. First and second group received tamoxifen with 3 months (3m-t) or 9 months
(9m-t) of age and were sacrificed on day 8 following administration. The third group (3m-t—9) received tamoxifen with 3 months of age and was perfused with 9
months of age. Numerous DCX / PSA-NCAM-expressing cells (red) could be detected in layer II of the piriform cortex in 3-month-old mice (B) and to lesser extent at 9
months of age (C and D). The majority of cells expressing GFP (green) coexpressed PSA-NCAM (white) or DCX (red) in mice sacrificed shortly after tamoxifen adminis-
tration (B and C). Expression of immature markers in GFP* was seldom detected in the 3m-t—9 group (D). Density of cells expressing PSA-NCAM (E) and GFP (F) in the
layer II of the piriform cortex. (G) Coexpression of markers for immature neurons and NG2 in GFP* cells of the 3m-t group., Scale bars = 50 pm.

to GFP* neurons, micrographs were acquired using a x63 oil
objective. From each animal, 5 GFP* expressing cells from piri-
form cortex layer II were randomly selected. Z-series of optical
sections covering all 3D extensions of the somata were
acquired using sequential scanning mode (Z-step size, 0.5 pm).
Stacks were processed with Fiji software. The profile of every
soma was delimited manually and puncta placed within a
range of 0.5pym from the edge of this profile were analyzed.
SYN and VGAT containing puncta were defined as having an
area larger than 0.15 ym? and smaller than 2.5 um? Puncta lin-
ear density values were determined and expressed as number
of puncta per micron of soma perimeter.

Micrographs of the axonal initial segment were acquired
using a x63 oil objective (Z-series step size 1pum). Analysis of
NeuN and pIV-spectrin coexpression was performed in at least
100 GFP-expressing cells per transgenic mouse.

GraphPad Prism 5 (GraphPad Software Inc.) with 2-tailed
one-way ANOVA and Bonferroni post hoc test or a 2-tailed
unpaired t-test was used for statistical analyses. The Mann
Whitney test was used to analyze the proportion of complex
cells carrying an axon initial segment. Graphs show mean val-
ues with standard deviation as error bars. Significance: P >
0.05ns, P < 0.05% P < 0.01*, P < 0.001**,

Results

DCX-CreER"/Flox-EGFP transgenic mice were divided into 3
experimental groups and either received tamoxifen at 3 or 9
months of age and were perfused one week later (3m-t and 9m-t),
or received tamoxifen at 3 months of age and were perfused 6
months later at the age of 9 months (3m-t—9) (see Material and
Methods and Fig. 1A). We confirmed that the density of immature
neurons expressing PSA-NCAM in the piriform cortex layer II of
these mice (Fig. 1B-D, Supplementary Fig. S1) decreased in the
course of aging as previously reported (Varea et al. 2009). Indeed,
the density of PSA-NCAM" cells decreased significantly from
36443 + 13468 cells/mm?® in the 3-month-old transgenic mice to
7049 + 7036 cells/mm? in the 9-month-old mice (two-tailed t-test,
P = 0.0002**) (Fig. 1E). The density of GFP* cells in layer II of the
piriform cortex was thereafter determined in the 3 experimental
groups (Fig. 1B-D, Supplementary Fig. S1). Similar to the PSA-
NCAM" cell population, the density of GFP" cells decreased signif-
icantly in 9-month-old mice when compared with 3-month-old
(3m-t: 55829 + 19444 cells/mm? vs. 9m-t: 5405 + 2516 cells/mm?,
one-way ANOVA, P = 0.0002***) (Fig. 1F).

The overwhelming majority of GFP* cells expressed markers
of immature neurons when animals were sacrificed 1 week



CHAPTER 3|59

2614 | Cerebral Cortex, 2018, Vol. 28, No. 7

A GFP B
L ]
K
\
3m-t 3m-t
(tangled cell) — (complex cell)
D [0 Tangled Cells [l Complex Cells
1004 =, _
80 4 ok
=
e
e 60 4
Ty
& 40 .
20 4 -
0 ==, [=|
3Im-t 9m-t 3m-t—>9

GFP

It v

\ 3m-t—9°
N o (complex cell) —

E kkk
20

E 15

=

@

*g' 10

8 L

8 5

Tangled Cells Complex Cells

Figure 2. Maturation of immature neurons in the layer II of the piriform cortex. According to a 3D reconstruction, the majority of GFP* cells in group 3m-t exhibited a
tangled cell morphology (A), whereas a smaller population could be classified as semilunar-pyramidal transitional neuron (B). When cells were given 6 months to
mature (group 3m-t—9), cells morphologically increased in complexity (C). Scale bars for A-C: 15 pm. (D) In group 3m-t, the majority of GFP* cells could be morphologi-
cally classified as tangled cells and only a small fraction showed a more complex morphology. The tangled cell population decreased significantly in group 9m-t and
3m-t—9, while cells gained a more complex morphology. (E) Mean diameter of the soma of tangled cells in the 3m-t group in comparison to cells with a complex mor-

phology of the 3m-t—9.

after tamoxifen administration, both at 3 months (PSA-NCAM*
85.7 + 2.7%, DCX" 82.7 + 2.0%, DCX*/PSA-NCAM* 69.0 + 2.1%)
and at 9 months (PSA-NCAM* 63.1 + 8.9%, DCX* 77.8 + 3.3%,
DCX*/PSA-NCAM* 58.1 + 8.6%) (Fig. 1B,C,G). These results indi-
cated that shortly after tamoxifen induction at 3 months or 9
months of age, most GFP* cells in the piriform cortex layer II of
our transgenic mice were immature neurons. BrdU was also
injected in 2 different groups of transgenic mice, either at
embryonic age E14-15 or at the age of 3 months, to label prolif-
erating cells. Tamoxifen induction took place at 3 months of
age in both groups. Overlap between BrdU and GFP-expression
could be detected in the piriform cortex layer II only in mice
that were labeled with BrdU at E14-15, but not in mice that
received BrdU at the age of 3 months, thus confirming the post-
mitotic nature of the tangled cells in the adult brain
(Supplementary Fig. S2). In contrast, numerous GFP-expressing
cells had integrated BrdU in the dentate gyrus, a proliferative
neurogenic niche of the adult mouse brain (Supplementary
Fig. S2).

The number of GFP* cells coexpressing markers of imma-
ture neurons decreased dramatically when the animals were
sacrificed 6 months after tamoxifen administration (3m-t—9)
(PSA-NCAM* 4.7 + 1.7%, P < 0.0001**; DCX* 6.0 + 1.4%, P <
0.0001**; DCX*/PSA-NCAM" 3.25 + 1%, P < 0.0001**) (Fig. 1D,
Supplementary Fig. S1). In contrast, a nonsignificant reduction
of the density of GFP-expressing cells was detected between
the mice that were treated with tamoxifen at 3 months of age
and sacrificed after one week and the mice that were sacrificed
6 months later (3m-t: 55829 + 19444 cells/mm?® vs. 3m-
t-9:37562 + 16173 cells/mm?) (Fig. 1F). While it cannot be
excluded that some tangled cells died along ageing, the large
number of surviving cells expressing GFP in old mice and the
prominent decline in expression of immature markers indicate
that most of the GFP* cells, which were expressing DCX and/or

PSA-NCAM in the piriform cortex at 3 months of age, had sur-
vived for 6 months and by then were no longer immature.

The distribution of GFP signal within expressing cells allows
for a detailed morphological analysis (Fig. 2A-C). Mice of the
3m-t group exhibited a high proportion of small GFP* cells in
layer II of the piriform cortex (98.0 + 2.3% of GFP* cells; mean
soma diameter 7.3 + 0.9 ym), displaying a very low number of
dendrites, and were therefore classified as tangled cells
(Fig. 2A,D,E). Very few larger and morphologically complex cells
could be detected (2.0 + 2.3% of GFP* cells; mean soma diame-
ter 14.6 + 2.1pm), which were classified as semilunar-pyrami-
dal transitional neurons or intermediate cell types (Fig. 2B). By
contrast, in the 9m-t group, the proportion of tangled cells sig-
nificantly decreased to 68.0 + 6.3% of GFP* cells (P < 0.0001***),
whereas the percentage of GFP* complex cells increased to 32.0
+ 6.3% of all GFP* cells (P < 0.0001***) (Fig. 2D). Six months fol-
lowing tamoxifen administration (3m-t—-9 group), GFP-
expressing cells were densely intermingled and most of them
exhibited a complex morphology (tangled cells 11.0 + 2.8% vs.
complex cells 89.0 + 2.8%) (Fig. 2D). In comparison to the tan-
gled cells of the 3m-t group, complex cells of the 3m-t—9 group
had remarkably larger cell soma (P < 0.001) with average diame-
ter equal to 16.1 + 2.5pm (Fig. 2E, Supplementary Table S1).
These data indicate a progressive development from small tan-
gled cells to complex cells resembling semilunar-pyramidal
transitional neurons over time.

To further monitor this progressive maturation, we mea-
sured and compared the thickness of the principal apical den-
drite of GFP* cells at a distance of 120pm from the soma
(Fig. 3A-C). Since tangled cells only have few stunted nonspi-
nous dendrites, we compared the few complex GFP* cells in the
3m-t group with the complex GFP* cells found in the 3m-t—9
group. The apical dendrite thickness increased significantly in
the 3m-t—9 group and reached 0.98 + 0.30 ym as compared
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Figure 3. Morphological maturation of synapses, dendrites and axons over time. (A-C) Maturation of dendrites from GFP* cells projecting in the layer 1. (A) Few thin
and sparse dendrites were detected in the GFP* cells from the 3m-t group. (B) dense distribution of broader dendrites could be detected in the 3m-t—9 group. (C) The
apical dendrite thickness increased significantly from group 3m-t to group 3m-t—9. Dendrites of cells in 3m-t mice were almost devoid of synaptic spine structures
(D), while numerous spines were decorating the dendrites of group 3m-t—9 mice (E). (F) Comparison of dendritic spine densities between the 3m-t and 3m-t—9 groups
suggesting functional integration of complex cells. Scale bars = 50 um (A, B) and 10 pm (D, E). To measure the synaptic innervation of GFP* cells in layer II of the piri-
form cortex, a linear density of synaptophysin (SYN) containing puncta apposed to the cell soma of GFP* cells was calculated. (G) GFP* complex cell (green) sur-
rounded by SYN (red) and VGAT (white) immunoreactive puncta. Scale bar = 10 pm. (H) The linear density of SYN significantly increased between GFP™ cells found in
group 3m-t compared with GFP* cells measured in group 3m-t—9. (I, ]) In 2-year-old transgenic mice that received tamoxifen at 3 months of age, the large majority of
GFP* complex cells were endowed with a pIV-spectrin-positive AIS and expressed the mature neuronal marker NeuN. Scale bar = 20 pm.

with 0.64 + 0.24pm in the 3m-t group (two-tailed t-test, P <
0.0001**). This observation regarding apical dendrite thickness
further indicates a maturation from the GFP* tangled cell mor-
phology into GFP* semilunar-pyramidal transitional neurons
with increasing complexity over the follow-up period of 6
months.

In order to functionally integrate into the existing network,
immature neurons must be able to receive inputs via their den-
dritic tree and further propagate the information in form of
action potentials. Therefore, we analyzed the density of spines
decorating a 40 pm dendritic segment starting from a distance

of 100pm from the cell body (Fig. 3D-F). The spine density
detected on GFP-labeled dendrites increased markedly and sig-
nificantly during the 6 months separating the 3m-t group (0.31
+ 0.27 spines/um, n = 25) from the 3m-t—9 group (0.88 + 0.32
spines/pm, n = 25; 2-tailed t-test, P < 0.0001***) Structural inte-
gration of immature neurons into the surrounding neuronal
network was further examined using the linear density of
synaptophysin (SYN) containing puncta, a marker of active
synapses, apposed to the soma of GFP* cells. This parameter
has been described as a surrogate marker of synaptic integra-
tion (Calhoun et al. 1996). The density of SYN*-puncta on GFP*
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cells increased significantly over time (3m-t: 0.11 + 0.01 puncta/
pm vs. 3m-t—9:0.15 + 0.01 puncta/pm; one-way ANOVA, P =
0.012%), demonstrating that neurons of the surrounding net-
work increased their connectivity with the maturing GFP* neu-
rons (Fig. 3G,H). Similar results were observed when analyzing
the density of VGAT immunoreactive puncta (3m-t: 0.1 + 0.01
puncta/pm vs. 3m-t—9:0.14 + 0.01 puncta/pm; one-way ANOVA,
P < 0.0001*).

Similarly, we investigated the appearance of an axonal ini-
tial segment (AIS), a specialized axonal microdomain usually
localized at the emergence of the axon (Leterrier 2016). It fulfills
2 main functions: 1) it is the initiation site of action potentials,
with a 40-fold higher density of voltage-gated sodium channels
compared with the soma (Kole and Stuart 2012) and 2) it has
been shown to be a major player for the regulation of cellular
excitability (Wefelmeyer et al. 2016). A main molecular compo-
nent of the AIS is the master scaffolding protein AnkyrinG
(AnkG), which in turn recruits other proteins enriched at the
AIS (Jones and Svitkina 2016). Voltage-gated sodium channels,
voltage-gated potassium channels, as well as scaffolding pro-
teins such as BIV-spectrin and neurofascins cluster at the AIS
(Yoshimura and Rasband 2014). Although the presence of an
AIS based on the detection of BIV-spectrin could not be detected
in tangled cells, the vast majority of immature neurons with a
complex morphology displayed a clear AIS. In transgenic mice
treated with tamoxifen at 3 months of age and analyzed at 2
years, AIS could be detected in 87 + 18% of GFP-expressing cells
(Fig. 31)). At this time point, 90% + 6% of the GFP* complex cells
expressed NeuN, thereby substantiating further the advanced
structural and functional maturation of the labeled cells.

The possibility that induction of GFP expression occurs sto-
chastically in the absence of tamoxifen was investigated. Such
a leakiness of the system could lead to the accumulation of
GFP-expressing mature neurons over time. We therefore quan-
tified the number of GFP* neurons in layer II of the piriform cor-
tex of 2-year-old transgenic DCX-CreERT?/Flox-EGFP mice,
which either received tamoxifen at the age of 3 months or
remained untreated. Without the application of tamoxifen, we
detected 1310 + 1388 GFP* cells/mm? in the piriform cortex of
the naive 2-year-old transgenic mice, whereas 44590 + 11309
GFP™ cells/mm? could still be detected in the 2-year-old trans-
genic mice induced with tamoxifen at the age of 3 months, cor-
responding to a leakiness of less than 3% over 2 years
(Supplementary Fig. S3). Hence, we concluded that the leaki-
ness of our transgenic DCX-CreER"?/Flox-EGFP model did not
interfere with the fate analysis of the tangled cells.

We subsequently analyzed the expression of a collection of
mature neuronal and glial markers in GFP* cells in layer II of
the piriform cortex of our 3 experimental groups, with a partic-
ular attention to the fate of GFP* cells 6 months after tamoxifen
administration (3m-t—9). Three types of excitatory neurons
were examined, namely dopaminergic neurons (expressing
tyrosine hydroxylase, TH), cholinergic neurons (expressing cho-
line acetyltransferase, ChAT) and glutamatergic principal neu-
rons (expressing the transcription factor T-Box brain 1 (Tbrl) or
Ca**/calmodulin-dependent protein kinase II (CaMKII)). Tbrl
was coexpressed in virtually all GFP* cells (3m-t: 100%; 9m-t:
91.5 + 3.4%; 3m-t—9:100%) (Fig. 4A-C,L, Supplementary Fig. S4).
The proportion of GFP*CaMKII* coexpressing cells increased
significantly between the 3m-t group (2.0 + 2.3% of GFP* cells)
and 9m-t group (12 + 2.3% of GFP* cells; one-way ANOVA, P <
0.05%) and this increase was even higher in GFP™ cells that were
given 6 months to mature (3m-t—9:80.0 + 7.7%; one-way
ANOVA, P < 0.0001***) (Fig. 4D-F,M, Supplementary Fig. S4). No

GFP* cells were found to coexpress TH (data not shown) or
ChAT (Fig. 4G). A few cells (6 out of 1000 GFP* cells) were found
to express GAD67, a marker for GABAergic neurons. These
GFP*GADG67* cells were found exclusively in the 9m-t group,
while this scarce cell population was not detected in the other
experimental groups (Fig. 4H, Supplementary Fig. S5). The
detection of glial fibrillary acidic protein (GFAP) was used to
identify astrocytes, in addition to the transcription factor
SRY-box 2 (Sox2), which is expressed in astrocytes as well as in
neural stem cells. No GFP* cell was found to coexpress GFAP
and/or Sox2 in any of the 3 experimental groups (Fig. 41)). This
indicates that the vast majority of former immature GFP* neu-
rons became mature glutamatergic neurons within the 6
months after induction of the GFP reporter gene.

A small population of GFP* cells in our study presented a
morphology resembling that of polydendrocytes and expressed
NG2 (Fig. 4K, Supplementary Fig. S4). Previous studies have also
reported a subpopulation of PSA-NCAM/DCX" cells expressing
NG2 in layer II of the piriform cortex of both mice and rats
(Gémez-Climent et al. 2008; Rubio et al. 2016). Therefore, we
further analyzed the NG2* population by measuring its density
in layer II of the piriform cortex in all 3 experimental groups.
Our comparison did not reveal any statistical difference in the
NG2* cell densities of 3 and 9-month-old mice (3m-t: 14622 +
3432 NG2* cells/mm?; 9m-t: 15510 + 2845 NG2* cells/mm?; 2-
tailed t-test, P = 0.6677) (Fig. 40). However, the GFP*NG2* cells
density was slightly decreased following a survival of 6 months
post tamoxifen administration, that is, 3m-t versus 3m-t—9
(3m-t: 7387 + 844; 9m-t: 4861 + 521; 2-tailed t-test P = 0.0142%),
thus, suggesting a slow turnover of this cell population
(Fig. 4N).

Discussion

In this study, we detected and mapped the fate of immature
neurons in the murine piriform cortex layer II, by the use of the
transgenic DCX-CreER"%/Flox-EGFP mouse. We demonstrate
that immature neurons in the piriform cortex do not die in the
course of aging, but structurally integrate as newly matured
neurons, as hypothesized by previous studies (Gémez-Climent
et al. 2008; Varea et al. 2011; Yang et al. 2015; Rubio et al. 2016).
This conclusion was supported by the pattern of marker
expression together with the morphological features of GFP*
cells after tamoxifen induction, including the sprouting of syn-
apses and axons. Further evidence against the elimination of
immature neurons in the piriform cortex via cell death comes
from the lack of elevated TUNEL activity (Xiong et al. 2008) or
the absence of pyknotic nuclei (Gémez-Climent et al. 2010).
GFP* cells in layer II of the piriform cortex were found to be
postmitotic. Hence, application of BrdU during adulthood did
not label any neurons of the piriform cortex. However, in line
with previous studies (Gémez-Climent et al. 2008; Luzzati et al.
2009; Zhang, Cali, et al. 2009; Rubio et al. 2016), we could detect
abundant incorporation of BrdU at E14-15, which remained
detectable in the immature neurons of the piriform cortex at 3
months of age. Under physiological conditions, newly gener-
ated cells in the rodent adult piriform cortex thus appear to be
marginal and might originate from cells migrating out of the
SVZ (Shapiro et al. 2007).

Virtually all GFP* immature neurons in the piriform cortex
expressed the Tbrl transcription factor, suggesting a deter-
mined glutamatergic phenotype and fate. This observation sub-
stantiated previous reports indicating that immature neurons
in the piriform cortex express Tbrl (Gémez-Climent et al. 2008;
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Figure 4. Fate of GFP™ cells. (A-C) Virtually all GFP-expressing cells in layer II of the piriform cortex coexpressed Tbrl, a transcription factor expressed in glutamatergic
neurons. (D-F) Expression of CaMKII, a marker of mature glutamatergic neurons could be detected in GFP* cells of all 3 experimental groups at various levels. (G) GFP*
cells did not coexpress the cholinergic neuronal marker ChAT. (H) GFP* cells only rarely expressed the GABAergic marker GAD67 (see also Supplementary Fig 5). ()
No coexpression with astrocyte and stem cell markers GFAP and Sox2 was detected. (K) A small subpopulation of GFP-expressing cells with polydendrocytic morphol-
ogy expressed NG2. (M) The coexpression of CaMKII in GFP* cells increased significantly between the 3m-t group and 9m-t group and increased to even higher extent
in GFP* cells that were given 6 months to mature. (N) The density of GFP*NG2* cells did not significantly differ between groups 3m-t and 9m-t, however, if GFP-
labeled cells were analyzed 6 months post tamoxifen administration (3m-t—9), their density was significantly decreased compared with 3m-t. (O) The density of NG2-
expressing cells in layer II of the piriform cortex remained stable comparing 3- and 9-month-old mice. Scale bars = 50 pm.

Luzzati et al. 2009; Rubio et al. 2016), while they were very than subpallial structures in which most cortical interneurons
rarely found to express the LIM/homeobox protein Lhx6 or originate (Luzzati et al. 2009). In contrast to Tbrl, CaMKII, a Ca®
distal-less DLL, arguing therefore for a pallial origin, rather */calmodulin-dependent protein kinase, is expressed only in
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mature principal neurons. We observed that coexpression of
GFP with CaMKII, which was marginal shortly after application
of tamoxifen in DCX-CreER"%/Flox-EGFP, irrespective of the age
of mice (3m-t and 9m-t groups), impressively increased to
approximately 80% following a maturation period of 6 months.
This marker profile suggests the progressive maturation of tan-
gled cells into mature glutamatergic neurons.

To explore the integration of these “newly matured” gluta-
matergic neurons within the neuronal network, we analyzed
morphological correlates of functionality, namely, dendritic
spines and axon initial segments (AIS). Upon 6 months of mat-
uration, the apical dendrites of GFP* complex cells in layer I
displayed an increase in their thickness and in the linear den-
sity of spines, suggesting an increase in synaptic input.

Similarly, we detected the appearance of an AIS upon matu-
ration. Since AIS are necessary and sufficient structures to
define any cell as a neuron able to generate action potentials, an
effective strategy for tracing the transition between tangled cells
and neurons is to evaluate the maturation of an AIS according
to the presence of AIS-specific scaffolding proteins (Gutzmann
et al. 2014; Yoshimura and Rasband 2014; Schliiter et al. 2017).
Although tangled cells were devoid of AIS, based on the detec-
tion of BIV-spectrin, this key feature of neuronal identity was
present in the vast majority of GFP-expressing cells that under-
went 6 months of maturation. Taken together, we observed that
the GFP-expressing cells, which corresponded to tangled cells
shortly after tamoxifen application, adopted a morphology con-
sistent with the functional semilunar-pyramidal transitional
neurons or pyramidal neurons upon 6 months of maturation.

Moreover, the surrounding neuronal network increasingly
contacted the GFP-expressing immature neurons upon matura-
tion. The analysis of SYN* and VGAT* perisomatic puncta,
which correspond to presynaptic structures that could be used
as a surrogate marker of synaptic integration (Calhoun et al.
1996), has revealed that, regardless of the age of the mice ana-
lyzed, the densities of these puncta on tangled cells were very
low. In contrast, in the 3m-t—9 group, the GFP* neurons which
acquired a complex morphology at this time point had signifi-
cantly higher density of these SYN* and VGAT" presynaptic
structures, arguing for an increased synaptic connectivity with
the surrounding network. These observations are in accordance
with a study performed in the piriform cortex by Klempin and
colleagues (2011), who reported that cells with a low DCX
expression and a complex morphology, reminiscent of imma-
ture semilunar-pyramidal transitional neurons, exhibited an
electrophysiological profile consistent with neurons undergoing
maturation (Klempin et al. 2011).

Studies investigating various cortical structures in different
mammalian species suggested that immature cortical neurons
located in layer II can mature into GABAergic interneurons
(Xiong et al. 2008; Cai et al. 2009; Zhang, Zhang, et al. 2009;
Konig et al. 2016). This possibility that some GFP* neurons
belong to an interneuronal population was examined using the
marker GAD67 expressed in inhibitory neurons (Young and Sun
2009). Only a few GFP*/GAD67* cells could be detected in the
9m-t group. Due to the very low abundance of this cell popula-
tion, we can neither exclude that they are the result of a label-
ing artifact, nor that they remained undetected in the 2 other
experimental groups. On the other hand, we could clearly
exclude that GFP™ cells in the piriform cortex undergo choliner-
gic or dopaminergic maturation.

Intriguingly, we found low frequency of coexpression of the
proteoglycan NG2 in GFP* cells. Previous studies in rats and

mice have also indicated that a small subpopulation of NG2-
expressing cells in the piriform cortex layer II coexpressed mar-
kers usually found in immature neurons (Gémez-Climent et al.
2008; Rubio et al. 2016). NG2* cells have been generally con-
sidered oligodendrocyte precursors, but many of them remain
in the adult CNS as polydendrocytes, a specific glial cell type
displaying a distinct morphology capable of lineage plasticity
(Nishiyama et al. 2009; Huang et al. 2014). However, in contrast
to the PSA-NCAM™" and DCX" cell populations progressively dis-
appearing, the density of NG2* cells in layer II remained stable
during aging. The very low number of GFP* cells expressing
NG2 and the absence of significant cell proliferation, rules out
this cell population as potential source for the numerous gluta-
matergic neurons observed in the 3m-t—9. Similarly, the
absence of coexpression of GFP, shortly after tamoxifen appli-
cation or following 6 months of maturation, with GFAP or Sox2
ruled out the association with an astrocytic or neural stem cell
phenotype.

The mechanisms enabling postmitotic tangled cells to sur-
vive in a dormant state during adulthood still have to be deci-
phered. Similarly, the nature of the signals triggering
completion of their neuronal maturation processes and the
functional relevance of such immature cells in the piriform cor-
tex remain largely unknown. Although the maturation of the
immature neurons in the piriform cortex does not seem to play
a crucial role in olfactory memory, an activity-dependent con-
trol of maturation has been suggested by the observation that
the number of PSA-NCAM/DCX-expressing cells dramatically
decreased following bulbectomy, whereas the expression of
mature markers increased (Gémez-Climent et al. 2011). The
continuous maturation of glutamatergic neurons under physio-
logical conditions offers a precious opportunity for neuronal
plasticity in piriform cortex layer II. Analyses of the classical
neurogenic niches demonstrated that the integration of imma-
ture neurons not only adds new synapses in the neuronal cir-
cuitry, but also showed that the activity of the surrounding
neuronal network is profoundly influenced by immature neu-
rons due to their distinct electrophysiological properties
(Couillard-Despres et al. 2006; Ge et al. 2007).

In summary, we demonstrated that in layer II of the murine
adult piriform cortex, a population of postmitotic immature
neurons is continuously providing newly matured glutamater-
gic principal neurons, which structurally integrate in the sur-
rounding neuronal network according to the increase in
synaptic contacts and the appearance of an AIS. These findings
suggest that new functional neurons could mature and inte-
grate within in the adult central nervous system outside of the
classical neurogenic niches. It is tempting to speculate that
these cortical immature neurons, which are more widely dis-
tributed in mammals with gyrencephalic brains, such as
humans (reviewed in Konig et al. 2016), progressively integrate
into the neuronal network throughout adulthood and thereby
provide an unsuspected capacity of network plasticity. Such
matter will be of crucial relevance for the neurobiology of
human aging, because the maturation and integration of post-
mitotic immature neurons will also result in a progressive
depletion of this resource. In light of the reported scarce prolif-
erative neurogenesis in the adult human brain (Sanai et al.
2011; Wang et al. 2011; Bergmann et al. 2012; Obernier et al.
2018), the existence of latent nonproliferative neuronal precur-
sor populations in several brain areas might constitute an
unsuspected resource for the plasticity of neuronal networks in
higher mammals (Konig et al. 2016).
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ABSTRACT: The layer II of the adult rodent piriform
cortex contains a population of immature neurons that
have been generated during embryonic stages. Two
different cell types can be detected among these immature
neurons: i) tangled cells, which are small cells with short
neurites and ii) complex cells, which are more developed
and resemble semilunar-pyramidal transitional neurons,
a typical excitatory neuron in this cortical region. During
the life span tangled cells progressively differentiate into
complex cells, which in turn mature into semilunar-
pyramidal transitional neurons. Both tangled and
complex cells express immature neuronal markers such
as doublecortin or the polysialylated form of the neural
cell adhesion molecule (PSA-NCAM), the later confering
them anti-adhesive properties and limiting the
membrane space available for the establishment of
synaptic contacts. There are two different enzymes which
catalyze the addition of PSA to NCAM: the
polysialyltransferases St8Siall and St8SialV. PSA-NCAM
expression is downregulated dramatically during the final
differentiation of the piriform cortex immature neurons.
In order to understand the role that PSA-NCAM may play
in the development of the immature neurons in the adult
piriform cortex layer IT we have depleted PSA from NCAM
in this region using the enzyme EndoN. We found that
after EndoN injection the number of immature neurons
expressing doublecortin decreased in layer II. Moreover,
the percentage of tangled cells diminished, while that of
complex cells was increased. The depletion of PSA-
NCAM from the piriform cortex also increased the density
of nuclei expressing NeuN, a mature neuronal marker, in
layer II. This increase was paralleled by increases in the
expression of the synaptic marker synaptophysin and
MAP2, a marker of mature dendrites, in layer I. Together,
these results indicate a pro-maturation effect of PSA
depletion. We have also tested the effect of the absence of
PSA  through  genetic  deletions of  both
polysialyltransferases or NCAM. The deletion of both
polysialyltransferases decreases dramatically the number

Correspondenceto:]. Nacher (nacher@uv.es).
Contract grant sponsor: Spanish Ministry of Economy and
Competitiveness
Contract grant sponsor: Programa “Atraccio de Talent” de la
Universitat de Valéncia
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of immature doublecortin expressing neurons in the
adult piriform cortex. By contrast, the deletion of
NCAM, increases this number, suggesting the presence
of compensatory effects.

Keywords:  piriform  cortex, PSA-NCAM, EndoN,
polysialyltransferases, plasticity

INTRODUCTION

In the healthy adult mammalian brain, the presence of
newly generated immature neurons is thought to be
restricted to the two classical neurogenic niches: the
subventricular zone/RMS/olfactory bulb and the
subgranular zone of the dentate gyrus. However, a
population of post-mitotic immature neurons can be also
observed in the layer II of the piriform or olfactory cortex
(PCX) of adult rodents and with a wider distribution in
the cerebral cortex of gyrencephalic mammals (Gomez-
Climent et al. 2010; Bonfanti & Nacher 2012). The PCX is
a three-layered region, in which layer II contains the
densely packed cell bodies of principal neurons. In this
layer, particularly in its lower half, there is a population
of cells expressing doublecortin (DCX), among other
immature neuronal markers (Nacher et al. 2001; Nacher
et al. 2002; Luzzati et al. 2009). Experiments in rats
(Gomez-Climent et al. 2008), mice (Rubio et al. 2016) and
guinea pigs (Yang et al. 2015) have demonstrated that
most, if not all, the immature neurons in the adult cerebral
cortex layer II have been generated during embryonic
development.

Two populations of immature neurons, with different
maturational stages, can be observed in the adult PCX layer
II: small cells with very short and intricate processes
(tangled cells/Type I) and larger cells (complex cells/Type
IT), which have a more developed morphology, similar to
one of the typical excitatory neurons in this layer
(semilunar-pyramidal transitional neurons, SLPTN).
Interestingly, these immature neurons diminish their
number! progressively as the life span progresses (Gomez-
Climent et al. 2008; Xiong et al. 2008; Cai et al. 2000;
Varea et al. 2009; Zhang et al. 2009). As previous studies
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have not found evidence of an increased TUNEL activity
in the cortical layer II in aged guinea pigs (Xiong et al.
2008) or elevated numbers of pyknotic nuclei during
aging in rats (Gomez-Climent and Nacher, unpublished
results), they allow us to suggest that tangled cells do not
die, but instead they mature into complex cells, and
subsequently into SLPTN. In fact, a recent study has
demonstrated, using DCX-Cre inducible transgenic
animals, that during the course of the life span the
immature neurons in the PCX do not die and that they
differentiate and incorporate to the circuitry as typical
excitatory neurons (Rotheneichner et al. 2018).

The immature neurons in the cerebral cortex layer II also
express the polysialylated form of the neural cell adhesion
molecule (PSA-NCAM) (Seki et al., 1991). The addition of
PSA to NCAM confers antiadhesive properties to this
molecule and, consequently, PSA-NCAM is widely
expressed during neuronal development, participating in
different phenomena such as migration or neurite
extension (Rutishauser et al., 2008). In fact, PSA-NCAM
is highly expressed in immature neurons, both during
development and in the adult brain. In the immature
neurons present in the adult brain, including those in the
PCX layer II, PSA is added to NCAM by the
polysialyltransferase St8Siall (Nacher et al. 2010). It has
been hypothesized that PSA-NCAM, through its anti-
adhesive properties, isolates the immature neurons from
the neuropil, probably preventing the formation of
synaptic contacts onto these cells. The presence of PSA-
NCAM may also promote the progressive growth of their
dendritic arbors and axons once they have started their
differentiation (Gomez-Climent et al. 2008; Bonfanti &
Nacher 2012).

The PSA moiety can be successfully depleted from NCAM
using an specific phage enzyme, the endoneuraminidase
N (EndoN) (Vimr et al. 1984). This depletion in vivo
results in different structural modifications in both
excitatory and inhibitory neurons: When injected in the
adult hippocampus it increases the dendritic arborization
of CA3 pyramidal neurons (McCall et al. 2013) and alters
the spine density of a subpopulation of interneurons
(Guirado et al. 2014), whereas when injected in the
prefrontal cortex, it increases the density of perisomatic
inhibitory puncta on pyramidal neurons (Castillo-Gomez
et al. 2016).

The objective of the present work is to study the impact of
the enzymatic depletion of PSA from the population of
immature neurons in the PCX layer II and to investigate
whether this depletion may accelerate the differentiation
of these cells. For this purpose, we have injected
intracerebrally Endo-N and have studied this population
of immature neurons by using DCX
immunohistochemistry. In order to evaluate putative
neurotoxic effects, we have evaluated cell death studying
the presence of pyknotic nuclei. Additionally, we have
explored whether PSA depletion may induce the
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differentiation of the immature neurons in the PCX layer II
by analyzing the expression of the mature neuronal marker
NeuN (Mullen et al. 1992). The expression of
synaptophysin (Syn) and MAP2, in layer I have also been
analyzed in order to evaluate the presence of new synapses
and apical dendrites belonging to recently matured
neurons. In addition, we have studied this population of
immature neurons in the PCX of adult transgenic mice
lacking PSA expression due to genetic deletions of NCAM
(Cremer et al. 1994), the major carrier of PSA in the adult
cerebral cortex, or of the 2 polysialyltransferases that
attach PSA to NCAM (Hildebrandt et al. 2009).

MATERIALS AND METHODS

Animals and administration of

EndoNeuraminidase-N

All animals were maintained under controlled conditions
of temperature and humidity, with food and water ad
libitum and normal light/dark cycle (lights on: 8:00-
20:00). All animal experimentation was performed in
accordance with the Directive 2010/63/EU of the
European Parliament and of the Council of 22 September
2010 on the protection of animals used for scientific
purposes and was approved by the Committee on Bioethics
of the Universitat de Valencia. Every effort was made to
minimize the number of animals used and their suffering.

Twelve young—adult male (3 months-old) FVB/NJ mice
(Jackson laboratories, Bar Harbor, Maine, USA) were used
in this study. Mice were deeply anaesthetized (5 mg/g
xylazine and o0.5mL/kg ketamine i.p.) and placed in a
stereotaxic instrument (David Kopf Instruments). Using a
10 uL Flexitip syringe (World Precision Instruments), the
animals were injected intracranially in the ectorhinal
cortex (Bregma -2 mm, lateral 4 mm, deep -1.5 mm;
Paxinos and Franklin 2001). The needle was left in position
for 1 min and then 1 uL of the solution was injected, over a
five minutes period in the right hemisphere. Seven animals
were injected with EndoN (0.7 U/uL in glycerol; AbCys,
Paris, France). When the injection was completed, the
needle was left in place for 2 extra minutes to reduce reflux
of the solution into the track of the injection needle and
then withdrawn. In order to exclude effects due to the
stereotaxic injection by itself, an additional group of five
animals received a vehicle injection.

Histological processing

After recovery from the surgery, animals were returned to
their original cages, where they remained for fifteen days.
At this point, animals were perfused transcardially under
deep pentobarbital anaesthesia (0.01mL/g in 0.9% NaCl
solution, Sigma Aldrich), first with saline and then with 4%
paraformaldehyde in sodium phosphate buffer 0.1 M, pH
7.4 (PB). Brains were extracted and sectioned with a
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vibratome (Leica VT 1000E, Leica) and 50-um-thick
coronal sections (6 subseries) were collected and kept in
cold PB (4°C).

Immunohistochemistry for conventional light
microscopy

In order to check whether PSA in the PCX had been
depleted by EndoN, one of the subseries of sections was
used for “free-floating” immunohistochemistry using the
avidin-biotin-peroxidase (ABC) method. In brief, for anti-
PSA-NCAM staining, an antigen retrieval step was
performed, consisting in a pretreatment with sodium
citrate buffer (10 mM, pH 6.0) for 1 min at 100°C. After
cooling down the sections to room temperature, they were
incubated for 10 minutes with 3% H.0. in 0.1 M
phosphate-buffered saline (PBS) to block the endogenous
peroxidase. Then, non-specific binding was blocked with
5% normal donkey serum (NDS; Jackson
ImmunoResearch Laboratories) in PBS with 0.2% Triton
X-100 (Sigma-Aldrich) for 1 h. Sections were incubated
for 48h at 4°C with mouse IgM anti-PSA-NCAM (1:700,
Millipore). After rinsing with PBS, slides were incubated
for 1 hour with biotinylated donkey anti-mouse IgM
antibody (1:200; Jackson Immunoresearch) followed by
an avidin-biotin-peroxidase complex (ABC, Vector
Laboratories) for 30 min. Finally, sections were incubated
with 3,3”-diaminobenzidine tetrahydrochloride (DAB,
0.5%, Sigma, St Louis, MO) and 0.0033% H-0- for 4 min
for color development.

The quantifications of the different parameters analysed
in this study were performed in an “area of interest”,
considered as the region in which PSA was not present in
the PCX after EndoN treatment. Since the extension of
this region was very similar in all the animals analysed
and its limits were always between Bregma -1.46 to
Bregma -2.18 (anterio-posterior axis) and from 3 to 55
(dorso-ventral axis) of the ipsilateral hemisphere (figure
1), all the analysis have been performed between these
two rostrocaudal levels.

Immunohistochemistry for  fluorescence

microscopy

For the immunofluorescence procedures, sections were
processed for single or double-labelling with cell type-
specific primary antibodies as follows: slices were first
incubated “free-floating” in 10% normal donkey serum
(NDS; AbCys) for 1 hour. Then, they were incubated
overnight at room temperature with i) rabbit IgG anti-
NG2 antibody (1:200, Millipore), ii) with a cocktail
containing rabbit IgG anti-DCX (1:1000, Abcam) and
Mouse IgG1 anti-NeuN (1:500, Millipore) antibodies or
iii) with a cocktail of Guinea Pig anti-synaptophysin (Syn)
(1:1000, Synaptic Systems) and mouse IgG anti-MAP2
(1:1000, sigma) antibodies. After rinsing with PBS,
sections were incubated for 1 hour at room temperature

with Goat anti-Mouse IgG1 A647, Goat anti-Rabbit A555 or
with a Donkey anti-mouse IgG A555 and Goat anti-Guinea
pig A635 (1:400, Invitrogen) secondary antibodies.
Finally, sections were mounted on slides and covered using
Fluorescence Mounting Medium with DAPI (Dako Omnis).
All serum, primary and secondary antibodies were diluted
in PBS with 0.2% Triton-X 100 (Sigma). All the sections
were processed simultaneously in order to minimize any
difference from immunohistochemical staining itself. To
avoid any bias, all slides were coded prior to the analysis
and the codes were not broken until the experiment was
finished.

Sections processed for immunohistochemistry were
observed under a confocal microscope (Leica TCS-SPE)
using a 63x objective or with a conventional fluorescence
microscope (Olympus BX41). Stacks of images with Z-step
size of 0,5um were taken without any digital zoom.

Quantification

To measure the impact of the depletion of PSA from NCAM
on immature neurons, using DCX immunohistochemistry,
we quantified the density of DCX expressing cells inside the
total volume of the region of interest, using confocal Z-
stacks, comparing between hemispheres. Moreover, as
there are two different subpopulations of DCX expressing
cells (tangled and complex cells), which can be
distinguished by their morphological characteristics, we
measured as well the percentage of each of these
subpopulations.

In order to detect EndoN-induced changes in the density of
mature neurons in layer II, we measured the density of
NeuN expressing nuclei in 96-128 randomly located
squares (single confocal planes, 50 x 50 um) in all the
extension of the area of interest. Four slices of the region of
interest were analysed in each animal (24-32 squares
analysed per section). The mature neuronal marker NeulN
cannot be detected in the nuclei of tangled cells and it is
only faintly expressed in some complex cells (Gomez-
Climent et al. 2008). We also investigated the putative
differentiation of immature neurons induced by EndoN
treatment by measuring in layer I the expression of MAP2,
a protein strongly expressed in mature dendrites but
absent from the dendrites tangled cells and only faintly
expressed in those of the complex cells (Gomez-Climent et
al. 2008). Tangled cells, which comprise the majority of
immature neurons in the PCX layer II, do not have apical
dendrites extending to layer I. We quantified dendritic
processes in the deeper portion of layer I (30 micrometers
from the limit between layer II and I) by measuring the
fluorescence intensity of MAP2 immunostaining in 96-128
randomly located squares (single confocal planes, 50 x 50
um) inside the area of interest, as described above for
NeuN analysis. We also explored putative increases in
synapse density due to the development of new
postsynaptic elements on the EndoN-induced recently
matured neurons. For this, the density of active synapses



PSA-NCAM

74 | CHAPTER 4

was estimated using synaptophysin
immunohistochemistry and the same methodology
employed for MAP2 analysis.

A NG2 fluorescent immunostaining, combined with
DAPI, was used to quantify the number of
polydendrocytes (or NG2+ cells), and the presence of cell
death (pyknotic nuclei), respectively. To do so, we
quantified the density of NG2+ cells inside the total
volume of the region of interest in the PCX layer II, and
compared it with the density of NG2+ cells in the same
area of the contralateral hemisphere. The same procedure
was used to analyse the density of pyknotic nuclei.

Analysis of NCAM™ and St8Siall” St8SialV™"

knockout mice

We have also studied the consequences of the elimination
of PSA by using genetic approaches. We studied this in
two knockout mice strains, one lacking NCAM, the main
carrier of PSA in the CNS, and one lacking the two
polysialyltransferases that add this complex sugar to
NCAM. We used 5 NCAM”/- mice and 5 wild-type
littermates (Cremer et al. 1994); 3 St8Siall-/- St8SialV-/-
mice and 3 wild-type littermates (Eckhardt et al. 2000;
Angata et al. 2004). When mice were 3-4 months old, they
were deeply anesthetized, perfused transcardially and
their brains were processed for histology as described
above. Conventional immunohistochemistry for bright
field microscopy was performed to detect DCX expressing
cells in these transgenic mice as described above for PSA-
NCAM, but using rabbit IgG anti-DCX (1:1000, Abcam)
as primary antibody and biotinylated donkey anti-rabbit
IgG as secondary antibody (1:200; Jackson
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fractionator method (West et al. 1993; Nacher et al. 2002).

Statistics

All data were analyzed using two-tailed paired t-tests
(except the sham vs control analysis, which was unpaired
t-test) comparing the hemisphere injected with EndoN
and the contralateral one. GraphPad Prism 5 software
(GraphPad Software Inc.) was used for statistical
analyses. Significance: P>0.05 ns, 0.05<p<0,1 #, P<0.05
* P<0.01 **, P<0.001 ***,

RESULTS

Enzymatic depletion of PSA-NCAM

In all animals injected with EndoN, we observed that the
expression of PSA-NCAM in the portion of the PCX
located between coordinates Bregma -1.46 and -2.18 of the
ipsilateral hemisphere was extremely low in comparison
with the contralateral hemisphere, which showed the
habitual intensity and distribution of immunolabeling
(Nacher et al. 2002) (figure 1). Consequently, all the
microscopic analyses were performed between these two
rostrocaudal levels.

The injection of EndoN markedly diminished the density
of DCX expressing cells in the PCX layer II of the
ipsilateral hemisphere when compared with the
contralateral one (p<0,01, figures 2A, D & E). No
differences in the density of DCX expressing cells were
detected when comparing the hemispheres of animals
injected with vehicle (P>0.05) (Figure 3).

IPSI

Figure 1. EndoN injection depletes PSA from the PCX. Images of PSA-NCAM immunostained sections showing the
posterior PCX of the contralateral (control, left) and ipsilateral (injected, right) hemispheres. Inset shows an enlarged view
of the squared area. Scale bar = 40pm. Scale bar of the inset= 8 ym.

Immunoresearch). The number of DCX immunoreactive
cells was estimated using a modified version of the
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In order to better understand the effects of EndoN, we neurons by cell type. The DCX expressing immature
subdivided the analysis of the density of DCX expressing neurons in the PCX layer II can be classified in 2
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Figure 3.
No
differences
in the
density  of
DCX
expressing
cells can be
found
between
Control and
Sham group 0
(P>0.05).

subcategories following morphological criteria (Bonfanti
& Nacher 2012): i) tangled or type I cells, which are very
small cells with very short intricate processes and ii)
complex or type II cells, larger cells with more complex
dendritic arborization, which resemble in many cases
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semilunar-pyramidal transitional neurons (SLPTN), a
common excitatory cell type in this layer (Haberly, 1983).
The density of tangled cells decreased dramatically in the
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ipsilateral hemisphere (p<0,01, figures 2B, D & E), while
the density of complex cells was increased (p<0,01 figures
2C, D & E), suggesting an EndoN-induced differentiation
of the tangled cells into complex cells.

In order to know whether this decrease on the density of

DCX expressing immature neurons was the consequence

of an increase in cell differentiation promoted by PSA

depletion, we analysed the expression of NeuN, a marker

of fully developed neurons (Mullen et al. 1992), which is

only expressed faintly in some complex DCX+ cells. The

analysis of NeuN immunofluorescence revealed that in the

PCX layer II of the injected hemisphere, the density of
NeuN expressing nuclei increased significantly (p< 0,05,

figures 2F, G & H).

To study whether new synapses had been established on
the apical dendrites of these recently differentiated
neurons, we studied the intensity of synaptophysin
immunofluorescence in layer I. A significant increase of
this parameter was observed in the ipsilateral hemisphere
(p< 0,001, figures 4A, B & C). In order to know whether

Ipsi

=
>
U
N

Figure 4. PSA depletion increases the intensity of fluorescence of MAP2 and SYN in layer | of the PCX. A: The intensity of
synaptophysin (Syn) immunofluorescence increases in the ipsilateral hemisphere after the injection of the enzyme EndoN (p<0,01).
B & C: Microphotographs of the PCX layer | immunostained with anti-SYN antibody. Insets show enlarged views of small squared
regions in the contralateral (B) and the ipsilateral (C) hemispheres. These areas represent examples of regions of interest used for
the analysis. D: The intensity of MAP2 immunofluorescence increases in the ipsilateral hemisphere (0.05<p<0,1). E & F:
Microphotographs of the PCX layer | immunostained with anti-MAP2 antibody. Insets show enlarged views of small squared regions
in the contralateral (E) and the ipsilateral (F) hemispheres. These areas represent examples of regions of interest used for the
analysis. Microphotographs in this panel are Z stack 2D projections of 3 confocal planes with 0.5 um z step size. Scale bar 20um.



CHAPTER 4 |77

Belles et al.

new dendritic branches from the putative recently
differentiated neurons had reached layer I, we analysed
the intensity of fluorescence of MAP2. The results also
showed a significant increase when comparing the
injected hemisphere with the contralateral one (p< 0,05,
figure 4D, E & F).

No differences in the density of pyknotic nuclei were
observed between the ipsilateral and contralateral
hemispheres, indicating that the injection of EndoN did
not produce cell death in the PCX layer II.

Since a small subpopulation of the DCX expressing cells
in the PCX layer II also expresses NG2 (Gomez-Climent
et al. 2008; Rubio et al. 2016), we also compared the
density of these glial cells between hemispheres. No
differences were found in the density of this cell type.

Genetic depletion of PSA

We have also studied the population of DCX expressing
immature neurons in the PCX layer II in different genetic
models lacking PSA-NCAM expression. Mice devoid of
both polysialyltransferases, the 2 enzymes that
incorporate PSA to NCAM (St8Siall/- St8SialV-/-)
(Hildebrandt et al. 2009), showed a remarkable reduction
in the number of DCX expressing cells in the PCX layer 1T
when compared with their wildtype littermates (p<0,001)
(figure 5A). By contrast, NCAM knockout animals
(Cremer et al. 1994), showed an increase in the number of
DCX expressing cells in the PCX layer II when compared
with their wildtype littermates (p<0,01, figure 5B).
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1507 1000-
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g g 600
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£ . E 2001
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Figure 5. Impact of the genetic depletion of PSA on the immature
neurons of the PCX layer Il. A: Knockout animals for both
polysialyltransferases (St8Sia2 /- St8Sia4 ) have a dramatic decrease
in the number of DCX expressing cells (p<0,001). B: NCAM knockout
mice have a significantly higher number of DCX expressing cells
(p<0,05).

DISCUSSION

Two different populations of immature neurons have
been described in the layer II of the adult PCX: tangled
cells and complex cells (Gomez-Climent et al. 2008;
Rubio et al. 2016). Tangled cells (also known as type I
cells) are small and round shaped cells usually grouped in

intricate clusters, which highly express markers for
immature neurons, like DCX or PSA-NCAM, but lack
expression of markers of mature neurons (e.g. NeuN,
CaMKII, GAD67), or glial cells (Gomez-Climent et al.
2008). The complex cells (or type II cells) are larger than
the tangled cells and most of them have the morphology of
semilunar-pyramidal transitional neurons (SLPTN). The
complex cells appear to be in a more mature stage than
tangled cells, since they have larger somata, elaborated
dendritic trees and lower levels of expression of DCX and
PSA-NCAM. Interestingly, a low level of NeuN expression
has been detected in this cell population (Gomez-Climent
et al. 2008; Rubio et al. 2016). DCX/PSA-NCAM
expressing cells with intermediate morphologies between
tangled and complex cells are frequently observed in the
PCXlayer II, suggesting a transition between these two cell
types. Our results showing an increased proportion of
complex cells in the PCX layer II, and a decreased
proportion of tangled cells after PSA depletion support this
hypothesis. We can speculate that after EndoN injection
there are maturating events that accelerate the final stages
of development of tangled cells, inducing their
transformation into complex cells. The increased NeuN
expression in layer II after PSA depletion can reflect this
transformation of tangled cells into complex cells, since the
later exhibit low but detectable levels of this nuclear
protein (Gomez-Climent et al. 2008; Rubio et al. 2016).
This increase can also reflect the final maturation of some
complex cells into semilunar-pyramidal transitional
neurons, since we have also observed a decrease in the total
number of DCX-expressing immature neurons after
EndoN treatment.

One of the most important postranslational modifications
on the NCAM is the addition of long chains of a complex
sugar, the polysialic acid (PSA). PSA chains are highly
hydrated and negatively charged, meaning that after the
addition of PSA to the NCAM, there are steric
impediments for homotypic and heterotypic interactions
(Rutishauser et al. 2008). Due to its anti-adhesive
properties, PSA increases the range and magnitude of
intermembrane repulsion, by increasing the nonspecific
repulsive force between cells (Yang et al. 1992). Thus,
where PSA is present there are no regions of membrane
available for adhesion, and consequently for the
establishment of synaptic contacts (Johnson et al. 2005,
reviewed in Rutishauser 2008) Thereby, the removal of
PSA from the NCAM molecule with EndoN may release
more free membrane space, available hence for synaptic
contacts (Castillo-Gomez et al. 2011) .

Given the anti-adhesive proprieties of PSA-NCAM, its role
has been studied in different neurodevelopmental
processes involving immature neurons. The classical
studies were focused on progenitor cells, mainly in the
neurogenic regions. Many of these studies used EndoN to
ablate PSA and explore the role of PSA-NCAM on the
development of these cells. In most of the cases, as in the
present study, EndoN promoted the differentiation of
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precursor cells. In the rostral migratory stream, large
numbers of PSA-NCAM-positive neuroblasts migrate
towards the olfactory bulb, where they become
interneurons. This migration can be specifically blocked
by in vivo administration of EndoN in the SVZ of young
animals (2-to 3-months old), (Ono et al. 1994), which
results in an important inhibition of the migration of
neuronal precursors from the SVZ to the OB. This
inhibition is caused, at least partially, by the premature
differentiation of neuronal precursors in the SVZ after
PSA removal by EndoN administration, as evidenced by
the promotion of neurite outgrowth and tyrosine
hydroxylase synthesis (Petridis et al. 2004). In the
subgranular zone of the dentate gyrus, where PSA-NCAM
expression is found in immature granule neurons, the
administration of EndoN also increases neural
differentiation (Burgess et al. 2008). Similar effects are
observed in vitro: the removal of PSA from adult-derived
neural progenitors also enhances neuronal differentiation
(Burgess et al. 2008). Outside the canonical niches,
results are pointing out as well to an enhancement of
neuronal differentiation/maturation after EndoN
treatment: PSA removal from primary cultures of septal
neurons significantly increases neurite outgrowth
(Burgess et al. 2008).

Interestingly, this pro-plastic effects of EndoN treatment
are not restricted to progenitors and immature neurons,
since the addition of EndoN to hippocampal organotypic
cultures, promotes an increase in the apparition rate of
spines in mature interneurons (Guirado et al. 2014).

Thus, in vitro and in vivo findings are supporting the idea
that PSA removal induces the maturation of neuronal
precursors and immature neurons. The hypothesis that
EndoN treatment induces the differentiation of immature
neurons in the adult PCX is also supported by our analysis
of MAP-2 and synaptophysin expression. The
Microtubule-associated protein 2 (MAP-2) is a dynamic
molecule, involved in the growth, differentiation, and
plasticity of neurons (reviewed in Johnson and Jope
1992). In the adult brain, MAP-2 is mainly concentrated
in mature dendrites and it is virtually absent from axons
(Bernhardt & Matus 1984; De Camilli et al. 1984; Kosik &
Finch 1987). MAP-2 seems to be rather important for
dendritic function, since in areas where there is a loss of
this protein, dendrites collapse and in the regions where
its expression increases there is dendritic sprouting
(Caceres et al. 1992). Tangled cells lack MAP2 expression,
but faint MAP2 labelling can be found in some complex
cells with SLPTN morphology (Gomez-Climent et al.
2008). In the present study we have used MAP2
immunohistochemistry to explore whether EndoN
expression induces an increase in the number of mature
dendrites in the PCX layer I, the stratum where typical
excitatory neurons in layer II extend their dendrites to.
Additionally, we have used immunohistochemistry for
synaptophysin as an index of active synapses (Thiele et al.
2000) in the PCX layer I. Presumably, if immature
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neurons in the PCX layer II are differentiating after EndoN
administration, they will receive new synaptic contacts on
their dendritic trees. Our results support this hypothesis,
since after PSA removal the density of synaptophysin
immunoreactive puncta and that of MAP-2 expressing
dendritic segments increased in layer I.

Previous results from our laboratory, both in rats and
mice, have shown that a subpopulation of PSA-
NCAM/DCX expressing cells in the PCX layer II also
express NG2, a marker of polydendrocytes or NG2+ cells
(Gomez-Climent et al. 2008; Rubio et al. 2016). Some
authors have suggested the possibility that NG2+ cells can
give rise to neurons in the healthy adult PCX (Rivers et al.
2008; Guo et al. 2010). Moreover, Honsa et al. (2012),
have identified cells of polydendrocyte origin that
displayed the immunohistochemical and
electrophysiological properties of neuronal precursor cells
after focal cerebral ischemia. Therefore, we have studied
the number of NG2 expressing cells after EndoN
treatment. As our results failed to show differences in the
number of NG2 expressing cells when comparing both
hemispheres (EndoN injected and control), it seems
rather unlikely that the NG2+ population might be
involved in the reduction of the density of DCX expressing
cells induced by EndoN.

In order to discard nonspecific toxicity induced by the
EndoN treatment, we have measured the density of
pyknotic nuclei. In accordance with our results, previous
studies have also failed to find alterations in the
viability/survival of cells after EndoN treatment: Muller et
al. (1996) did not find alterations in the viability of
organotypic hippocampal cultures; similarly, Burgess et
al. (2007) found no differences in the survival of primary
septal neurons plated on laminin. In vivo findings appear
to follow the same direction: Burgess et al. (2008) also
failed to find differences after assessing the effect intra-
hippocampal EndoN administration on the survival and
proliferation of adult rat dentate gyrus progenitors.

The NCAM protein core is submitted to several post-
translational modifications, such the addition of PSA
(Hildebrandt et al. 1998; Bork et al. 2007; Hildebrandt et
al. 2007). There are two different enzymes that catalyse the
synthesis of PSA: St8Siall and St8SialV. St8Siall is highly
expressed during prenatal development, while St8SialV is
more abundant in the adult brain (Kojima et al. 1996;
Nakayama & Fukuda 1996; Hildebrandt et al. 2007). As
previously reported by Nacher et al. (2010), both
polysialyltransferases seem to play a role on the
development and maintenance of the immature neuronal
population in the PCX In St8Sia II-/- St8SialV +/+ knockout
mice, the number of PSA-NCAM expressing cells is
markedly reduced in the PCX layer II, but the genetic
depletion of this polysialyltransferase has no impact on the
number of DCX positive cells, suggesting that this enzyme
is not critical for the initial development and migration of
these cells. By contrast, in St8Sia IT+/+St8SialV -/-knockout
mice the number of immature neurons, both expressing
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DCX and PSA-NCAM is much higher than in wildtype
mice, suggesting that St8SialV plays an important role on
the differentiation of these cells. Surprisingly, the effects
that we observe in the double knockouts are very different
from the single knockouts: there is a dramatic reduction
in the number of DCX expressing cells in the PCX. A
possible explanation for this discrepancy may be that
some compensatory effects may be occurring in the single
knockouts, which are helping the population of immature
neurons to develop. In the absence of St8Siall, the main
polysialyltransferase during development, St8SialV may
be operating to allow the migration and incorporation of
many DCX positive cells to the PCX layer II. In the
absence of the two polysialyltransferases this
compensation cannot occur, probably producing a
disruption in the migratory pathway during development,
which might explain the dramatic decrease in the DCX
expressing cells in the double knockout. Since there is no
PSA-NCAM in the double knockouts, it is possible that the
progenitors were not able to migrate from their site of
origin to the PCX layer II, and, as a consequence, the
number of immature neurons in the PCX decreases.
Future experiments should determine whether these
alterations in the migration and final positioning also
affect the mature excitatory neurons located in the layer
II. Finally, it is possible as well that the absence of PSA
may accelerate the development in such a way that it is
not possible to see immature cells in the layer II of the
PCX, since almost all of them would be already mature at
3 months, when we perform our analyses of immature
neuronal markers. Studies on the density of mature
neurons in the layer II of these transgenic animals or at
earlier postnatal stages may shed light on this matter.

Although the RMS is one of the most affected areas in
NCAM knockout mice, alterations as a consequence of the
genetic removal of the NCAM protein can also be
observed in other regions bearing populations of
immature neurons during the adulthood, such as the
hippocampus (Tomasiewicz et al. 1993). In fact, NCAM -
/- deficient mice have reduced adult neurogenesis in the
dentate gyrus (Aonurm-Helm et al. 2008) . Although the
proliferation of the dentate gyrus neural precursors was
unaffected in this NCAM deficient mice, the survival of
these progenitors was reduced. Moreover, additional
studies with cultures employing neuronal progenitor cells
obtained from rodent hippocampus, have demonstrated
that when soluble NCAM is added, it promotes a
reduction in cell proliferation and induces the
differentiation of the progenitors into the neuronal
lineage (Amoureux et al. 2000). Similar results were
found when soluble NCAM was added to hippocampal
cultures prepared from NCAM knockout mice, which
allows to suggest that NCAM promotes differentiation
(Amoureux et al. 2000). In the PCX layer II, we have
described an increase in the number of the DCX
expressing cells in the NCAM knockout mice, which
suggests that the survival of the progenitors is not affected
by the lack of the NCAM, while their differentiation may

be impaired.

Despite extensive research, we still do not know which are
the mechanisms that underlie the final stages of
development of the immature neurons in the PCX layer II.
Recent data from Dr. Couillard-Despres laboratory and
our own (Rotheneichner et al. 2018), has shown how these
cells mature into excitatory neurons, and do not die over
the lifespan. Some candidate molecules like reelin
(Carceller et al. 2016) or BDNF (Vutskits et al. 2001) have
been proposed as mediators of this final differentiation,
but it is still necessary to deepen further in the knowledge
of their effects on this population of immature neurons to
completely understand the process. As previously
described by Rubio et al. (2015), it is possible to isolate
and cultivate PCX layer II cells. Thus, it would be
interesting to study the effect of the addition of BDNF to
PCX cultures, since it has been shown that the addition of
BDNF to embryonic progenitor and adult mice striatum
cultures, can induce the differentiation of neuronal
precursors (Ahmed et al. 1995). In the same way, it would
be interesting to test in vitro whether the addition of
EndoN to PCX cultures also induces neuronal
differentiation. Similarly, intracranial injections of BDNF
in the PCX or the induction of its overexpression using
viral vectors may allow us to explore whether the
differentiation of SVZ precursors in vitro is reproducible
in vivo in the PCX layer II.
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DISCUSSION

In the present thesis, using in vivo and in vitro conditions, we have studied the origin
and fate of the immature neurons residing in the layer Il of the adult piriform cortex
(PCX). Additionally, we have studied the impact of the genetic or enzymatic removal of

polysialic acid (PSA) from this population of cells.

Immature neurons in PCX layer Il are generated during embryonic development

In accordance with previous reports in other species, our data in mice indicate
that the layer Il of the adult PCX contains, in addition to a predominant population of
excitatory neurons and a smaller proportion of GABAergic inhibitory interneurons
(Sarma et al., 2011), a population of PSA-NCAM/DCX-positive immature neurons. As
previously described in rats (Gomez-Climent et al., 2008) and guinea pigs (Yang et al.,
2015), we have demonstrated that most, if not all, of these immature neurons in the
adult cerebral cortex layer Il of mice, have been generated during embryonic
development. Interestingly, in agreement with a previous report (Sarma et al., 2011),
we have found that the percentage of cells generated at the earlier embryonic stage
studied (E13.5 and E14.5) was higher than that of those cells that were generated at
later stages (E15.5—-E16.5). Additionally, their fate was also different depending on the
date of birth: while most of the cells in layer Il that were generated at the earlier stage
preferentially differentiate into neurons, those cells generated at later stages become
glia. These data are consistent with an early developmental peak of neurogenesis and a

late peak of gliogenesis observed in both paleo- and neocortex (Sarma et al., 2011).
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Isolation, culture and proliferative activity of immature neurons in the adult PCX

Using in vitro conditions to isolate the population of immature neurons in the
adult PCX layer Il, we have assessed their proliferative activity under mitogenic
stimulation. In this regard, we have observed that this region does not seem to contain
progenitors with the ability to form neurospheres. In addition, we were able to maintain
in vitro a small subpopulation of isolated cells from the PCX layer Il for at least seven
days. While many reports have described the culture of adult cells from “classical”
neurogenic zones of the adult CNS: SVZ (Ferrdn et al., 2007; Reynolds & Weiss, 2011),
hippocampus (Babu et al., 2011) or other regions where neurogenesis has been
described after BDNF infusion, like adult septum or striatum (Palmer et al., 1995; Pencea
et al., 2001), cultivating cells from non-neurogenic regions is more challenging and, as
reported previously with adult rat or mouse cortex, it implies the use of a density
gradient to separate neurons from debris (Brewer & Torricelli, 2007). In fact, to maintain
our cells in vitro, we used a feeder layer composed by SVZ cells. By using our culturing
conditions, we were able to isolate from the PCX a population of PSA-NCAM/ DCX-
positive immature neurons, which does not proliferate in vitro and, most likely,
differentiates into microtubule-associated protein 2 (MAP-2)-positive neurons. Our
5’BrdU analysis supports this hypothesis, showing that these neurons have not been
generated from proliferating progenitors in the culture.

In vivo, in adult animals, the immature neurons in the PCX did not express any
marker of proliferative activity and were never labelled by birth-dating experiments
performed in adulthood. In line with previous studies (Goémez-Climent et al., 2008;
Luzzati et al., 2009; Zhang et al., 2009), we could not detect the incorporation of BrdU

within the tangled cells, neither shortly after the injection of the tracer nor after 3 weeks
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of survival. Therefore, under physiological conditions, newly generated neurons in the
rodent PCX seem to be marginal, if existent, and might be originated from cells migrating

out of the SVZ in early life (Shapiro et al., 2007).

PSA-NCAM/DCX expressing immature neurons in the adult PCX differentiate into

excitatory neurons

Using inducible DCX-CreER™/Flox-EGFP transgenic mouse line, we have been
able to trace the fate of immature neurons of the PCX layer Il, and convincingly
demonstrate that these cells do not die in the course of aging, but integrate as newly
excitatory neurons, as hypothesized by previous studies (Gémez-Climent et al., 2008;
Varea et al., 2011). The marker profile together with the morphological features of GFP+
cells after tamoxifen induction, suggests a continuous functional integration of newly
matured neurons in the adult PCX. Thus, the observation that virtually all GFP* immature
neurons expressed the Tbrl transcription factor, and very rarely found to express the
LIM/homeobox protein Lhx6 or distal-less DLL, allows us to suggest a pallial origin, rather
than from subpallial structures, in which most cortical interneurons originate (Luzzati et
al., 2009). In contrast to Tbrl, CaMKIl, a Ca2*/calmodulin-dependent protein kinase, is
expressed only in mature principal neurons. We observed that co-expression of GFP
with CaMKIl, which was marginal shortly after application of tamoxifen in DCX-
CreER™/Flox-EGFP, impressively increased to approximately 80% following a maturation
period of 6 months, regardless of the age of mice (3m-t and 9m-t groups).

Mature excitatory neurons residing in layer Il are not an homogenic group. In
fact, depending on their target they express different transcriptional factors and can be

therefore divided into different subpopulations: the ones that project to the OB express
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Cux1; when the ILis the main target, they express Ctip2, while they express Fezf2 when
project to the CoA (Diodato et al., 2016). Thus, considering this pattern of expression, it
would be interesting to perform further studies using inducible DCX-CreER™/Flox-EGFP

transgenic mouse line, but analysing each subpopulation of cells separately.

Removal of PSA promotes the differentiation of immature neurons in the adult PCX

Previous studies in the neurogenic niches (Burgess et al., 2008; Petridis et al.,
2004), but also outside of them (Burgess et al., 2007; Guirado et al., 2013), have
demonstrated that the removal of PSA from the NCAM molecule induces neuronal
maturation. In accordance with these reports, we have found that after treatment with
EndoN, an enzyme that specifically depletes PSA from NCAM, the number of immature
neurons in the PCX layer Il decreases, while the number of those expressing mature
neuronal markers increases.

The hypothesis that EndoN treatment induces the differentiation of immature
neurons in the adult PCX is also supported by our analysis of MAP-2 and synaptophysin
(Syn) expression. MAP-2 is a dynamic molecule, involved in the growth, differentiation,
and plasticity of neurons (reviewed in Johnson, 1992). In the adult CNS, this protein is
expressed principally in mature dendrites and it is mainly absent from axons (Bernhardt
& Matus, 1984; De Camilli et al., 1984; Kosik & Finch, 1987). Interestingly, at least in PCX,
there seems to be a relationship between the neuronal maturation stage and the MAP
2 expression: tangled cells never express this protein, while complex cells faintly express
it (Gomez-Climent et al., 2008), and the dendrites of mature neurons are intensely
labelled by this marker. Thus, as we have found an increase in the density of MAP2

expressing dendritic segments in layer |, in which layer Il neurons receive their main
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synaptic input, we speculate these new MAP2 positive dendrites belong to recently
matured neurons. Additionally, we have quantified the expression of Syn using
immunohistochemistry and confocal microscopy, as an index of active synapses (Thiele
et al., 2000) in the PCX layer I. Presumably, if immature neurons in the PCX layer Il are
differentiating after EndoN administration, they will receive new synaptic contacts in
their dendritic trees located in layer I. Our results confirm this hypothesis, since after

PSA removal there was an increase in the density of Syn immunoreactive puncta.

The genetic depletion of NCAM and PSA induces alterations in the immature neuronal

population of the adult PCX

There are two different enzymes that catalyse the synthesis of PSA: the
polysialyltransferases ST8Siall and ST8SialV. ST8Siall is strongly expressed during
prenatal development, while ST8SialV is more abundant in the adult brain (Kojima et al.,
1996; Nakayama & Fukuda, 1996; Hildebrandt et al., 2007). As previously reported by
Nacher et al., (2010), both polysialyltransferases seem to play a role on the development
and maintenance of the immature neuronal population in the adult PCX. In ST8Sia II7-
ST8SialV */* knockout mice, the number of PSA-NCAM expressing cells is markedly
reduced in the PCX layer Il, but the genetic depletion of this polysialyltransferase has no
impact on the DCX positive population, suggesting that this enzyme is not critical for the
initial development and migration of these cells. These results also indicate that St8Siall
is the main polysialyltransferase in immature PCX neurons during adulthood. By
contrast, in ST8Sia I1*/*ST8SialV -knockout mice, the number ofimmature neurons, both
expressing DCX and PSA-NCAM, is higher than in wildtype mice, suggesting that St8SialV

plays an important role on the differentiation of these cells. Surprisingly, the effects
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that we observe in the present thesis in the double knockout mice (ST8Sia II7-ST8SialV -
/) are very different from the single knockouts: there is a dramatic reduction in the
number of DCX expressing cells in the PCX. A possible explanation to this discrepancy
could be that some compensating effects may be occurring in the single knockouts,
which are helping the population of immature neurons to develop. In the absence of
ST8Siall, the main polysialyltransferase during development, ST8SialV may be operating
to allow the migration and incorporation of many DCX positive cells to the PCX layer II.
In the absence of the two polysialyltransferases this compensation cannot occur. On the
other hand, a disruption in the migratory pathway during development, could explain
the dramatic decrease in the DCX expressing cells in the double knockout. Thus, as there
is no PSA, it is possible that the progenitors are not able to migrate from their original
site to the PCX, and, as a consequence, the number of immature neurons in the PCX
decreases markedly. Finally, it is also possible that the lack of PSA might accelerate the
development of these cells in such a way that it would not be possible to see immature
neurons in the layer Il of the PCX, since almost all of them might have already lost DCX
expression.

In NCAM mutant mice, there is no chance for adding PSA to the NCAM molecule.
Thus, this phenotype should be comparable to those found in the double knockouts
(ST8Sia I17°-ST8SialV 7). In this way, we should expect a decrease in the number of DCX
expressing cells. However, the lack of NCAM produces an increase in the number of
these immature neurons in the PCX layer Il. Thus, these results are indicating that some
other molecules may be playing similar roles to that of NCAM during the generation,

migration and differentiation of the population of immature neurons in the adult PCX.
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Which are the mechanisms that underlie the development of the immature neurons

in the adult PCX layer II?

The mechanisms enabling post-mitotic tangled cells to survive in a dormant stage
during adulthood still have to be deciphered. Similarly, the nature of the signals
triggering the completion of their neuronal maturation processes and the functional
relevance of such immature cells in the PCX are still largely unknown. Although the
maturation of the immature neurons in the PCX does not seem to play a crucial role in
olfactory memory, an olfactory activity-dependent control of maturation has been
suggested by the observation that the number of PSA-NCAM/DCX-expressing cells
dramatically decreased following bulbectomy, whereas the expression of mature
markers increased (Gomez-Climent et al., 2011).

Interestingly, these immature neurons may have an important role in mediating
the effects of stress and stress-related hormones: chronic stress increases the number
of PSA-NCAM/DCX expressing cells in the PCX layer I, while chronic corticosterone
administration decreases it (Nacher et al., 2004). As these PSA-NCAM/DCX expressing
neurons do not express glucocorticoid receptors (Gomez-Climent et al., 2008), it is
possible that the effects of stress were mediated by NMDA receptors, since these
glutamate receptors are present in immature SLPTN (Gémez-Climent et al., 2008), and
the number of PSA-NCAM expressing cells in PCX layer Il increases after NMDA receptor
antagonist treatment (Nacher et al., 2002).

In addition to glutamate (acting through NMDA receptors), other
neurotransmitters may play an important role in the regulation of this population of
immature neurons. Noradrenaline (NE), which is also involved in the stress response,

seems to regulate synaptic and structural plasticity on PCX layer Il, since the depletion
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of this monoamine by a noradrenergic neurotoxin (DSP-4) significantly increases the
number of PSA-NCAM/DCX immunopositive cells in the adult PCX of rats (Vadodaria et
al., 2017).

In summary, we have demonstrated that in the layer Il of the adult murine PCX,
a population of post-mitotic immature neurons composed by the so-called tangled cells,
and to a lesser extent by complex cells with SLPTN morphology, is continuously
providing newly matured glutamatergic principal neurons, which appear to integrate in
the surrounding neuronal network. This observation demonstrates that it is possible to
integrate new functional neurons in the adult central nervous system outside the
classical neurogenic niches. We propose that these cortical immature neurons, which
are more widely distributed in mammals with gyrencephalic brains, such as cats or
humans (see Bonfanti & Nacher, 2012 and Konig et al., 2016 for review) progressively
integrate into the neuronal network throughout adulthood and thereby provide an

unsuspected capacity of cellular plasticity.
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CONCLUSIONS

1. The layer Il of the PCX of adult mice contains, in addition to a predominant
population of excitatory neurons and a smaller proportion of GABAergic
inhibitory interneurons, a population of PSA-NCAM/DCX-positive immature
neurons.

2. The vast majority of the immature neurons in the layer Il of the PCX of adult
mice, have been generated during embryonic development.

3. Immature neurons in the layer Il of the PCX of adult mice do not express
markers of proliferative activity and are not labelled by short or long term
5’BrdU birth-dating experiments performed in adulthood.

4. Cells from the layer Il of the PCX of adult mice can be cultured in vitro using
a feeder layer made by SVZ cells.

5. It is possible, at least with our in vitro conditions, to maintain isolated cells
from the adult PCX layer Il of mice, for at least 7 days.

6. Some of the cells isolated from the adult PCX layer Il of mice are able to
differentiate into MAP-2 immunoreactive mature neurons.

7. The layer Il of the PCX of adult mice does not contain progenitors with the
ability to form neurospheres.

8. The PSA-NCAM/DCX-positive immature neurons in the layer Il of the adult
PCX of mice, do not proliferate in vitro.

9. The study of the inducible DCX-CreER™/Flox-EGFP transgenic mouse line
demonstrates that immature neurons in the adult PCX layer Il do not die in

the course of aging.



100 | CHAPTER 5

10.

11.

12.

13.

14.

15.

16.

The study of the inducible DCX-CreER™/Flox-EGFP transgenic mouse line
demonstrates that tangled cells integrate in the surrounding neuronal
network as mature neurons, according to the increase in the density of
synaptic contacts and the appearance of the AlS.

The pattern of expression of the DCX-CreER™/Flox-EGFP transgenic mouse
line confirms that the vast majority of immature neurons in the adult PCX
layer Il integrate to the circuitry as newly matured glutamatergic principal
neurons, since almost all of them express TBR1 and CaMKII.

The enzymatic removal of PSA from NCAM in the PCX layer Il of adult mice
decreases the density of DCX-expressing immature neurons and increases
the density of NeuN expressing nuclei.

The enzymatic removal of PSA from NCAM in the PCX layer Il of adult mice,
leads to an increased expression of Syn and MAP-2 in the layer I.

After the enzymatic removal of PSA from NCAM, the percentage of tangled
cells residing in layer Il of the adult PCX of mice decreases, while the
percentage of complex cells increases.

Adult ST8Siall/-ST8SialV/-knockout mice display a dramatic reduction in the
number of DCX expressing cells in the PCX layer Il when compared with their
wildtype littermates.

NCAM knockout mice show an increase in the number of DCX expressing

cellsin the adult PCX layer Il when compared with their wildtype littermates.
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