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Summary 

Most biomedical research, including the neurosciences, is largely carried out using laboratory rodents as 

animal models, yet differences are emerging with respect to humans. This fact can lead to an incorrect 

interpretation of preclinical data, and consequent problems in translation. In the last few years, remarkable 

interspecies differences have emerged in brain plasticity: the ability of the nervous tissue to modify its 

structure, allowing to refine cellular contacts and to “sculpt” neuronal circuits based on external/internal 

stimuli (both in physiological and pathological states). For this reason, studies in comparative 

neuroplasticity are needed, possibly performed in a “comparable” way.  

Despite being substantially stable, the adult brain displays plasticity in different forms. A striking example 

is adult neurogenesis: the addition of new neurons from active division of neural stem cells, hosted in 

restricted “neurogenic niches”. Yet, neurogenic processes are heterogeneous in mammals, as to their types 

(canonical and non-canonical), and remarkable interspecies variation. In this complexity, a new form of 

plasticity is represented by populations of prenatally generated, “immature” or “dormant” neurons (INs): 

non-dividing cells that continue to express molecules of immaturity through life (some of which shared 

with the newly born neurons, such as the cytoskeletal protein doublecortin; DCX). The INs can “awake” at 

different time points by completing their maturation and functionally integrating into the preexisting 

circuitries (neurogenesis without division). Though restricted to paleocortex in rodents, the INs extend 

within the entire neocortex in other mammals, being particularly abundant in large-brained, gyrencephalic 

species. DCX+ cells are known to exist in subcortical regions, such as claustrum and amygdala, yet their 

nature (newly generated or dormant), as well as their interspecies variation, remain uncertain.  

Here we pursued the mapping of the “immature” neuronal cell populations moving from the cortex to the 

subcortical regions of mammals (from mouse to chimpanzee). To obtain “comparable” results despite the 

high number of variables encountered (brain availability, brain size, tissue fixation, antibody specificity, 

real interspecies difference), we firstly set the best conditions for detecting our antigens of interest in widely 

different species. The study, carried out for DCX and Ki67-antigen in brain regions hosting INs (neocortex; 

paleocortex) and newly born neurons (hippocampus; subventricular zone), revealed that antibody species-

specificity and real interspecies differences can be true limits, rather than different types of fixation.  

On these bases, the occurrence, topographical distribution, and amount of DCX+ cells were investigated in 

the amygdala of 7 mammalian species at different ages. The analysis was extended to cell division (Ki67 

antigen), in search for possible marker coexpression. While the DCX+ cells were more abundant in the 

amygdala of non-rodent species (especially in primates), the dividing cells showed an inverse pattern. 

Coexpression of the two antigens was never found, and the two cell populations displayed very different 

topographical distribution in all the species investigated. These results strongly indicate that the amygdalar 

DCX+ cells are INs with high interspecies variation, being particularly important in complex brains of long-

living species. Interestingly, their amount remained substantially unchanged between young and aged 

individuals, suggesting that they may persist as a reservoir of undifferentiated neurons in the adult/aging 

amygdala. This raised the question whether INs of the cortex behave similarly through the animal lifespan. 

Hence, the variation in number and features of cINs was investigated in the mouse paleocortex at different 

ages (from 1 to 15 months). We found a marked decrease in cINs during juvenile stages, reminiscent of 

that observed for hippocampal neurogenesis, and only a small amount of cINs persisted up to advanced 

ages. Results obtained in the mouse cortex were very different from those observed in the amygdala (and 

cortex) of gyrencephalic species: while reaching a slow exhaustion in short-living species, the INs form a 

long-lasting reservoir of “plastic” cells in long-living mammals.   

Overall, a new landscape emerges, likely sculpted by evolution: INs represent the prevalent choice in 

gyrencephalic, long-living species, not only being more abundant but diluted in time to grant a reservoir of 

plastic neurons in strategic brain regions. 
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In the early 1900s, the adult brain was considered an immutable and stable system, in which no 

changes can occur (Cajal, 1928). A century later, it was discovered that this assumption was not 

completely true, since the brain tissue can change, even in its mature form (Altman and Das, 1965; 

Lois and Alvarez-Buylla, 1994). Yet, the discoveries on brain structural plasticity opened many 

questions and some controversies, revealing a highly complex landscape (Bonfanti and Nacher, 

2012; Bonfanti and Seki, 2021). 

 

1.1 Brain plasticity: the ability to change 

Plasticity is defined as “the ability to make adaptive changes related to the structure and the 

functions of a system” (Davidson and McEwen, 2012; Bonfanti and Nacher, 2012; Bonfanti and 

Charvet, 2021; Leuner and Gould, 2010). This feature allows to adapt to environmental changes 

as well as to modifications in the system itself (changes in the homeostasis, tissue damages, 

pathologies). In the central nervous system (CNS), the adaptations involve the refinement of 

interneuronal connections (Bonfanti and Peretto, 2011; Martino et al., 2011; Ming and Song, 2005; 

Imayoshi et al., 2008; Kempermann et al., 2004; Lim and Alvarez-Buylla, 2016) or the genesis of 

new cells (such as neurons, astrocytes or oligodendrocytes, the main cell types in the brain), and 

are strongly affected by factors like the individual behavior or the environment in which the animal 

lives (Vivar and Praag, 2017; Kempermann, 2019; Kempermann et al., 2022)1. 

Different types of plasticity do exist, and they can be divided in “functional” and “structural”. The 

former occurs at the molecular level, involving changes at synapses such as presynaptic transmitter 

release, postsynaptic receptor trafficking, signal transduction pathways, gene activation and 

protein synthesis, which can affect the synaptic transmission. These functional changes are usually 

involved in learning and memory. Structural plasticity instead involves modifications in the shape 

and/or number of cells, including formation/elimination of synapses (Holtmaat and Svoboda 2009; 

Chen and Nedivi 2010) and the genesis of new neurons (adult neurogenesis; Lois and Alvarez-

Buylla, 1994). During embryogenesis, structural changes occur in high amount and rate, allowing 

 
1 It is worth noting that several studies carried out on natural populations of wild-living rodents did not find any 
environmental effects exerted by physical activity (Amrein et al., 2004; Hauser et al., 2009; Klaus and Amrein, 
2012), nor these effects seem to be present in animals with imposed running (e.g., sheep; Swanson et al., 2017), 
which is not a natural behaviour for these animals. These results strongly suggest that an increase of neurogenesis 
after physical activity might be detectable only in inbreed animal models, which are born in the lab and kept in 
artificial conditions through their life.  
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the correct shaping of the CNS (massive changes involving cell proliferation, cell migration, 

axonal/dendritic growth, synapse formation/elimination). From the postnatal period, a general 

stabilization of the system takes place, with a downregulation of these processes (with regional 

differences; Bonfanti and Charvet, 2021; Kast and Levitt, 2019) that fix tissue architecture and 

neural connections, thus building up a prevalently non-renewable tissue (Götz et al., 2016; 

Bonfanti and Peretto, 2011; Bonfanti, 2006). 

 

1.1.1 Brain structural plasticity: theme and variations 

Different forms of structural plasticity can be found in the adult CNS (Figure 1.1). One at the 

synaptic level (synaptic plasticity) involving changes in contacts among pre-existing neurons such 

as formation/elimination of synapses, axonal sprouting/pruning, changes in dendritic spines and 

modification of cell shape (Holtmaat and Svoboda, 2009), thus being considered a form of non-

neurogenic plasticity (not changing the number of neurons). A further level of plasticity can be 

present at the cellular level (whole cell plasticity, in which the overall shape of the cell is affected; 

e.g., neuro-glial plasticity; Theodosis et al., 2008). While synaptic changes are widespread in the 

adult brain, the neurogenic processes are highly restricted to “neurogenic sites” which contain 

neural stem cell niches. This kind of plasticity can be referred to as stem cell-driven neurogenesis, 

depending on the occurrence and activity of neural stem/progenitor cells (NSCs; Reynolds and 

Weiss 1992; Gritti et al., 1996; Doetsch et al., 1999). Since the discovery of the NSCs (at the 

beginning of the Nineties), two main stem cell niches were studied: the subventricular zone of the 

lateral ventricles (SVZ; Lim and Alvarez-Buylla, 2016), and the subgranular zone of the 

hippocampal dentate gyrus (SGZ; Gonçalves et al., 2016). Nevertheless, over the years the 

landscape of adult neurogenesis has gained complexity (see below and Box 1). 
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Figure 1.1 - Different ways for achieving structural plasticity in the adult mammalian brain. 

Stem cell-driven genesis of new neurons (adult neurogenesis) and synaptic/axonal plasticity 

represent two extremes of plastic events which can modify the neural circuits (modified from La Rosa and 

Bonfanti, 2021).  

_____________________________________________________________________________ 

 

1.1.2 Neurogenic plasticity (adult neurogenesis) 

Two main neurogenic sites are present in the adult brain: the SVZ and the SGZ. Both regions 

contain neural stem cells (NSCs), which originate from radial glia, then remaining within the 

mature brain tissue in the form of astrocytes forming “niches”, namely remnants of the embryonic 

germinal layers (Doetsch et al., 1999; Noctor et al., 2001; reviewed in Alvarez-Buylla et al., 2001; 

Bonfanti and Peretto, 2007). The neural stem cell niches are composed by different types of cells: 

endothelial cells, astrocytes, ependymal cells, microglia, extracellular matrix and neuronal 

progeny. Herein, the proliferating NSCs give birth to neuronal precursors (intermediate 

progenitors) which are highly proliferative and produce neuroblasts that then migrate towards their 

final target: the granule and periglomerular layers of the olfactory bulb for SVZ, and the granule 

cell layer of the dentate gyrus for SGZ (Lois and Alvarez-Buylla, 1994; Kempermann et al., 2015). 
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Once reached their final target location (after selective death of around one half of the cells), the 

neuronal precursors can mature in different types of neurons that functionally integrate in the 

neuronal network (Obernier et al., 2014; Figure 1.2). 

 

 

 

Figure 1.2 - Adult neurogenesis in rodents. Two main neurogenic sites (lateral ventricle wall - SVZ - and 

hippocampal dentate gyrus - SGZ) contain neural stem cells and provide a progeny of neuronal precursors 

for hippocampal granule cell layer and olfactory bulb. Images: schematic drawing on the bottom, Lucassen 

et al., 2010; photos on the right, Adult Neurogenesis group, Neuroscience Institute Cavalieri Ottolenghi. 

_____________________________________________________________________________ 

 

More recently, a third neurogenic site has been described in the hypothalamus, wherein a 

population of tanycytes can act as stem cells (Pencea et al., 2001; Xu et al., 2005; see Box 1). In 

addition, other neurogenic processes have been described outside of the two/three main niches, 

representing the so-called “parenchymal” or “non-canonical neurogenesis” (reviewed in Bonfanti 

and Peretto, 2011; Feliciano et al., 2015; see Box 1).  

The discovery of adult neurogenesis in the Nineties started a “gold rush” in the scientific 

community, in search for possible brain repair solutions for different kind of damage and 

neurological disorders (neurodegenerative diseases such as Alzheimer’s disease). In the last 30 

years, a huge number of publications were produced on this topic (now exceeding 13.000 articles 

in PubMed), mainly focusing on the mouse brain as a model. Yet, until now no promising therapies 
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to repair the CNS has been discovered, and most clinical trials approved for testing stem cell 

treatments (so-called regenerative medicine) failed to reach the end (see Namiot et al., 2022, and 

Chapter 5 for discussion).  

There are several reasons (and interpretations) that might explain the general failure in exploiting 

neurogenic plasticity for therapeutic purposes (Bonfanti, 2016). First, the fact that adult 

neurogenesis is a mostly juvenile, protracted developmental process serving for refining specific 

neural circuits during brain growth/maturation, to allow the animal to adapt on the basis of 

experience/environmental changes (see Box 1). Second, but related with the previous point, adult 

neurogenesis can be highly heterogeneous in terms of location, age, physiological and pathological 

states (Bonfanti and Peretto, 2011), a variation that can increase when different animal species, 

living in different socio-ecological niches, are considered (Barker et al., 2011; Feliciano et al., 

2015). Finally, a third important element of heterogeneity is the general reduction in 

neurogenesis/plasticity rate observed at different ages across the animal lifespan, an aspect that is 

present in all animal species, yet with substantial interspecies differences. 

Before addressing the above-mentioned points (in Box 1), it is important to introduce a new form 

of plasticity that has been unveiled during recent years, as a new element of heterogeneity to the 

existing variation in types of neurogenesis: the so called “immature” or “dormant” neurons.2 

 

1.2 “Immature” neurons: a new form of structural plasticity and neurogenesis? 

While the “gold rush” raged in research laboratories, another cell population started to be studied 

in the brain structural plasticity field: the non-newly generated “immature” neurons (INs). Being 

firstly described in the layer II of rodent paleocortex (Bonfanti et al., 1992; Gómez-Climent et al., 

2008) subsequent studies showed a high level of heterogeneity in terms of species and brain 

regions in which they occur. For instance, in rabbit, guinea pig (Luzzati et al., 2009; Xiong et al., 

2008), cat (Cai et al., 2009; Varea et al., 2011), some bat species (Chawana et al., 2016) and some 

non-human primates (Cai et al., 2009; Zhang et al., 2009; Bloch et al., 2011; Fasemore et al., 

2018), INs were found in layer II and upper II of the piriform, perirhinal and entorhinal cortices 

 
2 At present, being the topic of immature neurons a substantial novelty, many different names have been 
employed by different authors to define them (immature neurons, stand by neurons, dormant neurons, non-newly 
generated immature neurons). The researched involved in their discovery agree that it is time to update and 
uniform this terminology, and some of them are working at this task. Here, it can be useful to remind that 
“immature” is too vague and general, since a phase of immaturity is shared with the newly born neurons of adult 
neurogenesis; on the other hand, “dormant” is reminiscent of “quiescent”, and quiescence is a property of stem 
cells, that in the case of the immature neurons are not involved.   
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and also in neocortical areas (cortical “immature” neurons; cINs), especially associative regions 

(Luzzati et al., 2009; Zhang et al., 2009). Despite these differences, two main subpopulations can 

be distinguished in all species based on their soma size and dendritic morphology: small cells with 

short and highly irregular trajectories and large cells with one or two long dendrites expanding 

into layer I and a pyramidal-semilunar morphology (Figure 1.3). 

 

 

Figure 1.3 – Immature neurons: a third type of brain structural plasticity, in addition to synaptic plasticity 

and canonical adult neurogenesis (A, left); A, right, a population of neurons expressing PSA-NCAM 

(“embryonic” form of N-CAM) was identified in the nineties within the paleocortex of laboratory rodents. 

B, These neurons are located in the layer II of the piriform and entorhinal cortices (paleocortex), and express 

other molecules of immaturity (e.g., doublecortin, DCX). C, Two main types of cortical DCX+ neurons can 

be identified on the basis of their morphology and cell soma size: type 1 cells (small, bipolar) and type 2 

cells (large and ramified); scale bar, 25 µm. 

_____________________________________________________________________________ 
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Initially, this type of cells was wrongly considered as a form of neurogenic plasticity, since they 

shared common immaturity markers used in the adult neurogenesis field (e.g. the cytoskeletal 

protein doublecortin, DCX, and the polysialylated form of the neural cell adhesion molecule, PSA-

NCAM; Gómez-Climent et al., 2008; Bonfanti et al., 1992). In fact, great differences emerged in 

terms of origin and features of this cell population: newly generated neurons of adult neurogenesis 

are born in the adult brain, showing an active cell proliferation and giving birth to newly generated 

elements which can migrate to their final target and become fully-mature neurons. In contrast, 

studies involving BrdU injections followed by different survival times showed that the DCX+ cells 

of the cortical layer II are generated during embryogenesis and not in adulthood (Nacher et al., 

2002; Gomez-Climent et al., 2008; Luzzati et al., 2009; Piumatti et al., 2018) and no evidence of 

cell migration has been proven. Hence, these neurons would be originated during embryonic 

development and then they would persist in a prolonged immature state in the adult CNS (Gomez-

Climent et al., 2008; Figure 1.4).  
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Figure 1.4 - Neurogenesis as a process to build up the brain (dark blue), and to provide new neurons 

during adulthood at specific locations (light blue). A, the vast majority of brain neurons are produced during 

embryogenesis, then reaching maturation during postnatal assembly and stabilization of the neural circuits 

(black). The life of these neurons spans the entire life of the animal, some of them undergoing damage/death 

because of aging or neurological diseases (purple). It is assumed that all these neurons can undergo synaptic 

plasticity (grey). B, neurogenic processes can last during adulthood in restricted neurogenic sites hosting 

stem cell niches. Full integration of functional mature neurons has been well documented in two brain sites: 

the olfactory bulb (from cells generated in the forebrain subventricular zone, SVZ) and the hippocampus 

(from cells generated in the subgranular zone of the dentate gyrus, SGZ). These processes undergo 

remarkable reduction through ages, due to stem cell depletion. C, neuronal integration of new elements in 

the circuits can also occur in the layer II of the cerebral cortex (piriform cortex in mice) through 

“awakening” and maturation of prenatally generated, “immature” neurons that had been blocked in an 

immature state since embryogenesis (see Piumatti et al., 2018). This “neurogenesis without division” can 

occur in the absence of active stem cells, undergoing exhaustion only after maturation of the entire reserve. 

D, at least three types of mature neurons are present in the adult brain on the basis of their origin: most of 

them were generated during embryogenesis and reach maturity in early postnatal periods (black), others are 

generated from stem cells in the neurogenic sites (green), and others come from delayed maturation of 

“immature” neurons (blue). Modified from Bonfanti et al., 2023. 

____________________________________________________________________________________ 

 

Regarding their fate, it appears that the number of layer II cINs varies across animal ages (Xiong 

et al., 2008; Cai et al., 2009; Piumatti et al., 2018; Rotheneichner et al., 2018; Ai et al., 2021; La 

Rosa et al., 2020a; Li et al., 2023), with cIN becoming undetectable as aging progresses, indeed 

the number of PSA-NCAM+ cells in the rat paleocortex layer II dramatically declines during aging 

(Abrous et al., 1997; Murphy et al., 2001; Varea et al., 2009). Recent data obtained by 

Rotheneichner et al., using DCX-Cre-ERT2/Flox-EGFP transgenic mice suggest that cINs do not 

die with aging progression but mature as glutamatergic neurons. The maturation of these cells is 

supported by the increasing in density of dendritic spine and the appearance of the axon initial 

segments (Rotheneichner et al., 2018) and their functional integration in the cortical circuitry is 

demonstrated by the generation of electric activity (Benedetti et al., 2019; Figure 1.5). Even if 

these studies provide new information regarding their fate, no data are available in other “non-

rodent” species and so if the same is happening in larger animals is far from clear. Anyway, they 

could constitute a pool of “reserve neurons” which might differentiate under physiological or 

pathological circumstances to be recruited in cortical circuits after completing maturation 

(Rotheneichner et al., 2018; Benedetti et al., 2020; reviewed in La Rosa et al., 2019; Benedetti & 

Couillard-Despres, 2022; Figure 1.6). Even if detailed reports about their age-related changes 

exist, it is not known if their reduction follow a pattern similar to that observed in adult 

neurogenesis (Ben Abdallah et al., 2010) or whether they might be considered as a reservoir of 
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young, undifferentiated neurons in the adult/aging brain (König et al., 2016; La Rosa et al., 2019; 

Benedetti & Couillard-Despres, 2022). 

 

 

Figure 1.5 – Immature neurons progressively mature and functionally integrate in rodent paleocortex. 

Using a DCX-Cre-ERT2/Flox-EGFP transgenic mice, in which the green fluorescent protein (GFP) is 

permanently expressed in DCX+ cells and in their progeny following tamoxifen administration, the research 

group of S. Couillard-Despres (Salzburg, Austria) demonstrated that most cINs do mature throughout life 

into glutamatergic neurons (top) and can be integrated into the pre-existing piriform cortex network 

(bottom). 

_____________________________________________________________________________________ 
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Figure 1.6 – Immature neurons can represent a third type of structural plastic processes as a non-canonical 

type of neurogenesis (neurogenesis without division). Indeed, the ultimate outcome of neurogenic processes 

consists of the addition of new neurons (here represented in dark blue), independently from the mechanisms 

used to produce them: stem cell/progenitor division or delayed maturation of immature neuronal precursors. 

Modified from La Rosa and Bonfanti, 2021. 

_____________________________________________________________________________ 
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BOX 1 – Canonical and non-canonical adult neurogenesis: the 

heterogeneity of brain structural plasticity 

______________________________________________________________________ 

 

What is increasingly emerging in the research field of brain structural plasticity is the 

remarkable heterogeneity of this process across the animal world (Bonfanti, 2011), even 

among mammals, and especially concerning protracted events of neurogenesis (see for 

example Barker et al., 2011; Patzke et al., 2015; Alunni and Bally-Cuif, 2016; Paredes et 

al., 2016b). Our laboratory contributed to develop this hypothesis through previous PhD 

projects (Roberta Parolisi, in 2017, by demonstrating the absence of adult neurogenesis 

in dolphins, and Chiara La Rosa, in 2020, by showing the remarkable heterogeneity of 

cortical immature neurons in widely different mammals). Overall, this complex matter has 

sometimes generated confusion, mainly linked to ambiguity and consequent 

misinterpretation of some neural markers (reviewed in Lipp and Bonfanti, 2016; La Rosa 

et al., 2020b), but also to the simple fact that heterogeneity in plasticity is organized on 

different levels:  

i) existence of different types of plasticity [TYPE VARIATION] 

(see above the distinction between synaptic plasticity ad neurogenesis) 

 

ii) heterogeneity of neurogenic processes (canonical neurogenesis, non-canonical 

neurogenesis, neurogenesis without division) [TYPE VARIATION WITHIN 

NEUROGENESIS] 

 

iii) heterogeneity linked to animal age progression [TEMPORAL VARIATION] 

 

iv) heterogeneity linked to interspecies variation [PHYLOGENETIC VARIATION] 

 

The latter aspect is important and underestimated, since most researchers almost 

exclusively use (and refer to) laboratory rodents (reviewed and discussed in Bolker, 

2012,2017; Brenowitz and Zakon, 2015; Faykoo-Martinez et al., 2017; La Rosa and 

Bonfanti, 2018; Cozzi et al., 2020). Examples of remarkable heterogeneity in plasticity 
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among mammals mostly came from research work carried during the last decade, and 

involving widely different mammalian species (Luzzati et al., 2006; Ponti et al., 2008; 

Sanai et al., 2011; Amrein, 2015; Patzke et al., 2015; Parolisi et al., 2017; Piumatti et al., 

2018; Sorrells et al., 2018,2019; La Rosa et al., 2020a). This part is further developed 

below, in Section 1.4. 

The present Box will deal with points ii-iv, concerning neurogenic processes. Our lab 

addressed this matter in previous review articles (Bonfanti and Peretto, 2011; Feliciano 

et al., 2015; Parolisi et al., 2018), yet the concept has evolved with time, by expanding 

more recently in the emerging story of “immature” neurons (Bonfanti and Nacher, 2012; 

Bonfanti and Charvet, 2021; Bonfanti and Seki, 2021). 

 

Canonical and non-canonical adult neurogenesis: an evolving concept 

In brief, the word “adult neurogenesis” can be used (and has been used across the years) 

with different (more restrictive or less restrictive) meanings, depending on the authors: 

a) the genesis of new neurons in the adult brain (less restrictive) 

b) the genesis of new neurons in the adult brain from well characterized stem cell niches 

c) the genesis of new neurons in the adult brain from well characterized stem cell niches 

and a well demonstrated outcome consisting of the structural and functional integration 

of the new neurons in the pre-existing neural circuits (more restrictive). 

In our vision, (a) and (b) consist of non-canonical neurogenesis, while only (c) falls into 

the canonical neurogenic process. 

At present, the only neurogenic sites that fulfil the third point are the SVZ and SGZ, though 

some authors tend to include the hypothalamus in this group. Indeed, neurogenesis has 

been proven to exist in the postnatal and adult hypothalamus (Pencea et al., 2001; 

Kokoeva et al., 2005), in both ventricular and parenchymal regions (Yoo and Blackshaw 

2018). The process has been shown to occur in different mammalian species including 

mice (Kokoeva et al., 2005) rats (Pencea et al., 2001; Xu et al., 2005; Perez-Martin et al., 

2010) and sheep (Migaud et al., 2011; Batailler et al., 2013), involving a wide range of 

hypothalamic nuclei, although with different distribution patterns (Batailler et al., 2013). 

The specific site in which the hypothalamic progenitor cells are born is not known, but it 

is proposed that they could originate in the hypothalamus itself (Migaud et al., 2010). As 
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regards their fate, the expression of hypothalamus-specific neuropeptides (Kokoeva et 

al., 2005) and the development of a specific phenotype involved in neuroendocrine 

function (Batailler et al., 2013) suggest that these cells (or at least a fraction of them) 

might become mature. However, at present there is no definitive evidence that these cells 

are able to structurally and functionally integrate into the hypothalamic circuitry (Yoo and 

Blackshaw 2018). Though progresses have been made in the description and 

characterization of the hypothalamic neurogenic niche, several aspects (including its 

functional and evolutionary role) still need to be clarified; for this reason we would 

consider this process in the above-mentioned group (b) of non-canonical neurogenesis. 

Overall, both canonical and non-canonical neurogenic processes might be considered as 

an exception to the prevalent stability (in terms of cell renewal) of the adult mammalian 

brain. Both canonical stem cell niches and the various example of cell genesis within the 

parenchyma consist of small events in the context of the whole brain, and progressively 

decrease in their rate as the animal age progresses (see Section below in this Box). In 

addition, beside the occurrence of non-canonical neurogenesis, the greater outcome of 

the “cell genesis” (cell division) detectable in the adult brain parenchyma is mostly 

represented by glial cells of the oligodendrocytic lineage (OPCs; Horner et al., 2000; 

Nishiyama et al., 2009; Boda et al., 2010; Bonfanti, 2013), whose cell population also 

appears to be far more stable in time (Semënov, 2021). 

The recent identification of a population of “immature” or “dormant” neurons in the 

cerebral cortex (cINs; see Section 1.2 and Figures 1.3-1.6) introduced another category 

of non-canonical (parenchymal) neurogenesis (Bonfanti and Nacher, 2012; Feliciano et 

al., 2015; König et al., 2016). This “neurogenesis without division” does not require the 

existence of stem cells and stem cell niches (hence does not belong to points (b) and (c)), 

yet, in the mouse piriform cortex it has proven to yield neurons capable of full maturation 

and functional integration into the cortical circuits (Benedetti et al., 2020), thus fulfilling 

both point (a) and the second part of point (c). Although these distinctions might appear 

too theoretical and “semantic”, they underline the remarkable (increasing) heterogeneity 

of brain plasticity in terms of neurogenic events (La Rosa et al., 2020b; Benedetti and 

Couillard-Despres, 2022). 

Finally, other aspects contributing to adult neurogenesis heterogeneity and affecting both 

canonical and non-canonical forms are the age-related decrease in the rate of 
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neurogenesis through the animal life (existing in each species), and the different decrease 

linked to interspecies variation. This point has often created confusion, because the two 

variables are overlapping, and because different animal groups have different lifespan, 

thus requiring proper translating times (see Bonfanti and Charvet, 2021 for general 

review). 

 

Adult Neurogenesis as a developmental process characterized by age-related decrease 

It is well known that some forms of plasticity, especially the striking structural changes 

involving persistent neurogenesis, progressively decline as the animal age progresses 

(Ben Abdallah et al., 2010; Sanai et al., 2011; Snyder, 2019; Bonfanti and Charvet, 2021; 

Duque et al., 2022; Bond et al., 2022). In stem cell-driven adult neurogenesis, one of the 

recognized causes for age-related reduction is stem cell depletion consisting of a mix of 

real, progressive exhaustion of the stem cell pool (reduction of the stem cell number; 

Encinas et al., 2011) and/or entry in stem cell quiescence (Urbán et al., 2019). The final 

result is a progressive exhaustion of the active stem cell reservoir, with a progressive 

drop of the capacity to produce new neurons. Such age-related reduction has been 

carefully described both in the SVZ and SGZ (Luo et al., 2006; Ben Abdallah et al., 2010; 

Semënov, 2021) leading to deep knowledge of the cellular and molecular mechanisms 

regulating the neural stem cell biology (Aimone et al., 2014; Lim and Alvarez-Buylla, 2016; 

Encinas et al., 2011; Urbán et al., 2019). 

In both canonical neurogenic sites, with some differences in the slope of reduction 

between SVZ and SGZ, a substantial genesis of new neurons is a juvenile event, even in 

mice (Ben Abdallah et al., 2010; Semënov, 2021). Concerning the evolutionary meaning 

of such a temporal pattern, the explanation seems to reside in the need for the CNS of 

young individuals to exploit the first part of life to refine or “sculpt” its capability (and thus 

the animal capability) to properly interact with the environment (Kempermann, 2019). In 

other words, plasticity in young pups will allow to grasp a vision of the world in which the 

animal will live by adapting some brain circuits to its features while these circuits are still 

highly plastic (Cushman et al., 2021). After this period, the brain (and the animal) needs 

substantial stability, what can explain the end of adult neurogenesis (or its decrease to 

very low levels). In this context, it is worth mentioning that adult neurogenesis, even in 

mice with their active stem cell niches, does not represent a “true stem cell system” as in 
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other tissues that undergo continuous cell renewal (e.g., skin, bone, blood), since in the 

olfactory bulb and hippocampus there is no continuous (and repeated, complete) cell 

renewal, but only addition of new elements, with progressive exhaustion of this capacity 

(Semënov, 2019). This fact can easily explain both the brain neurogenic potential as a 

“juvenile” feature, and its scarce possibility to repair after damage. In other words, adult 

neurogenesis is a process restricted in space and time, with physiological roles in brain 

circuit refinement during youth rather than in “regenerative events”.    

A further element of complexity consists of the fact that age-related reduction in 

neurogenic capacity is influenced by lifespan extension and its impact on the timing of 

neurodevelopmental events across species (Finlay and Darlington, 1995; Snyder, 2019; 

Charvet and Finlay, 2018; Bonfanti and Charvet, 2021; Bond et al., 2022). In fact, 

although the age-related reduction can be observed across the animal world, substantial 

differences do exist among species. Recent research carried out in comparative 

neuroplasticity has started to describe these differences in mammals.  

 

Adult neurogenesis appears to be reduced from small-brained to large-brained mammals 

Great differences exist between non-mammalian vertebrates (e.g., fish, whose brain has 

high capacity for renewal and repair) and mammals, since the former host neural stem 

cell niches at widespread locations, allowing substantial neuronal cell renewal throughout 

life and brain regions (Ganz and Brand, 2016; Kyritsis et al., 2012), while the latter are 

endowed with a far more static brain, both in terms of cell renewal and repair (Bonfanti, 

2011; La Rosa and Bonfanti, 2018). Apart from differences between animal classes, 

recent research has revealed remarkable differences in adult neurogenesis even among 

mammals. Studies that went further humans and laboratory rodents as models (the latter 

being the most studied in the field of adult neurogenesis) highlighted a general 

heterogeneity in the occurrence of this process in the animal world. Especially in 

mammals, remarkable differences do exist in terms of occurrence and rate of 

neurogenesis. A wide comparative study carried out in different mammalian species did 

not find any DCX positivity in the hippocampus of cetaceans (Patzke et al., 2015). 

Accordingly, our laboratory has demonstrated that in dolphins, mammals devoid of 

olfaction, but descendant of ancestors provided with olfaction, there is a disappearance 

of neurogenesis in both neonatal and adult individuals (Parolisi et al., 2017). In parallel, 

several papers have demonstrated that forebrain and hippocampal neurogenesis seems 
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to disappear in human since infancy or young ages (Sanai et al., 2011; Cipriani et al., 

2018; Sorrells et al., 2018), while in laboratory rodents a neurogenesis activity is present 

throughout life (Ben Abdallah et al., 2010). As regards other mammalian species, few 

studies investigated the rate of adult neurogenesis: in bats, low or absent level of 

hippocampal adult neurogenesis has been described comparing twelve different bat 

species (Amrein et al., 2007) while works involving non-human primates showed a lower 

rate of hippocampal neurogenesis with respect to rodents accompanied by an age-related 

decline (Leuner et al., 2007; Marlatt et al., 2011; Bunk et al., 2011; Kornack and Rakic 

1999; Wang et al., 2022). The timing of hippocampal neurogenesis is therefore consistent 

with the broader comparative pattern of neurodevelopment, where humans and 

nonhuman primates are born with a mature nervous system (at least in terms of cell 

production) compared to that in rodents (Snyder, 2019). If we consider birth as T0, 

neurogenesis appears conspicuously low in primates and humans compared to rodents. 

The pattern of early neurogenesis is therefore likely to impact neurogenesis later in life, 

potentially contributing to species differences (e.g., accelerated dentate gyrus 

development in humans may lead to lower rates of neurogenesis in childhood and 

adulthood if dentate gyrus precursor cells undergo a finite number of divisions; Snyder, 

2019). Collectively, these data highlight the need to study older animals that can better 

model adult humans (and animal species endowed with longer lifespan than in rodents). 

In conclusion, an increasing number of studies is revealing the existence of high, 

unexpected levels of heterogeneity for neurogenic plasticity, linked to multifaceted 

aspects: different types of neurogenic events with different dependency from stem cell 

occurrence, interspecies variation concerning location, rate, amount, and temporal 

patterns, thus making necessary a systematic comparative approach to this topic. 

_____________________________________________________________________________ 

 

1.3 Cortical immature neurons are heterogenous in mammals 

The topic of cortical “immature” neurons, along with the concept of "neurogenesis without 

division," is relatively new and still not fully explored (Bonfanti and Seki, 2021; Benedetti and 

Couillard-Despres, 2022). Many questions remain unanswered, such as the molecular and cellular 

mechanisms that allow these neurons to halt their maturation before birth and subsequently 

"awaken" during adulthood. Additionally, their prevalence throughout the brain is not yet precisely 
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known (Ghibaudi and Bonfanti, 2022), and it remains unclear whether they can be activated in 

response to injury, inflammation, or neurological disorders (excluding recent reports on 

subcortical, putative immature cell populations; Chareyron et al., 2021). Some insight has been 

gained about the phylogenetic variation of cINs through systematic investigation of the cortex of 

different mammalian species widely varying in brain size, gyrencephaly and socioecological 

features, providing an unexpected twist in our understanding of comparative neuroplasticity 

(Piumatti et al., 2018; La Rosa et al., 2020a). Previous reports indicated that in laboratory rodents 

cINs are highly restricted to the piriform and entorhinal regions of the paleocortex (Seki and Arai, 

1991; Bonfanti et al., 1992; Nacher et al., 2001), though DCX+ neurons were also observed in the 

neocortex of some mammals, including guinea pigs, rabbits, and cats (Cai et al., 2009; Zhang et 

al., 2009; Varea et al., 2011; Luzzati et al., 2009; Xiong et al., 2008). Hence differences exist in 

the anatomical distribution of cINs among mammals, suggesting a more widespread presence in 

large-brained gyrencephalic species (Palazzo et al., 2018). Since most comparative studies on this 

subject were carried out on single animal species, by different laboratories, and using different 

methods of tissue processing and cell counting, we decided to perform a comparative study across 

mammals by addressing the occurrence, distribution, and amount of cINs in the whole cortical 

mantle (La Rosa et al., 2020a). In that study, 84 brains were processed by using the same method 

to identify and count the layer II DCX+ cINs to obtain a linear density (number of cINs/mm of 

cortical layer II). The analysis revealed an extension of the presence of cINs from paleocortex in 

rodents to the entire neocortical mantle in gyrencephalic mammals (Figure 1.7), with remarkable 

variation in cell density (one order of magnitude when comparing the group of small-brained 

species with large-brained ones; Palazzo et al., 2018; La Rosa et al., 2020a; Figure 1.7). The 

presence of DCX+ cINs has been confirmed in the cerebral cortex of humans (Coviello et al., 2022; 

Li et al., 2023; see also Chapter 2 and Ghibaudi et al., 2023a). Though comparable quantitative 

data in humans are not yet available, it has been shown that these neurons cover layer II of the 

entire cortical mantle, being preserved at adult and old ages (Li et al., 2023). Thus, it appears that 

the cINs could grant a reservoir of young cells for the neocortex of large-brained species. For the 

highly complex cerebral cortices of these mammals, to rely on pre-existing neurons that can be 

added functionally throughout life might be an evolutionarily advantageous, energetically 

inexpensive solution for overcoming the lack of stem cells and progenitor cells (La Rosa and 

Bonfanti, 2021).  

 

 



26 
 

 

Figure 1.7 – “Immature” neurons are more abundant and widespread in large-brained species. Left, the 

occurrence (anatomical distribution) of cortical immature neurons (cINs; brown line) remarkably increases 

with increasing brain size and gyrencephaly (brains are not represented in scale; brain size is indicated by 

brain weight). Arrowheads: limit between paleocortex and neocortex. Right, higher density of cINs in the 

cortical layer II, in addition to higher extension of the neocortex in highly gyrencephalic species, lead to 

huge difference between mouse and primates (chimpanzee). Modified from La Rosa et al., 2020a. 

_____________________________________________________________________________________ 

 

1.3.1 Are parenchymal DCX+ cells (as INs) confined to the cortical mantle? 

In addition to canonical and non-canonical neurogenic sites, as well as the cortical layer II, DCX+ 

cells can also be present in other regions of the brain. DCX+ cells have been described in 

subcortical regions such as claustrum and amygdala in several mammals, including humans 

(Piumatti et al., 2018; Li et al., 2023; Bernier et al., 2002; Fudge et al., 2012; Jhaveri et al., 2018; 

Lavenex et al., 2021; Marlatt et al., 2011; Marti-Mengual et al., 2013; Sorrells et al., 2019; Zhang 

et al., 2009). Although we currently lack systematic studies on the distribution and amount of 

“immature” neurons in these brain areas, several reports indicate that they might undergo 

interspecies variation (Chareyron et al., 2021; Ghibaudi and Bonfanti, 2022; Page et al., 2022). 

For example, in a detailed study conducted on the human amygdala from embryogenesis to 

adulthood, many DCX+, PSA-NCAM+ cells were found in the basolateral nucleus, in association 

with Ki67 antigen+ nuclei (but mostly no coexpression) whose number and distribution varied 

across different ages (Sorrells et al., 2019). The same research group recently studied the DCX+ 
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cells of the amygdala in mice (only a few cells are detectable in rodents; see Chapter 4). By using 

transgenic animals, this study confirms that immature neurons in the amygdala are generated 

prenatally (Alderman et al., 2022), thus extending the concept of INs from the cortex to subcortical 

regions. The data obtained in humans and mice indicate that subcortical immature neurons may 

also display interspecies variation, nevertheless systematic comparative analyses are still lacking. 

Very few is known regarding the real nature/origin of the subcortical DCX+ cells, sometimes 

interpreted as newly generated in the past, when DCX was considered a proxy for neurogenesis 

(La Rosa et al., 2020b; Bonfanti and Seki, 2021). The literature concerning this topic, with some 

functional interpretations and hypotheses, is reported in Table 1.1. 

Some DCX+ cell populations of unknown function have also been described in the postnatal brain 

white matter of different mammalian species (Luzzati et al. 2003; Ponti et al. 2006b, Piumatti et 

al., 2018), including primates and humans (Fung et al. 2011; Paredes et al. 2016a)3. 

Due to the importance of white matter, amygdala and claustrum for proper brain connectivity and 

functioning (see Box 2), linked to survival from emotions to conscience, a deeper knowledge of 

their “young” neurons is needed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
3 In mouse and humans, the current explanation for these cells is that they are young neurons generated 

postnatally and migrating to the cortex (Inta et al. 2008; Le Magueresse et al. 2011, 2012; Riccio et al. 

2012; Paredes et al. 2016a). 
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Table 1.1 Detection of young, undifferentiated neurons in subcortical brain regions of mammals: 

interspecies differences and heterogeneous interpretation in literature (from Ghibaudi and Bonfanti, 2022) 

 

Brain 

region 

 

 

Animal species 

 

Age 

Proposed nature 

 

 

References 
PHYSIOLOGICAL 

CONDITION 
EXPERIMENTAL 

CONDITION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AMYGDALA 

 

 

Mouse 

(Mus musculus) 

All ages  

No immature cells detectable  

 (mostly unpublished 

negative results and 

personal observations) 

7-12 weeks  Newly generated 

(YFP transgenic mice, 

neurosphere assay) 

(BrdU and DCX) 

 

Jhaveri et al. 2018 

Rabbit 

(Orictolagus cuniculus) 

3-6 months Chains of immature neurons 

(DCX, PSA-NCAM), with a few 

newly generated elements  

(BrdU 40 mg/kg) 

  

 

Luzzati et al. 2003 

Sheep 

(Ovis aries) 

1 week 

4 months 

2 years 

Pre-natally generated (BrdU 20 

mg/kg, injected during pregnancy 

and in adulthood; confocal 

microscopy) 

  

 

Piumatti et al. 2018 

Marmoset 

(Callithrix jacchus) 

4 years Newly generated 

(PSA-NCAM expression) 

(BrdU 200 mg/kg, light 

microscopy) 

  

Marlatt et al. 2011 

Squirrel monkey 

(Saimiri sciureus) 

Cynomolgus monkeys 

(Macaca fascicularis) 

3-6 years 

 

6-12 years 

Newly generated 

(PSA-NCAM expression and 

other markers) 

(BrdU 50 mg/kg twice a day for 3 

days) 

  

 

Bernier et al. 2002 

 

 

Macaque 

(Macaca mulatta) 

1 day-9,5 years  Immature neurons - Cell 

migration suggested 

(Bcl-2 expression) 

[hippocampal lesion] 

 

Chareyron et al. 2021 

12 years 

21 years 

31 years 

Immature neurons 

(DCX and PSA-NCAM 

expression) 

 Zhang et al. 2009 

Macaque 

(Macaca fascicularis, 

Macaca nemestrina) 

 

2,5 years 

Immature neurons 

(DCX and PSA-NCAM 

expression) 

  

Fudge et al. 2012 

Human 

(Homo sapiens) 

 Immature neurons 

(expression of PSA-NCAM but 

not Ki67) 

 Marti-Mengual et al. 

2013 

Human 

(Homo sapiens) 

from embryo  

to adult 

Immature neurons until 

adolescence, then possibly 

undergoing maturation 

  

Sorrells et al. 2019 

Mouse, Rat, Human 7 weeks (M) 

2-4 months (R) 

18-65 years (H) 

Relation with behaviour 

(DCX expression: protein 

isolation;RNAseq, qRT-PCR) 

  

Maheu et al. 2021 

 

CLAUSTRUM 

Sheep 

(Ovis aries) 

1 week 

4 months 

2 years 

Pre-natally generated 

(BrdU 20 mg/kg, injected during 

pregnancy and in adulthood; 

confocal microscopy) 

  

Piumatti et al. 2018 

 

 

 

 

 

WHITE 

MATTER 

Rabbit 

(Orictolagus cuniculus) 

3-6 months Chains of PSA-NCAM+ cells  Luzzati et al. 2003 

Macaque and Human 

(Macaca mulatta 

Homo sapiens) 

2 weeks-12 years 

(M) 

6 weeks-49 years 

(H) 

Migrating cells 

(DCX expression, DCX mRNA) 

Decreased during infancy 

 

Decreased in schizofrenic 

patients 

[schizofrenia] 

 

Fung et al. 2011 

Sheep 

(Ovis aries) 

1 week 

4 months 

2 years 

 

Clusters of immature neurons 

(non-newly generated in sheep; 

not coexpressing Ki67 in 

dolphin) 

  

 

La Rosa et al. 2018 

Dolphin 

(Tursiops truncatus 

Stenella coeruloalba) 

 

1-9 days to adult  
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Figure 1.8 – Heterogeneity of “young”, undifferentiated neurons existing in the adult mammalian brain, 

on the basis of the current knowledge. A, the two populations of young neurons corresponding to newly 

generated and non-newly generated “immature” neurons inhabit different brain regions: the 

forebrain/hippocampal neurogenic sites and the cerebral cortex layer II. Their anatomical distribution and 

amount appear to differ among mammals (A,B), with a prevalence of stem cell-driven neurogenesis in 

small-brained species and a greater abundance of “dormant” neurons in large-brained ones, extending to 

neocortex (La Rosa et al., 2020a). A third, less studied population (yellow cells), also expressing DCX, has 

been described in subcortical regions of different mammals (see Table 1.1). Here they are indicated as 

immature-appearing neurons since it is not clear whether they are composed of either “dormant” neurons, 

newly born neurons, or both (modified from Ghibaudi and Bonfanti, 2022). 

_____________________________________________________________________________________ 
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BOX 2 – Claustrum and Amygdala: hubs of the cerebral cortex 

______________________________________________________________________ 

 

Claustrum and amygdala can be seen as sorting centers of the brain. They receive inputs 

from the cerebral cortex, elaborate a response that immediately send out to produce an 

output. Here follows a summary highlighting their anatomical location, cellular 

components and their role inside the brain. 

 

The claustrum is a sheet of neurons lying between the cortex and the striatum. It is 

composed of two different cell types (Type I and Type II neurons; Braak and Braak, 1982; 

Crick & Koch, 2005) of both glutamatergic and GABAergic nature. Additionally, three 

interneuron types are present (parvalbumin-, calbindin-, and calretinin-positive 

interneurons; Bruguier et al., 2020).   

The claustrum may be present only in mammals and possibly absent in all monotremes 

(Jackson et al., 2020), but the existence of a claustrum homolog in non-mammalian forms 

is still under debate (discussed in Puelles et al., 2014). This, together with the fact that 

the claustrum volume increases in concert with the neocortex expansion (Kowianski et 

al., 1999) lead to the hypothesis that the claustrum has a role in higher-order cognitive 

processes. Studies of its function has revealed that it works as a central hub for the 

cortical circuitry, communicating most densely with medial regions of frontal cortex (e.g., 

cingulate cortex) and ventrolateral areas of the temporal lobe (e.g.,entorhinal cortex). 

Moreover, it receives inputs from brain regions processing limbic information such as the 

amygdala, hippocampus, and thalamus. These findings suggest that the claustrum may 

be involved in functions such as attention, memory, anxiety and vigilance, then directing 

such information to the cortex to modify perception and actions (Jackson et al., 2020). 

 

The Amygdala is an almond-shaped structure located in the temporal lobe of the brain. It 

is composed of several nuclei and subdivisions, each one identifiable thanks to the 

different cell types present (the basolateral group, which includes the basal nucleus and 

the lateral nucleus; the centromedial group, that comprises the medial nucleus and the 

central nucleus and other amygdaloid nuclei which are the intercalated cell masses, the 

amygdalohippocampal area and the paralaminar nucleus; De Olmos et al., 2004; 
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Decampo & Fudge 2012). Different cell types are present according to each nucleus 

composing the amygdala: in the basolateral nucleus, 70% of the cell population is 

represented by the Class I glutamatergic neurons, which have a pyramidal-like somata. 

The remaining 30% is represented by the Class II GABAergic neurons which are local 

circuit interneurons. The centromedial group shows fusiform or ovoid spiny neurons with 

GABAergic projections (Sah et al., 2003). A comparative analysis of the basolateral group 

from small to large-brained mammals (guinea pig, rabbit, fox and pig) has demonstrated 

that its neuronal structure remains substantially stable and unchanged among the 

different species (Równiak et al., 2003), suggesting a possible conservation of this 

structure among mammals. Its function span from the genesis of emotions, fear, learning 

and memory consolidation (Sah et al., 2003). Anterograde and retrograde tracers 

injections demonstrated its strong connection with several brain regions, spanning from 

the cerebral cortex, the thalamus, the hypothalamus and the brainstem (Sah et al., 2003). 

_____________________________________________________________________________ 

 

1.4 Comparative analysis: a nonconformist choice 

Most neuroscience research is performed on laboratory rodents. Although the prevalence of this 

model has been repeatedly challenged (Manger et al., 2008; Bolker, 2012; Keifer and Summers, 

2016), it remains the gold standard in translational research for most laboratories and it is not hard 

to understand why: its large availability and easy/fast manipulation certainly make it easier the life 

of a researcher. In addition, the undisputable advantage of generating a wide range of transgenic 

animals, makes it the model of choice to study molecular mechanisms and biological pathways. 

Nevertheless, while phylogenetically close to primates, laboratory rodents might not be the answer 

for all biological processes, and focusing only on mice and rats can hamper the correct translation 

to humans. About 5000 species, including 26 orders, form the class Mammalia. Until now, the 

exact number of species is not yet clear, and doubts still exist concerning how some orders and 

families are related to others (Burgin et al., 2018). New exciting information is coming from 

phylogenesis based on molecular evidence and from fossils. For example, the traditional 

subdivision of Chiroptera into megabats and microbats may not accurately reflect evolutionary 

history (Teeling et al., 2002). The Animal Diversity Web, a database we used for information 

about animal natural history, distribution, and classification, generally follows the arrangement 

used by Wilson and Reeder (2005). 
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As a matter of fact, remarkable differences do exist in mammals concerning complex biological 

processes such as structural plasticity (see Sections above), thus reducing the value of results 

obtained in rodents for translational purposes (see further discussion of this point in Chapter 5). 

Nevertheless, the use of larger mammals as animal models is still viewed with suspicion in the 

scientific field (a few publications have been dedicated to the brain of the domestic bovine (207), 

sheep (100), horse (4), or pig (414), out of 700,000 reports in the neurosciences during the last 20 

years; Cozzi et al., 2020), a fact that is explainable with the large number of variables, limits, 

ethical and technical problems encountered when studying such models (summarized in Figure 

1.9).  

First of all, the number of samples obtainable for a study cannot be as large as the one used with 

laboratory rodents, given less tissue availability, longer times for processing larger brains (a simple 

example coming from our lab is the fact that the whole brain processing for a mouse could take 

not more than 2/3 weeks, while for a larger brain it can take months) and the high costs. This leads 

to a number of samples that may be close to the minimum requested for statistical analysis.  

Then, there are some techniques that can be exclusively performed in small-brained species, both 

for technical and ethical reasons: preserving the marker detection integrity is a fundamental aspect 

in neuroscience, especially in brain structural plasticity, and this requires techniques which aim at 

preserving the tissue in the best condition possible. In the process of brain fixation, an easy way 

to reach this goal is intracardiac perfusion: it consists of the direct injection of a fixative (usually 

paraformaldehyde) in the animal blood circulation, thus reducing the time from the death of the 

animal and the fixation of the brain (postmortem interval, PMI) virtually to zero, preserving the 

tissue and the molecules of interest in the best condition possible. This is a process which cannot 

be performed on some larger animals (both for ethical and technical limits); for this reason, other 

techniques are requested, such as the extraction of the brain from the skull and its immersion in 

the fixative (usually formalin), which requires more time to penetrate the tissue thickness, thus 

increasing the PMI and possibly affecting the tissue and antigen integrity.  
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Figure 1.9 – The complex landscape of cell marker detection in comparative neuroplasticity. (A) The two 

most used markers for in vivo detection of neuronal immaturity (doublecortin, DCX) and cell division (Ki-

67 antigen), and the main variables affecting their detection in the brain tissue; Image magnification: 40x. 

(B) The possible sources of variation can depend on several reasons, including differences linked to the 

animal species (neuroanatomy, evolutionary choices in the types of neuroplasticity, and intrinsic differences 

in the expression of cells/markers), and/or technical reasons linked to the procedures of brain sampling and 

fixation, potentially varying in relation to brain size. (C) Difficulties encountered in cell marker detection 

increase with increasing brain size and complexity of cognitive abilities (from mice to humans) on the basis 

of technical and ethical issues. 

_____________________________________________________________________________________ 
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Another example is the long-term tracing of newly born elements (BrdU label-retaining cells), 

which cannot be successfully used in humans or in mammalian species that are protected by 

international law (e.g., human primates and cetaceans). Alternatively, local cell division can be 

detected by immunocytochemistry in post-mortem tissues (e.g., Ki67 antigen; Kee et al., 2002), 

limitedly to cells dividing at the exact time of animal death. Additionally, some discrepancies 

emerging after comparing the results with those obtained in laboratory rodents can be linked to 

real interspecific differences of the biological processes themselves (Lipp and Bonfanti, 2016; La 

Rosa et al., 2020b; Sorrells et al., 2018; Moreno-Jimènez et al., 2019; Parolisi et al., 2017; Seki 

2020) or to antibody specificity in the different mammals. Hence, the overall issue of analysing 

large, gyrencephalic brains is more complex than simply fixation, which overlap with natural 

interspecies variation and/or different specificity of antibodies across phylogeny, the latter two 

aspects being often neglected. 

 

 

BOX 3 – Main cellular markers for cell proliferation and neuronal 

maturity/immaturity used in this thesis 

______________________________________________________________________ 

 

Cell proliferation and neuronal maturation are biological processes which allow the 

formation of the CNS during embryonic development but can also be retained in certain 

regions/cell populations of the postnatal/adult brain (in the latter case leading to “whole 

cell” structural plasticity). Some molecular/cellular steps and temporal stages of such 

processes can be identified/followed by using a series of “molecular markers” which are 

expressed transiently and can be visualized by immunocytochemistry (Figure 1.10). 

 

Doublecortin (DCX). A microtubule-associated protein expressed by migrating 

neuroblasts in both developing and adult mammals (Francis et al., 1999; Gleeson et al., 

1999; Brown et al., 2003). It plays a crucial role for microtubule stabilization (Gleeson et 

al., 1999), nuclear translocation during neuronal migration (Koizumi et al., 2006), and 

growth cone dynamics (Burgess and Reiner, 2000). In human, it is essential for normal 

brain development and mutations cause X-linked lissencephaly, with the characteristic 

defect in cortical layering (Gleeson et al., 1998; Sapir et al., 2000). This marker covers 

several cell populations being in a low state of maturation and spanning through various 

morphologies (Klempin et al., 2011). This protein starts to be expressed in dividing 
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neuronal precursor cells, where it colabels with the marker of cell proliferation Ki-67. Then 

it is downregulated to undetectable levels when neurons enter in the differentiation stage 

(Brown et al., 2003). These characteristics led sometimes to the misunderstanding that 

DCX could be a specific marker for neurogenesis, although in the CNS it is not restricted 

to newly generated cells. Indeed, DCX expression has been described in some 

mammalian species in a wide number of cells in the cortical layer II and they are 

generated during embryonic development (Verwer et al., 2007; Xiong et al., 2009; Luzzati 

et al., 2008; Gomez-Climent et al., 2008; Bloch et al., 2011).  

PSA-NCAM (polysialylated form of N-CAM). An anti-adhesive form of the Neural Cell 

Adhesion Molecule (N-CAM). Polysialic acid (PSA) is a large carbohydrate added post-

translationally to the extracellular domain of the transmembrane protein N-CAM, a 

member of the immunoglobulin superfamily of adhesion molecules. This process leads to 

a reduction in the interaction between cell expressing PSA-NCAM and the surrounding 

neuropil element. PSA-NCAM is widely distributed in the developing nervous system 

where it promotes dynamic cell interaction, like those responsible for axonal growth, 

terminal sprouting and target innervation. In adult nervous system, its expression is 

restricted to regions in which there are different form of plasticity (Bonfanti and Theodosis, 

2009). 

Ki-67 antigen. It is a nuclear protein expressed in dividing cells for the entire duration of 

their mitotic process. In interphase, it can be exclusively detected in the nucleus, while in 

mitosis the protein is relocated to the surface of the chromosomes. Considering the fact 

that it is expressed in all active phases of the cell cycle (G1, S, G2 and mitosis) and it is 

absent in resting cells (G0), it is an excellent marker to identify growing cells (Scholzen 

and Gerdes, 2000; Sobecki et al., 2016). Hence, it is not expressed by INs and it could 

be useful as negative control. 

NeuN (Neuronal Nuclear Protein). In most species analysed until now in literature, a 

small fraction of INs expresses also NeuN, a protein localized in nuclei and perinuclear 

cytoplasm of most of the mature neurons in the central nervous system. There are few 

conflicting data about this marker: it is believed that NeuN emerges during early 

embryogenesis in postmitotic neuroblasts and remains in differentiating and terminally 

differentiated neurons throughout the whole subsequent ontogeny and its functions are 

still not fully clear (Gusel'nikova and Korzhevskiy, 2015). 
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NG2 chondroitin sulfate proteoglycan (Neuron Glia antigen 2). Also known as 

chondroitin sulphate proteoglycan 4 (CSPG4), it is a surface type I transmembrane core 

proteoglycan expressed in the developing and adult CNS by several cell types, including 

glial cells such as polydendrocytes or oligodendrocyte precursors (Ampofo et al., 2017). 

It is suggested that its function is to regulate both cell proliferation, migration and survival 

by interacting with extracellular and intracellular ligands (Stallcup 2002). 

 

SOX10 (SRY-Box Transcription Factor 10). Expressed throughout oligodendrocyte 

development, is an important component of the transcriptional regulatory network in 

myelin-forming CNS glia (Küspert et al., 2011). Specifically, it is crucial in 

oligodendrocytes differentiation by promoting myelin gene expression and is necessary 

for the survival of myelinating oligodendrocytes (Takada et al., 2010) 

 

 

 

Figure 1.10 – An example of different temporal expression of some molecular markers commonly 

used for studying both newly generated and INs. Some of them are more specific of restricted 

phases (e.g., cell proliferation or differentiation) whereas others (e.g., the markers of immaturity 

and plasticity DCX and PSA-NCAM) can be expressed for longer periods of time and are usually 

lost as maturation starts.  

 

_____________________________________________________________________________________ 
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1.5 Aims of this PhD project 

The present work is a pursuing of a previous PhD project aimed at mapping and characterizing the 

“immature” neuronal cell populations in the brain of different mammals, based on the emerging 

evidence that brain neurogenic plasticity is more heterogeneous than previously thought, likely 

having undergone to evolutionary choices in different animal groups. 

Starting from these bases, the main objective was to perform a systematic comparative analysis of 

INs in the subcortical regions of different animal species (characterized by different brain size, 

cortical gyrification, lifespan, ecological niche) in the most (possibly) similar way to that 

performed in the cerebral cortex in the previous PhD project. For this reason, we included two 

rodent species with highly different lifespan (mouse and naked mole rat, which live 1.5 and 30 

years, respectively), and two primates with different features (marmoset, a non-human primate 

with a small and lissencephalic brain; and chimpanzee, a human primate with a larger, 

gyrencephalic brain). We also considered the rabbit, with small, lissencephalic brain, yet 

displaying high structural plasticity (Luzzati et al., 2003; 2006; Bonfanti and Ponti, 2008; Ponti et 

al., 2008), and two species of domestic animals (cat, sheep; hence including herbivores and 

carnivores) endowed with different brain size, yet clearly gyrencephalic.  

To perform systematic qualitative and quantitative analysis in our 7 mammalian species (Human 

brain tissues were added in the methodological study; see Chapter 2) four specimens (4 entire 

hemispheres) for each animal species and age group were collected (see below the Method sections 

in each Chapter, especially Figure 4.1 in Chapter 4). Collecting such a material, trying to reduce 

the variables in type and time of fixation, postmortem interval, and ages, is not an easy task, also 

considering that some species are protected by international laws (see for example CITES 

regulations for chimpanzees). Overall, a total of 116 brains (24 in Part 1, 24 in Part 2, and 68 in 

Part 3), belonging to eight mammalian species and five orders, were analysed in this study (see 

Figures 1.11, 2.1 and 4.1; Tables 1.2, 2.3, 3.1 and 4.1, and Box 4). 

To achieve the main goal, this PhD project have been developed on three different levels (for a 

brief description of the methodology employed for each level, see paragraph below, Overall 

organization of the results):  

i) with our analysis on subcortical regions being performed on widely different species with 

different brains size, we hypothesized that such heterogeneity could influence the proper detection 

of common markers in brain structural plasticity (mainly DCX and Ki67-antigen). Scarce 
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information exists in literature regarding comparative detection of these markers, thus the first aim 

was to study to what extent different variables involved in comparative analysis carried out with 

immunocytochemistry may influence the detection of both DCX and Ki67-antigen, to set the best 

experimental condition for our comparative analysis. 

ii) since in the literature the occurrence of DCX+ cells have been repeatedly reported to occur in 

subcortical regions of different mammals (with heterogeneous results and interpretations), we 

questioned both to what extent their occurrence is heterogeneous among different species and 

whether they are newly generated elements or INs. To do this, we studied the nature, distribution 

and amount of DCX+ cells in the amygdala of seven widely different mammals, from mice to 

primates. 

iii) being the occurrence and rate of neurogenic processes affected by age progression, and 

considering different age groups in our comparative analyses, we systematically addressed the 

possible age-related changes of cINs in the piriform cortex of mice, from very young ages to aging.  

Overall, the above three levels can be divided in five specific objectives:  

- To set the appropriate conditions for detecting antigens for the study of INs in postmortem brains 

of widely different mammals (point i) 

- To assess the possible occurrence of DCX+ neurons in the subcortical regions of widely different 

mammals (point ii) 

- To assess their putative nature of “immature” neurons (non-dividing, DCX-expressing cells 

frozen in an immature state; point ii) 

-  To investigate the possible phylogenetic variation of subcortical INs, in order to discuss the 

results with current knowledge in the cerebral cortex (point ii) 

 

- To investigate the possible age-related changes in the occurrence of cINs in the mouse piriform 

cortex, to compare the results with current knowledge in other animal species and brain regions 

(point iii) 
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Overall organization of the results 

The results of this PhD thesis have been split into three main parts, each conceived for distinct 

publications. At the time the thesis is delivered, parts 1 and 2 have been published (Ghibaudi et 

al., 2023a, Int. J. Mol. Sci.; Ghibaudi et al., 2023b, Front. Cell. Neurosci.). A third manuscript 

concerning part 3 will be submitted after the PhD, due to the total amount of work required for 

completing the mapping of the DCX+ immature neurons in both claustrum and amygdala, in 8 

mammalian species (adding the horse as a very large-brained species, and further ages for some 

species). 

In parallel with the above-mentioned Original Research articles, a Perspective Article (Ghibaudi 

and Bonfanti, 2022, Front. Neurosci.) and a Review Article (Bonfanti, La Rosa, Ghibaudi, 

Sherwood, Brain Struct. Funct.) have been published, to expand and discuss the hypothesis issued 

from this PhD work.  

 

Part 1 (Chapter 2) – Different variables involved in comparative analysis of the mammalian brain 

were combined to understand their influence in the detection of two well-known markers of CNS 

structural plasticity: the cytoskeletal protein DCX, a marker of immaturity, and Ki67 antigen, a 

marker of cell division. Different commercial antibodies directed against these two markers were 

compared in six mammals (including humans) in four different brain regions: neocortex, 

paleocortex, SVZ and SGZ.  

Part 2 (Chapter 3) – This part was dedicated at understanding the variation in number and features 

of cINs in the mouse paleocortex at different ages (from 1 to 15 months). The study was directed 

to understand whether a general age-related decrease known to affect plasticity also extends to 

cINs, and whether it is comparable to that described for adult neurogenesis. The data will be 

compared with those found in the study of INs in the subcortical regions (part 3). 

Part 3 (Chapter 4) – In this part, the analysis of the occurrence, distribution, and amount of DCX+ 

and Ki67+ cells in the amygdala of 7 widely different mammalian species was done. The aim was 

to understand whether amygdalar DCX+ cells also underwent a phylogenetic variation, and if they 

can be considered either newly generated cells or INs (by performing coexpression analysis with 

Ki67 antigen, and by studying the spatial distribution/age-related changes of the two cell 

populations). The data obtained will be compared to those found in the previous PhD project, 

showing phylogenetic variation of cINs in the cerebral cortex of mammals.  
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Each part is discussed separately at the end of the Chapters, while a more general discussion is 

provided in Chapter 5. 

_____________________________________________________________________________ 

 

Figure 1.11 - Animal species considered in this thesis (humans are not included here since we only analyzed 

some brain tissues, not entire hemispheres). Seven mammalian species belonging to five different orders 

were considered. From left to right: mouse, naked mole rat, marmoset, rabbit (mostly small-brained and 

lissencephalic), cat, sheep, chimpanzee (mostly gyrencephalic; see also Table 1.2). 

_____________________________________________________________________________ 

 

 

Table 1.2 - Main information the animal species considered in this study. Further detail can be found in the 

Identity cards section and in each Materials and Methods sections in each Chapter. 

  

Scientific name Common name 
Brain 

weight 

Gyrification 

index 
Lifespan Food habits 

Mus musculus Mouse 0,4 g 1.03 1.5 y Omnivorous 

Heterocephalus glaber 
NMR 

(Naked mole rat) 
0.5 g - 30 y Herbivorous 

Callithrix jacchus Marmoset 7-10 g 1.18 10-16 y Herbivorous 

Pan troglodytes Chimpanzee 384 g 2.31 60 y Omnivorous 

Oryctolagus cuniculus Rabbit 1.5-2.5 g 1.15 9 y Herbivours 

Ovis aries Sheep 120 g 2.29 22.8 y Herbivorous 

Felis catus domestica Cat 25-30 g 1.6 15 y Carnivorous 
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BOX 4 – Identity cards of the animal species involved in this thesis 

______________________________________________________________________ 

 

 

 

Mus musculus [Mouse] 

 

 
 
 
 
 
 
 
  

Lifespan: 1.5 year 

Sexual maturity: 5 – 7 weeks 

Gestation 
period: 

21 days 

Weight: 12 – 30 g 

Brain weight: 0.4 g 

Geographic 
Range: 

Spread throughout the world by humans  

Ecological 
niche: 

Close association with humans, cultivated fields, 
fencerows, wood areas 

Order:  Rodentia Food Habits: Omnivorous 

Family: Muridae Behaviour: Territorial and colonial 

Genus:  Mus Communication: Chemical (pheromones) and acoustic 

Species: Mus musculus Brain atlas: 
http://mouse.brain-
map.org/experiment/thumbnails/100048576?image_type
=atlas 

 Source:  http://animaldiversity.org/accounts/Mus_musculus/ 

 Heterocephalus glaber [Naked mole rat] 

 

 
 
 
 
 
 
 

 

Lifespan: 30 years 

Sexual maturity: 7.6 months (F) – 1 year (M) 

Gestation 
period: 

70 days 

Weight: 30 – 80 g 

Brain weight: 0.5 g 

Geographic 
Range: 

Eastern Africa (Ethiopia, Somalia and Kenia) 

Ecological 
niche: 

Underground tunnels in grasslands and savannas 

Order: Rodentia Food Habits: Herbivorous 

Family: Bathyergydae Behaviour: 
Eusocial animals living in colonies composed by the 
queen, breeding males and non-breeders 

Genus: Heterocephalus Communication: Tactile and acoustic 

Species: Heterocephalus 
glaber 

Brain atlas: NA 

 
Source:  http://animaldiversity.org/accounts/Heterocephalus_glaber/ 

 

  

http://mouse.brain-map.org/experiment/thumbnails/100048576?image_type=atlas
http://mouse.brain-map.org/experiment/thumbnails/100048576?image_type=atlas
http://mouse.brain-map.org/experiment/thumbnails/100048576?image_type=atlas
https://d.docs.live.net/766b24ba7ef4678e/Desktop/%20http:/animaldiversity.org/accounts/Mus_musculus/
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Callithrix jacchus [Common marmoset] 

 

 
 
 
 
 
 
 

 

Lifespan: 10 – 16 years 

Sexual maturity: 13 months (M) – 16 months (F) 

Gestation period: 5 months 

Weight: 300 – 360 g 

Brain weight: 7 – 10 g 

Geographic Range: Brazil 

Ecological niche: Different forest types, including plantations 

Order: Primates Food Habits: 
Herbivorous, but sometimes they eat insects, spiders, 
small lizards, bird's eggs, nestlings, and frogs 

Family: Cebidae Behaviour: Diurnal animals, generally live in groups 

Genus: Callithrix Communication: Tactile and chemical 

Species: Callithrix jacchus Brain atlas: 
http://neurosciencelibrary.org/specimens/primates/marm
oset/index.html 

 
Source:  http://animaldiversity.org/accounts/Callithrix_jacchus/ 

Pan troglodytes [Chimpanzee] 

 

 
 
 
 
 
 
 

 

Lifespan: 60 years 

Sexual maturity: 10 – 13 years (F) / 12 – 15 years (M) 

Gestation period: 7 – 8.5 months 

Weight: 26 – 70 kg 

Brain weight: 384 g 

Geographic Range: Central Africa 

Ecological niche: 
Typically tropical rainforest, but also found in forest-
savana mosaic, mountain forest at elevation up to 2750 
m and savanna 

Order: Primates Food Habits: Omnivorous 

Family: Hominidaes Behaviour: 
Highly social, with long memory. Not strictly territorial and 
diurnal animals 

Genus: Pan Communication: Visual, tactile, acoustic and chemical 

Species: Pan troglodytes Brain atlas: 
http://neurosciencelibrary.org/specimens/primates/chim
p/index.html 

                   Source: http://animaldiversity.org/accounts/Pan_troglodytes/ 

http://neurosciencelibrary.org/specimens/primates/marmoset/index.html
http://neurosciencelibrary.org/specimens/primates/marmoset/index.html
http://neurosciencelibrary.org/specimens/primates/chimp/index.html
http://neurosciencelibrary.org/specimens/primates/chimp/index.html
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Oryctolagus cuniculus [Rabbit] 

 

 
 
 
 
 
 
 

 

Lifespan: 9 years 

Sexual maturity: 8 months 

Gestation period: 1 month 

Weight: 1.5 – 2.5 g 

Brain weight: 12 g 

Geographic Range: Every continent except Asia and Antartica 

Ecological niche: 
Dry areas near sea level with soft, sandy soil, brushy 
fields, cultivated land and forest 

Order: Lagomorpha Food Habits: Herbivorous 

Family: Leporidae Behaviour: 
Gregarious, live in colony with clear dominance 
hierarchies 

Genus: Oryctolagus Communication: Visual, tactile, chemical and acoustic 

Species: Oryctolagus 
cuniculus 

Brain atlas: 
http://neurosciencelibrary.org/specimens/lagomorpha/do
mesticrabbit/index.html 

 Source: http://animaldiversity.org/accounts/Oryctolagus_cuniculus/ 

Ovis aries [Sheep] 

 

 
 
 
 
 
 
 

 

Lifespan: 22.8 years 

Sexual maturity: 1.5 year (F) – 2.5 years (M) 

Gestation period: 5 months 

Weight: 20 – 200 kg 

Brain weight: 120 g 

Geographic Range: Worldwide 

Ecological niche: 
wide variety of habitats ranging from temperate mountain 
forests to deserts 

Order: Cetartiodactyla Food Habits: Herbivorous 

Family: Bovidae Behaviour: Social flocking animals 

Genus: Ovis  Communication: Visual, tactile, chemical and acoustic 

Species: Ovis aries  Brain atlas: https://msu.edu/~brains/brains/sheep/index.html 

 
Source: http://animaldiversity.org/accounts/Ovis_aries/ 

http://neurosciencelibrary.org/specimens/lagomorpha/domesticrabbit/index.html
http://neurosciencelibrary.org/specimens/lagomorpha/domesticrabbit/index.html
https://msu.edu/~brains/brains/sheep/index.html
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______________________________________________ 

  

Felis catus domestica [Cat] 

 

 
 
 
 
 
 
 

 

Lifespan: 15 years 

Sexual maturity: 6 months (F) – 8 months (M) 

Gestation period: 50 – 67 days 

Weight: 4 – 5.4 kg 

Brain weight: 25 – 30 g 

Geographic Range: Every continent except Antartica 

Ecological niche: Urban, suburban, agricultural area 

Order: Carnivora Food Habits: Carnivorous 

Family: Felidae Behaviour: Solitary with dominance hierarchies and highly territorial 

Genus: Felis Communication: 
Visual, tactile (vibrissae), acoustic and chemical 

Species: Felis catus 
domestica 

Brain atlas: 

http://neurosciencelibrary.org/specimens/carnivor

a/cat/index.html 

 
                  Source: https://animaldiversity.org/accounts/Felis_catus/ 

 

http://neurosciencelibrary.org/specimens/carnivora/cat/index.html
http://neurosciencelibrary.org/specimens/carnivora/cat/index.html
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CHAPTER 2 

 

 

 

 

 

DCX and Ki67 antigen staining in the brain of mammals: 

dealing with interspecies differences in postmortem tissues 
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Specific questions  

Are there external/internal factors that may influence the detection of our main markers of 

interest (DCX; Ki-67 antigen) in the brain of widely different mammals? 

Which is the relationship between different variables, including fixation protocol, antibody 

specificity, and real interspecific differences in the occurrence/distribution of antigens in 

postmortem brains? 

 

2.1 Introduction 

Developmental neurobiology is characterized by complex, highly dynamic processes which persist 

in the adult brain and allow extended assembly/modulation of the neural circuits (structural 

plasticity), including the addition of new neurons (adult neurogenesis). Recent progress in the field 

revealed increasingly complex landscapes involving different populations of “young”, 

undifferentiated neurons of different origin (Ghibaudi and Bonfanti, 2022). The new twists 

concern different populations of immature neuronal precursors belonging to canonical and non-

canonical neurogenic processes, taking place both inside and outside of the neurogenic sites 

(Bonfanti and Peretto, 2011; Bond et al., 2015; Feliciano et al., 2015; Kempermann, 2015; Lim 

and Alvarez-Buylla, 2016; Piumatti et al., 2018; Rotheneichner et al., 2018; Sorrells et al., 2019; 

La Rosa et al., 2020b; Bonfanti and Charvet, 2021; Bonfanti and Seki, 2021; Benedetti and 

Couillard-Despres, 2022; Page et al., 2022). At least two populations of young, immature neurons 

co-exist in the postnatal/adult brain: i) newly born neurons generated from active division of adult 

neural stem cells, mainly hosted in the canonical neurogenic sites (the subventricular zone of the 

lateral ventricle and the dentate gyrus of the hippocampus) (Bond et al., 2015; Kempermann 2015; 

Lim and Alvarez-Buylla, 2016), and ii) non-newly born “immature” or “dormant” neurons, which 

form during embryogenesis, then continuing to express markers of immaturity through adulthood 

(Gomez-Climent at al., 2008; Bonfanti and Nacher, 2012; König et al., 2016; Rotheneichner et al., 

2018; Piumatti et al., 2018; Benedetti and Couillard-Despres, 2022; Alderman et al., 2022). The 

“dormant” neurons are located in brain regions not endowed with stem cell-driven neurogenesis, 

such as the cerebral cortex and amygdala (Bonfanti and Nacher, 2012; König et al., 2016; Piumatti 

et al., 2018; Bonfanti and Ghibaudi, 2022; Benedetti and Couillard-Despres, 2022; Alderman et 

al., 2022). These cell populations are not easy to distinguish since they share the same markers of 

immaturity during some phases of their life (La Rosa et al., 2020b; Bonfanti and Seki, 2021). Such 
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a distinction remained neglected for long time, leading to some misunderstandings in the 

interpretation of results and generating confusion in different types/sources of neurogenesis 

(Bonfanti and Seki, 2021; Ghibaudi and Bonfanti, 2022). The origin of the young neurons can be 

revealed by the presence/absence of co-expression with markers of cell division, or pulse-chase 

experiments with 5-Bromo-2′-deoxyuridine (BrdU) and its analogues (Kuhn and Cooper-Kuhn, 

2007). Yet, another important element of confusion consists of interspecies differences, with 

remarkable variation in the occurrence and distribution of the abovementioned types of plasticity 

and immature cell populations across mammals (Amrein, 2015; Lipp and Bonfanti, 2016; Paredes 

et al., 2016b; Parolisi et al., 2018; Palazzo et al., 2018; Piumatti et al., 2018; La Rosa et al., 2020). 

This fact makes it necessary to extend the level of investigation to large-brained, gyrencephalic 

species, or directly to humans (Moreno-Jimenez et al., 2019; Sorrells et al., 2018,2019; Zhou et 

al., 2022). When dealing with large-sized gyrencephalic brains some technical/practical 

difficulties arise, concerning fixation (Moreno-Jimenez 2021; Sorrells et al., 2021) and ethical 

issues (Bianchi et al., 2018; Cozzi et al., 2020; Figure 1.9). Consequently, most work must be 

performed on postmortem brain tissues or intraoperative samples, thus putting limits to the 

experimental approach. For instance, the long-term tracing of the newly born elements (BrdU 

label-retaining cells) cannot be successfully used in humans or in mammalian species that are 

protected by international law (e.g., human primates and cetaceans). In alternative, cell division 

can be detected by immunocytochemistry in postmortem tissues, though limitedly to cells dividing 

at the exact time of animal death (e.g., Ki67 antigen; Kee et al., 2002). Additionally, some 

discrepancies emerging after comparing the results with those obtained in laboratory rodents can 

be linked to real interspecific differences of the biological processes themselves (Sanai et al., 2011; 

Lipp and Bonfanti, 2016; Parolisi et al., 2017; Sorrells et al., 2018; Seki et al., 2020; La Rosa et 

al., 2020a; Franjic et al., 2022) or to antibody specificity in the different mammals. Hence, the 

overall issue of analysing large, gyrencephalic brains is more complex than simply fixation, which 

overlap with natural interspecies variation and/or different specificity of antibodies across 

phylogeny, the latter two aspects being often neglected. 

As shown in Figure 1.9, elements of complexity can be summarised as follows:  

i) some markers of immaturity previously considered as specific for newly born neurons (e.g., 

doublecortin - DCX - and polysialylated form of N-CAM - PSA-NCAM), are also expressed by 

wide populations of non-newly generated “immature” neurons (La Rosa et al., 2020b; Bonfanti 

and Seki, 2021);  
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Table 2.1 Most common antibodies used to detect DCX in different animal species. 

Host and source  References Animal species (common name) 

 

 

 
 

 

 
 

 

 
 

 

Santa Cruz1 

(goat) 

 

 
 

 
 

 

 
 

 

Fasemore et al., 2018  Galago; Lemur; Potto 

Chawana et al., 2020  Egyptian fruit bat 

La Rosa et al., 2020  12 mammals (from mouse to chimpanzee) 

Kirby et al., 2012  Rat 

Fudge et al., 2012  Crab-eating macaque; Southern pig-tailed macaque 

Zhang et al., 2009  Rhesus macaque 

Flor-Garcìa et al., 2020  Human 

Sorrells et al., 2018  Human; Rhesus macaque 

Tobin et al., 2019  Human 

Boekhoorn et al., 2006  Human 

Liu et al., 2020  Rhesus macaque 

Marlatt et al., 2011  Common marmoset 

Parolisi et al., 2017  Dolphin 

La Rosa et al., 2018  Dolphin; Sheep 

Moreno-Jiménez et al., 2019  Human 

Jin et al., 2006  Human 

Crews et al., 2010  Human; Mouse 

Knoth et al., 2010  Human 

Wang et al., 2011  Human; Rhesus macaque 

Gomez-Nicola et al., 2014  Human; Mice 

Ekonomou et al., 2015  Human 

Dennis et al., 2016  Human 

Galàn et al., 2017  Human 

Liu et al., 2008  Human 

Ponti et al., 2006  Rabbit 

Kunze et al., 2015  Mouse 

Cai et al., 2009  Human; Rhesus macaque; Cat 

Verwer et al., 2007  Human 

Bloch et al., 2011  Human; Cynomolgus monkey; African green monkey 

Li et al., 2023  Human 

 

 
 

 

 
 

Abcam  

(rabbit) 
 

Piumatti et al., 2018  Sheep 

Jhaveri et al., 2018  Mouse 

Flor-Garcìa et al., 2020  Human 

Sorrells et al., 2018  Human; Rhesus macaque 

Cipriani et al., 2018  Human 

Tobin et al., 2019  Human 

Liu et al., 2020 Rhesus macaque 

Parolisi et al., 2017  Dolphin 

La Rosa et al., 2018  Dolphin; Sheep 

Wang et al., 2011  Human; Rhesus macaque 

Nogueira et al., 2014  Human 

Perry et al., 2012  Human 

Bloch et al., 2011  Human; Cynomolgus monkey; African green monkey 

Cai et al., 2009  Human; Rhesus macaque; Cat 

 
 

 

 
 

Millipore 

(guinea pig) 
 

Akter et al., 2020  Common marmoset 

Benedetti et al., 2019  Mouse 

Jhaveri et al., 2018  Mouse 

Flor-Garcìa et al., 2020  Human 

Sorrells et al., 2018  Human; Rhesus macaque 

Sorrells et al., 2019  Human 

Cipriani et al., 2018  Human 

Gomez-Nicola et al., 2014  Human; Mice 

Paredes et al., 2016a  Human 

Kunze et al., 2015  Mouse 

Bloch et al., 2011  Human; Cynomolgus monkey; African green monkey 

Alderman et al., 2022  Human; Mouse 

 
 

Cell Signaling 

Technology 

(rabbit)  

 

Sorrells et al., 2018  Human; Rhesus macaque 

Liu et al., 2008  Human 

Maheu et al., 2015  Human 

Paredes et al., 2016a  Human 

Sorrells et al., 2019 Human 

Martì-Mengual et al., 2013 Human; Squirrel monkey; Cat 

Alderman et al., 2022  Human; Mouse 

Coviello et al., 2022  Human 
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Table 2.2 Most common antibodies used to detect Ki67 in different animal species. 

Host and source 

 

References Animal species 

 

 
 

 

 
Leica-Novocastra2 

(rabbit) 
 

Fasemore et al., 2018  Galago; Lemur; Potto 

Akter et al., 2020  Common marmoset 

Chawana et al., 2020  Egyptian fruit bat 

La Rosa et al., 2020  12 mammals (from mouse to chimpanzee) 

Jhaveri et al., 2018  Mouse 

Sorrells et al., 2018  Human; Rhesus macaque 

Sorrells et al., 2019  Human 

Tobin et al., 2019  Human 

Boekhoorn et al., 2006  Human 

Quiñones-Hinojosa et al., 2006  Human 

Fahrner et al., 2007  Human 

Parolisi et al., 2017  Dolphin 

La Rosa et al., 2018  Dolphin; Sheep 

Martì-Mengual et al., 2013  Human; Squirrel monkey; Cat 

 

BD Pharmingen 

(mouse) 
 

La Rosa et al., 2020  12 mammals (from mouse to chimpanzee) 

Sorrells et al., 2018  Human; Rhesus macaque 

Sorrells et al., 2019  Human 

La Rosa et al., 2018  Dolphin; Sheep 

 

Abcam 

(rabbit) 

Gomez-Nicola et al., 2014  Human; Mice 

Allen et al., 2016  Human 

Cipriani et al., 2018  Human 

1Out of production (stock in the Turin lab); 2Out of production 

 

ii) both the rate of postnatal neurogenesis and the occurrence/distribution of immature neurons 

remarkably vary among mammals (Paredes et al., 2016b; Parolisi et al., 2018; La Rosa et al., 

2020a; Duque et al., 2022; Figure 1.9B);  

iii); when directly comparing brains of widely different size, belonging to animal species rising 

technical/ethical issues, some variables/approaches cannot be completely standardized (e.g., type 

and time of fixation, postmortem interval; Figure 1.9C);  

iv) the study of such variations requires systematic, comparable approaches to actually match brain 

tissues belonging to widely different animal species, size and ages (La Rosa et al., 2020a; Figure 

2.1). 

Several antibodies from different manufacturers were employed over the years to detect the most 

popular antigens linked to structural plasticity/immaturity (e.g., DCX; Table 2.1) and cell division 

(e.g., Ki67 antigen; Table 2.2).  

Therefore, heterogeneous results were reported by different authors by using various methods and 

antibodies in each species, in a manner that makes it difficult to really compare data (La Rosa et 

al., 2020a). Although the focus has been put on quantification methods (Zhao and van Praag., 

2020), real interspecies differences in the occurrence/distribution of antigens as well as antibody 

specificity can play a role. Here, we tried to combine some of the abovementioned variables in six 



50 
 

mammals, including humans (Figure 2.1), with a twofold aim: i) to map the best performance of 

antibodies raised against the most used markers for neuronal immaturity (DCX) and cell division 

(Ki-67 antigen) in each species, and ii) to reach a comparable landscape for these markers across 

species. The screening was performed on four selected brain regions in which the occurrence of 

DCX and Ki67 staining is well known, two of them hosting non-newly generated “immature” 

neurons (paleocortex and neocortex) and other two hosting newly born neurons (hippocampus and 

subventricular zone; Figures 2.1 and 2.2). The study has been conceived on two levels: a) detection 

of DCX and Ki67 antigen immunoreactivity by testing seven commercial antibodies in five 

mammals (including lissencephalic and gyrencephalic species), by considering the 

abovementioned brain regions (Figure 2.2); b) detection of DCX in the human brain cerebral cortex 

in combination with its mRNA by using the RNAscope technique (Figure 2.2).  

In spite of an obvious interest for visualising DCX in the human brain, the detection of this antigen 

in cerebral cortex of primates has been controversial, spanning from claiming its occurrence in 

most cortical layers (Bloch et al., 2011) to its very low level due to non-specific staining (Liu et 

al., 2020). Due to the complexity of the approach (seven antibodies tested in four neuroanatomical 

regions obtained from 24 brains of six widely different species) only qualitative aspects were 

considered, including cases of occurrence/absence of staining, background, or obvious non-

specific staining (Figure 2.3).   

 

 

2.2 Materials and Methods 

 

Brain sample. Brains used in this study were collected from various institutions and tissue banks, 

all provided by the necessary authorizations. All experiments were conducted in accordance with 

current EU and Italian laws (for additional details on the animals used in this study see Table 2.3). 

Three young adult mice were analysed. Perfusion was performed under anesthesia (i.p. injection 

of a mixture of ketamine, 100 mg/kg, Ketavet, Bayern, Leverkusen, Germany; xylazine, 5 mg/kg; 

Rompun, Bayer, Milan, Italy; authorization of the Italian Ministry of Health and the Bioethical 

Committee of the University of Turin; code 813/2018-PR, courtesy of Serena Bovetti) and brains 

were postfixed for 4 hours.  

Three young-adult female rabbits were used. Animals were deeply anesthetized (ketamine 100 

mg/kg - Ketavet, - and xylazine 33 mg/ kg body weight - Rompun) and perfused with fixative 

(Italian Ministry of Health, authorization n. 66/99-A). Tissues were postfixed for 6 hours.  
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Figure 2.1 - Experimental plan. (a) Animal species considered in this study, widely varying for brain size 

(BW, brain weight, in grams), gyrencephaly (GI, gyrification index), and lifespan (LS). (b) Schematic 

summary of the variables investigated; four brain regions are considered (squares: red cells, DCX; black 

dots, dividing nuclei). 

_____________________________________________________________________________________ 

 

Three adult marmoset brains were extracted 1 hour after death and post-fixed for 3 months. The 

exact ages of the animals are unknown; they were aged as adults by experienced veterinarians.  

Three young-adult cat brains were extracted post-mortem (the PMI was less than 1 hour), fixed 

and kept in the fixative solution for a 1 month.  

Three young-adult sheep brains were perfused through both carotid arteries with 2 L of 1%sodium 

nitrite in phosphate buffer saline, followed by 4 L of ice-cold 4% paraformaldehyde solution in 
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0,1 M phosphate buffer, pH 7.4. The brains were then dissected out, cut into blocks, and postfixed 

in the same fixative for 48 h. Three young-adult sheep brains were extracted post-mortem (the 

PMI was less than 1 hour), fixed and kept in fixative for 1 month. 

Human intraoperative brain samples were collected from the Neurosurgery Unit of the Humanitas 

Hospital during selected surgeries for brain tumor. A portion of healthy/perilesioned tissue of 

temporal lobe cortex resected for surgical reasons (considered free-of-diseases from clinical and 

pathological evaluation), were washed in cold NaCl 0.9% solution and directly (within 1 hour) 

fixed in PFA 4% (ethical approvement by IRCCS Humanitas prot. Nr. 400/19). Three different 

donors, have been used for this study (Table 2.4). 

Postmortem human brain tissues were obtained from the Human Brain Collection Core (HBCC), 

National Institute of Mental Health Intramural Research Program (NIMH-IRP), with permission 

from the legal next-of-kin according to the National Institutes of Health Institutional Review Board 

and ethical guidelines under protocol 17-M-N073. Cases were obtained from the Offices of the 

Chief Medical Examiner of the District of Columbia. Clinical characterization, neuropathological 

screening, and toxicological analyses were performed as previously described (Deep-Soboslay et 

al., 2005; Lipska et al., 2006) (Table 2.4).  

 

Table 2.3 Brain samples used in this study 

Species Source Specimens Age Fixation Fixative PMI 

Mouse (a)  

 

 

 

 

3 

3 months Perfusion 4% PFA None 

Marmoset (b) Adult Immersion 4% PFA (15% picric acid) 1 hour 

Rabbit (a) 3.5 years Perfusion 4% PFA None 

Cat (c) 1.5 years Immersion 4% buffered formalin 1 hour 

 

Sheep 

(d) 2 years Perfusion 4% PFA None 

(c) 5 years Immersion 4% buffered formalin 1 hour 

 

Human 

(see Table 4) 

(e) Adult (postmortem)  

 

Immersion 

4% buffered formalin 16-23 hours 

(f) Adult (intraoperative)  

4% PFA 

None 

 

Source: (a) Neuroscience Institute Cavalieri Ottolenghi (NICO); (b) Institute of Anatomy – University of 

Zurich; (c) Department of Comparative Biomedicine and Food Science – University of Padova; (d) INRA 

research center – Nouzilly, France; (e) United States National 

Institute of Health (NIH) - Bethesda, Maryland, USA; (f) University of Milan 
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Table 2.4 Origin of human samples 

Intraoperative tissues 

ID Fixation Age Sex PSI Cause of surgery 

226012 4% PFA 81 Male < 1 h Diffuse high-grade glioma 

201032 4% PFA 67 Female < 2 h Gliosarcoma grade IV 

130079 4% PFA 79 Male < 2 h Glioblastoma grade IV 

Postmortem tissues 

ID Fixation Age Sex PMI Cause of death 

1271 4% buffered formalin 46,6 Male 16 h Thrombosis 

1164 4% buffered formalin  48,1 Female 16 h Homicide 

1122 4% buffered formalin 48,6 Male 23 h Cardiomegaly 

 

 

Tissue processing for histology. The whole brain hemispheres were cut into coronal slabs (1-2 cm 

thick). The slabs were washed in a phosphate buffer (PB) 0.1 M solution, pH 7.4, for 24-72 hours 

(on the basis of brain size) and then cryoprotected in sucrose solutions of gradually increasing 

concentration up to 30% in PB 0.1 M. Then they were frozen by immersion in liquid nitrogen-

chilled isopentane at -80°C. Before sectioning, they were kept at -20°C for at least 5 hours (time 

depending on the basis of brain size) and then cut into 40 μm thick coronal sections using a 

cryostat. Free-floating sections were then collected and stored in cryoprotectant solution at -20 °C 

until staining. 

Human intraoperative brain samples collected during surgery (2-4 cm size; Figure 2.2C2) were 

fixed on PFA 4% for 72-96 hours (depending on sample size), washed in PBS 1X and maintained 

in 30% sucrose solution in PBS 1X at 4°C. One single coronal slice (0.5 cm thick) was embedded 

in optimal cutting temperature compound and cut into 40 μm thick coronal sections by using a 

cryostat. Slices were mounted on SuperFrost plus slides (Fisher Scientific - Epredia™TM 

SuperFrost Plus© Gold) and stored at -20°C until use. 

 

Comparable neuroanatomy. Correspondent coronal brain sections were identified in the different 

animal species (mouse, marmoset, rabbit, cat, sheep) in order to include the four regions to be 

analysed: hippocampal dentate gyrus and forebrain subventricular zone (as internal positive 

controls for Ki67 antigen), paleocortex (piriform cortex) and parietal neocortex (as brain area 

hosting DCX+ non-newly born immature neurons in non-rodent species) (Figure 2.2A,B). Two 

cryostat sections, 40 µm thick, cut at different anterior-posterior coronal levels (Figure 2.2A,B) 

were analysed for each animal, for DCX and Ki67 antigen immunocytochemistry with all 

antibodies (Table 2.5). 



54 
 

Human intraoperative samples were cut out from the temporal lobe (Figure 2.2C’). Human 

postmortem tissues were obtained from coronal slices (1 cm thick) including the parietal and 

temporal cortex (Figure 2.2C’’).  

 

Immunofluorescence protocol. For immunofluorescence staining, sections were rinsed in PBS 0.01 

M, pH 7.4, then immersed in appropriate blocking solution (1–3% Bovine Serum Albumin, 2% 

Normal Donkey Serum, 1–2% Triton X-100 in 0.01M PBS, pH 7.4) for 90 min at RT. Then the 

sections were incubated for 48 hr at 4°C with primary antibodies (see Table 3), and subsequently 

with appropriate solutions of secondary antibodies for 4 hr at RT: Cyanine 3 (Cy3)-conjugated 

anti-goat (1:400; Jackson ImmunoResearch, West Grove, PA - 705-165-147), Cyanine 3 (Cy3)-

conjugated anti-rabbit (1:400; Jackson ImmunoResearch, West Grove, PA - 711-165-152 ), 

Cyanine 3 (Cy3)-conjugated anti-guinea pig (1:400; Jackson ImmunoResearch, West Grove, PA 

- 706-165-148),  Cyanine 3 (Cy3)-conjugated anti-mouse (1:400; Jackson ImmunoResearch, West 

Grove, PA - 715-165-150), Alexa 647-conjugated anti-mouse (1:400; Jackson ImmunoResearch, 

West Grove, PA - 715-605-151), Alexa 647-conjugated anti-rabbit (1:400; Jackson 

ImmunoResearch, West Grove, PA 711-605-152). Immunostained sections were counterstained 

with 4’,6-diamidino-2-phenylindole (DAPI, 1:1000, KPL, Gaithersburg, Maryland USA) and 

mounted with MOWIOL 4–88 (Calbiochem, Lajolla,CA). All staining protocols were performed 

with and without antigen retrieval treatment, to exclude signal alteration due to a possible masking 

of the epitopes linked to fixation. When performed, antigen retrieval was done using citrate buffer 

at 90°C for 5 min (only for Ki67 nuclear staining of marmoset and sheep tissues fixed by 

immersion, it was extended to 30 minutes; Figure 2.5). Neither signal amplification nor tissue 

autofluorescence elimination protocols were applied to avoid signal alteration. 
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Table 2.5 Primary antibodies used in this study 

Antigen Host Type Code Raised against Dilution Source 

 

 

 

 

 

DCX 

 

goat 

 

polyclonal 

 

SC8066 

Peptide mapping at the C-

terminus of Doublecortin 

of human origin 

 

 

 

 

 

 

 

 

1:1000 

 

Santa Cruz Biotechnology 

 

mouse 

 

monoclonal 

 

SC271390 

Aminoacids 123-402 

mapping at the C-

terminus of Doublecortin 

of human origin 

 

 

 

rabbit 

 

 

 

 

 

polyclonal 

 

 

ab18723 

Synthetic peptide 

conjugated to KLH 

derived from within 

residues 300 to the C-

terminus of Human 

Doublecortin 

Abcam 

4604 A peptide corresponding 

to human doublecortin 

Cell Signaling 

 

guinea pig 

 

ab2253 

Epitope within 17 amino 

acids from the C-terminal 

region 

Merck Millipore 

 

Ki-67 

rabbit ab15580 Synthetic peptide  

1:500 

Abcam 

mouse monoclonal 550609 Human Ki-67 BD Pharmingen 
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Figure 2.2 - Anatomy of the brain regions studied in part 1. (A) Four different regions were considered 

(SVZ, subventricular zone; SGZ, sub-granular zone of the hippocampal dentate gyrus; NCx, neocortex; 

PCx, paleocortex; indicated by red boxes in (A,C), and red squares in (B)) at two different anterior–

posterior, coronal levels (level 1: crossing the SVZ; level 2: crossing the hippocampus) in five mammalian 

species. (B) Whole coronal sections cut at the two brain levels, stained with toluidine blue and scanned 

with slidescanner Axioscan (Zaiss; Oberkochen, Germany). (C) Human brain tissues were obtained from 

intraoperative (C′) and post-mortem (C″) specimens corresponding to the temporal lobe (light blue). Scale 

bars: (A,C), 100 µm. 

_____________________________________________________________________________________ 
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All antibodies used in this study were predicted to work on mouse brain tissue (as stated by their 

datasheet). Thus, to confirm the quality of our antibodies before conducting the experiment, this 

species was used as a control. All antibodies gave a staining consistent with previous data, in all 

regions of interest (see Results). Moreover, to exclude possible aspecific staining due to 

fluorescent secondary antibodies, primary antibody omission experiments were performed by 

replicating the immunofluorescence protocol (see above) without the primary antibody incubation. 

This resulted in a complete absence of staining. 

 

RNAscope (in collaboration with Prof. Francesco Bifari, University of Milan). Fixed frozen 

intraoperative human brain samples were sectioned coronally at 20µm on a cryostat (Leica 

CM1860) and mounted on SuperFrost Plus slides. RNA scope was performed following the 

purchaser instructions. Briefly, following washing in PBS1X for 5 minutes, slides were baked 30 

minutes at 60°C in the HybEZ™ Oven and post-fixed by PFA 4% immersion for 3 hours. 

Thereafter, sections were treated with ascending series of ethanol and left to dry after the last 100% 

ethanol step. Slices were pretreated with hydrogen peroxide for 10 minutes, put at 98-102°C in 

target retrieval solution for 10 minutes and treated with protease plus at 40°C for 30 minutes in the 

HybEZ™ Oven. After pretreatment, the single‐plex, chromogenic RNAscope assay (RNAscope™ 

2.5 HD Assay – RED Cat No. 322360) was performed using human DCX probe (Cat No.489551), 

human Ubiquitine probe (Cat No. 31004) as positive control and DapB probe (Cat No. 310043) as 

negative control. Probes hybridization was performed at 40°C for 2 hours in the HybEZ™ Oven 

and then the signal was amplified using multiple amplifier probes. For the detection of signal, fast 

red chromogen was used.  

Following RNAscope assay, immunofluorescence was performed to combine RNA and protein 

analysis. After the chromogen, the slides were washed in PBS-T (0.3% Triton in PBS 1X) and 

incubated in Blocking solution (2% BSA and 0.25% Triton in PBS 1X) for 1 hour. DCX (Cat No. 

ab18723 or ab2253) or GFAP (Cat No. ab53554) primary antibody was incubated overnight at 4°. 

The following day the donkey anti-rabbit IgG Secondary Antibody, Alexa Fluor™ (Thermofisher, 

Cat No. A31573 or Cat No. A32849) was added for 1 hour and the nuclei stained with DAPI 

(1:1000, KPL, Gaithersburg, Maryland USA) (Highet et al., 2021; Ciarpella et al., 2021). 

 

Image Processing. Images were collected using a Nikon Eclipse 90i confocal microscope (Nikon, 

Melville, NY) or Zeiss Axio Observer.Z1/7 (Zeiss, Oberkochen, Germany). All images were 

processed using Adobe Photoshop CS4 (Adobe Systems, San Jose, CA) and ImageJ version 1.53t 
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(Wayne Rasband, Research Services Branch, National Institute of Mental Health, Bethesda, 

Maryland, USA). Adjustments to color, contrast, and brightness were avoided. 

 

2.3 Results 

As shown in Figure 2.3, we focused on the quality of staining defined by four parameters, spanning 

from a clear and clean staining of the specific cell populations to the absence of 

immunocytochemical signal. Results obtained from the comparative analysis in mouse, marmoset, 

rabbit, cat and sheep are reported in Figures 2.4-2.5 and Tables 2.6 and 2.7. Full results obtained 

with and without antigen retrieval are reported in Tables 2.6 and 2.7, whereas confocal images are 

provided for citrate treatment only (Figures 2.4a,2.4b, and 2.5). The set of results concerning the 

detection of DCX in the human cerebral cortex is reported in Table 2.8 and Figure 2.7.  

 

 

Figure 2.3 - Type and quality of immunostaining obtained with different antibodies in different animal 

species and brain regions. (a) Four types of staining were considered, including a clear and clean staining 

without background noise, a specific staining bleary with background, an aspecific staining (with or without 

background; including artifacts, or staining associated with other structures, e.g. blood vessels, astrocytes, 

other neurons), and the absence of signal. Bottom: legend with symbols reported in Tables 2.6, 2.7 and 2.8. 

(b), Some examples considering substantial differences depending on the different antibodies used. LV, 

lateral ventricle. Scale bars: 30 µm. 

_____________________________________________________________________________________ 
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Comparative immunostaining in the brain of five mammals  

Tissues analysed in this study belong to widely different mammals endowed with different brain 

size and gyrencephaly (Figures 2.1 and 2.2); for this reason, they did not undergo the same type 

of fixation (Table 2.3). We tried to obtain maximal homogeneity for heterogeneous tissues, in 

terms of fixation and postmortem interval, as previously reported in a study involving 12 

mammalian species (La Rosa et al., 2020a). Nevertheless (as described in the Introduction, and 

also in view of the specific aims of the present study), we included specimens fixed by perfusion 

(mouse, rabbit, sheep), immersion (cat, marmoset, sheep, human), postmortem tissues and 

intraoperative samples (human). Considering sheep, both perfused and immersed brains were 

collected, in order to extend our comparison. As a result, a substantial ability to detect the two 

antigens in all animal species was observed (out of 115 immunocytochemical staining samples 

performed for DCX with 5 minutes (5’) citrate treatment, 89 gave a positive signal while only 26 

gave no signal or non-specific staining; see Table 2.6a), with no difference among the three 

specimens analysed in each species. Nevertheless, substantial differences in the occurrence/type 

of staining were also observed (purple areas in Tables 2.6b and 2.7b). By observing the distribution 

of the staining rates (success and failure, the latter including the absence of signal and a non-

specific staining), they are not strictly linked to the animal species or the type of fixation, rather to 

the use of different antibodies (in some cases, also to real interspecies differences; Figure 2.6A). 
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Figure 2.4 a (see legend in the next page) 
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Figure 2.4 a, b - Representative confocal images of DCX detection (in red) in different mammals for five 

different antibodies. All specimens are counterstained with DAPI. All photographs have been performed at 

the same magnification (scale bar: 30 µm). Control is represented by one of the two neurogenic sites, either 

SVZ or hippocampus. LV, lateral ventricle. 

_____________________________________________________________________________ 
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 Table 2.6 - (a) Occurrence and quality of staining for DCX. (b) Merge (with and without citrate    treatment). 
 

(a) 

Citrate Treatment (5 min)  

Antibodies Regions Mouse Marmoset Rabbit Cat 
Sheep 

(perfusion) 

Sheep 

(immersion) 

Santa Cruz 

(goat) 

pc       

nc       

svz       

sgz     *  

Cell 

Signalling 

(rabbit) 

pc   * * * * 

nc  * * * *  

svz  *     

sgz  * * * * * 

Abcam 

(rabbit) 

pc * 
 

* * * * 

nc  
 

* * *  

svz  
 

    

sgz * 
 

 * * * 

Santa Cruz 

(mouse) 

pc *  *  * 
 

nc   * * * 
 

svz  *    
 

sgz  * *   
 

Millipore 

(guinea pig) 

pc *  * * *  

nc   * * *  

svz    * *  

sgz *  * * * * 

No Citrate 

Antibodies Regions Mouse Marmoset Rabbit Cat 
Sheep 

(perfusion) 

Sheep 

(immersion) 

Santa Cruz 

(goat) 

pc    * * 
 

nc  *  * * 
 

svz     *  

sgz  *  * * 
 

Cell 

Signalling 

(rabbit) 

pc   * * * 
 

nc  * * * * 
 

svz  * *   
 

sgz  * * * * 
 

Abcam 

(rabbit) 

pc * 
 

* * *  

nc  
 

* * *  

svz  
 

    

sgz  
 

* * * * 

Santa Cruz 

(mouse) 

pc * * * *   

nc  * * *   

svz * * * *   

sgz * * * *   

Millipore 

(guinea pig) 

pc * * * * *  

nc  * * * *  

svz * * * *   

sgz * 
  

* *  

(b) 

Antibodies Regions Mouse Marmoset Rabbit Cat 
Sheep 

(perfusion) 

Sheep 

(immersion) 

Santa Cruz  

(goat) 

pc    (5′) (5′)  

nc  (5′)  (5′) (5′)  

svz     (5′)  

sgz  (5′)  (5′)   

Cell 

Signalling 

pc      only 5′ C 

nc      only 5′ C 
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(rabbit) svz  (5′) (5′)   only 5′ C 

sgz  (5′)    only 5′ C 

Abcam 

(rabbit) 

pc   without C   without C 

nc  without C     

svz       

sgz without C  (5′)    

Santa Cruz  

(mouse) 

pc only 5′ C  only 5′ C 
only 5′ 

C 
only 5′ C  

nc   only 5′ C  only 5′ C  

svz  only 5′ C (5′) (5′) only 5′ C  

sgz (5′) only 5′ C  
only 5′ 

C 
  

Millipore 

(guinea pig) 

pc (5′)      

nc       

svz (5′)  (5′)  without C  

sgz     without C  

 

Subtable (a):  Absence of staining due to real interspecies difference (e.g., no cell population containg DCX in the 

mouse neocortex);  Clear and clean immunoreaction;  Immunoreaction with background;  

Immunoreaction with non-specific staining;  No signal with background;  No signal with non-specific 

staining;  No signal; Subtable (b): MERGE of results obtained with and without 5′ Citrate:  Same results; 

 Different results; (5′) better with Citrate; only (5′) C signal only with Citrate; without C signal only without Citrate. 
 
 

 
Regional differences  

Some recurrent regional differences depending on the neuroanatomical area investigated were 

observed for DCX. A clear and clean staining was generally detectable in the SVZ (21 positivities 

out of 30, with 8 cases of background or non-specificity), whereas the occurrence of background 

or non-specific staining was more frequent in the SGZ (15) and cerebral cortex layer II (23). These 

differences, observed in different brain regions of the same animal species, do not seem linked to 

antibody specificity, rather to neuroanatomical features and to the cell populations involved (see 

also Discussion). Also, the impact of the whole staining in the microscope field can be different 

depending on the structures detected: the SVZ hosts masses of neuroblasts forming chains enriched 

in DCX, whereas isolated neurons at different maturational stages are detectable in the dentate 

gyrus, even more diluted in space and less immature in the neocortex. 

The detection of Ki67 antigen was more homogeneous with respect to the region investigated, 

mainly because the analysis was restricted to neurogenic sites (Figure 2.5 and Table 2.7). The rate 

of failure and the occurrence of background noise were slightly constant in both regions. Being 

Ki67 a nuclear antigen, can be hardly reached by antibodies in tissue fixed by immersion; for this 

reason, it requires longer citrate treatment to unmask antigenicity (Figure 2.5). 
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Figure 2.5 - Representative confocal images of Ki67 antigen detection (in white) in different mammals for 

two different antibodies in the two neurogenic sites (forebrain SVZ and hippocampal SGZ). All specimens 

are counterstained with DAPI. All photographs have been performed at the same magnification (scale bar: 

30 µm). In marmoset, [30’ CT] indicates that the antigen can be detected only after 30 minutes of citrate 

buffer treatment. LV, lateral ventricle. 

_____________________________________________________________________________________ 
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Figure 2.6 - Variation in the type and quality of immunostaining obtained in different animal species (a) 

and in different brain regions (b). (a) In comparative studies the detection DCX+ cell populations can yeld 

different results depending on real interspecies differences, e.g., the absence of DCX+, immature neurons 

in the mouse neocortex (La Rosa et al., 2020a). (b) Even in the same species, using the same antibody, 

different results can be found depending on the brain region. In most cases, the SVZ bordering the lateral 

ventricle (LV) stains far more clean and clear with respect to parenchymal regions such as the cortex and 

the hippocampus (sheep and cat). Note, in sheep, that SVZ and cortex stain for the expected neuronal 

populations while a non-specific staining is detectable in the hippocampus. Scale bar: 30 µm. 

_____________________________________________________________________________________ 

 

 

 

 



66 
 

Table 2.7 - (a) Occurrence and quality of staining for Ki67 antigen. (b) Merge (with and without citrate treatment). 

(a) 

Citrate Treatment (5 min) 

Antibodies Regions Mouse Marmoset Rabbit Cat 
Sheep 

(perfusion) 

Sheep 

(immersion) 

BD Pharmingen 

(mouse) 

svz  *    * 

sgz      * 

Abcam 

(rabbit) 

svz  *  * * * 

sgz  *  * *  

No Citrate 

Antibodies Regions Mouse Marmoset Rabbit Cat (perfusion) (immersion) 

BD Pharmingen 

(mouse) 

svz * *  *  * 

sgz  *  *   

Abcam 

(rabbit) 

svz  *  * * * 

sgz  *   * * 

(b) 

Antibodies Regions Mouse Marmoset Rabbit Cat 
Sheep 

(perfusion) 

Sheep 

(immersion) 

BD Pharmingen 

(mouse) 

svz (5′)   (5′) only 5′ C  

sgz only 5′ C   only 5′ C only 5′ C  

Abcam 

(rabbit) 

svz  only 5′ C (5′)   only 5′ C 

sgz   only 5′ C only 5′ C  only 5′ C 

Subtable (a):  Absence of staining due to real interspecies difference (e.g., no cell population containg DCX in the mouse 

neocortex);  Clear and clean immunoreaction;  Immunoreaction with background;  Immunoreaction 

with non-specific staining;  No signal with background;  No signal with non-specific staining;  

No signal; Subtable (b): MERGE of results obtained with and without 5′ Citrate:  Same results;  Different 

results; (5′) better with Citrate; only (5′) C signal only with Citrate; without C signal only without Citrate 

 

DCX detection in the human cerebral cortex 

In the human cerebral cortex, the picture appeared different from that observed in the other 

mammals, since only one antibody was properly working. Results obtained in humans are reported 

in Table 2.8 and Figure 2.7. Analyses were restricted to the neocortex, both from postmortem 

tissues and intraoperative samples, in the latter integrated with RNAscope analysis in order to 

assess the spatial expression of RNA molecules with cellular specificity for DCX (Figure 2.8).  

Table 2.8 - Occurrence and quality of staining for DCX in human brain tissue. 

Antibody Region Immuno RNAscope 

Santa Cruz (goat) 

Cerebral cortex 

(temporal) 

 
- 

Cell Signalling (rabbit) 
 

- 

Abcam (rabbit) * Co-expression in some DCX+ neurons in layer II-III 

Santa Cruz (mouse) 
 

No co-expression in DCX+ neurons (non-specific staining) 

Millipore (guinea pig) 
 

No co-expression in DCX+ neurons (non-specific staining) 

 

 Immunoreaction with background;  Immunoreaction with non-specific staining; 

 No signal with non-specific staining. 
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All antibodies raised against DCX and used on the other mammals were tested 

immunocytochemically on coronal cryostat sections of human temporal cortex (Figure 2.7A). 

Among the five antibodies employed, only the Abcam rabbit and the Millipore guinea pig revealed 

neuronal-like cells (mostly localised in the superficial cortical layers II and III), the other 

antibodies giving no signal and/or a non-specific punctate reaction (Table 2.8 and Figure 2.7A). 

The detection of DCX+ neuronal-like cells was rare and revealed elongated cell bodies whose 

staining extended only in a short part of a process, as expected in human brains of old individuals 

(ranging from 67 to 81 years in our study; Table 2.4) (Srikandarajah et al., 2009; Cai et al., 2009; 

Coviello et al., 2022; Li et al., 2023). Other cell bodies located in different layers and showing a 

faint staining resembling autofluorescence were also observed. To check whether the 

immunostaining was specifically associated with DCX-expressing cells, an in-situ hybridization 

with RNA probe (RNAscope) was performed in double staining with Abcam, Millipore and Santa 

Cruz anti-DCX antibodies (Figure 2.8). Only in the case of Abcam antibody a coexpression was 

detected, revealing a subpopulation of DCX-expressing neurons in layers II and III (Figure 2.8A 

and Table 2.8).  

Postmortem, heavily formalin-fixed human tissues were also used, to make a comparison. In these 

tissues, by using the Abcam antibody some unipolar/bipolar neurons were detectable in the cortical 

layer II (Figure 2.7B, top), yet, also interlaminar astrocytes of the layer I (Falcone et al., 2019) 

were heavily stained (Figure 2.7B, bottom). To further validate DCX expression in these cells, we 

combined RNAscope analysis for DCX gene expression with immunocytochemistry for the 

astrocytic marker GFAP and found no GFAP+ astrocytes co-expressing DCX mRNA (Figure 

2.8C). This result, together with the absence GFAP+/DCX+ detection in intraoperative samples, 

indicate that GFAP+/DCX+ double positive cells detected in the heavily formalin-fixed human 

tissues are likely due to non-specific staining. 
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Figure 2.7 - Detection of DCX in the human neocortex by immunocytochemistry and RNAscope. (a) 

Immunocytochemical staining for DCX by using different antibodies, both with and without Citrate buffer 

treatment. Confocal images taken in cortical layer II-III (I, II, cortical layers). (b) Immuno-cytchemistry on 

postmortem brain tissue with Abcam primary antibody reveals some unipo-lar/bipolar neurons (arrows) in 

layer II, but also a non-specific staining on interlaminar astrocytes in layer I (arrowheads; see C). (c) 

RNAscope technique in association with anti-DCX Abcam primary antibody confirms that some labeled 

cells in layer II-III actually are DCX-expressing neurons (white arrows); some cells positive only for the 

RNA-probe do not express the protein (red arrows); bottom, another double-labeled cell at higher 

magnification. (c’), No coexpression of DCX-RNAprobe (red arrows) with GFAP+ astrocytes (white 

arrowheads) was detected. (c’’) No coexpression of DCX-RNAprobe (red arrows) with anti-DCX Santa 

Cruz and Millipore. Scale bars: (a),(b), 20 µm; (c)-(c’’), 10 µm. 

_____________________________________________________________________________________ 
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Figure 2.8 - Detection of DCX in the human neocortex by RNAscope (experiments carried out by Alessia 

Amenta and Francesco Bifari, University of Milan). (A) RNAscope technique in association with anti-DCX 

Abcam primary antibody confirms that some labelled cells in layer II-III actually are DCX-expressing cells 

(white arrows); some cells positive only for the RNA-probe do not express the protein (red arrows); bottom, 

higher magnification of a double-labelled cell. (B) No co-expression of DCX-RNAprobe (red arrows) with 

anti-DCX Santa Cruz and Millipore. (C), No co-expression of DCX-RNAprobe (red arrows) with GFAP+ 

astrocytes (white arrowheads) was detected. Scale bars: 10 µm. 

_____________________________________________________________________________________ 

 

2.4 Discussion  

Cell marker immunocytochemical detection is an important tool in developmental neurobiology, 

helping to define different cell populations on the basis of their phenotype and/or maturational 

stages. The reliability of antibodies used to detect such markers is obviously a prominent aspect, 

and acquires special complexity in comparative studies involving widely different mammalian 

species characterized by different brain size and inherent difficulties in obtaining fresh, well-fixed 
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material (Figure 2.1). When protected animal species or humans are involved, the post mortem 

interval, as well as the type of fixation, cannot be the same as in laboratory rodents. Consequently, 

even when several animal species are considered in the same study and thus processed by using 

the same methods, the original conditions of the tissues cannot be exactly the same (Patzke et al., 

2015; van Dijk et al., 2016; La Rosa et al., 2020a). Conversely, when a single animal species is 

investigated to find the best conditions to detect antigens in that brain tissue (a most frequent event 

in the literature), comparison with other species can be tricky. 

On these bases, we performed here a systematic testing of different commercial antibodies raised 

against two widely used markers of structural plasticity on different brain regions (neurogenic and 

non-neurogenic) of five mammalian species and on the cerebral cortex of humans, in search of 

similarities and possible substantial, qualitative differences. The first aim was to establish a 

screening on the most commonly used antibodies, to check whether they can be considered specific 

for all species, or otherwise, to map which antibodies do not work in some of them, in order to 

obtain a panel to be used in future comparative studies, in the view of reaching a “comparable” 

picture. 

 

Variables affecting the occurrence/quality of staining 

The present study involved seven antibodies raised against two antigens, detected in four brain 

regions of five mammalian species, as well as in the cerebral cortex of humans (Figure 2.2). Our 

results revealed that, beside a substantial prevalence of positive immunostainings, remarkable 

differences can exist when performing comparative analyses in mammals endowed with widely 

different brains (Figures 2.3-2.8). In general, by considering the data obtained here and those 

collected from the current literature (Tables 2.1 and 2.2), the cytoskeletal protein DCX and Ki67 

antigen appear to be well conserved through phylogeny and particularly resistant to fixation. As 

an extreme example, both antigens were detectable in internal positive controls of dolphin 

cerebella (external germinal layer at early postnatal stages) that were collected with a relatively 

long post-mortem delay (varying between 18 and 40 hours), and kept in fixative (4% buffered 

formalin) for months, even years (Parolisi et al., 2015,2017). Nevertheless, variation in the 

occurrence and/or quality of staining is frequently reported in comparative studies (references in 

Tables 2.1 and 2.2). Accordingly, while the detection of the two antigens was mostly successful 

in the present study, we also show some remarkably different results depending on the animal 

species investigated and the antibody employed. The most significant evidence emerging from our 

comparative analysis is the finding that DCX and Ki67 antigen can be successfully detected by 
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using different antibodies in different animal species, in spite of various types/degrees of fixation 

of the different brains studied (Figure 2.9). Hence, taking for granted that an appropriate tissue 

fixation is always required, the next step in comparative studies should be to find the right 

antibody(ies) tailored for the species under investigation. Our results indicate that the right 

antibodies can be successful in a relatively wide range of different types of fixation (Figure 2.9). 

To a lesser extent, differences were observed depending on the brain region investigated. Regional 

neuroanatomy can affect the quality of fixation and staining. The SVZ, lining the ventricular 

cavity, can be easily reached by the fixative, especially when using a tissue immersion procedure; 

then SVZ and SGZ neurogenic sites are enriched in neuroblasts which are filled in with DCX, 

whereas some of the “immature” neurons of the cortical layer II can show a lower content of DCX 

protein, due to their state of immature cells (thus, in a more advanced maturational stage than 

neuroblasts; see for example La Rosa et al., 2019). This seems to be the case of cortical immature 

neurons in the brain of old animals (Xiong et al., 2008; Cai et al., 2009) and adult/old human 

individuals (Srikandarajah et al., 2009; Li et al., 2023).  

In some cases, when dealing with comparison between species, the absence of staining can be 

simply due to interspecies differences. We now know that some DCX+ cell populations can be 

present or not in different species depending on the brain region or animal age. Here we show the 

example of the layer II cortical “immature” neurons, which are present in the neocortex of non-

rodent mammals, being absent in mice (Figures 2.4 and 2.6). This can appear trivial, yet the wide 

use of laboratory rodents as an almost exclusive animal model for biomedical research has induced 

many scientists to expect that results coming from other animal species should replicate what 

previously shown in mice (Faykoo-Martinez et al., 2017; La Rosa et al., 2018). Comparative 

studies are revealing that remarkable differences can exist concerning the occurrence/rate/location 

of various forms of brain structural plasticity, especially regarding the different origin of the DCX+ 

“young” neurons (La Rosa et al., 2020; Ghibaudi and Bonfanti, 2022). While 

differences/similarities concerning stem cell-driven adult neurogenesis in rodents and humans is 

currently controversial (Moreno-Jimenez 2021; Sorrells et al., 2021), substantial interspecies 

differences are known to exist for the non-newly born, immature neurons of the cerebral cortex 

(Piumatti et al., 2018; La Rosa et al., 2020a; Ghibaudi and Bonfanti, 2022). For these reasons, a 

more complete mapping of structural plasticity processes across mammals, brain regions and ages 

is needed. This can be done addressing the whole issue of interspecies differences, tissue 

collection/fixation, and antibody specificity taking into account that in some cases results can be 

different from what has been established in rodents.  
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Figure 2.9 - Schematic summary of the main results and conclusions. The three main variables considered 

in the study are reported in grey ovals on the left, including the animal species (characterized by widely 

different brain sizes), the type of fixation (perfusion: P, blue squares; immersion: I, green squares), and the 

commercial antibodies tested for DCX and Ki67 antigen. In the tables, the numbers of staining samples are 

reported (analysed in the four brain regions of the five mammalian species, each corresponding to two 

cryostat sections from three animals, treated with 5′ citrate), for a total of 115 staining samples for DCX 

(120 including the mouse neocortex lacking DCX+ cells), and 24 for Ki67. On the whole, a total of 89 

staining samples for DCX made a positive signal, while 26 did not. For Ki67, there were 19 with positive 

staining, and 5 negative. The “No signal” column was considered to also include non-specific staining (i.e., 

non-successful staining). It is worth noting that the number of specimens fixed with perfusion or immersion 

(reported in blue and green squares, respectively) showing successful staining were almost equally 

distributed, especially for DCX. In the case of Ki67, we showed that some specimens fixed by immersion 

require longer time of citrate treatment to reveal staining (see Figure 2.5). The best-performing antibodies 

for each animal species are reported in tables below. Also in this case, the result is mostly independent from 

fixation (see for example the same outcome for DCX staining in perfused and immersed sheep brains), and 

rather linked to the association between animal species and antigen considered. In humans, only the Abcam 

antibody delivered a satisfactory result; on intraoperative specimens, the specificity of the staining was 

confirmed by RNAscope analysis (see Figure 2.8), also revealing a non-specific staining on astrocytes in 

the post-mortem tissue. 

_____________________________________________________________________________________ 

 

Detecting DCX in the human cerebral cortex 

In humans, the study was restricted to the neocortex, a region of uttermost importance in cognition 

(Roth and Dicke, 2005), as well as in pathology (Vinters, 2015), that has been recently shown to 

host a population of “immature” DCX+ neurons (Coviello et al., 2022; Li et al., 2023), 

substantially absent in mice (La Rosa et al., 2020a). DCX detection in the human cerebral cortex, 

and more in general in the cortex of primates, has been controversial since long time. For instance, 

some authors reported a widespread occurrence of this cytoskeletal protein in most cortical layers 

of the macaque cerebral cortex (Bloch et al., 2011), while in a recent report, carried out on 9-10-

year-old macaques with western blot analysis, immunocytochemistry and antigen adsorption 

controls (Liu et al., 2020), it was concluded that some antibodies might give non-specific staining, 

its presence resulting far more spatially restricted. For this reason, our analysis in the human cortex 

was extended to an RNAscope assay to check the visualization of RNA molecules in individual 

cells, thus revealing gene expression beyond the simple protein transcription. Our results 

substantially confirm the Liu et al. findings, since only one of the five antibodies tested by 

immunocytochemistry (the Abcam antibody) did produce a staining coexpressing with the 

RNAprobe (Figure 2.7 and 2.8) and was restricted to a small population of cortical layer II-III 

neurons. 
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Comparative antibody performance 

One of the main problems in comparative research is the absence of systematic, comparable 

analyses among widely different mammals. Most studies on brain plasticity and neurogenesis were 

carried out on very standardized animal models, such as the laboratory rodents (Faykoo-Martinez 

et al., 2017; La Rosa and Bonfanti, 2018). As a result, the gap between our knowledge in rodents 

and humans remains widely unexplored, hampering the identification of real phylogenetic 

variations that might be useful for the correct interpretation of data obtained in mice and for a 

proper translation (Faykoo-Martinez et al., 2017; Brenowitz and Zakon, 2015). Nonetheless, most 

comparative studies consider either a single animal species or a small group of them, while 

analysing different species with the same method/approach in a study is rare (e.g., Patzke et al., 

2015; van Dijk et al., 2016; La Rosa et al., 2020a). Finally, in studies using immunocytochemical 

markers on postmortem tissues, several antibodies raised against the same antigen are often 

reported in the Methods section without stating which of them gave a successful staining or in 

which condition/treatment.  

A clear result emerging from the present comparative study is the lack of an “optimal” antibody 

for all the animal species considered. Overall, there is not an animal species among those 

considered (apart from mouse) in which all antibodies are working (Tables 2.6 and 2.7). On the 

other hand, the antigens were always detectable in each species with one or more antibodies (what 

can be considered as further indication of specific staining). Those giving the best results in each 

species are reported in Figure 2.9 below tables for DCX and Ki67. Especially for DCX, the 

association between animal species and successful staining appears to shift from mouse to humans, 

indicating that substantial differences must be considered along phylogeny. Of importance, most 

of the tested antibodies worked well in small-brained mammals whereas the possibility for 

successful, specific staining progressively decreased towards humans. As reported above, the type 

of fixation did not impact a lot in the whole picture, and most cases of lower rate of success due 

to tissue immersion procedure can be resolved with unmasking treatments.  
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Age-related changes in layer II immature neurons 

of the murine piriform cortex 
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Specific questions  

Does the number of piriform cortex cINs vary (or is maintained) during the mouse lifespan? 

How the answer obtained from the first question fits (or not) with the temporal pattern of 

canonical adult neurogenesis? 

 

 

3.1 Introduction 

The mammalian brain is a highly complex machine needing stability (Frotscher, 1992), and hardly 

capable of renewing its neuronal elements, especially in mammals (Bonfanti, 2011; Bonfanti, 

2013; Semënov, 2021). These features are less strict during youth, thanks to the existence of 

remarkable brain plasticity, yet they can become a problem with aging (Ben Abdallah et al., 2010; 

Grady, 2012; Snyder, 2019). Brain structural plasticity can occur in different forms, from synaptic 

changes (formation/elimination of synaptic contacts) to the genesis of new neurons, referred to as 

adult neurogenesis (Bond et al., 2015; Lim and Alvarez-Buylla, 2016; La Rosa et al., 2020a; 

Bonfanti and Charvet, 2021). It is well known that some forms of plasticity, especially the striking 

structural changes involving persistent neurogenesis, progressively decline as the animal age 

progresses (Ben Abdallah et al., 2010; Sanai et al., 2011; Snyder, 2019; Bonfanti and Charvet, 

2021; Duque et al., 2022; Bond et al., 2022). In stem cell-driven adult neurogenesis, the decrease 

is due to stem cell depletion and/or transition to a quiescent state. In the last few years, a 

counterintuitive example of “neurogenesis without division” has been shown to exist (Gómez-

Climent et al., 2008; Klempin et al., 2011; Bonfanti and Nacher, 2012; König et al., 2016; La Rosa 

et al., 2020a; Bonfanti and Seki, 2021). It consists of prenatally generated neurons (Gómez-

Climent et al., 2008; Piumatti et al., 2018) which stop their maturation for long periods, being 

capable to restart it during adulthood to eventually integrate into neural circuits (Rotheneichner et 

al., 2018; Benedetti et al., 2020). These immature “standby” or “dormant” neurons are here 

referred to as cortical immature neurons (cINs). cINs are present in the cerebral cortex, a brain 

region not endowed with stem cell-driven neurogenesis and characterized by high cognitive 

functions. The recent demonstration that cINs are more abundant and more widely distributed in 

large-brained, gyrencephalic mammals with respect to rodents (La Rosa et al., 2020a), suggests 

that they represent an evolutionary choice to grant new neurons as a sort of brain reserve in animal 

species endowed with high computational/cognitive capabilities linked to expanded neocortex 
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(Palazzo et al., 2018; La Rosa et al., 2019; La Rosa et al., 2020a; Benedetti and Couillard-Despres, 

2022).  

Although the currently available information is still fragmentary, it appears that the number of 

layer II cINs varies across animal ages (Xiong et al., 2008; Cai et al., 2009; Piumatti et al., 2018; 

Rotheneichner et al., 2018; Ai et al., 2021; La Rosa et al., 2020a; Li et al., 2023). A general 

reduction in the extent of brain structural plasticity is known to affect all species, from non-

mammalian vertebrates to mammals (Bonfanti, 2011), likely linked to lifespan and to a role in 

refinement of neural circuitries during brain growth and maturation (Snyder, 2019; Ben Abdallah 

et al., 2010; Encinas et al., 2011; Sanai et al., 2011; Luo et al., 2006; Semënov, 2019,2021; 

Bonfanti and Charvet, 2021; Bond et al., 2022). For mammalian adult neurogenesis, such a 

reduction has been carefully described (Luo et al., 2006; Ben Abdallah et al., 2010) and is 

considered to be associated with a decrease in cell division (Semënov, 2021), as a consequence of 

progressive exhaustion/depletion/quiescence of neural stem cells (Encinas et al., 2011; Urbán et 

al., 2019). 

The question remains open whether also the cINs, which are not dependent on stem cell division, 

might follow a similar pattern of reduction or whether they might be considered as a reservoir of 

young, undifferentiated neurons in the adult/aging brain (König et al., 2016; La Rosa et al., 2019; 

Benedetti and Couillard-Despres, 2022). To answer this question, we investigated the amount of 

DCX+ cINs in the mouse paleocortex at six different ages, from postnatal month 1 to the old age 

of 15 months (Figure 3.1A), at three anterior-posterior levels of the piriform cortex (Figure 3.1B). 

Cell density (linear density: number of cells/mm in the cortical layer II perimeter) and percentage 

of type 1 (small, unipolar/bipolar, highly immature neuronal precursors) and type 2 cINs (large, 

ramified, less immature “complex” cells; see Figure 3.3B’) were considered (Figure 3.1C). 

Furthermore, we studied the coexpression of DCX with other markers for maturity/immaturity, 

such as the anti-adhesive form of the Neural Cell Adhesion Molecule N-CAM (PSA-NCAM; 

Bonfanti, 2006), whose expression is known to maintain immaturity in the piriform cortex cINs 

(Coviello et al., 2021), and NeuN, a marker of postmitotic neurons starting differentiation (Mullen 

et al., 1992), in search for possible variation at the different ages. 
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3.2 Materials and Methods 

Animals and tissue processing 

Animal experiments were performed in agreement 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”, according to protocol number 785_2019PR, following the Institutional 

guidelines of IBBC/CNR and the approval of the Ethical Committee. Mice C57/BL6 (Charles 

River Laboratories, RRID:MGI:3696370) were housed in cages with corncob bedding in 

conventional animal facility. All animals were maintained under standard laboratory conditions 

with an artificial 12 hr light/dark cycle (lights on at 7:00 a.m. and off at 7:00 p.m.), temperature 

controller (22 ± 2°C) and humidity maintenance (55 ± 5%). Mice took a standard diet with access 

to food and water ad libitum. For our experiments, only male mice were used.  

Animals aged 1, 3, 5, 7, 12, 15 months (4 animals for each age; Figure 3.1A and Table 3.1) were 

deeply anesthetized and perfused with a 4% solution of paraformaldehyde (PFA) dissolved in 0,01 

M PBS. After cardiac perfusion the brains were isolated, post-fixed overnight in PFA at 4°C and 

equilibrated in 30 % sucrose. Brains were embedded in Tissue-Tek OCT (Sakura, Alphen an den 

Rijn, The Netherlands), cut by cryostat at −25 ◦C in 40 µm thick coronal, serial free-floating 

sections.  

 

Table 3.1 Mouse specimens and ages used in this study 

Species Source Specimens Age 

(months) 

Fixation 

procedure 

Fixative PMI 

 

 

 

Mouse 

 

 

 

(a) 

 

 

 

4 

1  

 

 

Perfusion (IC) 

 

 

 

4% PFA 

 

 

 

None 

3 

5 

7 

12 

15 

IC, intra-cardiac. Source: (a) National Research Council, Rome, Italy  
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Figure 3.1 - Analysis of layer II cortical immature neurons (cINs) of the mouse piriform cortex at different 

ages. (A) Schematic representation of the age groups investigated in the present study. (b, top) Three 

anterior-posterior levels of the piriform cortex were considered (represented from coronal views of the 

Paxinos atlas of the mouse brain; Paxinos and Franklin, 2019): anterior, Interaural 4,98 – Bregma 1,18; 

middle, 2,22 – 1,58; posterior, 1,26 – 2,54. (B, bottom) Representative confocal images of each piriform 

cortex region (3 month-old mouse), stained for doublecortin (DCX, red) and counterstained with DAPI. 

(C) Confocal images of DCX+ type 1 and type 2 cells, representing respectively small, unipolar/bipolar 

neuronal precursors and large, ramified “complex” cells. Scale bars: 200 µm (histology); 30 µm 

(immunofluorescence). 

_____________________________________________________________________________________ 
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Immunofluorescence for doublecortin (DCX), polysialylated Neural Cell Adhesion Molecule 

(PSA-NCAM), NeuN, and NG2. 

The entire anterior-to-posterior length of the piriform cortex, easily identifiable in toluidine blue-

stained sections (Figure 3.1B), extended for approximately 5 mm at all ages; 120 coronal sections 

(40 µm thick) were considered in each animal (4,8 mm piriform cortex length; see Table 3.3). 

Three different series of slices were collected: rostral sections (approximately from Bregma + 2.46 

to Bregma – 0.34, Paxinos and Franklin, 2019), middle sections (approximately from Bregma -

0.46 to Bregma – 2.18), and caudal sections (approximately from Bregma – 2.30 to Bregma – 2.80; 

Figure 3.1B). For immunofluorescence analysis, sections were then stained by using fluorescent 

methods. After permeabilization with 0.3% Triton X-100 in PBS, the sections were incubated with 

3% normal donkey serum in PBS for 16–18 h with primary antibodies (Table 3.2): 1:800 goat 

polyclonal antibody against doublecortin (DCX) (Santa Cruz Biotechnology, Inc. Cat# sc-8066); 

1:700 mouse anti-PSA-NCAM (Millipore, Bellerica, MA - MAB5324), 1:300 mouse anti-NeuN 

(1:300, Millipore, Bellerica, MA - MAB377), and 1:200 rabbit anti-NG2 (Neuron Glia antigen 2; 

Millipore, Bellerica, MA – AB5320). Secondary antibody used to visualize the antigen were 1:200 

donkey anti-goat Cy2-conjugated (Jackson ImmunoResearch Cat# 705-225-147), Alexa 647-

conjugated anti-mouse (1:400; Jackson ImmunoResearch, West Grove, PA - 715-605-151), and 

Alexa 488-conjugated anti-rabbit (1:400; Jackson ImmunoResearch, West Grove, PA - 711-545-

152). Nuclei were observed incubating sections with 4’,6-diamidino-2-phenylindole (DAPI, 

1:1000, KPL, Gaithersburg, Maryland USA) and mounted with MOWIOL 4–88 (Calbiochem, 

Lajolla,CA). 

 

Table 3.2 Primary antibodies used in this study 

Antigen Host Type Code Raised against Dilution Source 

DCX goat polyclonal SC8066 Epitope within the last 50 c-

terminal amino acids 

1:1000 Santa Cruz 

Biotechnology 

PSA-NCAM  

mouse 

 

monoclonal 

MAB5324 Viable Meningococcus group 

B (strain 355) 

1:700  

 

Sigma Aldrich 
NeuN MAB377 Purified cell nuclei from 

mouse brain 

1:300 

 

NG2 

 

rabbit 

 

polyclonal 

AB5320 Recombinant rat Chondroitin 

sulfate proteoglycan 4 

containing amino acids 30 to 

2225 

 

1:200 
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Image processing and cell quantification 

Images were collected using a Nikon Eclipse 90i confocal microscope (Nikon, Melville, NY). All 

images were processed using Adobe Photoshop CS4 (Adobe Systems, San Jose, CA) and ImageJ 

version 1.53t (Wayne Rasband, Research Services Branch, National Institute of Mental Health, 

Bethesda, Maryland, USA).  

DCX+ cell quantification was performed on three immunofluorescence-stained sections/animal 

(one/each series - rostral, middle, and caudal - located in the middle of the series; 12 sections/age; 

total: 72 sections), in which 40x confocal fields were acquired in order to represent the entire 

ventral-to-dorsal length of the piriform cortex in each section (4 to 8 confocal fields/section, 

depending on the length and orientation of the piriform cortex, Figure 3.2; total number of confocal 

fields analyzed: 419). DCX+ cell counting was performed directly by an experienced operator, 

using “Cell Counter” Plugin of ImageJ software. In each section, confocal field (objective: 40x; 

corresponding to 318,215 µm x 318,215 µm) were acquired along the layer II of the paleocortex 

(see above). Then, the total perimeter of paleocortical layer II was traced using the “Straight line” 

tool of ImageJ (Figure 3.2C) and all DCX+ cells along its length were counted in each confocal 

acquisition (linear density = number of cells/mm). In the same sections, the morphology of cINs 

was evaluated and the number of type 1 and type 2 cells (identified on the basis of their cell soma 

size: < 9, type 1 cells; ≥ 9, type 2 cells) was counted using different markers selected from the Cell 

Counter toolbar in ImageJ software. The cell soma size (diameter) was obtained by evaluating the 

width orthogonal to main axis. Cells cut on the superior surface of the stack were not considered, 

to avoid overcounting.  

Counting of DCX/PSA-NCAM, DCX/NeuN, and DCX/NG2 double staining was performed on 

the three-month-old and the fifteen-month-old animals. Three 40x confocal fields were considered 

along the ventral-to-dorsal extension of the piriform cortex, in each of two coronal sections/animal 

(corresponding to middle and caudal regions, which are the most enriched in DCX+ cells); a total 

of 353 (DCX/PSA-NCAM) and 252 (DCX/NeuN) coexpressing cells were counted. Similarly, 

counting of DCX and NG2 possible coexpression was performed as for the above-mentioned 

markers (on three 40x confocal fields along the ventral-to-dorsal extension of the piriform cortex, 

in each of two coronal sections/animal corresponding to middle and caudal regions); a total of 215 

DCX+ cells were counted. 
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Figure 3.2 – Counting method in each coronal section of the piriform cortex (at anterior, middle, and 

posterior sites). (A) Adjacent confocal fields (318,215 x 318,215 µm wide; here represented in red on a 

toluidine blue-stained section of the middle piriform cortex at 7 months of age) were used to cover the 

entire ventral-dorsal extension of the piriform cortex (allocortex, but also recognizable at the confocal 

microscope by the high density of DAPI+ nuclei). 

(B) The total length (ventral-to-dorsal) of the piriform cortex in each section was obtained by tracing the 

length of cortical layer II in each confocal field on imageJ (green line, C). Arrowhead: allocortex/isocortex 

transition. 

_____________________________________________________________________________________ 

 

Statistical analysis 

All graphs and statistical analyses were performed using GraphPad Prism Software (San Diego 

California, USA) using different nonparametric tests: Mann-Whitney test, Kruskal-Wallis test 

with Dunn’s multiple comparison post test and Two-way ANOVA with Bonferroni post-hoc test. 

p<0.05 was considered as statistically significant. Median was used as a central measure. 
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3.3 Results 

Immunocytochemical detection and morphology of DCX+ cells 

Immunocytochemistry for DCX was carried out by using one of the best performing antibodies 

for this antigen in mice (Ghibaudi et al., 2023a). As expected, different populations of DCX+ cells 

were detectable at typical locations previously described in the mouse brain, including the 

subventricular zone of the lateral ventricles (SVZ; Brown et al., 2003; see below and Figure 3.4A), 

the dentate gyrus of the hippocampus (subgranular zone, SGZ; Brown et al., 2003; see below and 

Figure 3.4A), and the layer II of the piriform cortex (Nacher et al., 2001; Bonfanti and Nacher, 

2012; Luzzati et al., 2009; Figure 3.1). In the piriform cortex, two morphological types of DCX+ 

cells were detectable in layer II at the limit with layer III, as previously described (Piumatti et al., 

2018; La Rosa et al., 2020a): type 1 cells, characterized by a small cell soma (diameter 5-8 µm) 

and very simple cell process ramification (unipolar or bipolar), and type 2 cells, with larger cell 

soma (diameter 8-18 µm) and complex apical dendrites (Figures 3.1C and 3.3B’). Type 1 cells, 

usually far more abundant than type 2 (Piumatti et al., 2018; La Rosa et al., 2020a), are known to 

be highly immature elements, while type 2 cells do represent more mature and morphologically 

more complex forms (Rotheneichner et al., 2018; Benedetti et al., 2020; Benedetti and Couillard-

Despres, 2022). 

Counting of total DCX+ cells, and type 1 / type 2 cells, in the piriform cortex 

Total counting of layer II DCX+ cells in the whole piriform cortex, and selective counting in each 

anterior-middle-posterior part were performed on confocal images using ImageJ software (Figure 

3.3C). Linear density was used considering that cINs are arranged in a monolayer-like row within 

the piriform cortex (see La Rosa et al., 2020a). Animals of six different adult ages were analysed 

and a strong decrease in the linear density was observed comparing 1-month-old to 12- and 15-

months-old mice (nonparametric Mann Whitney test, *p < 0.05; **p < 0.01, Figure 3.3C’) and 

comparing 3-months-old animals to 15-months-old ones (nonparametric Mann Whitney test, 

p<0.05). Considering the percentage of decrease of DCX+ cells in piriform cortex layer II starting 

from 1-month-old animals, a dramatic decrease was evident between 5 and 7-months (see Table  

3.5). Then, we calculated the mean value of total DCX+ cells in the ventral-to-dorsal extension of 

the piriform cortex in each section (average value considering rostral, middle, and caudal regions), 

and multiplied this value for the number of sections of the whole anterior-to-posterior extension 

(120), to estimate the total number of DCX+ cells/hemisphere at each age. Such amount ranged 

approximately from 18.000 cells at 1-3 months to 1.700 cells at 15 months (Table 3.3).  
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To evaluate whether the distribution of DCX+ immature neurons might be heterogeneous through 

the anterior-posterior extension of the piriform cortex, the linear density obtained in three regions 

(anterior, middle, posterior; Figure 3.1B) was considered. Two-way ANOVA with Bonferroni 

post-hoc tests found no big differences among these regions at all the ages considered, apart from 

a slightly higher amount in middle and caudal regions with respect to rostral (Figure 3.3C’’). 

Type 1/type 2 abundance (expressed in percentage) is represented in pie charts in Figure 3.3B. A 

decrease of large type 2 (complex) cells with respect to small type 1 (simple) cells was evident 

with age progression, reaching a minimum at 12 months (Figure 3.3B) 

 

Table 3.3 - Estimation of total piriform cortex length (anterior-to-posterior) and total DCX+ cells in the 

piriform cortex (one hemisphere) 

Age Piriform cortex 

coronal sections 

in a whole 

hemisphere 

Section 

thickness 

Total piriform 

cortex length 

(anterior-to-

posterior) 

Total DCX+ cells/section 

(mean from rostral, 

middle, and caudal 

sections) 

Estimation of total 

DCX+ cells in piriform 

cortex (one hemisphere) 

1m  

 

120 

 

 

40 µm 

 

 

4,8 mm 

(120x40: 4800 µm) 

151,75 18.210 (151,75x120) 

3m 152,25 18.270 (152,25x120) 

5m 90,25 10.830 (90,25x120) 

7m 37,5 4.500 (37,5x120) 

12m 23,5 2.820 (23,5x120) 

15m 14 1.680 (14x120) 

 

 

Table 3.4 - Percentage of DCX+ cells over piriform cortex whole neuronal cell population 

Age Estimation of total DCX+ 

cells (see Table S1) 

Estimation of neuronal number in 

the three month-old mouse piriform 

cortex (Srinivasan & Steven, 2017) 

% of DCX+ cells 

1m 18.210  

 

 

532.617 cells 

3% 

3m 18.270 3% 

5m 10.830 2% 

7m 4.500 1% 

12m 2.820 0,5% 

15m 1.680 0,3% 
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Figure 3.3. - Detection and counting of DCX+ cells in the piriform cortex at different ages. (A) 

representative photographs from histological staining of the piriform cortex (caudal domain) and confocal 

images of DCX staining at all ages considered. Note the age-dependent progressive reduction in cINs. (B) 

Pie charts indicating the percentages of type 1 (yellow) and type 2 cells (brown); note the progressive 

decrease of type 2 “complex” cells with respect to the type 1, highly immature cells. (B’) Schematic 

representation of the type 1 (yellow) and type 2 cells (brown) corresponding to different morphologies and 

different maturational stages of the cINs. (C) Results of the cell counting carried out on ImageJ software; 

(C’) total DCX+ cell counting; (C’’) counting within the rostral, middle, and caudal domain of the piriform 

cortex. Scale bars: 200 µm (histology); 30 µm (immunofluorescence). 

_____________________________________________________________________________________ 
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DCX/PSA-NCAM and DCX/NeuN coexpression at different ages 

The cytoskeletal protein DCX and the membrane-bound, anti-adhesive molecule PSA-NCAM are 

known to be generally coexpressed in cortical immature neurons (Rotheneichner et al., 2018; 

Bonfanti and Seki, 2021; Coviello et al., 2021), both being downregulated with maturation 

(Rotheneichner et al., 2018). On the other hand, NeuN an RNA-binding protein expressed by 

postmitotic neurons that reached a high degree of differentiation (Mullen et al., 1992), can identify 

most types of mature neurons and is expressed by many type 2 cINs (Piumatti et al., 2018). On 

these bases, we explored whether such coexpression is stable in the mouse piriform cortex at 

different ages, by focusing on young (3 months old) and aged (15 months) animals (Figure 3.4). 

The analysis revealed coexpression of the two markers in immature cells of the piriform cortex, 

involving all morphological types: type 1 cells, type 2 cells and transitional forms (cells with soma 

size intermediate between type 1 and type 2 cells, and moderate dendritic ramification; Piumatti 

et al., 2018), at all the ages investigated (yellow arrowheads in Figure 3.4). In type 1 DCX+ cells, 

PSA-NCAM was present on both cell soma and processes, while in type 2 cells and transitional 

forms PSA-NCAM was distributed more heterogeneously (being present either on both the cell 

soma and process, only on the cell soma or only on processes, possibly reflecting different 

maturational stages). Occasionally, some type 2 DCX+ cells were devoid of PSA-NCAM, likely 

corresponding to more mature forms (having lost PSA-NCAM expression) (red arrowheads in 

Figure 3.4). Rare cells single-stained for PSA-NCAM, not expressing DCX were observed. These 

elements might be a scarce type of interneurons (Gómez-Climent et al., 2011; Figure 3.4A, green 

arrowheads). The coexpression of DCX and PSA-NCAM was always consistent and strong in the 

newly generated cells of the neurogenic sites (Figure 3.4A, top), as previously described (La Rosa 

et al., 2019).  

In DCX/NeuN double staining, coexpression was frequently observed in type 2 cells with mature 

morphologies, both at 3 and 15 months (Figure 3.4A, bottom). Type 2 cells expressing only DCX 

were also detected both at 3 and 15 months (red arrowhead in Figure 3.4A, bottom), likely 

reflecting more immature forms which will express NeuN later (e.g., transitional forms 

coexpressing PSA-NCAM in the correspondent double staining). Counting of DCX/PSA-NCAM 

and DCX/NeuN double staining are reported as pie charts and percentages in Figure 3.4A. While 

coexpression with PSA-NCAM remained substantially unvaried from 3 to 15 months of age, 

coexpression with NeuN increased with age, more than doubling at 15 months. 
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Figure 3.4 - Coexpression of DCX and markers for maturity/immaturity in cINs at different ages (3 and 15 

months). A, coexpression of DCX and PSA-NCAM (top, in neurogenic sites; bottom left, in piriform 

cortex), and DCX and NeuN (bottom right, in piriform cortex) in young and old mice. Below each double 

staining image in the piriform cortex, pie charts indicate the percentage of marker coexpression (grey, 

single-stained DCX+ cells; black, double-stained cells, with PSA-NCAM or NeuN respectively). B, 

coexpression of DCX and PSA-NCAM in cells with different morphology reminiscent of different degrees 

of maturation (the smaller, unipolar/bipolar type 1 and larger, ramified type 2 cells represent the extremes). 

Arrowheads: red, DCX+ cells; green, PSA-NCAM+ cells; yellow, cells coexpressing the two markers. 

Overall, all types of cells and combinations of staining are detectable at different ages, and in different 

maturational stages of the cells. The coexpression of markers for immaturity (DCX and PSA-NCAM) in 

cell soma and processes is frequent in type 1, small cells, even at 15 months (see higher magnification in 

the inset). Features linked to maturity (DCX staining without PSA-NCAM or DCX/NeuN coexpression are 

detectable in type 2, large cells. C, Double staining with anti-DCX and anti-NG2 antibodies. No 

coexpression of the two markers was ever found, neither in young (three-months-old) nor in old (fifteen-

months-old) animals. Green arrowheads, NG2+ cells; red arrowheads, DCX+ type 1 neurons; red arrows, 

DCX+ type 2 neurons. Scale bars: 30 µm. 

_____________________________________________________________________________________ 

 

 

Since previous studies using transgenic reporter mouse suggested that some oligodendrocyte 

precursors may express DCX (Rotheneichner et al., 2018), we checked for possible coexpression 

of DCX and the Neuron Glial antigen 2 (NG2) by performing double staining at 3 and 15 months 

of age. However, in our system, we did not find any cells coexpressing DCX and NG2 across the 

piriform cortex, at young or at old age (Figure 3.4C). In addition, all cells single stained either for 

DCX or for NG2 displayed clearly distinct morphologies, typical of type 1 and type 2 immature 

neurons and multipolar oligodendrocyte progenitor cells, respectively (Figure 3.4C). Thereby, the 

entire population of DCX+ cells described and quantified in this study accounts for bona fide Type 

1 and Type 2 cINs. 

 

3.4 Conclusions and Discussion 

The recent identification of DCX+ cells in the piriform cortex layer II as non-newborn, “immature” 

or “dormant” neurons (history reviewed in Bonfanti and Seki, 2021), has introduced a possibility 

to place new, functional neurons in postnatal/adult neural circuits in the absence of stem cell 

division (Benedetti and Couillard-Despres, 2022), in parallel with the well-known process of stem 

cell-driven neurogenesis occurring in the brain neurogenic sites (SVZ and SGZ; Bond et al., 2015; 

Lim and Alvarez-Buylla, 2016; La Rosa et al., 2020b). Of interest, this “neurogenesis without 

division” does occur in the cerebral cortex, namely a region devoid of active stem cells/stem cell 
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niches, which is of uttermost importance for high-order cognitive functions (Roth and Dicke, 

2005), and known to be affected by many forms of dementia/neurodegenerative pathologies 

(Vinters, 2015). With these premises, questions arise about how these “young” neurons are 

temporally distributed across the lifespan and whether they can represent a sort of “reservoir” for 

the adult/aging brain (König et al., 2016; La Rosa et al., 2019). Or, alternatively, whether their 

occurrence might follow a progressive reduction, similarly to what observed for other forms of 

plasticity (Bonfanti, 2011; Paredes et al., 2016b; Bonfanti and Charvet, 2021; Parolisi et al., 2018; 

Snyder, 2019). Here, by analyzing the number, morphology, and immunocytochemical features of 

cINs in the mouse piriform cortex from postnatal to old stages, we asked whether this cell 

population either undergoes a progressive decrease in number or remains stable, and how the 

pattern might be related to the well-known decrease of adult neurogenesis (Ben Abdallah et al., 

2010). 

 

Occurrence of layer II cortical “immature” neurons progressively decreases across lifespan 

Our findings show that occurrence of DCX+ cINs is very high during juvenile stages, declining at 

young-adult ages to reach lower levels with aging (Figure 3.3). Since these cINs do not depend on 

stem cell activity (they are produced during embryogenesis and then persist as immature, 

“dormant” elements in postnatal and adult ages, Rotheneichner et al., 2018; Benedetti et al., 2020; 

reviewed in La Rosa et al., 2019; Benedetti and Couillard-Despres, 2022), their progressive 

reduction can be explained by slow maturation and subsequent integration into the layer II of the 

piriform cortex, occurring at different ages and involving the loss of DCX expression (Benedetti 

and Couillard-Despres, 2022). Hence, unlike neurogenic processes, which produce less neurons 

with increasing ages (Luo et al., 2006; Ben Abdallah et al., 2010; Encinas et al., 2011; Figure 

3.5B), the “disappearing” cINs do persist as mature neurons, which are no more visible by DCX 

immunocytochemistry, due to their maturation (schematic representation in Figure 3.5A’). Such 

“apparent disappearance”, corresponding to maturation and integration, has been well 

demonstrated using a DCX-CreERT2/Flox-EGFP transgenic mouse, in which the immature cells 

can be visualized with green fluorescent protein, and followed through time after the loss of their 

DCX-expression (Zhang et al., 2010; Rotheneichner et al., 2018; Benedetti and Couillard-Despres, 

2022). In this transgenic model, the vast majority of the cINs were found to accomplish their 

maturation through the animal life, the cells lost through aging being negligible (Rotheneichner et 

al., 2018). In other words, the apparent disappearance of the DCX+ cells in the piriform cortex 
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observed at increasing ages, consists of an activation of previously inactive, “dormant” elements, 

thus maintaining the cell population. Here, we estimated the cell population of immature elements 

hosted in the piriform cortex in about 18.000 cells/hemisphere at 1 and 3 months of age, then 

progressively dropping with age, and leaving about 1.700 cells at 15 months (see Table 3.3 and 

3.4). These numbers represent respectively 3% and 0,3% of the total amount of neurons in the 

piriform cortex (considered to be around 500.000 in the three-month-old mouse; Srinivasan and 

Stevens, 2017), which can potentially act as a reserve/enhancer for cortical plasticity. The fact that 

the number of sections considered in the counting was not high (three sections/animal) may explain 

the variability observed between animals, what could represent a limit of this study. Yet, the entire 

ventral-to-dorsal extension of the piriform cortex was considered in each section, and significant 

decrease of the number of DCX+ cells was found at different ages, despite interindividual 

variability.   

No big differences in the amount of cINs were observed by comparing the three anterior-posterior 

subregions of the piriform cortex at different ages, apart from a slight prevalence of DCX+ cells in 

middle and caudal regions with respect to the rostral one (Figure 3.1B and 3.3C’’), indicating that 

the total number of cINs at each age and their age-related decrease can be considered a general 

feature of the piriform cortex. We did such a distinction since a recent study showed that piriform 

cortex connectivity is spatially structured in triadic circuit motifs along its anterior-posterior axis 

(Chen et al., 2022). Single olfactory bulb neurons targeting a particular location along the anterior-

posterior axis of piriform cortex also project to matched, functionally distinct, extra-piriform 

targets (e.g., anterior olfactory nucleus, amygdala, or lateral entorhinal cortex), and neurons in the 

piriform cortex complete the triad, also projecting to the same extra-piriform target (Chen et al., 

2022). Our results suggest that plasticity potentially involving the cINs of all these circuits undergo 

the same age-related changes across the lifespan. 

The general decrease observed here for the cINs show similarities with that of hippocampal adult 

neurogenesis (Ben Abdallah et al., 2010; see Figure 3.5A,B and related section, below) and, to a 

lesser extent, olfactory bulb/subventricular zone (Luo et al., 2006), thus suggesting that all these 

forms of plasticity play important roles mostly at juvenile ages.  

 

Variation in cell types and marker coexpression linked to different maturational stages 

The two cell morphologies indicated as type 1 and type 2 cells are known to represent the extremes 

of the maturational process of cINs during the period of DCX expression (Figures 3.1C and 3.5B’). 
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Such maturation has been well characterized using the DCX-CreERT2/Flox-EGFP transgenic 

mouse, in which the immature, DCX-expressing cells can be followed across time with green 

fluorescent protein, until full maturation (and consequent loss of DCX staining) and functional 

integration into the layer II circuits (Rotheneichner et al., 2018; Benedetti et al., 2020). Of course, 

each brain section immunocytochemically stained with markers of maturity/immaturity (e.g., 

NeuN, DCX, PSA-NCAM) can include a gradient of maturational forms between the two extremes 

(see Figures 3.1 and 3.4B). In the temporal window of DCX expression, the small, unipolar-bipolar 

type 1 elements are the most immature DCX+ neuronal precursors that, after progressive 

maturation increase their soma size and grow a ramified dendritic harborization, becoming the 

type 2 “complex cells” (Piumatti et al., 2018; Rotheneichner et al., 2018; La Rosa et al., 2020a; 

Benedetti and Couillard-Despres, 2022; Figure 3.4B). Here, we counted the cells falling into the 

category of type 1 and type 2 morphologies and their ratio was analysed at each age (Figure 3.3B). 

As expected (see Piumatti et al., 2018; La Rosa et al., 2020a), type 1 cells were prevalent at all the 

ages, yet the percentage of type 2 cells was decreasing with age (from 1 to 12 months), with a 

small increase at 15 months (Figure 3.3B). This pattern, along with that reported above for total 

DCX+ cells, suggests that a small amount of highly immature (type 1) cells might represent a 

reservoir for plasticity in the adult/aging brain. 

Two additional markers were used in association with DCX to assess the neuronal maturational 

stage of the cINs, as described in Piumatti et al. (2018) and Coviello et al. (2021) (Figure 3.4): 

PSA-NCAM, a low-adhesive form of N-CAM widely present in neurons during brain development 

and expressed by cells retaining plasticity during adulthood (Hoffman et al., 1983; Bonfanti, 2006; 

Bonfanti and Nacher, 2012); NeuN, expressed by postmitotic neurons starting differentiation 

(Mullen et al., 1992), which can identify most types of mature neurons (Gusel’nikova and 

Korzhevskiy, 2015), and is expressed in type 2 cINs (Piumatti et al., 2018; referred to as “complex 

cells” in Rotheneichner et al., 2018). 

The analysis carried out on DCX/PSA-NCAM double staining revealed coexpression of the two 

markers in most immature cells of the piriform cortex, involving all morphological types: type 1 

cells, type 2 cells and transitional forms, at all the ages investigated (Figure 3.4B). Only few DCX+ 

type 2 cells were devoid of PSA-NCAM, likely corresponding to the most complex forms, close 

to the accomplishment of their full maturation (Figure 3.4B). Accordingly, it was recently 

demonstrated that PSA-NCAM depletion promotes maturation of cINs in rodent paleocortex 

(Coviello et al., 2021), thus indicating that loss of PSA-NCAM can precede loss of DCX.  

Concerning the heterogeneous coexpression of PSA-NCAM and DCX in cell soma and/or cell 

processes, the heterogeneity may therefore reflect different stages of maturation. Counting of the 
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DCX/PSA-NCAM double-stained cells at 3 and 15 months of age revealed substantially similar 

values of coexpression (pie charts in Figure 3.4A), indicating that a population of highly plastic 

neurons is maintained through ages. 

On the other hand, the increase in the number of DCX+ cells coexpressing NeuN (more than 

doubling at 15 months; pie charts in Figure 3.4A) might be caused by a slowing down of the 

maturational process with increasing age, resulting in some cells being “blocked” in a “late 

immature” state. Under such assumption, one could also explain the decrease of type 2 cells with 

respect to type 1 cells in older animals. Namely, the age-related decrease in the percentage of type 

2 cells would be justified by a dwindling, yet maintained, population of ever-immature type 1 cell 

(small reservoir of highly plastic cells), on one hand, and by some type 2 cells slowing down their 

maturation with age, on the other. 

 

Comparison with adult hippocampal neurogenesis 

The findings obtained in the present study on the cIN age-related variation in the piriform cortex 

appear quite similar to those reported for the neurogenic process of the hippocampal dentate gyrus 

in C57BL/6 mice from 1 to 9 months (Ben Abdallah et al., 2010), since both processes undergo 

substantial reduction with increasing age (Figure 3.5A,B). It is clear that cINs and hippocampal 

adult neurogenesis are different processes, which are not fully comparable; nevertheless, they both 

represent forms of neurogenesis, in terms of addition of new neurons. Moreover, they both show 

a progressive exhaustion of available cell types: of cells retaining immaturity in the former, and of 

actively dividing stem cells and their product in the latter (Figure 3.5A’ and B’). Here we focus on 

the time period extension in which they are still detectable, because they show interesting 

differences beside a common trend of age-related decline. Our results reveal a strong decrease of 

cINs between 5 and 7-months, while data from Ben Abdallah et al. in the hippocampus show this 

decrease already starting from 1-3 months (Figure 3.5A,B and Table 3.5).  

In addition, by considering the percentage of decrease in DCX+ cells from their initial occurrence 

at 1 month to subsequent ages, it is only 19% in the piriform cortex against 97% in the 

hippocampus at 3 months, and 394% against 1094%, respectively, at 7 months. In the piriform 

cortex of older animals, cINs reach a value comparable to that of the hippocampus at 9 months, 

only at 15 months (Table 3.5), indicating a longer persistence of cINs with respect to cells involved 

in adult neurogenesis.  
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Figure 3.5 - Age-related decrease of different populations of DCX+ cells in mice (A,B), and in comparison 

with other mammals (C). (A,B) Comparison between non-newly born, immature neurons of the piriform 

cortex (cINs; A) and newly born neurons of the hippocampal dentate gyrus (B). (A) Data obtained in the 

present study demonstrating the decrease of cINs during life (*p < 0.05; **p < 0.01); (B) panel reproducing 

Figure 5 in Ben Abdallah et al. (2010; modified with permission from Elsevier), showing the decrease with 

age of DCX+ cell numbers in the mouse dentate gyrus (**p < 0.01; ***p < 0.0001). Grey and pink bars 

indicate the period in which the main drop occurs. 

(A’,B’) Schematic representation of the two distinct processes, both leading to integration of new functional 

elements (black neurons), either starting from cINs (red, in the cortex; A’) or from stem cell division (green, 

in the neurogenic sites; B’). Both processes undergo progressive age-dependent reduction, yet, for different 

reasons. The apparent decrease of immature neurons (a reduction in the number of DCX+ cells) does 

correspond to a maintenance of the population through the maturing cells. On the other hand, in neurogenic 

processes the reduction really affects the production of new neurons, due to stem cell depletion/quiescence.  

_____________________________________________________________________________________ 

 

 

These data suggest that exhaustion of the cIN reservoir does occur in a more diluted way with 

respect to adult neurogenesis. As a matter of fact, in the 15-month-old mouse piriform cortex there 

are still 1.680 DCX+ cells, namely a similar or higher amount with respect to those present in the 

hippocampus six months before (about 1.300 at 9 months; Ben Abdallah et al., 2010). 
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Table 3.5 - Percentages of DCX+ cells age-related reduction of cortical immature neurons (present work; 

Figure 3.5A) and hippocampal adult neurogenesis (Ben Abdallah et al., 2010; see Figure 3.5B). m, months; 

bold, comparable ages. 

Age comparison Piriform cortex Dentate gyrus 

1m vs 2m  - -50% 

1m vs 3m -19% -97% 

1m vs 4m  - -261% 

1m vs 5m  -106% -374% 

1m vs 7m  -394% -1094% 

1m vs 9m  - -1568% 

1m vs 12m  -972% - 

1m vs 15m  -1560% - 

 

 

Of course, our data and data collected from Ben Abdallah are heterogeneous. First of all, our 

quantification of DCX+ cells was performed using a direct cell counting on ImageJ software 

instead of stereological methods with Stereoinvestigator, as done by Ben Abdallah et al. (2010). 

We chose this method because of the low number of cINs: counting with stereological methods 

are recommended when a considerably larger number of particles per individual are present (700-

1000; Herculano-Houzel et al., 2015). Moreover, the ages considered in these two studies are only 

partially overlapping (Figure 3.5A,B): differences in cIN abundance is only significant when 

comparing 1-month-old to 12- and 15-months-old mice, hence no closer ages (e.g., 2, 4, 9 months) 

were considered; on the other side, hippocampal adult neurogenesis highlights significant 

differences starting from the first months of life, requiring the analysis of closer ages.  

Overall, the decrease of cINs during young/adult stages can fit with the general view of structural 

plasticity as a process which is prevalent during youth, to allow the refinement of brain circuits on 

the basis of experience (in mouse, mainly linked to olfactory experience). Yet, a more moderate 

decrease of cINs with respect to adult neurogenesis, can leave a “small reserve” of young elements 

even during adult/senior stages. A fact that seems even more evident in large-brained mammals 

(see below). 

Conclusions 

Recent findings revealed that brain structural plasticity can occur in different forms varying with 

age, brain region, and species, thus stressing the importance of defining plasticity along temporal 

and spatial dimensions (Bonfanti and Charvet, 2021). Stem cell-driven adult neurogenesis is a 
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developmental process particularly useful during juvenile stages of the animal lifespan (Ben 

Abdallah et al., 2010; Sanai et al., 2011; Sorrells et al., 2018; Snyder, 2019; Bond et al., 2022). It 

supports the postnatal growth of the brain and the refinement of its neural circuits based on 

experience (Semënov, 2019; Seki, 2020; Kempermann et al., 2022; Bogado Lopes et al., 2023), 

but undergoes a progressive depletion of neural stem cells and/or entry in a quiescent state during 

adulthood (Encinas et al., 2011; Urbán et al., 2019). As such, it is different from the continuous 

cell renewal maintaining homeostasis in other stem cell systems of the body through the entire 

lifespan (Semënov, 2019).  

Findings of the present study, along with recent comparative data obtained in large-brained, long-

living mammals, do suggest that cINs can behave conversely, by maintaining their presence when 

the stem cell-driven neurogenesis has started to decline. In this process, interspecies differences 

are important: stem cell-driven neurogenesis and cINs appear to behave similarly in rodents but 

differently in large-brained species, suggesting a positive selection of cINs across evolution, as a 

preferential form of plasticity in large-brained mammals (Palazzo et al., 2018; La Rosa et al., 

2020a; Ghibaudi and Bonfanti, 2022). Their independence from stem cell division can be an 

advantage, likely at the basis of the evolutionary choices that supported their widespread 

occurrence in the neocortex. Furthermore, in longevous species there might have been a selective 

pressure to develop a pool of long-lasting cINs in the expanded cortical areas, while the same 

pressure did not apply for the neurogenic niche pool. 

In conclusion, considering the temporal dimension of plasticity in mammals, it is possible that the 

situation of stem cell-driven neurogenesis in young-adult rodents is more similar to human 

childhood (Bond et al., 2022), whereas for cortical immature neurons the process might be 

extended/diluted in time (La Rosa et al., 2019, 2020a; Li et al., 2023), providing a “small reserve 

of young neurons” even at advanced ages.  
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CHAPTER 4 

 

 

 

Immature neurons in the subcortical regions of widely different 

mammals: the amygdala 
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Specific questions  

Do INs occur in subcortical regions?  

Does their relative amount undergo variation among widely different mammals? 

Do subcortical IN amount vary at different animal ages?  

 

Are there proliferating cell populations in the amygdala of the mammalian species considered?  

Do the dividing nuclei in the amygdala coexpress DCX? 

Which is their density and topographical distribution? 

Are they oligodendrocyte progenitor cells? 

 

Do the subcortical region volumes change in relation to brain size, species or age? 

Is there any relationship with the occurrence/amount/distribution of INs? 

 

 

 

4.1 Introduction 

The search for young, undifferentiated neurons in the adult brain as a potential reservoir of 

plasticity, for lifelong neural circuit refinement and, possibly, repair after damage or disease, is 

one of the major goals of the Neurosciences (reviewed in Bao and Song, 2018; Bonfanti and 

Charvet, 2021; Ghibaudi and Bonfanti, 2022). The discovery of adult neurogenesis, a process in 

which new neurons are produced starting from actively dividing neural stem cells, has been a 

breakthrough in neurodevelopmental biology (Doetsch et al., 1999; Kempermann et al., 2004; 

Bond et al., 2015; Lim and Alvarez-Buylla, 2016). In parallel, a number of comparative studies 

carried out in various non-rodent mammalian species (including humans) started to indicate that 

stem cell-driven adult neurogenesis can remarkably vary among mammals as to its features, 

location, rate and persistence through age, with a general decrease/age-related dilution from small-

brained to large-brained species (Barker et al., 2011; Sanai et al., 2011; Amrein, 2015; Paredes et 

al., 2016b; Parolisi et al., 2018), though some controversies still remain in humans (Sorrells et al., 

2021; Moreno-Jiménez et al., 2021). In the last few years, a population of non-newly generated, 

“immature” neurons, which are generated prenatally, then remaining in an immature state for long 

time before full maturation and integration in the neural circuits, has been demonstrated to exist in 

the cerebral cortex (cortical immature neurons, cINs; Gomez-Climent et al., 2008; Luzzati et al., 
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2009; Rotheneichner et al., 2018; Benedetti et al., 2020; reviewed in Bonfanti and Nacher, 2012; 

König et al., 2016; Bonfanti and Seki, 2021; see also Chapter 3). Hence, at least two “young” 

neuronal populations which share the same markers of immaturity in some phases of their life, 

despite their different features and origin, coexist in the adult brain at different locations: newly 

born cells in the neurogenic sites and “immature” or “dormant”, pre-natally generated cells in the 

cerebral cortex (La Rosa et al., 2020b; Ghibaudi and Bonfanti, 2022; Benedetti and Couillard-

Déspres, 2022; Figure 1.8). Across the years, several studies reported the existence of neurons 

showing similar features of immaturity (e.g., expression of the cytoskeletal protein doublecortin; 

DCX; Gleeson et al., 1999; Brown et al., 2003) in subcortical brain regions, including amygdala, 

claustrum, and white matter (Bernier et al., 2002; Fudge et al., 2012; Jhaveri et al., 2018; 

Chareyron et al., 2021; Marlatt et al., 2011; Marti-Mengual et al., 2013; Piumatti et al., 2018; 

Sorrells et al., 2019; Zhang et al., 2009). Most of these studies were carried out in non-rodent 

mammals, suggesting the existence of interspecies variations. Due to their marker expression, 

these cell populations were frequently considered as a possible product of non-canonical 

(parenchymal) neurogenesis (reviewed in Ghibaudi and Bonfanti, 2022), though definitive proof 

for their division was elusive (Bonfanti and Peretto, 2011; Feliciano et al., 2015; Piumatti et al., 

2018; Sorrells et al., 2019; Chareyron et al., 2021). At present, a complex, fragmentary picture 

exists, because of different methods/approaches employed, different species considered, and 

various interpretations of the results from different researchers (Ghibaudi and Bonfanti, 2022). On 

the whole, it is suggested that “young” neurons can persist in a more widespread manner than 

previously thought, independently from to the highly- restricted stem cell niches (Feliciano et al., 

2015; Ghibaudi and Bonfanti, 2022). Thus, unlike the “sharp” situation that appears to occur in 

neurogenic sites and cerebral cortex (newly born versus pre-natally generated cells, respectively), 

the distinction is far less evident at subcortical locations, raising multiple possibilities for the 

DCX+ cells: either newly generated neurons or “immature” neurons, or a mixed population of 

proliferating and non-proliferating (immature) cells. Accordingly, hereafter the DCX+ cells in the 

subcortical regions will be referred to as immature-appearing neurons (Figure 1.8 and 4.1). 

A previous study carried out in the cerebral cortex with qualitative and quantitative analyses 

revealed that the cortical immature neurons (cINs), showed remarkable interspecies differences in 

widely different mammals, with increase in their occurrence, topographical extension, and amount 

(cell density) from small-brained to large-brained species (La Rosa et al., 2020a). Current data 

suggest that a similar interspecies variation might be present in subcortical regions (Piumatti et al., 

2018; Sorrells et al., 2019).  
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Figure 4.1 - Sample of species, ages, and comparable brain regions (established on coronal levels) of the 

mammals used in this study. A, top, mammalian species and orders (scientific name, common name – used 

hereafter – and abbreviation) with special reference to their brain size and lifespan. A, bottom, different 

ages considered for each species; all groups are composed of four individuals. B, Color code. C, Brain 

tissue processing adopted to obtain comparable data in all species considered: serial coronal sections 40 

µm thick of the entire hemisphere of each animal species were placed in multi-well plates in order to have 

a pace of 480 µm in each well to analyse the anterior-posterior extension of amygdala and claustrum, 

followed by staining of sections and segmentation of subcortical regions based on histology (final drawings 

represented in E). Different steps of the processing of mouse, sheep, and cat brain are represented here as 

an example. D, a different number of sections were obtained in each species depending on the brain size 

and consequent extension of the two subcortical regions. F, by using the comparable method described 

above, volumes of the amygdala, claustrum, and whole hemisphere were calculated in each species. Then, 

counting of DCX+ cells (immature-appearing neurons) and Ki67+, dividing cells were performed in the 

two subcortical regions. 

____________________________________________________________________________________ 

 

Here we addressed three open points concerning the subcortical DCX+ cell populations: i) whether 

they are dividing or not; ii) whether they show phylogenetic variation in mammals; and iii) whether 

their occurrence/amount does vary with age. In the current thesis both claustrum and amygdala 

will be considered under a qualitative profile, while quantification will be performed on amygdala 

only (namely, the region in which the DCX+ cells appear most abundant). We addressed these 

issues at different ages in seven mammalian species that widely differ for their neuroanatomy 

(brain size, gyrencephaly, encephalization) and other life history and socioecological features 

(lifespan, habitat, food habit). DCX+ cells and dividing (Ki67+) cells were investigated as to their 

occurrence, morphological and phenotypic types, amount and topographical distribution, and 

results were put in a phylogenetic analysis perspective. 

 

4.2 Materials and Methods 

 

4.2.1 Brain tissues and legal permission 

Most of the brains of the different animal species used in this study were collected from various 

institutions and tissue banks (Table 4.1), all provided by the necessary authorizations (see below 

description of each group of animals).  

Callithrix jacchus (Marmoset) brains were provided by the University of Zurich, Switzerland and 

from the Department of Anthropology, George Washington University, Washington DC, USA. 

Pan troglodytes (Chimpanzee) come from the Department of Anthropology, George Washington 
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University, Washington DC, USA. Felis catus domestica (Cat) from the Mediterranean Marine 

Mammal Tissue Bank (MMMTB) of the University of Padova, Italy. Ovis aries (Sheep) both from 

MMMTB of the University of Padova, Italy and from the INRA research center, Nouzilly, France, 

Heterocephalus glaber (NMR) from the School of Biological & Chemical Sciences, Queen Mary 

University of London, London. Mus musculus (Mouse) brains from the Neuroscience Institute 

Cavalieri Ottolenghi (NICO) animal facility (Orbassano, Turin; Italy). 

Adult marmoset (C. jacchus) brains were obtained from the Veterinary service of the University 

of Zurich. They were extracted post-mortem and fixed by immersion in 4% PFA with 15% picric 

acid (PA). Brains were separated into hemispheres and post-fixed for 24 h in PFA-PA. The exact 

ages of the animals were unknown; they were aged as adults (categorizable in the middle age life 

stage) by experienced veterinarian with the following criteria: the closure of the femoral and 

humeral epiphyseal plate, the body weight, the forearm length and sexual maturity (evidence of 

lactation or pregnancy in female and testis size in male; Gatome et al., 2010). Young adult 

marmoset from the George Washington University were provided by the Texas Biomedical 

Research Institute and the Trinity College (USA): they were collected at the time of necropsy 

following euthanasia. None of the brains included in this study showed gross abnormalities or 

pathology on veterinary inspection. All brains were immersion-fixed in 10% buffered formalin 

immediately at necropsy. After a 5-day period of fixation, brains were transferred into a 0.1 M 

phosphate buffered saline (PBS, pH 7.4) solution containing 0.1% sodium azide and stored at 4° 

C. All procedures were approved by the Institutional Animal Care and Use Committee at The 

George Washington University, and follow the ethical guidelines outlined by the American 

Society of Primatologists. 

Chimpanzee (P. troglodytes) brains were provided by the National Chimpanzee Brain Resource 

(USA): they were collected post-mortem from Association of Zoos and Aquariums, maintained in 

accordance with each institution’s animal care guidelines and fixed by immersion in 10% formalin 

(Schenker et al., 2010). After 10-14 days the brain was transferred in 0.1 M phosphate buffered 

saline (PBS) with 0.1% sodium azide solution and stored at 4°C. Experiments were conducted 

following the international guiding principles for biomedical research involving animals 

developed by the Council for International Organizations of Medical Sciences (CIOMS) and were 

also in compliance with the laws, regulations, and policies of the “Animal welfare assurance for 

humane care and use of laboratory animals,” permit number A5761-01 approved by the Office of 

Laboratory Animal Welfare (OLAW) of the National Institutes of Health, USA (Huang et al. 

2015). 
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Cat (F. catus domestica) and sheep (O. aries) brains were provided from University of Padova, 

Department of Comparative Biomedicine and Food Science. Tissue samples preserved in the 

MMMTB are distributed to qualified research centers worldwide, following a specific documented 

request, according to national and international regulations on protected species (CITES). These 

brains, obtained post-mortem, were fixed by immersion in 4% buffered formalin and kept in the 

fixative solution for a few months. 

Sheep (O. aries - breed: Ile de France) were raised at the Institut National de la Recherche 

Agronomique (INRA; Nouzilly, Indre et Loire, France; ethical permissions are reported in Brus et 

al., 2013). In this study, 8 adult ewes (2, 8 and 10 year old) and 4 young ewes (4 month old) were 

involved. Young ewes were housed together in a large pen. Adult ewes were housed in an 

individual pen during pregnancy (2x1 m). They were perfused through both carotid arteries with 

2 L of 1% sodium nitrite in phosphate buffer saline, followed by 4 L of ice-cold 4% 

paraformaldehyde solution in 0.1 M phosphate buffer at pH 7.4. The brains were then dissected 

out, cut into blocks and post-fixed in the same fixative for 48 h.  

Naked mole rats (H. glaber): four prepuberal (2 months old), four young adult (2 years old), four 

middle age (10 years old) animals were intracardially perfused with 4% paraformaldehyde in 0.1 

M sodium phosphate buffer, pH 7.4 (courtesy of Dr. Chris G. Faulkes, London, UK). Brains were 

then postfixed overnight and sent to our lab. 

Rabbit (O. cuniculus) brains come from a stock at the NICO animal facility used in a previous 

report (Ponti et al., 2008). Four young (3,5 months old) and four adult (3 years old) female New 

Zealand White were used. Animals were deeply anesthetized (ketamine 100 mg/kg - Ketavet, 

Bayern, Leverkusen, Germany - and xylazine 33 mg/ kg body weight - Rompun; Bayer, Milan, 

Italy) and perfused intracardially with a heparinized saline solution followed by 4% 

paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.4. Brains were then postfixed for 6 

hours. All experiments were in accordance with the European Communities Council Directive of 

24 November 1986 (86-609 EU) and the Italian law for the care and use of experimental animals 

(DL.vo 116/92). All procedures carried out in this study were approved by the Italian Ministry of 

Health (8 october 2009) and the Bioethical Committee of the University of Turin (Crociara et al., 

2013). 

For mouse brain (M. musculus), C57BL/6 mice raised at the NICO facility (courtesy of Serena 

Bovetti and Charles River Laboratories, RRID:MGI:3696370) were used: 10 days, 3, 6 and 9 

months old animals (P10-P270) were analysed. Transcardial perfusion was performed under 
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anesthesia (hypothermia up to P7; i.p. injection of a mixture of ketamine, 100 mg/kg, Ketavet, 

Bayern, Leverkusen, Germany; xylazine, 5 mg/kg; Rompun). 

 

Table 4.1 - Animals used in the study of subcortical regions. 

Species Source Specimens Age Life stage Fixation Fixative PMI 

 

Mouse 
(d) 

4 

10 days Prepuberal Immersion 

4% PFA 

A few minutes 

3 months Young adult 

Perfusion (IC) None 6 months Middle age 

9 months Aged 

Naked mole rat (f) 

2 months Prepuberal Immersion A few minutes 

2 years Young adult 
Perfusion (IC) None 

10 years Middle age 

Marmoset 

(h) 2.5 years Young adult 

Immersion 

10% formalin A few minutes 

(a) Adult 
Middle age 4% PAF 

15% picric acid 

 

1 hour 

Rabbit (d) 
3 months Prepuberal 

Perfusion 4% PFA None 
3 years Middle age 

Cat (b) 
1.5 years Young adult 

Immersion 4% formalin 1 hour 
6-7 years Middle age 

Sheep (e) 
4 months Prepuberal Perfusion (CA) 4% PFA None 

8-10 years Middle age Immersion 10% formalin 20 minutes 

Chimpanzee 
(c) 

 

19-27 years Young adult 
Immersion 10% formalin 14 hours 

40-48 years Aged 

 

CA, carotid artery; IC, intra-cardiac. Source: (a) Institute of Anatomy – University of Zurich; (b) 

Department of Comparative Biomedicine and Food Science – University of Padova; (c) National 

Chimpanzee Brain Resource – USA; (d) Neuroscience Institute Cavalieri Ottolenghi (NICO); (e) INRA 

research center – Nouzilly, France; (f) School of Biological & Chemical Sciences, Queen Mary University 

of London, London; (g); George Washington University, Washington DC (h). 

 

4.2.2 Tissue processing for histology and immunohistochemistry 

The whole brain hemispheres were cut into coronal slices (1-2 cm thick). The slices were washed 

in a phosphate buffer (PB) 0.1 M solution, pH 7.4, for 24-72 hours (on the basis of brain size) and 

then cryoprotected in sucrose solutions of gradually increasing concentration up to 30% in PB 0.1 

M. Then, they were frozen by immersion in liquid nitrogen-chilled isopentane at -80°C. Before 

sectioning, they were kept at -20°C for at least 5 hours (time depending on the basis of brain size) 

and then cut into 40 μm thick coronal sections using a cryostat. Free-floating sections were then 

collected and stored in cryoprotectant solution at -20 °C until staining.  

Cryostat sections were used for both histological staining procedures (aimed at defining the overall 

neuroanatomy and boundaries of the regions of interest), and immunocytochemical detection of 
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specific markers (Table 4.2). Histological analyses were performed on Toluidine blue stained 

sections. For immunohistochemistry, two different protocols of indirect staining were used: 

peroxidase or immunofluorescence techniques. For 3,3'-diaminobenzidine (DAB) 

immunohistochemistry, free-floating sections were rinsed in PBS 0.01 M, pH 7.4. Antigen 

retrieval was performed using citric acid at 90°C for 5-45 minutes. After further washing in PBS 

0.01 M, pH 7.4, the sections were immersed in appropriate blocking solution (1-3% Bovine Serum 

Albumin, 2% Normal Horse Serum, 0,2-2%Triton X-100 in 0.01M PBS, pH 7.4) for 90 minutes 

at RT. Following, sections were incubated with primary antibodies for 48 hours at 4°C (Table 4.2). 

After washing in PBS 0.01 M, pH 7.4, sections were incubated for 2 hours at RT with biotinylated 

secondary antibodies (Anti-goat, made in horse, 1:250; Anti-mouse made in horse, 1:250; Anti-

rabbit made in horse, 1:250, Vector Laboratories). Then, sections were washed with PBS 0.01 M, 

pH 7.4 and incubated in avidin–biotin–peroxidase complex (Vectastain ABC Elite kit; Vector 

Laboratories, Burlingame, CA 94010) for 1 hour at RT. The reaction was detected with DAB, as 

chromogen, in TRIS-HCl 50 mM, pH 7.6, containing 0,025% hydrogen peroxide for few minutes 

and then washed in PBS 0.01 M, pH 7.4. Sections were counterstained with Toluidine blue 

staining, mounted with NeoMount Mountant (Sigma-Aldrich, 1090160500) and coverslipped. 

For immunofluorescence staining, free-floating sections were rinsed in PBS 0.01 M, pH 7.4. 

Antigen retrieval was performed using citric acid at 90°C for 5-30 minutes. After further washes 

in PBS 0.01 M, pH 7.4, sections were immersed in appropriate blocking solution (1-3% Bovine 

Serum Albumin, 2% Normal Donkey Serum, 1-2% Triton X-100 in 0.01M PBS, pH 7.4) for 90 

minutes at RT. Then the sections were incubated for 48 hours at 4°C with primary antibodies, and 

subsequently with appropriate solutions of secondary antibodies: Alexa 488-conjugated anti-

mouse (1:400; Jackson ImmunoResearch, West Grove, PA), Alexa 488-conjugated anti-rabbit 

(1:400; Jackson ImmunoResearch, West Grove, PA), cyanine 3 (Cy3)-conjugated anti-goat (1:400; 

Jackson ImmunoResearch, West Grove, PA), Alexa 647-conjugated anti-mouse (1:400; Jackson 

ImmunoResearch, West Grove, PA), antibodies for 4 hours at RT. Immunostained sections were 

counterstained with 4',6-diamidino-2-phenylindole (DAPI, 1:1000, KPL, Gaithersburg, Maryland 

USA) and mounted with MOWIOL 4-88 (Calbiochem, Lajolla,CA). 
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Table 4.2 – Primary antibodies used in the study of subcortical regions. 

Antigen Host Type Code Raised against Dilution Source 

DCX goat  

polyclonal 

SC8066 Epitope within the last 50 c-

terminal amino acids 

1:1000 Santa Cruz 

Biotechnology 

 

Ki-67 

rabbit ab15580 Synthetic peptide  

1:500 

Abcam 

mouse monoclonal 550609 Human Ki-67 BD Pharmingen 

SOX10 rabbit polyclonal 383A-7 NA 1:1000 Sigma Aldrich 

 

4.2.3. Comparable neuroanatomy of the mammalian species considered  

All mammalian brains evaluated here differ in terms of brain size, weight, gyrencephaly index and 

overall neuroanatomical organization. Together with these interspecies differences, some other 

variables were present, mostly due to tissue processing: brains of the same species can differ for 

tissue shrinkage or cryostat cutting (e.g., temperature during cutting might affect section 

thickness). Thus, each specimen for each animal species can show slightly different numbers of 

coronal sections covering the entire hemisphere (and consequently the amygdala). To counteract 

this variable, a fixed number of serial coronal sections covering both the whole hemisphere and 

the amygdala was considered in each species, acting as follows: the total number of sections 

obtained for each specimen/species were compared, and the specimen with the lower number of 

sections was used as a reference to reach the same number of sections in all specimens. To do this, 

sections at the very beginning and at the very end of the brain were excluded. The same was done 

for the amygdala, by excluding sections at the very beginning and very end of the structure. In this 

way, sections were all comparable among all specimen in a single species. 

 

4.2.4. Cell counting and volume measurement 

Volume measurement. To measure the volume of the amygdala, serial coronal sections at 480 μm 

interval from each other (1 section out of 12 total sections; see Table 4.3 for number of sections 

employed for the analysis) were collected covering the entire region in each species (3 

specimen/species at each life stage).  

Sections were stained with Toluidine blue to highlight the overall amygdala neuroanatomy (Figure 

4.1). Then, the stained sections were scanned using Axio Scan (Zeiss; Oberkochen, Germany) and 

the amygdala areas for each specimen were measured using the “Contour Line” tool of ZEN Blue 
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Software (Zeiss; Oberkochen, Germany). Last, the volume was calculated in each specimen by 

using the following formula:  

Average area of amygdala X Section Thickness (0,04 mm) X Number of sections covering the 

entire amygdala in a single specimen (Table 4.4) 

Cell counting. To perform the quantification analysis of both DCX+ cells and Ki67+ nuclei, serial 

sections at 480 μm interval from each other were collected covering the whole amygdala in each 

species (4 specimen/species at each life stage; Figure 4.1). The counting was done using 

Neurolucida software (MicroBrightfield, Colchester, VT) as follows: a trained operator performed 

the tracing of the amygdala area in each section using the “Contour” tool of Neurolucida and all 

positive stained cells herein (objective: 20x magnification) were counted with the marker toolbar 

(Figure 4.2) to obtain the DCX+, or Ki67+ cells density/mm2. Cells cut on the superior surface of 

the section were not considered, to avoid overcounting. In Table 4.3 are listed the numbers of 

sections considered for each species. A total of 68 brains and 2580 cryostat sections were analyzed.  

 

 

 

 

Figure 4.2 - Establishment of subcortical brain region areas for counting of DCX+ cells and Ki67+ nuclei. 

A, after segmentation of the amygdala (see Figure 4.1), DCX+ cells (immature-appearing neurons; red 

crosses) and Ki67+ nuclei (dividing cells; green dots) were counted on Neurolucida software, to obtain cell 

density/area of the entire region of interest. Bidimensional (on single coronal sections) and anterior-to-

posterior topographical distribution of immunoreactive elements (B) was studied.  

_____________________________________________________________________________________ 
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Table 4.3 - Number of coronal sections employed for volume/cell quantification analysis and estimation 

of total sections in the amygdala.  

Species Coronal sections cut in 

the entire amygdala 

Coronal sections considered 

for volume analysis and cell 

counting in the amygdala 

Mouse PP  

 

 

36 

 

 

 

3 

Mouse YA 

Mouse MA 

Mouse AG 

NMR PP 

NMR YA 

NMR MA 

Marmoset YA 60 5 

Marmoset MA 

Rabbit PP 84  7 

Rabbit YA 96 8 

Cat YA 96  8 

Cat MA 84  7 

Sheep PP 132  11 

Sheep MA 180 15 

Chimpanzee YA 144 12 

Chimpanzee AG 

 

PP – Prepuberal; YA – Young Adult; MA – Middle Age; AG - Aged 

 

 

4.2.5. Image acquisition and processing 

Images were collected using a Nikon Eclipse 90i microscope (Nikon, Melville, NY) connected to 

a color CCD Camera, a Leica TCS SP5, Leica Microsystems, Wetzlar, Germany and a Nikon 

Eclipse 90i confocal microscope (Nikon, Melville, NY). For volume analysis, Zeiss Axio Scan.Z1 

and Zen Blue software were used (Zeiss; Oberkochen, Germany). For quantitative analysis of 

DCX+ and Ki67+ cells, Neurolucida software (MicroBrightfield, Colchester, VT) was used. 

All images were processed using Adobe Photoshop CS4 (Adobe Systems, San Jose, CA) and 

ImageJ version 1.50b (Wayne Rasband, Research Services Branch, National Institute of Mental 

Health, Bethesda, Maryland, USA). Only general adjustments to color, contrast, and brightness 

were made.  

 

4.2.6. Statistical analysis 

All graphs and relative statistical analysis were performed using GraphPad Prism Software (San 

Diego California, USA) using different nonparametric tests: Mann-Whitney test, Kruskal-Wallis 

test with Dunn’s multiple comparison post test. p < 0.05 was considered statistically significant. 

Median are used as data central measure. 
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4.3 Results 

NOTE: the final aim of this part of the project is to provide a complete mapping of DCX+ cells 

and Ki67+ dividing cells in both claustrum and amygdala of 8 widely different mammalian species 

(including four young-adult and four middle-aged horses, in addition to the 68 brains analyzed 

here). Due to the high amount of time required to complete the analysis (results of this study will 

be published after the end of the three-year PhD), here will be presented and discussed the results 

concerning the amygdala in 7 mammals (only qualitative data obtained in the claustrum are 

reported).  

 

To perform the study, the best performing antibodies to detect DCX and Ki67 antigen in all 

specimens of the different mammals were selected (Ghibaudi et al., 2023a; see Chapter 2). In spite 

of slight differences in postmortem interval, fixation procedure, and fixation time (Table 4.1), no 

substantial variation was observed in the quality and intensity of DCX or Ki67 staining (Figures 

2.4 a,b, and 4.5). 

In addition to subcortical regions, other brain regions from the same animals, including the 

forebrain SVZ, the hippocampal SGZ, the neocortex and the piriform cortex, where used as 

internal positive (neurogenic sites) or negative (cerebral cortex) controls (Figure 4.11A). 

 

4.3.1 Analysis of amygdala volume 

Given the great heterogeneity in terms of brain size and gyrencephaly across the mammalian 

species involved in this study, measurements of amygdala volume were performed, to understand 

if (and how) it changes in widely different mammals. The results are first presented at young-adult 

age (being all the species involved in this study comparable at this life stage), and then extended 

to other ages (prepuberal, middle age and aged). Later, the same will be reported for DCX+ and 

the Ki67+ cell analysis (see sections 4.3.2 and 4.3.3). 

 

Analysis in young adult animals. As expected, by comparing all the widely different mammals 

involved in the study, the amygdala volume increases with increasing brain size (Figure 4.3), and 

a remarkable difference was present between mouse and chimpanzee (Kruskal-Wallis test, p<0.05; 

Figure 4.3 and Table 4.4). This information will be used for the volumetric cell density of immature 

neurons in the amygdala (see Chapter 5).  
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Comparison with other ages. To check whether the volume of amygdala changes during the animal 

lifespan, the analysis was extended to other available (comparable) ages: young adult and middle 

age in mouse, naked mole rat, marmoset and cat. The results indicate that while rodents did not 

show substantial changes in amygdala volume, both marmoset and cat show a slight increase in its 

volume with aging (not significantly; Mann-Whitney test, p<0.05; Figure 4.3; Table 4.4).  

The same was later confirmed by extending the analysis to other species and ages: in all non-rodent 

species, a mild increase in the amygdala volume is present (except for the chimpanzee), though 

not significant (Mann-Whitney test, p<0.05; Figure 4.3; Table 4.4). In general, the amygdala 

volumes did not undergo significant changes with aging.  

 

 

 

Figure 4.3 – Volume estimation of the amygdala in the mammalian species considered. Left, total volume 

at young-adult stage; the volume increases with increasing brain size. Right, comparison at different ages 

(see Figure 4.1 for ages considered in different species); note that increase of volume is higher when the 

prepuberal stage is considered (sheep), while substantial stabilization is observed during adulthood (and 

aging, e.g., chimpanzee).  

____________________________________________________________________________________ 
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Table 4.4 - Amygdala volumes (median from 3 specimen/species) in all species and ages analyzed 

Species Age Amygdala 

volume 

(mm3) 

Mouse P10 1,980 

3 months 0,974 

6 months 0,772 

9 months 0,920 

Naked mole rat 2 months 0,708 

2 years 1,253 

10 years 1,610 

Marmoset 2.5 years 13,809 

Adult 17,059 

Rabbit 3 monhts 13,949 

3 years 21,716 

Cat 1.5 years 42,075 

6-7 years 45,594 

Sheep 4 months 127,625 

8-10 years 197,310 

Chimpanzee 19-27 years 233,920 

40-48 years 227,809 

 

4.3.1 Morphology, spatial organization, and topographical distribution of DCX+ cells in the 

amygdala of different mammals  

DCX+ cells were found in the amygdala and claustrum of all the species studied, at all ages 

considered (Figures 4.4 and 4.5). Only in adult mice, DCX+ cells were occasionally found, being 

not present in all sections. This is consistent with the results of Alderman et al. in their preprint 

(2022), wherein DCX+ cells were investigated in the mouse amygdala through different ages (P7 

to P60), showing a sharp decline through adolescence, reaching almost zero in the 2-month-old 

animals. 

 

Morphology. At least three different morphological cell types were detectable (Figure 4.4A), 

which were reminiscent of those previously reported in the cerebral cortex (type 1, small cell soma, 

bipolar; type 2, large cell soma with ramified dendrites; La Rosa et al., 2020). Type 1 cells were 

very similar to the correspondent type in the cortex and present in both amygdala and claustrum 

(cell soma size range: 3-8 μm), while type 2 cells were split into two subtypes (Figure 4.4A): type 

2a (bipolar, with a ramified dendrite, present in both subcortical regions; range 8-12 µm) and type 

2b with a stellate morphology (larger soma and ramified dendrites with multipolar appearance, 

only found in the amygdala; range 12-18 μm). 

This aspect strongly suggests that type 2b in the amygdala do correspond to the “complex cells” 

of the cortex, namely the maturing principal cells (pyramidal neurons) of the piriform cortex layer 

II (Rotheneichner et al., 2018; Benedetti et al., 2020; Benedetti and Couillard-Despres, 2022). 
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Indeed, type 2b cells resemble the Class I neurons, which represent the principal mature cell type 

of the amygdala (Sah et al., 2003; McDonald 1982), thus confirming that they may be in an 

advanced stage of maturation. 

 

Spatial organization. In the amygdala of rodents (mouse, naked mole rat), the DCX+ cells were 

rare, not present in all sections, and in the form of isolated cells, while in other species their mutual 

organization also included clusters, networks and a combination of both (Figure 4.4B), with 

networks being the most abundant type of cells aggregation.  

 

 
 
Figure 4.4 – Morphologically-recognizable cell types and overall distribution of the DCX+ neurons in the 

amygdala and claustrum of mammals. A, three main cell types were found: two characterized by simpler 

ramification (unipolar, bipolar) were detectable in both regions, and one more complex cell type 

(multipolar) only in the amygdala. B, at least three types of cell distribution/aggregation were observed, 

from isolated cells to tightly packed clusters. The prevalent distribution of the DCX+ cell populations was 

in the form of extended networks. Scale bars: 30µm. 

_____________________________________________________________________________________ 
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Figure 4.5 – Representative images of the occurrence and distribution of DCX+ cells in the amygdala of 

different mammals. A, confocal fields after immunofluorescence staining; B, light microscopy on avidin-

biotin complex immunocytochemistry. AMY, amygdala; EC, external capsule; arrowheads, type 3 cells. 

Scale bars: A, 30µm; B, 100µm (left); 50µm (middle, right) 

_____________________________________________________________________________________ 
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Topographical distribution. The possible widespread or prevalent location of the DCX+ cells 

within the amygdala was analyzed in the entire anterior-to posterior and medial-to-lateral/ventral-

to-dorsal extension of the region, in all species considered (Figure 4.6 and 4.7). The anterior-to-

posterior distribution was obtained after counting of the cells (see below), by generating 

histograms of the total number of cells for each of the coronal sections considered (Figure 4.7 left; 

red). Such distribution showed remarkable interspecies variation. Particularly in gyrencephalic 

species, the DCX+ cells were mainly grouped in different compartments: mostly posterior in cat 

and sheep, mostly in the middle in primates (Figure 4.6; Figure 4.7; left). To identify the different 

amygdala subnuclei, available atlas were used: Interactive Atlas Viewer – Allen Mouse Brain 

Atlas (mouse, naked mole rat); Paxinos et al., 2012 (marmoset); Scheider et al., 2018 (rabbit); 

Martì-Mengual et al., 2013; Krettek and Price, 1978 (cat); Meurisse et al., 2009 (sheep); Barger et 

al., 2012 (chimpanzee). In rodents, the scarce DCX+ cells detectable were mainly located in the 

basolateral and basomedial nuclei, occasionally invading the cortical nucleus of the amygdala. In 

non-rodent species, DCX+ cells were also extending in the lateral nucleus, however remaining 

prominent in both the basolateral and basomedial complexes. Interestingly, marmoset and 

chimpanzee not only have networks of DCX+ cells in these nuclei, but they were also remarkably 

present in the paralaminar nucleus, a region relatively expanded in primate amygdala compared to 

other species (DeCampo and Fudge, 2012). No DCX+ cells were ever found in the medial and 

central nuclei of the amygdala in both rodent and non-rodent species (Figure 4.7; middle). 
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Figure 4.6 – Topographical distribution of the DCX+ cells (red neurons) in coronal sections of the 

amygdala (yellow) of different mammals. The anterior-to-posterior extension of the amygdala has been 

split in three representative parts: anterior, middle, and posterior. See Figure 4.7 for amygdalar nuclei 

subdivision and quantitative aspects.  

_____________________________________________________________________________________ 
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Figure 4.7 – Visual representation of the anterior-to-posterior topographical distribution of DCX+ cells 

(red) and dividing cells (Ki67+, green) in the amygdala of different mammals. Histograms report the total 

number of cells in each coronal section spaced 480 µm through the amygdala; see Figure 4.3). Note the 

highly heterogeneous anterior-posterior distribution of the DCX+ cells in gyrencephalic species while the 

proliferating cells appear quite uniform. In the middle, pink areas indicate the subnuclei of the amygdala 

hosting the DCX+ cells. La, lateral nucleus; Ce, central nucleus; Me, medial nucleus; BL basolateral 

nucleus; BM, basomedial nucleus; PL, paralaminar nucleus; COA, cortical amygdalar area. From: Allen 

Brain Atlas (mouse), Schenider et al., 2018 (rabbit), PMartì-Mengual et al., 2013, Krettek and Price, 1978 

(cat), Meurisse et al., 2009 (sheep), Paxinos et al., 2012 (marmoset), Barger et al., 2012 (chimpanzee). 

_____________________________________________________________________________________ 
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4.3.2 Quantitative analysis of DCX+ cells in the amygdala of different mammals 

The number of DCX+ cells per mm2 of amygdala area was assessed in serial coronal sections 

varying in number depending on the animal species (because of the different length of the 

structure), and at different ages (Figure 4.1 and Table 4.3). Density/area was measured to have a 

comparable value in all species, in spite of their heterogeneous arrangement within the amygdala 

(see Figures 4.6 and 4.7). The total count of DCX+ cells was performed in each coronal section 

with Neurolucida software, to establish also the exact anatomical location of the DCX+ cells in 

amygdala in each species (Figure 4.2). Given the non-homogeneous distribution of DCX+ cells in 

the amygdala, a stereological method for quantification was excluded in favor of a direct cell 

counting, both to avoid an incorrect quantification of cells and to make the analysis as close as 

possible (and thus fully comparable) to that previously performed in the cerebral cortex (La Rosa 

et al., 2020a).  

Analysis in young-adult animals. At young-adult stage, all non-rodent species (marmoset, rabbit, 

cat, chimpanzee; sheep was not included in this panel since at present we have three out of four 

brains at this age) showed a higher density of DCX+ cells in the amygdala with respect to rodents 

(mouse, naked mole rat). Among non-rodent species, both primates (marmoset and chimpanzee) 

showed the highest density of DCX+ cells, the chimpanzees showing a statistically significant 

difference with respect to mouse and naked mole rat (nonparametric Kruskal-Wallis test, p<0.05; 

Figure 4.8A, left and Table 4.5).  
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Figure 4.8 – A, densities/area of DCX+ (left) and Ki67+ cells (right) in young-adult animal groups. 

Counting of DCX+ cells revealed phylogenetic variation for the immature-appearing neurons, especially in 

primates with respect to rodents; on the other hand, counting of Ki-67+ nuclei revealed a substantially stable 

rate of cell division, apart from mouse Vs. chimpanzee, the latter being very low. The very low rate of cell 

division found in the primates, in contrast with their high densities of DCX+ cells (note the contrast between 

the density of dividing nuclei and DCX+ cells in chimpanzee), does indicate that these cells are far from 

being newly born neurons, rather non-dividing immature neurons. Further proof for such a nature consists 

of the very different topographical distribution of the DCX+ cells and the Ki67+ nuclei (B): in 

corresponding fields of adjacent coronal sections (here is an example in the amygdala of adult marmoset) 

the DCX+ cells (red +) are mostly grouped to form networks within compartments of the amygdala while 

the dividing cells (green dots) are uniformly scattered in the whole area. Scale bar: 100µm. 

_____________________________________________________________________________________ 
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Comparison with other ages. To check whether the amount of DCX+ cells can change during the 

animal lifespan, the analysis was extended to other available, comparable ages: young adult and 

middle age in mouse, naked mole rat, marmoset and cat, and young-adult and aged in mouse and 

chimpanzees (Figure 4.1). In rodents, the amount of DCX+ cells remained low at both ages, while 

in marmoset a decrease is present between young-adult and middle-aged specimens. A slight 

increase in density of DCX+ cells is present in middle-aged cats compared to young-adults, yet 

these changes are not statistically significant, thus indicating a substantial stabilization 

(nonparametric Mann-Whitney test, p<0.05; Figure 4.9B; left). Comparing mouse and 

chimpanzees, despite remarkable interspecies differences in cell density, the DCX+ cell 

populations remain substantially unchanged at different life stages, even between widely distant 

ages (e.g., young-adult and aged; Figure 4.10; top and Table 4.5). 

The same analysis was extended to the other species at all ages available (to show an overview of 

the DCX+ cells density through each animal group lifespan, the life stage being not comparable in 

all species considered). In mouse and sheep, a significant decrease in the amount of DCX+ cells 

is present between prepuberal and adult stages (nonparametric Mann-Whitney test, p<0.05). In the 

other species (except for cats) a decrease is present at older ages, but not significant (Figure 4.9A; 

left and Table 4.5).  

Taken together, these results suggest that the amygdala of non-rodent species (especially primates) 

may rely on abundant populations of DCX+ cells, whose amount can decrease around puberty, 

then reaching a stabilization in adulthood.  
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Figure 4.9 – Comparison of quantitative data (density of DCX+ cells and Ki67+ cells) at different ages. A, 

all ages considered (see Figure 4.1 for association between species and ages); note that statistically 

significant difference is only emerging when prepuberal stages are involved. B, comparison in four animal 

species at young-adult and middle-age stages. Note that during adulthood there are no statistically 

significant differences, indicating a sort of stabilization in the amount of both immature neurons and 

proliferating cells.  

_____________________________________________________________________________________ 
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Figure 4.10 – Quantitative data concerning mouse and chimpanzee, representing two extremes under 

different points of view: i) chimpanzee, among the species studied here, is the primate more similar to 

humans, while mouse is the most used animal model in biomedical research; ii) DCX+ cells are extremely 

rare in the amygdala of mice while very abundant in chimpanzee; yet, in both cases they do not substantially 

vary at different adult ages, including advanced stages; iii) on the other hand, cell proliferation is higher in 

the amygdala of mice than in chimpanzees. These data suggest that immature neurons, though scarce in 

rodents, might play a role in plasticity of primates through adulthood; such interspecies differences can 

have an impact in translation and in the interpretation of preclinical data coming from research carried out 

on laboratory rodents (see Chapter 5 for discussion). 

_____________________________________________________________________________________ 
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Table 4.5 – DCX+ and Ki67+ cell densities (median from 4 specimen/species) in all species and ages 

analyzed 

Species Age DCX+ cells/mm2 Ki67+ cells/mm2 

Mouse P10 3,942 127,790 

3 months 0 19,128 

6 months 0,622 10,550 

9 months 0 6,005 

Naked mole rat 2 months 0,851 43,677 

2 years 0 6,262 

10 years 0 3,101 

Marmoset 2.5 years 81,763 1,774 

Adult 37,591 1,778 

Rabbit 3 monhts 19,967 25,574 

3 years 14,889 8,449 

Cat 1.5 years 14,076 1,392 

6-7 years 20,367 0,248 

Sheep 4 months 12,467 22,825 

8-10 years 4,073 0,527 

Chimpanzee 19-27 years 110,467 0,428 

40-48 years 96,526 0,062 

 

 

4.3.3 Quantitative analysis of Ki67+ nuclei in the amygdala of different mammals  

A quantification of Ki67+ nuclei in amygdala was performed in all species and all ages considered, 

taking into account their number (density/area), topographical location and distribution, to be 

compared with those of the DCX+ cell population.  

Analysis in young-adult animals. In contrast with data obtained for the DCX+ cell population, 

Ki67+ cell density was high in rodents while sporadic in non-rodent species. This difference was 

significant in mouse with respect to chimpanzee (nonparametric Kruskal-Wallis test, p<0.05; 

Figure 4.8A, right and Table 4.5).  

Comparison with other ages. As done for DCX+ cell density, a counting of the Ki67+ nuclei was 

performed in mouse, naked mole rat, marmoset and cat at different ages (young-adult and middle-

age) and between mouse and chimpanzee at young-adult and aged life stages. The analysis 

revealed levels of cell proliferation that did not change significantly, remaining low in adulthood 

both in rodents and non-rodent species (nonparametric Mann-Whitney test, p<0.05; Figure 4.9B; 

right and Table 4.5). Interestingly, mouse and chimpanzee substantially differ in terms of cell 

proliferation, the former having a higher amount of Ki67+ nuclei at young-adult stage, then 
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decreasing with age. On the other hand, the levels of cell division remain very low in chimpanzee 

at both young-adult and aged life stages (Figure 4.10; bottom and Table 4.5). 

Extending the analysis to other species and ages, a significant decrease in Ki67+ cell density is 

evident between prepuberal and adult stage in both rodents (mouse, naked mole rat) and in non-

rodent species (sheep; nonparametric Mann-Whitney test, p<0.05; Figure 4.9A; right and Table 

4.5). 

These results indicate that rodents have a higher amount of cell proliferation in the amygdala with 

respect to non-rodent species (showing an opposite trend with respect to that observed for DCX+ 

cells), while no substantial changes in the amount of Ki67+ cells are detectable during adulthood 

in both groups, thus suggesting that DCX+ and Ki67+ cells actually might belong to distinct 

populations. Hence, the next step was to check whether the two antigens can be coexpressed in the 

amygdala. 

 

4.3.4 Search for Ki67/DCX coexpression 

To assess whether some of the DCX+ cells in the amygdala might be newly born, a search for 

possible coexpression of Ki67 antigen and DCX was performed (analysis carried out at different 

ages in marmoset, rabbit cat and sheep; Figure 4.11A; bottom). 

To understand whether the rare Ki67+ nuclei in the amygdala colocalize with DCX+ cells, double 

immunofluorescence staining for the two markers was analyzed at the confocal level (Figure 4.11). 

No coexpression was ever detected in all experiments, suggesting that the DCX+ neurons and the 

proliferating cells do belong to distinct cell populations (Figure 4.11A; bottom). In Ki67-stained 

specimens, the immunopositive nuclei did not follow the topographical distribution of DCX+ cells, 

being randomly distributed in the entire anterior-to-posterior and medial-to-lateral/ventral-to-

dorsal extension of the region, in all species considered (Figure 4.7; right, and Figure 4.8B). In 

addition, they frequently appeared as “doublets” (Figure 4.11B), namely the typical aspect 

displayed by the dividing oligodentrocyte progenitor cells (OPC; Boda et al., 2015), which are 

known to represent the larger population of proliferative cells in the brain parenchyma (Boda and 

Buffo, 2010; Semënov, 2021; see below for coexpression analysis of OPC markers). 

 

4.3.5 Search for Ki67/SOX10 coexpression 

To find other candidates for the parenchymal proliferating cells, we looked for a marker of OPCs. 

Although NG2 (Neuron Glia Antigen 2) is considered the ideal molecular marker for the 
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identification of early developing OPCs (see Box1), its expression cannot be easily detected in 

postmortem tissues, which are usually too heavily fixed (Rivers et al., 2008). As a matter of fact, 

we had poor results in our mammalian tissues, while the marker worked well in perfused mice 

brains (see Figure 3.4C in Chapter 3). In alternative, the pan-oligodendrocyte marker SOX10 was 

employed in double staining with Ki67 antigen, and indeed, several coexpressing cells were 

observed in all the specimens examined (Figure 4.11B). 

Overall, these results indicate that the decrease in the level of cell proliferation through ages is not 

accompanied by a same decrease in the amount of DCX+ cells, and appears to be independent 

from such cell population, thus suggesting that the latter belongs to a pool of “immature” neurons 

rather than to a neurogenic process (see general discussion in Chapter 5). 
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Figure 4.11 – Analysis of cell proliferation in the subcortical regions hosting the DCX+ cells (immature-

appearing neurons). A, local cell division detected with Ki67 antigen (top; internal positive/negative 

controls), and search for DCX/Ki67 double staining in subcortical regions (bottom). B, Double staining 

with Ki67 antigen and the oligodendroglial marker SOX10, showing coexpression in proliferating cells 

(left), and detection of typical “doublets” (right; see text). Scale bars: 30 µm 

_____________________________________________________________________________________ 

 

 

4.4 Conclusions and Discussion 

 

Main conclusions. Coming back to the specific questions asked at the beginning of the study, it 

can be concluded that the DCX+ immature-appearing neurons occur in subcortical regions 

(amygdala) of widely different mammals, their amount varying remarkably among species, with 

the extremes being represented by rodents (very low numbers/density) and primates (very high 

numbers/density). Their amount slightly changes at different ages, mainly around puberty, then 

remaining substantially stable through adulthood and aging. 

As to the nature of these DCX+ cells, they can be considered as “immature” neurons (INs) rather 

than newly born elements since they were never found to coexpress the marker for cell division 

Ki67 antigen, also displaying a series of features (marker expression, topographical distribution, 

interspecies variation and variation with age) that strongly indicate the existence of two distinct 

populations: the INs and a widespread population of proliferating (parenchymal) SOX10+ glial 

cells.   

For a more general discussion of these data in the context of brain plasticity (with special reference 

to comparison with cortical immature neurons – cINs – and with canonical adult neurogenesis), 

see Chapter 5. 

Possible functional implications. As to the functional role of the amygdalar INs, it remains 

currently far from clear. One possibility is that INs in subcortical regions may be involved in a late 

form of development. In humans, most INs in the amygdalar paralaminar nucleus become mature 

excitatory neurons during adolescence (Sorrells et al., 2019), namely in a phase of essential 

formative years in terms of social interactions and emotional processing, in which amygdala may 

undergo changes in its structure and connectivity (Campbell et al., 2021; Azad et al., 2021; Avino 

et al., 2018). Similarly, we observed a significant decrease in the amount of INs between 

prepuberal and adult stages in our specimens (mouse and sheep). Yet, at present we did not 

investigate the phenotype/fate of these cells. The basolateral complex (hosting most of the INs in 
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the amygdala; Jhaveri et al., 2018; Chareyron et al., 2021; Marlatt et al., 2011; Marti-Mengual et 

al., 2013; Sorrells et al., 2019; and data from this thesis) is functionally connected to the medial 

temporal lobe memory system with afferents to hippocampus and perirhinal cortex (Petrovich et 

al., 2001), and is involved in learning and memory formation, by processing emotionally salient 

experiences (LeDoux 2003). Moreover, extensive connections are present within and between the 

different nuclei of the amygdaloid complex (Sah et al., 2003). This aspect could support the view 

of a slow integration of INs shaped by external cues (such as emotions), in a sort of “experience-

induced” plasticity that could play a role in processing amygdala-mediated emotional information. 

In addition, recent data demonstrated that some of the INs in the lateral, basal and paralaminar 

nuclei of macaque amygdala appear to differentiate into mature neurons after hippocampal lesion 

(Chareyron et al., 2016; Chareyron et al., 2021), suggesting that they may be involved in a form 

of “lesion-induced” plasticity that could respond to damage into brain regions functionally 

connected to the amygdala. However, as pointed out by the authors, an abrupt increase of mature 

neurons may also have detrimental effect on the proper functioning of amygdala (Chareyron et al., 

2021), thus this explanation requires further investigation. 

However, it has to be underlined that there is no evidence that amygdalar INs structurally and/or 

functionally integrate in the neural network once they reach full maturation (as it has been shown 

for their cortical counterpart in the mouse piriform cortex; Rotheneichner et al., 2018; Benedetti 

et al., 2019). Further research is needed to unravel these important aspects, yet another hypothesis 

should be left open, based on the results of this thesis: the possibility that final integration might 

not be the fate for most of these “immature” cells. By looking at the numbers of amygdalar INs in 

gyrencephalic species at different ages (especially in chimpanzees), it is evident that the DCX+ 

cells do not decrease a lot during adulthood, and very high numbers are still present in aging. This 

behavior is very different from that of cINs in the mouse piriform cortex, which undergo 

substantial decrease during youth and adulthood (see Chapter 3), and which are known to 

progressively mature and integrate (what explains their exhaustion). 

Of course, with the current knowledge, it is not easy to find a possible role for a large population 

of “young neurons” that maintain their immaturity for so long time. Further discussion on this 

topic will be provided in Chapter 5. 
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5.1 Why investigating comparative aspects of the “immature” neurons? 

Non-newly generated “immature” or “dormant” neurons are gaining interest in the field of brain 

structural plasticity, as an alternative form of neurogenesis delayed in time (neurogenesis without 

division; La Rosa et al., 2020b; Bonfanti and Seki, 2021; Benedetti and Couillard-Despres, 2022). 

In this thesis, the work previously started in other PhD projects was continued trying to understand 

whether these neurons might be present in brain extracortical areas, such as the subcortical regions, 

and whether they can vary among different mammals as it has been shown for the cortex (La Rosa 

et al., 2020; Palazzo et al., 2018; La Rosa and Bonfanti 2021). Though the role/function of the INs 

is still utterly obscure, our lab made this comparative choice based on a simple consideration: in 

the field of canonical adult neurogenesis, a lot of resources have been put in place in the last 30 

years trying to understand the role (both physiological and possibly in brain repair) of this 

biological process; a task that was addressed by investigating almost exclusively laboratory 

rodents. Then, only in recent years (following the publication of more than 13,000 papers on this 

topic), a comparative approach considering other mammals, including the study of human brain 

tissues, has started to reveal that neurogenic processes can be highly reduced, if not absent, in adult 

brains of long living, gyrencephalic mammals (Sanai et al., 2011; Patzke et al., 2015; Sorrells et 

al., 2018; Parolisi et al., 2017;2018; Cipriani et al., 2018). In this context, starting from some 

observations regarding the occurrence/anatomical distribution of putative “immature” neurons in 

non-rodent species (Luzzati et al., 2009; Cai et al., 2009; Zhang et al., 2009; Varea et al., 2011), 

our lab decided to map these cells in widely different mammals, in different brain regions and 

ages, to investigate whether also this kind of plasticity might follow an evolutionary trend from 

small-brained (mostly lissencephalic and short-living) to large-brained (mostly gyrencephalic and 

long-living) mammals. 

Placed within a PhD in Veterinary Sciences, and in a context of comparative medicine (Mobasheri, 

2015; La Rosa and Bonfanti, 2018), the work of the present thesis was directed at investigating 

possible heterogeneity (cell types, amount, spatial and topographical distribution, age-related 

variation) of INs across widely different mammalian species, by using the most comparable 

approach despite difficulties in gathering a certain number of relatively fresh, well-fixed, complete 

brains (one hemisphere/individual) from each animal species and ages considered. Due to obvious 

limitations and to the time available (three years), this work can be considered as an advancement, 

yet not a completion, of the whole mapping of these cell populations in the mammalian brain. 

Nevertheless, by adding comparative data concerning the subcortical INs to those already available 

for the cortex, would provide insights on the whole landscape of brain neurogenic plasticity in 
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different mammals, thus revealing whether a sort of trade-off between forms of plasticity might 

exist, as a consequence of evolutionary choices (see Section 5.5). 

In addition to interspecies (phylogenetic) variation, the present work was conceived also to address 

possible variation with the animal age. This point was considered since it is well known that 

different kinds of plasticity (especially adult neurogenesis) undergo substantial reduction across 

the animal lifespan, with a marked drop around puberty (Ben Abdallah et al., 2010; Sanai et al., 

2011; Sorrells et al., 2018; Bonfanti and Charvet, 2021). Since the nervous systems of different 

mammals do follow different postnatal developmental patterns (Finlay and Darlington, 1995; 

Workman et al., 2013), the impact on brain plasticity can be species-specific (Charvet and Finlay, 

2018; Bonfanti and Charvet, 2021). One of the hypotheses pursued in this thesis, is the possibility 

that different types of plasticity (e.g., canonical adult neurogenesis Vs. INs) can follow different 

temporal patterns.  

 

5.2 Dealing with postmortem brains of non-rodent, large-brained mammals 

After the recent discovery that non-newly generated, “immature” or “dormant” neuronal 

populations can be present in non-neurogenic brain regions (cerebral cortex and amygdala), and 

that these neurons are particularly abundant and widespread in large-brained species, the need for 

reliable cell markers to correctly identify the “young” neurons across mammals is gaining more 

and more importance. Since we are pursuing a general mapping of these cells in different animal 

species (from mouse to chimpanzee) and in different brain regions (cortical and subcortical) there 

is a need for “comparable methods” in order to obtain “comparable results”, a goal that is often 

neglected, being different laboratories mostly working on one-two species at a time, using their 

own method and sampling. In this context, we planned to perform a series of studies across the 

years by using the same approach, and we felt the need to systematically check our widely different 

brain tissues for two immunocytochemical markers currently used in the study of structural 

plasticity. 

Overall, our methodological study (Chapter 2; Ghibaudi et al., 2023a) showed that substantial 

differences in the occurrence, quality and specificity of immunocytochemical staining for DCX 

and Ki67 antigen can exist when comparing different mammalian species whose brain tissues are 

treated with different antibodies. Real interspecies variation in the occurrence of antigens and high 

species specificity of different antibodies (and, to a lesser extent, regional differences) can impact 

even more than the type/degree of fixation. Hence, the overall issue of analysing large, 
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gyrencephalic brains is more complex than simply fixation, which overlap with natural 

interspecies variation and/or different specificity of antibodies across phylogeny, the latter two 

aspects being often underestimated. 

Our results confirmed that special troubles and non-specific staining can be particularly frequent 

when studying DCX in the cerebral cortex of primates and humans using most of the currently 

available antibodies. This might be explained by the simple fact that most of the tools currently 

available have been developed for research in laboratory rodents. To overcome such an impasse, 

there is urgent need to develop antibodies tailored for, and tested on, large-brained species, 

including humans. An additional reason for such a need is the simple fact that the best-performing 

antibody against DCX across the animal species studied here has revealed to be the goat Santa 

Cruz polyclonal serum (see Chapter 2), that is now out of production since several years. We used 

a large stock of this antibody still present in our lab and ample enough to complete the analyses 

on the subcortical regions. Yet, for future studies this product must be replaced. 

Despite any efforts aimed at normalizing multiple variables, when comparing brains of different 

size (from 0,5 to 380 grams in our study) and belonging to species widely different as to their 

availability (an example for all: the different possibility to perform complex experiments in mice 

or chimpanzees), tissues cannot be processed with the same procedures. Yet, despite these 

problems, we obtained substantially homogeneous results in all species examined (e.g., quality of 

tissue morphology and quality of immunostaining). In parallel, the quantitative results obtained by 

studying the INs in large-brained mammals gave relatively high standard deviations observed 

among individuals of the same group of animals. In some cases, this can be due to the fact that 

ages were different within the same age group, yet variability was frequent even in animals of the 

same age. We interpret such variability as a sign of individuality, likely linked to environmental 

influences. It is perfectly reasonable that also INs can be affected by environment and lifestyle, 

similarly to other forms of plasticity (an hypothesis that must be verified in a project on its own; 

see the future perspective Section, below). Anyway, in our studies aimed at assessing the possible 

interspecies variation (La Rosa et al., 2020; this thesis), this aspect was not a problem, since the 

interspecies differences in the number of INs observed between rodents and non-rodent mammals 

(both in cortex and amygdala), were overcoming one or two orders of magnitude.  
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5.3 Does the nature of subcortical DCX+ cells match with non-dividing “immature” 

neurons? 

In previous reports describing DCX+ cells in the amygdala, some authors considered them as 

potentially newly generated (see Ghibaudi and Bonfanti 2022 for review and discussion of this 

topic). In this thesis, multiple aspects of these neurons were characterized, including their 

morphology, number, density, topographical distribution, interspecific and age-related variation, 

as well as their relationship with the proliferating cells present in the same region. By putting 

together the results obtained, it is possible to make an hypothesis about the nature/origin of this 

cell population. Here, following, some elements converging in our assumption are listed 

(summarized in Figure 5.1): 

1) Specific features of the DCX+ cells and their relationship with the proliferating cell population: 

 a) although expressing the cytoskeletal protein DCX, usually associated to neuronal 

 immaturity and neurogenesis, these cells never coexpress the marker of cell division Ki67 

 antigen, thus being not dividing elements; 

 b) the spatial distribution of these cells is largely different from that of the proliferating 

 cells, being grouped in some compartments of the amygdala while the Ki67+ nuclei are 

 more widespread, being reminiscent of a OPC sparse population; 

 c) while the amount of DCX+ cells show remarkable interspecies variation, the dividing 

 cells occur in a more uniform pattern across mammals; this is particularly evident in 

 gyrencephalic  mammals, in which the DCX+ cells are very abundant; 

 d) by comparing mouse and chimpanzee, widely differing for their brain size, 

 gyrencephaly, and lifespan, it is evident that mice have a few DCX+ cells and higher 

 proliferation rate, while an inverse situation is present in primates; 

2) Similarities with the well characterized population of cortical “immature” neurons (cINs) of the 

mouse piriform cortex and large-brained mammal neocortex: 

 e) Ki67+ nuclei can be found to coexpress the OPC marker SOX10, thus suggesting that 

 the parenchymal proliferating cells belong to a glial cell population; 
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 f) the general morphology of the DCX+ cells (small, bipolar cells and large, ramified cells) 

 is very similar to that described for the two different stages of maturation of the cortical

 immature neurons (type 1 and type 2 cells);    
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Figure 5.1 – Several aspects emerging from the current study do converge in suggesting an “immature”, 

non-dividing nature of the DCX+ cells existing in the amygdala (top). Even in postmortem tissues of 

mammalian species not allowing (or making it extremely complex to be performed) experiments of pulse-

chase analysis (e.g., with BrdU injections), the results obtained concerning the density and topographical 

distribution of the DCX+ cell population Vs. the Ki67+ dividing cells, do suggest that they belong to two 

distinct compartments. This is confirmed by the absence of coexpression between the two antigens after 

immunofluorescence double-staining and confocal analysis (a results confirmed in all species and ages 

studied here) and by the frequent detection of coexpression between Ki67 antigen and the oligodendrocyte 

marker SOX10. These results are also in agreement with currently available reports from the literature 

(bottom), in which direct proof of the prenatal origin of these cells were obtained. 

_____________________________________________________________________________________ 

  

g) while canonical adult neurogenesis follows a trend of reduction from rodents to large-

 brained mammals, the DCX+ cells of the amygdala follow an inverse trend, more similar 

 to that  described for INs in the cortex;  

3) Data reported in the literature: 

 h) in experiments using pregnant sheep treated with BrdU injections, with subsequent 

 analysis of the lamb’s brains, we previously showed that most of the DCX+ neurons in the 

 cerebral cortex (including neocortex), as well as some in subcortical regions (amygdala 

 and claustrum), were generated prenatally (Piumatti et al., 2018). 

 i) by performing BrdU injections in pregnant mice between E12.5 and E16.5, then             

analyzing the percentage and density of DCX+/NeuN+ cells coexpressing BrdU in pups at 

P21, Alderman et al. in their preprint (2022) demonstrated that DCX+ cells in the 

paralaminar nucleus of the mouse amygdala are born prenatally (between E12.5 and 

E14.5). 

 

5.4 Comparing amygdalar and cortical INs: how important is the “adult neurogenesis 

without division” for large-brained mammals? 

The results obtained in the present study of amygdalar INs revealed a picture quite similar to that 

previously found in the cerebral cortex (La Rosa et al., 2020a). Nevertheless, while in the cortex 

the prevalence of INs seems more distributed among the large-brained, gyrencephalic species, in 

the amygdala these cells are strikingly abundant in primates (Figure 5.2 and Tables 5.1, 5.2). In 

both cases, the INs are extremely rare (if not absent, such as in the neocortex) in rodents. This 
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pattern would confirm a “preference” for INs with respect to canonical adult neurogenesis in large-

brained, long-living species (Palazzo et al., 2018). 

Overall, it is evident that different types of neurogenic processes (with and without cell division) 

are mainly distributed in selected brain regions: canonical neurogenic sites (with cell division), 

cortex, amygdala (without cell division). Why do large-brained, long-living mammals host large 

populations of INs in cortical and subcortical regions? A possible answer is that in those animal 

species both cortex (especially neocortex) and amygdala have gained higher importance for the 

survival of individuals compared with olfaction and hippocampal functions.  
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Figure 5.2 – Volumetric densities considering the total number of DCX+ “immature” neurons (INs; red) 

and Ki67+ dividing cells (green) in the total volume of the amygdala of different mammals. A, data 

expressed in cells/mm3; note that values referring to dividing cells are higher than those of INs in rodents, 

while the situation is inverted in gyrencephalic species. B, schematic representation considering both the 

absolute volume of the amygdala in different species (the size of the dots is reminiscent of the real size of 

the amygdala, but not in scale; the real volume being 200-fold higher in chimpanzee than in mouse) and 

the different cell densities expressed as gradients of shades (same colors as in A); note the inversion between 

rodents and primates. 

_____________________________________________________________________________________ 
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Table 5.1 – Estimation of the total number of DCX+ cells in the amygdala of different mammals (one 

hemisphere).  

Species Coronal serial 

sections cut in 

the entire 

amygdala 

Coronal sections 

considered for cell 

counting 

 

Average number of DCX+ cells 

in a coronal section of the 

amygdala 

(mean from all sections 

considered for counting) 

 

Estimation of total DCX+ 

cells in amygdala 

Mouse PP  

 

 

36 

 

 

 

3 

5,4 194,4 (5,4x36) 

Mouse YA 0,4 14,4 (0,4X36) 

Mouse MA 0,6 21,6 (0,6x36) 

Mouse AG 0,25 9 (0,25x36) 

NMR PP 0,58 20,88 (0,58x36) 

NMR YA 1 36 (1x36) 

NMR MA 0 0 (0x36) 

Marmoset YA 60 5 561 33.660 (561x60) 

Marmoset MA 398 23.880 (398x60) 

Rabbit PP 84 7 113,3 9.517,2 (113,3x84) 

Rabbit YA 96 8 95 9.120 (95x96) 

Cat YA 96 8 285 27.360 (285x96) 

Cat MA 84 7  439,3 36.901,2 (439,3x84) 

Sheep PP 132 11 998,8 131.841,6 (998,8x132) 

Sheep MA 180 15 518,1 93.258 (518,1x180) 

Chimpanzee YA 144 12 4857,6 699.494,4 (4857,6x144) 

Chimpanzee AG 3291,7 474.004,8 (3291,7x144) 

 

 

Table 5.2 – Estimation of the total number of Ki67+ cells in the amygdala of different mammals (one 

hemisphere).  

Species Coronal serial 

sections cut in 

the entire 

amygdala 

Coronal sections 

considered for cell 

counting 

 

Average number of Ki67+ cells 

in a coronal section of the 

amygdala 

(mean from all sections 

considered for counting) 

 

Estimation of total Ki67+ 

cells in amygdala 

Mouse PP  

 

 

36 

 

 

 

3 

260,6 9.381,6 (260,6x36) 

Mouse YA 9,1 327,6 (9,1x36) 

Mouse MA 8,5 306 (8,5x36) 

Mouse AG 2,8 100,8 (2,8x36) 

NMR PP 16,3 586,8 (16,3x36) 

NMR YA 5,3 190,8 (5,3x36) 

NMR MA 1,4 50,4 (1,4x36) 

Marmoset YA 60 5 14,9 894 (14,9x36) 

Marmoset MA 7,7 462 (7,7x36) 

Rabbit PP 84 7 94,7 7.954,8 (94,7x36) 

Rabbit YA 96 8 52,1 5.001,6 (52,1x36) 

Cat YA 96 8 15,2 1.459,2 (15,2x36) 

Cat MA 84 7 3,7 310,8 (3,7x36) 

Sheep PP 132 11 442,9 58.462,8 (442,9x36) 

Sheep MA 180 15 18,8 3.384 (18,8x36) 

Chimpanzee YA 144 12 27 3.888 (27x36) 

Chimpanzee AG 144 3,6 518,4 (3,6x36) 

 

PP, prepuberal; YA, young-adult; MA, middle age; AG, aged 

 

In other words, a trade-off between different types of neurogenic plasticity might have occurred 

through evolution, reducing the importance of stem cell-driven neurogenesis and increasing the 
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occurrence of INs in some species (e.g., primates), while doing the opposite in rodents (Figure 5.3; 

see Bonfanti et al., 2023; for this hypothesis applied to the cerebral cortex, see below: Section 5.5). 

Another aspect emerging from the present thesis and confirming a trend described for the previous 

study on the cortex (La Rosa et al., 2020a) is the substantial maintenance of the IN cell populations 

during the animal lifespan, again a feature present in primates but not in rodents (for further 

discussion of these temporal patterns, see Section 5.6).  

On these bases, another hypothesis can be made: stem cell-driven neurogenesis (SVZ and SGZ 

neurogenic niches) is a prevalently juvenile process, aimed at sculpting the hippocampus and 

olfactory bulb circuits while the animal is exploring the world (environment) in order to get its 

“vision of the world”, to be used for living in that environment as an adult (Cushman et al., 2021). 

In short-living mammals (e.g., mice), also the INs of the paleocortex (the only reserve of INs in 

these animals) follow a similar pattern. On the other hand, in primates the life expectancy after 

puberty (and after the period of brain growth and sculpting) is very long, attaining at more than 50 

years in chimpanzees. Hence, after having “built up” their brain and their vision of the world 

during youth, these species would need plasticity for long time in brain regions that are strategic 

for their survival, namely those processing the highest cognitive functions (cortex) and the intricate 

system of emotions (amygdala), both linked to their complex social behavior.  

 

5.5 Hypotheses on a possible evolutionary trade-off between different types of neurogenic 

plasticity 

Based on the evidence of phylogenetic variation in stem cell-driven neurogenesis and non-dividing 

"immature" neurons, it is likely that evolutionary pressures associated with ecological niche or 

neurodevelopmental constraints have led to the selection of different types of plasticity in various 

species and brain regions. This suggests a "trade-off", which refers to a situation where 

compromise occurs between two or more traits that offer distinct benefits but cannot be fully 

optimized concurrently. Such compromises can arise due to limited resources or energy that must 

be allocated among competing demands, or due to anatomical or developmental limitations 

(Heldstab et al., 2022). 

The concept of a trade-off implies that the balance of resource allocation can shift between 

different options without necessarily indicating an exclusive commitment to one over the other 

(van Noordwijdek and Jong, 1986).  
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Figure 5.3 – Summary of the anatomical distribution/total amount of different neurogenic processes in the 

mammalian brain. A prevalence of immature neurons in the cortex of large-brained species and in 

subcortical regions of primates appear to follow an opposite trend with respect to stem cell-driven 

neurogenesis (here represented schematically for both the main neurogenic sites – canonical neurogenesis) 

that is prevalent in rodents. The mapping of newly generated and non-newly generated (immature) neurons 

across widely different mammals does suggest the existence of a trade-off in different types of neurogenic 

plasticity (see also Bonfanti et al., 2023). 

_____________________________________________________________________________________ 
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Consequently, evolutionary processes might favor specific forms of plasticity in certain species or 

brain regions, depending on the ecological pressures and functional demands they face.  

We hypothesize that trade-offs play a crucial role in shaping the evolutionary trajectory of neural 

plasticity and contribute to the remarkable diversity observed across species. 

 

Brain size and balance in the allocation of resources 

It is important to consider the factors that influence the occurrence of trade-offs in evolutionary 

biology. Limited resources, such as energy or nutrients, pose constraints on an organism's ability 

to optimize multiple traits simultaneously. These constraints can lead to balance the allocation of 

resources so that one trait may come at the expense of another. For example, in the context of 

neurogenesis, maintaining a larger pool of stem cells for continuous regeneration may come at the 

cost of other energy-demanding processes, such as enhancing synaptic plasticity or cognitive 

functions (Walton et al., 2012). 

Additionally, anatomical constraints can also contribute to trade-offs. The physical structure and 

organization of an organism's brain can impose limitations on the optimization of multiple traits. 

For instance, brain regions with limited space or specialized functions may prioritize specific 

forms of plasticity that are most beneficial for their ecological niche, while compromising on 

others (Charvet and Finlay, 2018). 

Nevertheless, it is important to note that evolution, as a process, is not linear, progressive, or 

predictable. While it operates through natural selection and the accumulation of advantageous 

traits over time, it also encompasses elements of randomness through neutral drift and contingent 

exceptions that defy straightforward explanations. The interplay of genetic variation, 

environmental factors, and chance events introduces a level of unpredictability (e.g., bats, small-

brained mammals with reduced adult neurogenesis, or naked mole rats, long-living rodents with 

abundant adult neurogenesis; Amrein et al., 2007; Penz et al., 2015). However, amid this 

complexity, certain trends and patterns can be identified. These trends are governed by the balance 

of energetic allocation and developmental constraints, ultimately shaping variation in brain 

structure across species and the capacity for different forms of plasticity.  

In the case of neurogenic plasticity, the following variables are relevant: i) the type of plasticity 

(e.g., stem cell-driven neurogenesis and non-dividing immature neurons); ii) the anatomical region 

hosting plasticity and linked to specific functions (e.g., canonical neurogenic site linked to 
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olfaction and cerebral cortex linked to high-order computational capabilities); iii) the phylogenetic 

lineage of the species and their brain size. 

Adult neurogenesis in large mammal brains is subject to various energetic costs and developmental 

constraints. The biosynthetic process of generating new neurons requires substantial metabolic 

resources, including glucose and oxygen, which can impose a significant burden on the energy 

budget of the brain (Bauernfeind and Babbitt, 2020). Large mammal brains may face challenges 

in allocating sufficient resources for neurogenesis while maintaining other essential functions. 

Additionally, the developmental constraints associated with large brain size can limit the spatial 

and temporal availability of neurogenic niches, where new neurons are generated (Patzke et al., 

2015; Charvet and Finlay, 2018; Martinez-Cerdeno et al., 2018; Duque and Spector, 2019). This 

may restrict the extent and duration of adult neurogenesis in large mammals.  

By contrast, the prenatally generated, non-dividing cortical “immature” neurons, which do not 

require stem/progenitor cells to occur as undifferentiated elements within the mature cortex, are 

far more abundant and widespread in large-brained mammals (La Rosa et al., 2020a), likely 

representing a “low energy cost”, alternative form of neurogenic plasticity. 

 

From olfaction to neocortex: the hypothesis of navigation adapted to plasticity 

Recent theories propose that the origin of the neocortex in early mammals resulted from behavioral 

adaptations related to olfaction-mediated goal-directed and navigational behaviors, accompanied 

by integrated sensory map development, which in turn resulted in developmental changes in the 

distribution of cells and the formation of circuits in the telencephalon (Aboitiz et al., 2003; Aboitiz 

and Montiel, 2015). Early mammals likely adopted a nocturnal and burrowing lifestyle, utilizing 

internal cues such as proprioceptive information in conjunction with sensory inputs from the 

olfactory and somatosensory systems for spatial navigation. In such conditions, orientation was 

predominantly based on one-dimensional maps that encoded sequences of events in a time series. 

These early mammals are thought to have heavily relied on their sense of smell, leading to an 

expansion of the olfactory bulb and olfactory cortex as brain size increased. Accordingly, selective 

pressures led to the emergence of an interface between olfactory-hippocampal networks, 

integrating somatosensory information for navigation (Kaas, 2019).  

As mammals diversified and occupied new ecological niches, including diurnal environments for 

some species, vision and audition provided additional information regarding distance and location. 
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Figure 5.4 Anatomical and functional aspects at the basis of the evolutionary trade-off hypothesis to explain 

the relative occurrence between different types of brain structural plasticity (adult neurogenesis and cortical 

immature neurons) in mammals. A,B, different importance of certain brain regions/functions for navigation 

and survival: small-brained rodents rely mostly on olfaction, whereas large-brained, gyrencephalic species 

rely mostly on widely expanded cerebral cortex (neocortex). C, immature neurons are more widespread (in 

the cortical mantle) and abundant (in terms of cell density) in large-brained, gyrencephalic species with 

respect to rodents. They would have been favored by evolution to place a process of “neurogenesis without 

division” (i.e., the addition of new functional neurons) in brain regions not endowed with stem cell-driven 

neurogenesis (e.g., cerebral cortex). D, the prevalence of immature neurons in the cortex of large-brained 

species and of stem cell-driven neurogenesis in the neurogenic sites of rodents suggests a trade-off in 

different types of neurogenic plasticity. Modified from Bonfanti et al., 2023). 

_____________________________________________________________________________________ 
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These senses are vital for generating accurate two-dimensional and time-independent spatial maps, 

providing more detailed information relevant to navigation (Buzsáki, 2005; Eichenbaum, 2014). 

Over time, the expanding neocortex played an increasingly prominent role in the formation of 

multimodal association networks and map-like representations of space (Aboitiz and Montiel, 

2015).  

The current diversity of brain structure in mammals is extraordinary. Large-brained mammals with 

gyrencephalic brains often exhibit reduced olfactory bulb size or complete absence of olfactory 

bulbs, as observed in dolphins (Figure 5.4A; references in Parolisi et al., 2018). In contrast, 

smaller-brained mammals, including most rodents, possess prominent olfactory structures and 

relatively smooth neocortices. This anatomical variation reflects functional adaptations, with 

rodents heavily relying on olfaction, while larger mammals exploit the computational capabilities 

of their expanded neocortical circuits. The neocortex, characterized by six layers, undergoes 

remarkable elaboration in large-brained mammals with greater differentiation of specialization 

fields that are important for sensorimotor integration and cognitive functions (Englund and 

Krubitzer, 2022). Large-brained species with highly folded neocortices, such as primates, exhibit 

reduced dependence on olfaction, with their behavioral complexity predominantly linked to an 

extensively expanded neocortical mantle. This difference in reliance on olfaction and neocortical 

development could explain the lower levels of neurogenesis observed in these species, which 

primarily occur during the postnatal and juvenile stages to shape neural circuits through 

experiential learning (Semënov, 2019; Kempermann, 2019; Cushman et al., 2021). Consequently, 

a possible adaptation in large-brained, long-living mammals is the selection of non-dividing 

immature neurons (cINs) as a mechanism to provide a form of neurogenic plasticity in layer II of 

the cerebral cortex (as discussed in La Rosa et al., 2020a). This adaptation becomes essential as 

cerebral cortex lacks stem cells or neurogenic sites but is crucial for their survival. 

 

5.6 Age-related reduction of cINs in mice compared with data available in large-brained 

mammals and humans: a link with lifespan? 

Comparative studies carried out in mammals revealed the existence of remarkable interspecies 

differences in the distribution and total amount of cINs, with greater abundance of these cells in 

large-brained, gyrencephalic species (Piumatti et al., 2018; La Rosa et al., 2020a), including 

humans (Li et al, 2023). Another difference seems to be linked to lifespan: in large-brained, long-

living species the cINs do persist at adult/old stages, not showing the same decrease observed in 
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mice (Figure 5.5, middle left). In chimpanzees of young-adult and senior ages (19-27 and 40-48 

years old, respectively; La Rosa et al., 2020a), as well as in sheep of young-adult and middle ages 

(2 and 8-10 years old, respectively; La Rosa et al., 2020a), no substantial reduction was observed 

in the amount of cINs within the piriform cortex (Figure 5.5, middle) and moderate reduction was 

seen in the neocortex (La Rosa et al., 2020a). A possible trend of “stabilization” in the amount of 

cINs in large-brained, long-living species, is supported by the highly similar pattern obtained by 

comparing young-adult with middle age stages in sheep, with young-adult and senior stages in 

chimpanzee (Figure 5.5, middle right), indicating a long-lasting maintenance of the DCX+ cell 

population in mammals with longer lifespan. In humans, no comparable quantification is available 

at present, yet the cINs can be observed in aged individuals, being mostly maintained in the 

temporal lobe (Coviello et al., 2022, age range: 5-62 years; Li et al., 2023, age range: 6 months-

100 years).  

An even higher stabilization through age has been suggested for DCX+ neurons in subcortical 

regions of a gyrencephalic mammal: the sheep (Piumatti et al., 2018). On these bases, the current 

thesis expanded our knowledge on INs in the amygdala, by systematically investigating their 

possible variation in widely different mammals. We confirmed a sharp prevalence of amygdalar 

INs in gyrencephalic species, with particular abundance in primates, also confirming the 

substantial stabilization of the DCX+ cell population through ages (Figure 5.5, bottom). On the 

other hand, the systematic study of cIN age-related variation in the mouse piriform cortex (Chapter 

3) revealed a progressive decrease in the occurrence of these cells through the young-adult life 

stages, similar to that previously described for adult neurogenesis (Figure 5.5, top). On the whole, 

it appears evident that amygdalar INs represent a neuronal cell population with similarities in 

“nature” with its cortical counterpart, but also differing under the temporal pattern profile. In other 

words, a sort of hierarchy in temporal variation seems to exist: canonical adult neurogenesis 

remarkably drops around puberty, cINs decrease more slowly (especially in large-brained 

mammals), and subcortical INs are more stable during time (especially in large-brained mammals 

and especially in chimpanzees), even during aging (Figure 5.6).  
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Figure 5.5 Comparing the temporal extension of different neurogenic processes in widely different 

mammals. Top, left: data obtained in the present study (Chapter 3) demonstrating the age-related decrease 

of cINs in mouse and its comparison with adult neurogenesis in mouse dentate gyrus (top, right). Middle, 

DCX+ immature neuron amount (cortical layer II linear density) in the paleocortex of mammals, at different 

ages. Despite the substantial decrease observed in rodents (left; n = 8 for each life stage), a substantial 

maintenance characterizes the gyrencephalic mammals, such as sheep and chimpanzee (row data from La 

Rosa et al., 2020b; eLife Sciences Publ Ltd; n = 4 for each life stage); a similar pattern was detected for 

INs in the amygdala (bottom; see Chapter 4). 

_____________________________________________________________________________________ 
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Overall, the currently available results indicate that mammalian species characterized by small, 

lissencephalic brain, short lifespan and rapid development of the nervous system (such as the 

laboratory mouse) are endowed with a small population of cINs, which is restricted to the 

paleocortex and follows a temporal pattern of reduction very similar to that of stem cell-driven 

adult neurogenesis. By contrast, large-brained, long-living species, which have far higher amount 

and more widespread distribution of cINs (including the entire neocortex) seem to maintain longer 

these populations of “young” neurons across adulthood and aging, suggesting a slowing down of 

their maturation/integration through the lifespan. The idea that cINs might represent a “cognitive 

reserve” for the cerebral cortex in long-living species (Palazzo et al., 2018; La Rosa et al., 2019) 

remains a stimulating hypothesis, nevertheless further studies systematically considering different 

ages in primates and humans are needed.  

 

 

Figure 5.6 – The existence of a trade-off between stem cell-driven neurogenesis and non-dividing 

“immature” neurons (INs) in mammals differing for their brain size, gyrencephaly, and lifespan, with high 

prevalence of INs in primates (see Figure 5.3), does open the hypothesis for a wide reserve of “neurogenesis 

without division” in cortical and subcortical regions of these species, including the widely expanded 

neocortex of primates and humans. This idea, though based on solid comparative studies, should be 

considered at present as a hypothesis (for its current limits, see text).  

_____________________________________________________________________________________ 
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A final word should be written here to underline the limits still existing in our knowledge: first, 

we still lack an experimental proof that the DCX+, immature cells described in the neocortex of 

multiple species actually correspond to prenatally generated cells (among gyrencephalic species 

we have such proof only in sheep; Piumatti et al., 2018); second, we lack the proof that they can 

subsequently mature and integrate into the cortical circuits (as it has shown in the piriform cortex 

of transgenic mice; Rotheneichner et al., 2018; Benedetti et al., 2020). Third, it has not yet fully 

established the prenatal origin of the subcortical INs in large brained mammals, although some 

indications came from BrdU experiments carried out in pregnant sheep (Piumatti et al., 2018) and 

the absence of coexpression with proliferating cell markers described in this thesis also supports 

this idea. 

 

5.7 Possible fall-out on translation 

Biomedical research, including the neurosciences, is largely conducted on laboratory animal 

models, mostly mice and rats (Brenowitz and Zakon, 2015; Bolker, 2012,2017; Faykoo-Martinez 

et al., 2017; La Rosa and Bonfanti, 2018; Cozzi et al., 2020). Comparative studies using different 

mammalian species represent a small fraction of current research, although interest in the 

neurobiology of non-rodent mammals, including large-brained species and humans, has been 

increasing (Figure 5.7). One of the reasons surely is due to recent findings highlighting remarkable 

interspecies differences in the occurrence, extension, and rate of neural plastic processes (this 

thesis). Comparative studies can help to better understand the possible trade-off that occurred 

during evolution between different types of plasticity, thus providing a more comprehensive 

picture of these processes in mammals to avoid confusion and misinterpretation coming from the 

exclusive use of rodents as animal models (Lipp and Bonfanti, 2016; Faykoo-Martinez et al., 

2017). Do these differences have consequences for cognition, learning, capacity to recover from 

injury, or some other function? According to Jessica Bolker (2012) “disparities between mice and 

humans may help to explain why the millions of dollars spent on basic research have yielded 

frustratingly few clinical advances”. Now we know that disparities between reparative and 

physiological (homeostatic) plasticity, as well as between adult neurogenesis and “immature” 

(dormant) neurons, may contribute to explain difficulties in translation. These aspects might 

explain the general failure of most clinical trials approved for testing therapeutic approaches for 

neurological disorders and based on stem cells/regenerative medicine. Out of nearly 500 trials 

activated during the last 30 years for the most common neurological disorders (injuries of brain, 

spinal cord, and peripheral nerves, stroke, multiple sclerosis, and brain tumors), no substantial 
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results led to final approval of the stem cell treatments tested. By analysing the data, some points 

repeatedly emerge: a low clinical efficacy in most cases, also described as “a gap between pre-

clinical studies with positive results and clinical trials with the shortage of efficacy”, “there is a 

fairly noticeable gap between preclinical studies and actual clinical trials“ and “it is common that 

results that were obtained at the preclinical stages do not correspond to those achieved in clinics” 

(Namiot et al., 2022).  

 

 

Figure 5.7 – Translational implications. Basic research is conducted mostly on laboratory rodents, then 

results are expected to be translated to humans. In the last few years, several studies started to address the 

differences existing between rodents and humans in the neurosciences, concerning neuroanatomy, 

neurophysiology, and neural plasticity. In this thesis some aspects concerning the neurogenic processes 

were addressed, particularly considering their two forms (stem cell-driven adult neurogenesis and non-

dividing “immature” neurons) and the possible trade-off between them. The remarkable differences that 

are emerging from the studies in comparative neuroplasticity may explain the high level of failure of clinical 

trials aimed at assessing the efficacy of stem cell treatment for neurological disorders (regenerative 

medicine), since most trials are based on results obtained in animal models, mostly mice (see Namiot et al., 

2022; but also, Bolker, 2012,2017; Brenowitz and Zakon, 2015; Faykoo-Martinez et al., 2017; La Rosa and 

Bonfanti, 2018; Cozzi et al., 2020). 

_____________________________________________________________________________________ 

 

 



147 
 

In our view, the current situation strongly suggest that the problem resides somewhere in the basic 

research. The fact that clinical trials are frequently approved based on preclinical data which are 

mostly obtained on laboratory rodents, might be a logic explanation in view of the remarkable 

differences existing between mice and humans in terms of brain plasticity (differences that have 

started to be viewed only in recent years). 

Whatever the evolutionary reason, the differences in brain structural plasticity among animal 

species do exist, are remarkable, and indicate a gain in widespread adaptive plasticity at the 

expenses of loss in reparative and regenerative capability across species. This diversity may 

potentially frustrate therapeutic translation from animal models, but there is reason to be optimistic 

that the comparative perspective will bring exciting breakthroughs in our understanding of the role 

of plasticity in driving postnatal brain development and maintaining a healthy and efficient brain 

throughout life. 

 

5.8 Future perspectives 

The topic of “immature” or “dormant” neurons (INs) is still at its beginnings. Despite recent 

insights obtained concerning their prenatal origin (in rodents and sheep), ability for awakening, 

maturation, full integration during adulthood (in transgenic mice), and phylogenetic variation in 

mammals (La Rosa et al., 2020 and this thesis), most fundamental questions remain unanswered. 

The present thesis, by adding some other small pieces in the puzzle, confirmed that INs might have 

important roles in large-brained, long-living mammals, opening new translational perspectives. 

Here, following, are some examples of unresolved issues: 

a) Since INs can remain in a “dormant” state for a long time, future studies should primarily focus 

on the cellular mechanisms underlying the blocking of their maturational process (likely very early 

during embryogenesis), and then those responsible for their awakening. This might be achieved 

by studying transgenic models in which genes known to be expressed by INs are downregulated 

(an example comes from the study by Coviello et al., which performed PSA-NCAM depletion in 

the mouse piriform cortex), or by performing selective lesions in brain regions known to be 

connected to the cortex and the amygdala, to understand whether they may exert a “control” over 

their immature state.  

b) While cINs in the mouse piriform cortex can complete their maturation and functionally 

integrate into the brain circuitry, it is far from clear whether the same happens for neocortical INs 

of gyrencephalic mammals, and for amygdalar INs. While it is likely that cortical cells do behave 
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similarly both in paleo and neocortex, the substantial stabilization of high numbers of INs during 

adult and aged stages would suggest other outcomes. Thus, future studies should consider that, 

beside common mechanisms (e.g., quiescence and awakening), some functional aspects (fate, 

outcome, physiological function, reaction to lesion) might differ in different IN cell populations, 

depending on the brain region.  

c) Another important and unanswered question concerns the existence/absence of synaptic 

contacts between INs and the surrounding neuropil. Preliminary data published by Gomez-Climent 

et al. (2008) using electron microscopy, suggest that mouse cINs in the piriform cortex have only 

a few synapses on their surface (if not at all, the number/occurrence of synapses likely depending 

on the degree of immaturity of the cell type considered), what is reasonable for a “dormant”, non-

active neuron. Yet, this situation seems to defy one of the last existing dogmas in the 

neurosciences: the fact that neurons which cannot establish contacts, and thus “being not working”, 

are fated to die. Hence, the question is: which strategies have adopted the INs to remain alive for 

long periods (even years) in their unconnected state? In some ultrastructural images, Gomez-

Climent et al. showed that IN cell membranes appear to be ensheathed by astrocytic lamellae. Do 

the astrocytes play a role in the “isolation” of dormant neurons from the mature neuropil? Are 

there special astrocytic cells in the cortical layer II? What is the pattern of synapses regarding the 

subcortical INs? 

d) An obvious question also concerns the functional role these neurons can play in the cortical or 

amygdalar neural circuits. Their fate is strictly linked to this aspect. Which kind of neurons they 

become after integrating in the preexisting circuits? At present there are data suggesting they 

become glutamatergic excitatory neurons (Rotheneichner et al., 2018; Sorrells et al., 2019; 

Alderman et al., 2022).4 Nevertheless, as described in other systems (Luzzati et al., 2014), they 

might have a transient existence, especially in the amygdala, in relation to point (b). 

e) Under a comparative profile, widening the analysis to other species would be useful to 

confirm/explore phylogenetic trends adopted in mammals. Future studies should include a high 

number of large-brained species, possibly using the same sampling procedures, quantification 

method, and taking into consideration the suggestions for the detection of DCX and Ki67-antigen 

(Ghibaudi et al., 2023a; Chapter 2 of this thesis). As to the specific experimental plan of this PhD 

thesis, the work will be implemented by adding horse brains (to investigate a large-brained 

mammal) and the quantitative analysis on the claustrum of all species. Of course, studies in human 

 
4 In our analysis we did not yet address this issue, and this is surely a limit of our work. 
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brains are also needed. At present we know the presence of INs in most of the human cerebral 

cortex and in the amygdala, at different ages (Sorrells et al., 2019; Coviello et al., 2022; Li et al., 

2023), though we do not have comparable data on their density with respect to other species. 

Although some authors do believe that research should be performed only on mice and humans, 

the knowledge accumulated from phylogenetically different species can give a vision of how 

specific biological processes or cell populations changed/adapted during evolution. Such 

knowledge can be important for correctly interpreting mouse and human data, for understanding 

the nervous systems as a transformative event during animal evolution, and for driving/instructing 

future research.  

In this context, it is worth mentioning that future comparative studies of the INs should be extended 

to transcriptomic analyses aimed at profiling cell types, thus going beyond the limits of the 

immuncytochemical marker detection.  

f) In theory, the persistence of a reservoir of INs at later ages in gyrencephalic mammals might be 

enriched by processes of dematuration or astrocyte dedifferentiation, namely biological 

transformations that have been shown to occur after tissue inflammation, neuronal hyperexcitation, 

or lesion (Hagihara et al., 2019).  

g) Both in cortex and amygdala, it would be worth investigating whether such a plastic reserve of 

immature cells can be modulated in different conditions/by different stimuli, possibly starting from 

those which have been recognized to affect adult neurogenesis (e.g., physical activity, enriched 

environment, stress, lesion, inflammation, or specific pathological states). Such a modulation 

would likely affect the speed/slowness of IN maturation and/or elicit/block their awakening. 

Nevertheless, in the current absence of data, it is far from clear what is better for the brain: either 

to use as early as possible all INs available to appropriately refine the growing brain, or to keep a 

reserve on these cells in view of later ages? 

In conclusion, the study of INs is at its dawn. It could represent an emerging field in brain structural 

plasticity, useful to complete the picture of neurogenic process heterogeneity, to unravel 

possibilities to exploit these cells for translational purposes, and to provide explanations for 

currently unresolved issues.  
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